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Abstract

The structure of the TriABC inner membrane component of the triclosan/SDS-specific efflux
pump from Pseudomonas aeruginosawas determined by cryo-electron microscopy to 4.5A
resolution. The complete structure of the inner membrane transporter TriC of the Resistance-
Nodulation-Division (RND) superfamily was solved including a partial structure of the fused
periplasmic membrane fusion subunits, TriA and TriB. The substrate-free conformation of
TriABC represents an intermediate step in efflux complex assembly prior to the engagement of the
outer membrane channel. Structural analysis identified a tunnel network whose constriction
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impedes substrate efflux, indicating inhibition of TriABC in the unengaged state. Blind docking
studies revealed binding to TriC at the same loci by substrates and bulkier non-substrates. Together
with functional analyses, we propose that selective substrate translocation involves conformational
gating at the tunnel narrowing that together with conformational ordering of TriA and TriB creates
an engaged state capable of mediating substrate efflux.

Graphical Abstract

TriABC

In Brief:

TriABC is a triclosan/SDS-specific efflux pump from Pseudomonas aeruginosa and linked to
biocide resistance. Subunits TriA and TriB show disorder in absence of substrate. Efflux
implicates a tunnel in TriC subunits, supported by functional and docking data. Tunnel narrowing
by an internal gating loop situated after Val 698 inhibits efflux.

Introduction

Gram-negative bacteria are resistant to a broad range of antimicrobial agents due to a
combined action of a permeability barrier of the outer membrane and active multidrug efflux
(Zgurskaya et al., 2015a; Zgurskaya and Nikaido, 2000). The notoriously antibiotic resistant
Pseudomonas aeruginosa species, a nosocomial human pathogen, possesses both an
extended repertoire of multidrug efflux pumps and the outer membrane of extremely low
permeability (De Kievit et al., 2001; Poole, 2004). Multidrug efflux pumps belonging to the
RND (Resistance-Nodulation-cell Division) superfamily of transporters are at the core of the
P, aeruginosa antibiotic resistance and the focus of the present study.
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Among twelve RND transporters encoded on the chromosome of £ aeruginosa, TriABC-
OpmH stands apart because of its unusual structural and functional features (Mima et al.,
2007; Weeks et al., 2015). Although most RND-type efflux pumps are tri-partite protein
complexes, TriIABC-OpmH complex comprises four subunits: the inner membrane RND
transporter TriC, the outer membrane channel OpmH from the Outer Membrane Factor
(OMF) family and two different periplasmic membrane fusion proteins (MFPs) TriA and
TriB. Together the four components form a trans-envelope efflux pump spanning the two
membranes and the periplasm of £ aeruginosa cell envelope. TriABC-OpmH has a narrow
substrate specificity with an antimicrobial agent triclosan, a detergent SDS, and a lipophilic
stain Nile Red, as the only known substrates of this pump (Mima et al., 2007; Weeks et al.,
2015). Both triclosan and SDS are also substrates of various RND efflux pumps including
the well-characterized £. coli AcrAB-TolC and £ aeruginosa MexAB-OprM (Chuanchuen et
al., 2001; Weeks et al., 2015).

TriC assembles as a trimer. Each protomer comprises a periplasmic porter domain and a
transmembrane domain with of two large periplasmic loops and twelve transmembrane
segments (TM1 to TM12) (Murakami et al., 2002). In AcrB, substrates bind to a large cavity
of the porter domain and in a groove bound by TM1 and TM2 (Eicher et al., 2012;
Nakashima et al., 2011; Oswald et al., 2016). The conformational changes in the porter
domain are driven by the proton translocation engaging TM4 and TM10, where several
highly conserved charged residues are located (Eicher et al., 2014; Seeger et al., 2009; Su et
al., 2006). During active transport, the three RND protomers adopt three distinct
conformations driving the substrate from the access pocket (AP) into the deep binding
pocket (DBP) and then into the tunnel of the MFP and are named Loose (L), Tight (T) and
Open (O), respectively (Seeger et al., 2006).

The porter domains of RND transporters are the docking sites for the assembly of the trans-
envelope complexes with MFP and outer membrane proteins (Du et al., 2014; Tikhonova
and Zgurskaya, 2004). Based on homology with other MFPs (Higgins et al., 2004;
Mikolosko et al., 2006), the structures of TriA and TriB each comprise four domains: an a.-
hairpin, a lipoyl, a a-p barrel and a membrane proximal (MP) domains. Structural studies of
AcrAB-TolC support a model of the trans-envelope complex, in which the MFPs form a
hexameric, funnel-like structure that connects the porter domain of the RND transporter with
a trimeric OMF via its a-hairpins, which are fully extended into periplasm (Daury et al.,
2016; Du et al., 2014). Functional and biochemical studies showed that the complex is
dynamic and its assembly is concurrent with the conformational changes in MFP needed to
activate the transporter and open the channel for a substrate to cross the outer membrane
(Tikhonova et al., 2009; Tikhonova et al., 2011; Zgurskaya et al., 2015a).

In the assembled trans-envelope complex, the MFP subunit forms two different interfaces,
with both the RND transporter and with the OMF. These two interfaces are functionally non-
equivalent and in the TriABC-OpmH complex are specific for TriA and TriB proteins (Ntreh
et al., 2016; Weeks et al., 2015). The a-hairpin of TriA but not TriB is essential for
recruitment of OMF, whereas the MP domain of TriB, but not TriA, is important for the
activity of the efflux pump (Weeks et al., 2015). In the complex, TriA and TriB are arranged
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in the symmetric manner and each MFPs occupies a specific binding site in TriC and OpmH
(Krishnamoorthy et al., 2016; Ntreh et al., 2016).

An outstanding question is the conformational dynamics of MFPs that drive tripartite
complex formation. Structural studies have provided insight into the molecular architecture
of the tripartite complex promoted by MFPs (Daury et al., 2016; Du et al., 2014), however
the conformational state of MFPs in complex with the inner membrane transporter prior to
the tripartite complex formation is largely unknown. This substrate-free state is important to
prevent the transporter from futile efflux cycling and depletion of cell energy. The substrate
free-state can engage in formation of the tripartite complex (Wang et al., 2017) and in
subsequent activation of drug efflux (Tikhonova et al., 2011; Zgurskaya et al., 2015b). A
model has been postulated for the substrate free complex formed by the inner membrane
transporter with its cognate MFP, and later nick-named “drug sweeping” state (Symmons et
al., 2015; Tikhonova et al., 2011; Yamaguchi et al., 2015; Zgurskaya et al., 2015b).

To investigate the conformation of such a “drug sweeping” state, the structure of TriC
interacting with the fused TriAB dimer was determined using single particle cryo-electron
microscopy. Our results provide evidence for a substrate-free open conformation of TriABC,
an intermediate in the assembly of the trans-envelope efflux complex.

Fusion of TriA and TriB is required to purify the TriABC transporter complex:

To examine the structural integrity of the complex, we co-expressed the His-tagged TriC
transporter with TriA and TriB produced either as two separate polypeptides or as a fused
TriAB dimer (Weeks et al., 2015). When overexpressed in £. coli A9-Pore cells lacking all
TolC-dependent transporters (Krishnamoorthy et al., 2016), both TriABC variants associate
with the endogenous TolC channel and confer resistance to triclosan and SDS (Weeks et al.,
2015) (Table S1). Similarly, both complexes exhibited comparable efflux efficiency, when
their activities were reconstituted in £. coli A9-Pore cells using the fluorescent membrane
probe Nile Red (Fig. 1A).

TriA and TriB both co-purified with TriC His-affinity tag fraction, however the purified
complex was heterogeneous and contained substoichiometric amounts of TriB protein (Fig.
1B). In contrast, the fused TriAB protein formed a stable complex with TriC (TriABC
thereafter). The structure of this complex was determined using single particle cryo-EM.
Size exclusion chromatography yielded a single homogeneous peak that corroborated the 1:1
TriC:TriAB stoichiometry. The position of the peak fraction (~ 620 kDa) (Fig. 1C) is
consistent with the expected molecular weight for a stoichiometric trimeric TriABC complex
(560 kDa) surrounded by a n-Dodecyl-B-D-Maltoside (DDM) detergent corona.
Homogeneity of the purified complex particles was further corroborated by negative stain
electron microscopy (Fig 1D).

Different states of TriC alone and in the complex with TriAB:

Single particle analysis in negative stain EM and cryo-EM highlighted unique features of
TriC alone and TriABC complex. When displayed at threshold volume of 330 A3, the
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negative stain reconstructions of TriC particles showed a clearly distinguishable OMF-
docking, porter and transmembrane domains (Fig. SIA-B). The differences observed in five
volumes of TriC, calculated by Maximume-likelihood three-dimensional classification
(ML3D), indicated that in solution isolated TriC appears conformationally flexible.

In the negative staining map of TriABC complex, densities assigned to TriAB protein are
seen, surrounding the porter domain of TriC (Fig. S1C-D). The cryo-EM difference map
between the 2D classes corresponding to a bottom view of TriC and TriABC complexes
clearly shows the presence of six residual densities corresponding to trimeric TriAB (Fig.
S1D).

Structure of the TriABC complex:

The cryo-EM analysis of TriABC delineated TriC and showed partially ordered MFP chains
(Fig. 2 and S1). Without imposing symmetry, the resolution of the EM map was estimated at
6.5 A using the gold-standard Fourier shell correlation criterion of 0.143 (Fig. S2B). The
imposition of C3 symmetry significantly increased the resolution to 4.5 A (Fig. S2C and
S3). Twelve transmembrane helices were resolved in each TriC protomer. Although the 2D
class averages point to weak densities that extend into the periplasm (Fig 2G), the 3D
reconstruction averaged out these densities rather than consolidating them into interpretable
features.

Structure of TriC transporter:

The cryo-EM map was next used for model building. The entire amino acid sequence for the
TriC subunit was successfully fitted into the C3 cryo-EM map from an ab initio model
(Table S2) predicted by the I-TASSER server (Xu and Zhang, 2010; Yang et al., 2015;
Zhang and Skolnick, 2004, 2005). The TriC structure assembles as a 120 A long and 100 A
wide homotrimer (Fig. 2 and 3) and can be decomposed figuratively into a TM domain and a
periplasmic ‘headpiece’, comprising porter and OMF-docking or funnel domains (Murakami
et al., 2002). Each protomer comprises 12 transmembrane helices (TM1-TM12). A large
periplasmic domain is created by two extensive periplasmic loops connecting TM1 with
TM2 and TM7 with TM8, respectively. This periplasmic domain can be divided into six sub-
domains: the periplasmic N- (PN1 and PN2) and C- (PC1 and PC2) terminal regions and
docking N-terminal (DN) and C-terminal (DC) regions (Fig. 3A). Sub-domains PN1, PN2,
PC1 and PC2 form the pore domain, with PN1 making up the central pore and stabilizing the
trimeric organization. Sub-domains DN and DC contribute to form the docking domain. The
trimeric TriC structure suggests that sub-domains PN2, PC1 and PC2 are located at the
outermost core of the periplasmic domain, facing the periplasm. Sub-domains PC1 and PC2
also form an external cleft while an adjacent second external cleft is formed between sub-
domains PC1 and PN2 in the TriABC structure.

Substrate binding sites:

Comparison of the structures of AcrB and TriC (Fig. 4A) highlighted several differences
between the two transporters. In AcrB, the access (proximal, AP) and deep binding (distal,
DBP) pockets (Nakashima et al., 2011) are separated by a switch loop of 8 residues that is
bounded by conserved residues Gly-614 and GIn-622, with Phe-617 creating a partition
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between the two sites and restricting the channel connecting them (Eicher et al., 2012;
Nakashima et al., 2011; Zgurskaya et al., 2015a). The conformation of this loop, initially
described as critical for binding and efflux of such antibiotics as doxorubicin and
erythromycin (Eicher et al., 2012; Nakashima et al., 2011), was recently shown to be
important solely for export activity (Ababou and Koronakis, 2016). Furthermore, it is the
switch loop dynamics that mediates substrate export activity (Muller et al., 2017). In TriC,
the equivalent loop is much longer consisting of 15 residues, bounded by conserved residues
Gly-598 and GIn-613, and penetrates further into the proximal binding site (Fig. 4B-C), and
thus lining the putative proximal binding site. The tip of the loop contains residues Phe-604,
Tyr-605, Leu-606 in TriC while in AcrB, the tip of the loop has residues Phe-615, Gly-616,
Phe-617. A conserved Arg-603 (Arg-620 in AcrB) is present in the loop and is oriented
facing into the TriC interior.

To test whether the residues lining the putative binding pockets of TriC impact activity, we
introduced amino acid substitutions vicinal to the putative proximal access (AP) site and the
deep distal binding (DBP) pocket (Fig. 4F) and analyzed the ability of the expressed mutants
(Fig. S4) to confer resistance to triclosan and SDS and to expel Nile Red from E. coli (Fig.
4D-F). Substitutions, Glu181Ala, Gly598Val, and Val698Arg, had a significant effect on
substrate specificity and activity of TriC. The conserved Gly598Val substitution at the start
of the putative switch loop in TriC led to a reduction of Nile Red efflux by TriABC and
obliterated the TriABC-dependent resistance to SDS and triclosan. The GIn181Ala and
Val698Arg variants resulted in a more than 8-fold decrease in the MIC (minimal inhibitory
concentration) of triclosan, a decrease in the ability to expel Nile Red, and a concurrent the
loss of protection against SDS. The Arg603Ala substitution had a mild effect on TriABC
activity with the partial loss in the ability to confer triclosan resistance (2 to 4 fold MIC
decrease in comparison to WT) and was matched by a partial loss of Nile Red efflux (Fig.
4D-E). Finally, the Ser276Ala variant was active in efflux of Nile Red and displayed
resistance to triclosan but could only partially complement the SDS susceptibility of efflux-
deficient A9 cells. Thus, TriABC appears to have substrate binding sites consistent with the
binding pockets of AcrB. These trends in substrate specificities indicate that the mutations in
TriC impact similarly the efflux of Nile Red and the protection against triclosan and SDS
and suggesting that the efflux mechanism for these substrates are broadly similar (Fig. 4D—
F).

TriC Tunnel Network:

Substrates can reach the postulated binding sites of TriC through a tunnel network identical
in each TriC subunit. The continuous tunnel network was specific to the periplasmic domain
of TriC and extends from the inner membrane (labelled ENTRANCE) to the apical center of
the trimeric complex (labelled EXIT) corresponding to a 190 A long trajectory (Fig. 5A).
The tunnel network features a bottleneck region with diameter of 2.2 A, less than the
smallest circular cross-section diameters of SDS, triclosan and Nile Red. Tunnel networks
with larger bottleneck diameters could not be found. The network entrance is at the outer
leaflet of the inner membrane and leads to the access (AP) binding loci, identified from
superposition of TriC with AcrB (Fig 5B, Video M2). The tunnel merges with the identical
tunnels from the other 2 subunits in the apical center of the complex. Large antibiotics such
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as erythromycin or rifampicin attach in the AP site of AcrB (Eicher et al., 2012; Nakashima
et al., 2011), and are then transferred into the distal deep pocket (DBP) (Fig 5B) during
L—T conformational transition. In the TriABC structure, the tunnel network links the DBP
site with the AP site and includes the bottleneck region of ~ 10A long (Fig. 5C).

To assess whether the surfaces of the tunnel network are conducive to substrate binding,
blind docking calculations were performed with SDS, triclosan, and Nile Red for one
TriABC protomer using the BSP-SLIM server (Lee and Zhang, 2012). The calculations
identified two binding clusters, one vicinal to the cavity entrance of the tunnel network and
extending to the AP site and the other clustering at the DBP site (Fig. 5D). All poses
overlapped with the surface of the tunnel network at the AP and DBP loci reinforcing that
the tunnel network linking these two sites is the conduit for substrate efflux.

Three substitutions Glu656Val (Glu673 in AcrB), Gly647Phe (Phe664 in AcrB) and
Val271Glu (Gly271 in AcrB) did not alter the specificity or activity of TriABC and their
location does not overlap with the tunnel networks. In contrast, the TriC variant with
substitution Val698Arg (Arg715 in AcrB) was inactive in MIC measurements and Nile Red
uptake assays. Val698 is located near the interface with TriA (see below ‘Partially ordered
TriAB subunit”) as such the introduction of the positive charge may affect interactions
between TriC and TriA. Arg698 is also adjacent to the AP site (Fig. 5E) and a long Arg side
chain pointing into tunnel could create steric hindrance to substrate translocation. Equally,
GIn-181 points into the DBP site (Fig. 5E) and loss of the GIn-181 carboxamide side chain
in GIn—Ala mutation could reduce stabilizing interactions with substrate (Fig 5E), thereby
affecting their efflux. Similarly, the loss of the hydroxyl group in Ser276Ala would abrogate
potential hydrogen bonding interaction with TriABC substrates (Fig 5E) and compromise
translocation. Thus, the TriC transporter likely contains two putative substrate binding
pockets with Val698 and GIn181 mediating substrate stabilization.

Two of the TriC variants, Gly598Val and Arg603Ala which also hinder efflux in TriABC,
are located on the switch loop in a region between the AP and the DBP sites and (Fig. 5F).
Intriguingly, the tunnel bottleneck region is defined by the g strand (50-54, PN1) and loop
PC1 residues 608-614 in the switch loop (Fig. 5F). The p strand (50-54, PN1) forms the
interior strand of a four stranded antiparallel B sheet and its extensive hydrogen bonding
interactions would limit conformational changes. Switch loop dynamics could however
alleviate the bottleneck constriction and enable substrate translocation between the AP and
the DBP sites consistent with the interpretation that switch loop variants Gly598Val and
Arg603Ala inhibit efflux in TriABC.

To gain insight into the reduced specificity of TriABC substrates, blind docking calculations
were also performed with tetracycline, cloxacillin, and novobiocin (Fig. 5G), antibiotics, that
are not extruded by TriABC (Weeks et al., 2015) The inability by TriABC to efflux the
bulkier antibiotics even though their binding loci are homologous to those of the TriABC
substrates (AP and DBP sites, Fig. 5G) implicates switch loop dynamics as the underlying
mechanism for the selective efflux in TriABC.
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Proton-Relay Network:

Drug efflux by RND-type exporters is driven by a proton motive force (PMF) (Zgurskaya
and Nikaido, 1999). Four essential charged residues, Asp407, Asp408, Lys940, and Arg971,
in addition to Thr978, have been identified in AcrB as well as other RND transporters to
form a transmembrane proton-relay network (Eicher et al., 2014; Su et al., 2006; Takatsuka
and Nikaido, 2006; Yue et al., 2017). In the structure of the TriABC transporter, the same
five conserved residues superimpose onto Asp405, Asp406, Arg925, Arg955 and Thr962
(Fig. 6). Asp405 and Asp406 (TM4) and Arg925 (TM10) can form ion pairs, while Thr962
faces Asp406 similarly to the homologous residues in AcrB (Murakami et al., 2002). The
TM4 and TM10 helices of TriC are located at the center of the 12 a-helix bundle and
Arg955 on TM11 is located near the cytoplasmic surface of the membrane. Notable is the
replacement of the lysine residue at position 940 in AcrB with that of an arginine residue,
Arg925, in TriC. Because of the pKa of 13.8 of arginine, the Arg guanidinium side chain
remains charged even in lipid bilayers (Fitch et al., 2015; Thibado et al., 2016). This is in
agreement with the molecular dynamical simulations indicating that Lys940 in AcrB
remains protonated throughout the transport cycle (Eicher et al., 2014; Yue et al., 2017) and
supports the putative role of this charged residue in the proton transport cycle of RND
transporters.

Partially ordered TriAB subunit:

A region of residual cryo-EM density was present on each TriC protomer (Fig. 7A). This
region comprised two compact densities facing into the periplasm, one density interacting
tightly with each TriC protomer while the second density exhibited a reduced interaction
with each TriC protomer. An additional strand to the 12 transmembrane helices of TriC was
observed extending from the PC2 region into the detergent micelle (Fig. 7A). This strand
partially occludes the periplasmic cleft formed by PC1 and PC2 sub-domains of each TriC
protomer and terminated in a well-defined region of density. A palmitic acid in the form of
S-(2,3-bis(palmitoyloxy)propyl)-N-palmitoylcysteine (Sankaran and Wu, 1994) could be
fitted into this later density (Fig. 7B), in agreement with the previously described lipid
modification present in the mature form at the TriA N-terminus (Weeks et al., 2015). The
strand of residual EM density then extending from the lipid modification acid was
interpreted as TriA residues 1-12.

The sequence corresponding to residues 12—-24 and 260-333 of the predicted fold of the
TriA MP domain (Table S2) was readily fitted into the globular residual density interacting
tightly with TriC. The strongest residual density adjacent to TriA MP domain in the C1
difference map (Fig. 2E and 2F), was next used to extend the interpretation of the cryoEM
density to include the TriA C-terminal residues (334-352). The second compact globular
density was interpreted as the TriB MP domain (residues 367-375 and 621-695; Table S2).
Linker (353-356) and TriB MP N-terminal sequence (357-366) were modeled as coiled
linear strands into the map connecting the 2 globular densities. Model was improved and
validated as described in method section.

The TriA N-terminal region is stabilized by a number of polar interactions with the porter
subdomains PC1 and PC2 of the periplasmic cleft of TriC, while the interaction surface of
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the TriA MP domain with DC and PC2 sub-domains is largely polar as well as involving
several hydrophobic patches. The TriB MP domain interacts through a single locus with the
PN2 subdomain in TriC. The residues in the two TriC loops (151-157, 315-321), each
connecting a helix to strand structural motif in PN2, make a limited number of hydrophaobic
contacts and hydrogen bonds with surface residues of the TriB MP domain that are clustered
about residues 371, 626, and 677. The weaker interaction of the TriB MP domain is reflected
by the 2-fold greater average B factor as compared to the TriA MP domain consistent with
greater positional displacement and hence a weaker cryo-EM density and lower associated
CC value reported by real_space_refinement in Phenix (Afonine et al., 2018). The
polypeptide sequence corresponding to the remaining polypeptide domains of TriA and TriB
could not be associated with map density in the EM maps. However, the weak densities
noted in the 2D class averages (Fig 2G) are not inconsistent with traces of the polypeptide
sequences for the missing MFP domains that would extend into the periplasm.
Conformational disorder by these MFP domains would obliterate their densities in the 3D
reconstruction.

MFP conformational transitions:

Proteolysis /n vitroand in vivo was used next to probe conformational changes in TriA and
TriB by examining their interactions with TriC and the OMF TolC. Trypsin digests of the
purified TriABC complexes followed by immunoblotting with anti-TriA antibodies showed
that TriA as a part of the fused TriAB construct and as a separate polypeptide is cleaved by
trypsin at the same sites (~40 kDa Fig. 8A). N-terminal sequencing showed that stable 27
and 30 kDa tryptic fragments (Fig. S5) are generated by the cleavage at residues, K134 and
R106, respectively. These residues are located at the base of the a-helical hairpin. TriB and
its tryptic fragments could be readily seen as a part of the fused TriAB dimer in the TriABC
complex, but not when TriA and TriB were expressed as two separate polypeptide chains (A,
B Fig. 8B) due to substochiometric purification issues (Fig.1 and S4).

The /n vivo proteolysis followed by immunoblotting of £. coli cells carrying plasmid
bearing TriA and TriB showed different sensitivity to proteases despite similar expression of
the two MFPs (Fig. 8C-D). In the periplasm, TriA was found to be proteolytically labile and
cleaved by intracellular proteases, whereas externally added trypsin generated additional 30,
26 and 27 kD proteolytic fragments identical to those in the tryptic profile of the purified
TriABC construct (Fig. 8C, left panel). Surprisingly, TriA was stable and resistant to trypsin
when co-expressed with TriB and TriC (Fig. 8C, left panel). In contrast, the periplasmic
TriB is proteolytically stable but can be cleaved by exogenously added trypsin (Fig. 8D, left
panel). From comparison with the tryptic digest of the purified TriB (Fig. S5), these
fragments according to N-terminal sequencing of tryptic fragments of the purified TriB are
the cleavage products at R126 (25. 6kD fragment), R140 (24.1 kD fragment) and K152 (22.8
kD), all located in the a-helical hairpin of TriB. No significant differences in proteolytic
profiles of TriB were detected in the presence or absence of TriC and the protein was
cleaved by trypsin into stable fragments (Fig. 8D, left panel). In contrast, both TriA and TriB
were protected in complex with TriC from the cleavage by proteases in the presence of TolC
(Fig. 8C and 8D, right panels). The differential proteolysis of the a-helical hairpin domains
of the MFPs indicates that the MFPs undergo conformational transitions upon interaction
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with specific cognate partners that modifies their accessibilities to proteolysis. Thus, TriA is
structurally dynamic and is stabilized by interactions with TriC, whereas the structure of
TriB is not sensitive to the presence of transporter. The recruitment of OMF into the
complex stabilizes and protects both MFP subunits from proteases.

Discussion

The ordered molecular architecture of TriABC was determined by single particle cryo-EM
and corresponded to a complete trace of the polypeptide backbone of the TriC protomer and
a trace limited to the respective MP domains of the fused TriAB protomer (Fig. 2). The
structure of TriABC exhibits three-fold symmetry, with three protomers of TriC and TriAB
per complex, consistent with the molecular weight estimated by size exclusion
chromatography. The agreement of the refined model with all EM densities (Video M1)
corroborates that most if not all ordered map density features present in the cryo-EM map
has been accounted for. The increase in resolution upon imposing C3 symmetry, from 6.5A
to 4.5A, enhanced the signal to noise ratio and corroborating the three-fold symmetry of the
TriABC transporter.

The polypeptide fold of TriC is homologous to that of AcrB ((Murakami et al., 2002; Seeger
et al., 2006)), CusA (Su et al., 2011), ZneA (Pak et al., 2013), and MtrD (Bolla et al., 2014).
The TriC protomer has greatest structural similarity with CusA used to model TriC (RMSD
Ca = 3.38 A), followed with the Open/Extrusion subunits of AcrB (RMSD Ca = 3.57 A)
(Fig. 4A). A notable difference is the structure and position of the ‘switch’ loop of TriC in
Fig. 4B-C. The homologous switch loop is flexible in AcrB and MexB (Sennhauser et al.,
2009) and gates multidrug binding within the periplasmic cleft (Eicher et al., 2012;
Nakashima et al., 2011). A conformational change of the switch loop enables the
translocation of large antibiotics from the AP site to the DBP site in AcrB. This loop is
considerably longer in TriC and extends deeper into the periplasmic cleft. In both TriC and
AcrB, the loop apex is hydrophobic consistent with loop penetration into a largely
hydrophobic binding pocket. Concomitantly, the complementary loop (residues 655-663 in
TriC) which forms the floor of the periplasmic cleft (Fig. 4B—C), is much shorter than its
homologous in AcrB (residues 667-680), allowing for deeper penetration into the
periplasmic cleft by the “switch loop’. In AcrB, the conformational changes of the floor and
switch loops occur concurrently. In TriC, the loss in activities upon mutation of residue
Gly598 — Val at the loop hinge and of Arg603 —Ala at the loop median (Fig. 5F) suggests
that this longer ‘switch’ loop is indeed implicated in drug binding and/or mediates drug
extrusion. The variant Val598 would rigidify hinge motion and directly or indirectly interfere
with binding at the AP site. The variant Ala603 would change the amphipathic character of
the median loop, due to the loss of the Arg side chain, which would affect hydrophobic and
charged interactions with TM2 of subdomain PN2. The considerable differences in chemical
nature and shape of the TriABC efflux substrates would result in differential interactions and
ensuing dynamics due to the side chains of the variants thereby creating differential
reductions in drug efflux (Fig. 4D-F).
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PMF mechanism:

TriABC represents the first structure of an RND transporter from the HAE-1 protein family
(Tseng et al., 1999) that has the central residue, Lys940 in AcrB, essential for proton
translocation, replaced by an arginine, Arg925. Evolutionarily, lysine is a much-preferred
basic residue compared to arginine among HAE-RND family members (Takatsuka and
Nikaido, 2006). The isostructural substitution of Arg925 in TriC (Fig. 6), offers mechanistic
insight into the proton transport cycle of RND transporters. Because of its high intrinsic pKa
of 13.3 (Li et al., 2008), it is expected that the arginine would always be positively charged,
even when buried in a highly hydrophobic environment such as the interior of a protein or in
the middle of a lipid bilayer (Li et al., 2008; Yoo and Cui, 2008). The energetic penalty to
deprotonate it at pH 7 is much costlier than to deprotonate a lysine residue whose pKa is
near 10.4 and can be completely deprotonated at physiological pH (Isom et al., 2011). Of
note is the property of the long and flexible side chain of arginine that enables the
guanidinium group to interact with polar atoms and donate up to five hydrogen bonds
(Harms et al., 2011). However, the lipid bilayer, including local instabilities leading to water
penetration (Eicher et al., 2014), as well as interactions with polar head groups preclude the
existence of strictly hydrophobic micro-environments to keep the arginine side chain in a
deprotonated state.

The very similar drug efflux activities by £. coli cells expressing AcrAB and TriABC
transporters (Fig. 1 and Table S1) and the identical spatial arrangement of isostructural
charged residues in the central region of the transmembrane domain (Fig. 6) suggest that
both transporters use similar proton-relay mechanisms. From a mechanistic perspective, the
presence of a charged arginine residue in TriC throughout the proton transport cycle
corroborates the finding from dynamical simulations that Lys940 in AcrB remains
protonated throughout the PMF cycle (Eicher et al., 2014). A positively charged residue
enhances or ensures by electrostatic stabilization an acidic population of the neighboring
aspartate residues. Aspartate residues when buried in the nonpolar hydrophobic core of a
folded protein or a lipid bilayer interior can undergo substantial pKa shifts exceeding a value
of 10 (Isom et al., 2010). Such a high pKa would inhibit proton transfers due to a negligible
population of negatively charged carboxylates to act as proton acceptors. Indeed, the
isosteric mutations of Asp407Asn and Asp408Asn in AcrB renders the transporter incapable
of mediating proton translocation and drug efflux (Eicher et al., 2014). Proton transport in
HAE1-RND transporters thus depends on maintaining an adequate pKa for the aspartate
residues in the central transmembrane region to ensure sufficient populations of both
charged and neutral states in order to mediate proton transport by Asp408.

Tunnel network:

Superposition of TriC with ligand bound subunits in (RMSD Ca = 4.55 A) identified two
ligand binding loci, the AP and the DBP site, that overlap with the tunnel network (Fig 5C).
The blind docking calculations corroborate interaction with TriC at the AP or the DBP loci
by each pose of the TriABC substrates: SDS, triclosan and Nile Red (Fig. 5D). The multisite
binding at each loci is not inconsistent with a binding mechanism involving multidrug
recognition as has been proposed for AcrB (Kobylka et al., 2020; Yamaguchi et al., 2015).
Furthermore, the bipartite poses for each substrate overlapped with tunnel surfaces and

Structure. Author manuscript; available in PMC 2022 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fabre et al.

Page 12

concurred with the interpretation of the mutagenic data (Fig 5E) further argues in favor of
two binding loci. The bottleneck of ~ 10 A long linking the two sites in TriC (Fig. 5C)
would diminish the likelihood of the TriABC complex, in absence of OMF, of extruding
antibiotics and biocides into the periplasmic space instead of the extracellular milieu.
Accordingly, the symmetric trimeric structure of the TriABC complex represents a
conformer that is functionally incompetent for drug extrusion.

Translocation from the AP site to the DBP site based on the structural data necessitates a
conformational fluctuation to open a sufficiently large channel enabling translocation
between the two sites. From the DBP site, substrates would then be readily extruded without
any significant steric hindrances in the funnel tunnel. The entrances to the tunnel network
are of sufficient dimensions to accommodate the substrates (Fig. 5A, 5D) and thus the
symmetric TriABC structure is primed for uptake of lipophilic substrates intercalated into
the cytoplasmic membrane. Indeed, all three known substrates of TriC would preferentially
intercalate into the inner membrane based on their estimated logP values: Nile Red — 4.39;
Triclosan — 5.53; SDS — 3.86 (Tetko et al., 2005).

The extent of the conformational fluctuations that enlarge the tunnel bottleneck to facilitate
access to the DBP site from the AP site must however be restricted. TriABC is not known to
efflux bulkier antibiotics such as tetracycline, cloxacillin, and novobiocin (Weeks et al.,
2015) yet blind docking calculations with these antibiotics nevertheless show binding at the
AP and DBP loci (Fig. 5G). The inability by TriABC to efflux these bulkier antibiotics
eve006E though their binding loci are homologous to those of the TriABC substrates
suggests that switch loop dynamics may act as a gating mechanism for selective efflux.
Smaller conformational fluctuations of the almost two-fold longer switch loop, which is
deeply imbedded in the TriC tertiary structure (Fig 4A, 4B) and has more polar and charged
side chains, could restrict translocation of bulkier and longer substrates through the
bottleneck region (Fig 5F). This interpretation is in agreement with studies that showed the
influence of loop integrity and rigidifications on efflux activity and substrate extrusion
(Ababou and Koronakis, 2016) (Muller et al., 2017).

TriAB dynamics:

Previous studies showed non-equivalent functions of TriA and TriB in the complex assembly
and efflux (Ntreh et al., 2016; Weeks et al., 2015). This study reveals structural difference in
the interactions of the two MFPs with the TriC transporter and a dynamic role by the TriAB
membrane fusion protein in the complex. TriA but not TriB forms a stable complex with
TriC as seen from the co-purification experiments and the cryo-EM structure (Fig. 1 and 2).
Importantly, TriA but not TriB is essential for recruitment of TolC/OpmH (Ntreh et al.,
2016; Weeks et al., 2015), the result suggesting that TriA and other MFP subunits that
occupy the same site on the transporter serve to snare OMFs. The a-hairpin, the lipoyl, and
the a-p barrel constituent sub-domains of TriA, not well-defined in the cryoEM map, are
likely bent away from the TolC docking region in the bipartite complex. Of note, the high
flexibility between subdomains of AcrA (Hazel et al., 2019; Ip et al., 2003; Mikolosko et al.,
2006) would accommaodate bent conformations. The susceptibility of the a-helical hairpin
region of TriA to protease action in the TriABC complex (Fig 8A) indicates that the TriA a-
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helical hairpin region is not protected upon bipartite complex formation and lends further
support to conformational mobility by the MFP TriA in the TriABC complex.

Although both TriA and TriB undergo conformational changes upon TriABC-TolC complex
formation that is manifested by their complete resistance to trypsin action in the tripartite
complex (Fig. 8C and 8D, right panel), TriB does not undergo an apparent conformational
change similar to TriA upon TriABC complex formation, as its resistance to trypsin action
does not change whether it is a separate peptide or fused to TriA (Fig. 8C and 8D, left
panel). Such behavior is entirely consistent with TriA, mediating formation of the tripartite
complex via its interaction with TriC. The tighter interaction with TriC may reduce the
conformational search space of TriA, and accelerate complex formation with the OMF. As
TriB association with TriC is weaker, it is likely that interactions between the OMF and the
TriAC complex stabilize conformational changes in TriB to fully engage it into the
assembled complex. The reduced interaction of TriB with TriC is consistent with the
observed weaker cryoEM density for the TriB MP domain (Fig. 2 and Video M1). Site-
directed mutagenesis of the MP domain of TriB showed that this MFP subunit but not TriA
is essential for the stimulation of the transporter (Weeks et al., 2015) by allowing TriB to
form critical interactions that stabilize the open conformation of OMF (Ntreh et al., 2016).
Hence, conformational changes in both MFPs drive the recruitment of OMF, by TriA to
facilitate the full engagement of TriB into the complex, which activates the transporter and
concomitantly stabilizes the open conformation of OMF.

The absence of EM density for the a.-helical hairpins of TriAB underpins conformational
flexibility in the TriABC complex; the ensemble of conformations would be averaged out by
single particle image reconstruction. Multiple conformational states for TriAB in the
TriABC complex would provide a decided intrinsic advantage compared to a restricted
number of discrete conformations by increasing the configurational entropy which in turn
enhances the thermodynamic stability of the TriABC complex. The observed cryo-EM
complex thus typifies the default molecular architecture for the TriABC complex in absence
of OMF. The determined structure further represents an open dynamic state of the TriABC
efflux pump, which precedes the recruitment of the outer membrane factor.

STARXMethods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact: Jurgen Sygusch
(jurgen.sygusch@umontreal.ca)

Materials Availability—The plasmids and bacterial strains generated in this study are
available upon request.

Data and Code Availability—The TriABC trimer cryo-EM maps reconstructed using
35,520 best particles from 1080 micrographs are deposited in the EMDB under accession
number 21361 for the 6.5A C1 map and under accession number 21363 for the 4.5A C3
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symmetry map. The C3 symmetry negative staining map has been deposited in the EMDB
under accession number 21362.

Raw frames, particles stacks, resulting reconstructions, and associated metadata for the cryo-
EM data set have also been deposited into the EMPIAR database: 10128.

The TriABC atomic coordinates (PDB ID: 6VVEJ) have been deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New
Brunswick, NJ (http://www.rcsh.org/).

EXPERIMENTAL MODEL and SUBJECT DETAILS

Recombinant proteins were produced in £. coli cells as outlined in Method Details.

METHOD DETAILS

Bacterial strains—The functionality of TriABC and its variants were first tested by their
ability to complement the triclosan/SDS hypersusceptibility phenotype of acrAB-deficient £.
coli IWW?2 strain (A(araD-araB) 567 AN rhaD-rhaB) 568 AlacZ4787 (::rnB-3) hsdR514 rph-1
AompT-scar AacrAB::Km") (Weeks et al., 2015). This strain was also used for protein
purification. The Nile Red uptake experiments were carried out in the hyperporinated £. coli
A9-Pore (GKCW107); proteolysis was done in GKCW102 and GKCW104 (Krishnamoorthy
et al., 2016). The A9-Pore cells overproduce a large Pore that enables intracellular
accumulation of various compounds including trypsin and the fluorescent probe Nile Red
(Krishnamoorthy et al., 2016).

Culture conditions for in vitro system—All cells were grown in Luria-Bertani (LB)
broth (tryptone 10 g/L, yeast extract 5 g/L and NaCl 5g/L) with appropriate selection
markers as needed, at 37°C with shaking at 200 rpm. For uptake experiments, at ODggg ~0.3,
L-arabinose (up to 0.2%) was added to induce the expression of the Pore and cells were
further incubated until ODggg reached 1.0.

Minimal Inhibitory Concentrations (MICs)—MICs of antimicrobial agents were
measured using the two-fold dilution technique in 96-well microtitre plates (Tikhonova et
al., 2002).

Site-directed mutagenesis—~Point mutations were introduced using a QuikChange
Lightning site-directed mutagenesis kit and primers designed per manufacturer’s guidelines
(Agilent Technologies). Plasmids were purified using a GeneJet Kit (Fisher Scientific) and
sequenced at the Oklahoma Medical Research Foundation Sequencing Facility to confirm
the introduction of the desired substitutions.

Protein expression—E. coli cultures were grown overnight in LB medium, supplemented
with 100 pg ml~1 ampicillin as needed, and subcultured 1:100 in fresh LB for 6 hours. Cells
were collected via centrifugation at 3,220 x g for 20 min and stored at —20°C. Cells were
resuspended in 1 ml lysis buffer (10 mM Tris-HCI pH 7.5, 5 mM EDTA, 100 pg ml~2
lysozyme) and incubated on ice for 1 hour, then subjected to sonication. Unbroken cells
were collected, and membranes were pelleted by centrifugation at >100,000 x g for 1 hour.
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Membrane pellets were then resuspended in 100 pl of 20 mM Tris-HCI, pH 7.5, 100 mM
NaCl, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and relative protein amounts
quantified using the Bio-Rad Protein Assay before SDS-PAGE and immunoblotting.
Polyclonal anti-TriA, anti-TriB and anti-TriC antibodies were reported before (Weeks et al.,
2015). For anti-TriC immunoblots, 5 pug of membrane proteins were resolved on SDS-
polyacrylamide gels and transferred onto PVDF membranes. Anti-TriC antibodies have
previously been shown to also recognize TriAB (Weeks et al., 2015). Proteins were detected
using standard immunoblotting protocols with anti-TriC primary antibodies produced in
rabbit, combined with secondary anti-rabbit-alkaline phosphatase conjugated antibodies
(Sigma Aldrich) or anti-Penta His monoclonal mouse primary antibodies (Pierce), combined
with secondary anti-mouse-alkaline phosphatase conjugated antibodies (Sigma Aldrich).
Membranes were developed using 5-bromo-4-chloro-3-indoyl phosphate—Nitro Blue
Tetrazolium (Pierce).

Protein purification—E. coli IWW?2 competent cells were co-transformed with pBAD33-
TriAXBC and pBAD-Cyjs constructs (Weeks et al., 2015), plated on selective media
supplemented with ampicillin and chloramphenicol, and grown overnight at 37°C. The
TriABC complex is purified by the C-terminal His-tag of TriC. For this purpose cells were
harvested by centrifugation at 3,200 x g for 20 mins at 4°C, then the pellets were
resuspended in 20 mM Tris-HCI pH 7.5, 5 mM MgCly, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.05 mg/ml DNAse and incubated on ice for 30 mins. The cells were lysed
thrice for 30-45 sec using an ultrasonicator (Branson). Unbroken cells were removed by low
speed centrifugation at 3,220 x g for 30 mins. Cell membranes were isolated by high speed
centrifugation at 100,000 x g for 1 hr at 4°C, then washed for 1.5 hours at 100,000 x g in 10
mM Tris-HCI pH 7.5, 100 mM NaCl, and 1 mM PMSF. Membrane pellets were then re-
suspended in 3 ml solubilization buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
PMSF, 5 mM imidazole, 2% DDM) and incubated overnight on a rotator. Insoluble fractions
were collected via centrifugation at 100,000 x g for 1 hour, and the solubilized membrane
fractions were loaded onto a 1 ml Cu?* charged HisBind Resin (EMD Millipore) column
equilibrated with Buffer A (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM PMSF, 0.03%
DDM) with 5 mM imidazole. Flow-through was re-applied to the column to ensure complete
binding, and the column subsequently washed with 10 column volumes of Buffer A each
containing 5 mM, 20 mM and 40 mM imidazole. Protein was eluted using 3.5 column
volumes of Buffer A containing 400 mM imidazole. Fractions were then analyzed by SDS-
PAGE to determine the amount of protein and combined for gel filtration and
ultracentrifugation. The authenticity of TriABC was confirmed by cutting-out the bands
corresponding to the purified fractions of TriABC, namely for TriC and TriAB of the SDS-
PAGE gel, followed by in-gel digestion with trypsin, and mass spectrometry analysis. For
gel filtration chromatography, protein samples were loaded onto a size exclusion column
(Superdex 200 GE 3.2/300) equilibrated in eluting buffer (100 mM Tris HCI (pH 8.0), 150
mM NaCl, 1 mM PMSF, 0.03% (w/v) DDM) using a GE micro AKTA system. Protein
concentrations were determined from OD280 measurements using a GE NanoPhotometer.
The final TriABC protein yield is approximately 200 ug per litre of £. coliculture. The
fraction corresponding to TriABC after size exclusion chromatography was then used for
cryo-EM.
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Proteolysis—For in vitro proteolysis experiments, TriA, TriB and TriABC complex (1-5
UM final concentration each) were incubated with increasing concentrations of trypsin for 30
min at 37°C. Reactions were terminated by adding SDS sample buffer and boiling for 5 min.
Samples were analyzed by 12% and 16% SDS-PAGE and protein fragments visualized by
silver staining or by immunoblotting with corresponding polyclonal rabbit antibodies. For
N-terminal sequencing, the fragments of interest were transferred onto PVDF membrane,
stained with Coomassie Brilliant Blue R and excised. Peptide sequences were determined at
the lowa State University Proteomics facility.

For in vivo proteolysis experiments, 5 ml of exponentially growing cells (ODggg ~ 0.5-0.6)
were harvested and washed twice with buffer containing 20 mM Tris-HCI (pH 7.5), 100 mM
NaCl. The cells were resuspended in 200 pl of buffer containing 20 mM Tris-HCI (pH 7.5),
5 mM EDTA, 20% sucrose. Digestion reactions were set up by adding increasing
concentration of trypsin to 36 pl of concentrated cells (2.7 x 107) and were incubated at
37°C for 60 min. Reactions were terminated by cooling on ice for 5-10 min then adding
SDS sample buffer and boiling for 5 min. The whole cell lysates were resolved on 12%
SDS-PAGE. TriA and TriB proteins and their proteolytic fragments were visualized by
immunoblotting with polyclonal anti-TriA and anti-TriB antibodies. At least two
independent experiments were carried out for each strain.

Negative stain EM microscopy—~Purified TriC and TriABC samples (each 5 L diluted
to ~50 pg/mL) were applied onto negatively glow-discharged carbon-coated grids (400
mesh, copper grid) for 1 min. Excess liquid was removed by blotting with filter paper.
Freshly prepared 1.5% uranyl formate (pH 5.0) was added (5 pl) for 1 min and then blotted
dry. Digital micrographs were collected using a FEI Tecnai G2 F20 microscope operated at
200 kV and equipped with a Gatan Ultrascan 4k x 4k Digital CCD Camera. The images
were recorded at defocus between 1.0-2.0 um at a magnification of 134,010X at the camera
and a pixel size of 1.12 A. 11,393 protein particles were boxed using e2boxer from the
EMAN2 software suite (Tang et al., 2007). Initial reference maps were generated de novo
using PRIME (Elmlund et al., 2013) and 3D refinement was performed using RELION-1.3
(Scheres, 2012).

Cryo-EM data acquisition—Graphene oxide dispersion in H,O (Sigma) was diluted to
0.2 mg.ml~L. C-flat CF-2/2-2C holey grids were glow discharged for 1 min and 3 pl of the
graphene suspension was added to the grids for 1 min. Grids were subsequently blotted
briefly using Whatman Nol filter paper and washed three times on 20 pl drops of H,O
(twice on the graphene side and once on the reverse side) (Pantelic et al., 2012). Grids were
then used for plunge-freezing without further treatment. 3 pL of purified TriABC was
deposited on C-flat CF-2/2-2C holey grids previously treated with graphene oxide and
plunge-frozen in liquid ethane cooled by liquid nitrogen.

Grids were imaged using a Titan Krios transmission electron microscope (FEI Company)
operated at 300 kV, with the specimen maintained at liquid nitrogen. A total of 3483 movie
frames were recorded on a FEI Falcon 1l camera at a magnification of 128,771 X at the
camera and a pixel size of 1.08 A. The total dose per image was ~50 e-/A2 split into 7
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frames with frames 1 to 5 having a dose of 6 e-/A2 and frames 6 and 7, 10 e-/A2. Data was
typically collected with a defocus range between —1.6 and —3.0 ym.

EM Data Processing and Image Analysis—Movie frames were first aligned using
Unblur (Grant and Grigorieff, 2015) and averaged and the contrast transfer function
parameters were determined using CTFFIND4 (Rohou and Grigorieff, 2015). All
micrographs were inspected manually to discard the micrographs having no graphene oxide
support and thus, no particles. Protein particles were boxed using e2boxer from the EMAN2
software suite (Tang et al., 2007). After extraction, images of the particles were binned twice
for a final box size of 100x100 pixels and a resulting pixel size of 2.17 A at specimen level.

A total of 138,282 candidate particle images were analyzed using RELION-1.3 (Scheres,
2012). First, a 2D classification was performed using 8 starting seeds (Fig. S2A). 3 classes
were selected by visual inspection showing different orientations of TriABC to yield 35,520
particle images, which were used for all further data processing. Particles were 3D aligned
using a negative staining map previously calculated and low pass filtered at 60 A with a C3
symmetry imposed. Particles were polished and used for new 3D refinements both with C3
and C1 symmetry imposed. A mask of outer diameter of 50 pixels was kept during the C1
refinement. This EM-map was used against all data set particles for a final refinement with
no symmetry imposed.

Map resolutions were computed using gold standard FSC (Fig. S2B-C). Further image
analysis with 3D classifications did not improved map resolution.

TriABC structure determination—The structure of TriABC was determined in two
stages. First a model for the 3D structure of TriC was prepared from the primary amino acid
sequence (Yang et al., 2015; Zhang and Skolnick, 2004, 2005) using the I-TASSER server
(Xu and Zhang, 2010; Yang et al., 2015; Zhang and Skolnick, 2004, 2005) and the top
structural homolog, CusA, was chosen based on the highest TM-score (0.96) (Table S2). The
EM structure exhibited a deep central vestibule with distinct crevasses that afforded facile
orientation of the TriC structural model. The fit of the modeled TriC trimer to the cryo-EM
map was then further improved using iterative real space refinement in Phenix (Adams et al.,
2010; Afonine et al., 2018) and model rebuilding with Coot (Emsley et al., 2010) yielding a
high map correlation coefficient (CC) of 0.84. To better visualize side chains, the cryoEM
maps were oversampled at a frequency of 1.4x along each axis. The oversampled map was
used for refinement and model building. Bulky side chains such as tryptophan residues in the
entire polypeptide sequence of TriC were unambiguously associated with EM density using
a 3o cutoff (Fig. S6). Comparison of the refined TriC subunit with the conformation of the
CusA subunit spanning the inner membrane yielded a RMSD of 3.38 A for Ca atoms. A
similar RMSD value of 3.57A was obtained when comparing the TriC protomer with the
substrate ‘free’ B (Open/Extrusion) subunit of AcrB and that of the MexB subunit F, RMSD
of 3.66 A.

The identification of the residual density corresponding to the TriA N-terminal sequence
exploited that the TriA N-terminus is lipidated (Weeks et al., 2015) and would thus be
situated proximal to the outer leaflet of the inner membrane. A linear strand of residual
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density terminating at the detergent micelle and clearly visible in the cryo-EM map could be
interpreted as residues 1-12 of the mature TriA sequence while palmitic acid covalently
bound to the TriA N-terminus Cys-1 in the form of S-(2,3-bis(palmitoyloxy)propyl)-N-
palmitoyl-cysteine (Sankaran and Wu, 1994) could be fitted into an adjacent region of
density in the detergent micelle (Fig. 7B).

The identification of the compact EM density adjacent to the N-terminal residue 12 of the
TriA MP domain was then made using a modelling tool in Coot (jiggle-fit) (Emsley et al.,
2010), which uniquely oriented the TriA MP C-terminal domain predicted by I-TASSER
(Table S2) into the C3 cryo-EM density. The structure of the TriA sequence fold was
modelled based on the subunit A of ZneB MFP from C. metallidurans (De Angelis et al.,
2010) predicted by the I-TASSER server (Yang et al., 2015) with a high TM-score (0.90)
(Table S2). Separately fitting the a-hairpin, lipoyl, and ap-barrel sub-domains of the
modelled TriA into the outstanding compact residual density did not provide a satisfactory
fit whereby map density could be associated with contiguous polypeptide strands. In ZneB,
AcrA, and CusB MFP structures, the MP C-terminal region is found proximal to its N-
terminal region (Mikolosko et al., 2006; Su et al., 2009) that further corroborated our
interpretation of the density. We next turned to the C1 difference map shown in panel E and
F of Figure 2 to extend the interpretation of the TriA MP C-terminal sequence (334-353) by
fitting it into the strongest residual uninterpreted density feature adjacent to TriA MP
domain. A long tube-like density starting at Ala-333 was modelled as a helical structure for
residues 338-347 and a linear strand for residues 348-352. The final modelling fitted
residues 1-24 and 260-352 of the TriA MP C-terminal region to the map density with a map
correlation coefficient (CC) of 0.75 upon real_space_refinement in Phenix (Adams et al.,
2010; Afonine et al., 2018). Using the Super alignment feature in PyMol (Schrédinger), the
fold of the fitted residues when superimposed against the MP domain of the ZneB structure
yielded a very low RMSD = 1.55 A for the Ca atoms indicating excellent modelling by |-
TASSER of the Ca fold for TriA MP domain sequence.

The linker sequence (353—-356) and the TriB MP N-terminal sequence (357-366; using
TriAB sequence numbering for TriB) could be next fitted into the difference map density,
corresponding to region L in Fig. 2E and 2F, as a coiled linear strand which terminated at the
second compact globular region of density. The structure of the fold for the TriB domain
sequence used for fitting into the compact globular region of density was modelled based on
the subunit M of MexB MFP from £ aeruginosa (De Angelis et al., 2010) and was predicted
by the I-TASSER (Yang et al., 2015) with high TM-score (0.86) (Table S2). The fitting to
the compact globular density by the Coot jiggle-fit tool of the predicted fold for the TriB MP
domain (367-375, 621-695; using TriAB sequence numbering for TriB) resulted in a unique
orientation placing residue 367 of the TriB MP domain vicinal to the previous residue 366 of
the TriB MP N-terminal sequence. Separately fitting models of the a-hairpin, lipoyl, and
ap-barrel sub-domains of modelled TriB into the compact residual density did not provide a
satisfactory fit whereby map density could be associated with contiguous polypeptide
strands. The final modelling of residues 367-375 and 621-695 of TriAB MP C-terminal
region to the map density yielded a map correlation coefficient (CC) of 0.55 upon
real_space_refinement in Phenix (Adams et al., 2010; Afonine et al., 2018). Using the Super
alignment feature in PyMol (Schrddinger), the fold of the fitted residues when superimposed
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against the MP domain of the M subunit of the MexA structure yielded an RMSD = 3.10 A
for Ca atoms and indicating very good modelling by I-TASSER of the TriB MP domain
fold.

The TriABC structure consisting of TriC and the TriAB MP domain trimer was then further
improved by iterative real space refinement against the C3 cryo-EM map (Afonine et al.,
2018). To expedite the fitting to the C3 cryo-EM map, the TriABC model was refined using
a molecular dynamics flexible fitting simulation coupled to real-space refinement prior to
the last stages of refinement (Kidmose et al., 2019). Table 1 summarizes the resultant
refinement showing a high overall CC = 0.80 and few outliers < 1%. A three-dimensional
perspective of the model fits to the C3 and C1 cryo-EM maps as well as to the C3 negative
staining map is shown in Video M1. The refined structure explained virtually all observed
density in the C3 cryo-EM map, except for the detergent corona which was not modelled
due to its apparent disordered structure.

To assess overfitting, we refined the atomic model against half-map1 and determined the
map to model FSC curve. At FSC = 0.143, the resolution was 4.5 A. We then calculated the
FSC curve for the same model (without re-refinement) against half-map2 and obtained a
resolution of 4.5 A. The two FSC curves were virtually identical (not shown) suggesting
little, if any, overfitting. Finally, the FSC curve for the refined model to the full map yielded
a resolution of 4.5 A at FSC = 0.143 consistent with the resolution obtained from the two
half-maps.

Tunnel network in each TriC subunit was identified using MOLEonline (Pravda et al., 2018).
Figures 2, 5A and 7 were prepared using Chimera (Pettersen et al., 2004). Structure figures
3, 4A-B, 5B-G and 6 were prepared with PyMol (Schrédinger).

QUANTIFICATION and STATISTICAL ANALYSIS

Data Collection and Final Refinement—Data was collected on a Titan Krios equipped
with a FEI Falcon Il camera at the Facility for Electron Microscopy Research at McGill
University. 3483 movie frames were recorded at a magnification of 128,771 X and a pixel
size of 1.08 A. The total dose per image was ~50 e-/A2 split into 7 frames with frames 1 to 5
having a dose of 6 e-/A2 and frames 6 and 7, 10 e-/A2.

Final refinement statistics are summarized in Table 1.

ADDITIONAL RESOURCES

This study has not generated new reagents or contributed to a new website/forum.
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Refer to Web version on PubMed Central for supplementary material.
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Significance

P, aeruginosa is an important human pathogen, which is extremely resistant to antibiotics
and biocides. TriABC and other efflux transporters play a critical role in this resistance.
Although a significant body of structural and functional data has been accumulated in
recent years, we have no understanding of steps leading to the assembly and activation of
these drug efflux pumps. This study presents the first insight into the state of an efflux
complex prior to the engagement of the outer membrane channel. This inactive state
would be important to prevent the depletion of cell energy, for initial substrate
recognition and activation of drug efflux. The results of this study will facilitate the
design of inhibitors preventing the activation of efflux pumps.
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Highlights:
CryoEM structure of substrate free TriABC at 4.5 A resolution.
Periplasmic membrane fusion subunits are partially ordered.

An arginine controls the pKa of surrounding aspartate residues to donate
protons.

Loop motion gates substrate tunnel opening, controlling substrate specificity.
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Figure 1. Activities and purification of TriABC pump.
A. Intracellular accumulation of Nile Red (NR) in £. coli A9-Pore overproducing AcrAB

and TriA,BC with TriA and TriB as separate (TriA, TriB) and TriABC with fused (TriAB)
polypeptides respectively. Efflux efficiency is estimated as a ratio of NR accumulation in
cells carrying an empty vector and in cells overproducing the indicated efflux pumps.

B. TriC-His and TriABC-His complexes were purified from E. coli IWW?2 carrying
respective plasmid constructs, separated by 10% SDS-PAGE and stained with Coomassie
Brilliant Blue. The molecular masses of TriA and TriB are too close for a clear band
separation. The dominant band is TriA, as seen by immunoblotting of TriABC fractions with
anti-TriA and anti-TriB polyclonal antibodies in Fig. 8A-B.

C. The TriABC sample was injected onto a Superdex 200 increase 3.2/300 column
(flowrate: 75 pL/min, mobile phase: 100 mM Tris/HCI, 150 mM NaCl, 0.03 % (w/v) DDM,
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pH 8.0, column volume 2.4 mL). The retention volume of the peak corresponded to an
estimated molecular weight of 620 kDa.
D. Negative stain electron microscopy image of purified TriABC.
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Figure 2. The structure of TriABC trimer as determined using single particle cryo-EM.
A-C. Isosurface representation of the cryo-EM map calculated imposing C3 symmetry is

displayed at low (1.97, ~ 2.0o) and high (4.35, ~ 4.30) contour levels in panels A and B
respectively. In panel C, the model built and refined is shown as a cartoon representation
superposed with the C3 symmetry map shown in panel B, with red, green and blue
corresponding to the three TriC subunits, yellow and pink for the TriA MP and TriB MP
domains, respectively (see also movie M1).

D. Confidence map of the C1 reconstruction calculated as described in (Beckers et al., 2019)
and shown at the confidence level of 99.9% as a transparent surface representation with
TriABC model superposed.

E-F. Composite map highlighting densities corresponding to TriA and TriB. The colored
densities were derived from the difference map calculated between the C1 cryo EM map and
a density map generated from the TriC model and low-pass-filtered to the resolution of the
C1 cryo EM map (6.5A). The difference map was then segmented using Segger (Pintilie et
al., 2010) implemented in Chimera (Pettersen et al., 2004). Densities attributed to TriA, TriB
and the linker L are shown colored in lime, cyan and orange respectively.

G. Examples of 2D class averages. Red arrowheads point to densities corresponding to the
putative MFPs extending into the periplasm.
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Figure 3. The structural model of TriABC interpreted from the C3 cryo-EM map.
A. Ribbon diagram of a TriC protomer. The N-terminal fold comprises the helical

transmembrane regions TM1-TM6 (coloured blue) and a large periplasmic domain between
TM1 (grey-blue) and TM2 (slate) while C-terminal region is related to the N-terminal region
by a pseudo two-fold rotation in the membrane plane and comprises the helical
transmembrane regions TM7-TM12 and a large periplasmic domain between TM7 (tv-
orange) and TM8 (light-pink). Subdomains PN1 (K48 to D138), PN2 (V143 to Q186 and
F278 to N327), DN (E187 to L277), PC1 (P557 to L655), PC2 (1665 to W701 and P804 to
G846), DC (N702 to V797) as well as TM1 (M1 to N36) and TM7 (R524 to F556) are
labelled.

B. Ribbon diagram of the TriAB protomer viewed as in panel A. The TriC protomer has
been rendered semi-transparent. The TriA MP domain is shown connected to the TriB MP
domain via a linker region shown in red. The thick arrow points to the tripalmitoylated N-
terminus of TriAB.

C. Ribbon diagram of the TriABC trimer viewed perpendicular to the membrane plane from
the periplasmic space. Each subunit of TriABC is shown with different colour.
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Fig. 4. Structural comparison of the TriC and AcrB protomers.
A. Ribbon diagram of protomers of TriC and AcrB viewed in the membrane plane. A TriC

subunit of TriABC (green) is superimposed onto a “substrate-free” protomer (extrusion
subunit) of AcrB (red). The corresponding TriAB subunit is shown in cyan.
B. Front view of the periplasmic clefts formed by sub-domains PC1, PN1, PC2, and PN2 of
TriC and AcrB shown as semi-transparent objects. PN1 and PN2 lie behind PC2 and PC1,
respectively, and are not labelled. Residues 614-622 in AcrB form a flexible loop (a thick
yellow trace) that gates multidrug binding within the periplasmic cleft. The loop apex (%)
contains two Phe residues, 615 and 617, and are thought to gate drug extrusion in AcrB.
TriC has an equivalent yet longer loop, (a thick purple trace), consisting of residues 598-614
that penetrate the cleft. The loop apex (%) contains hydrophobic residues Phe-604, Tyr-605,
Leu-606. Noteworthy also is the loop, residues 667-680 in AcrB (thick yellow), and
residues 655-663 in TriC (thick purple), that form the basement of the periplasmic cleft.
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This loop is shorter in TriC allowing the ‘gating’ loop in TriC to penetrate deeper into the
periplasmic cleft.

C. Switch loop region of TriC showing the fit to the density map of residues 598-613
(purple) that penetrate the cleft, residues 655-663 (yellow) that form the basement of the
periplasmic cleft, and a cartoon trace of the intervening residues 615-654. The switch loop
apex (%) is also shown. Map densities are shown as greyish isosurfaces using a 3o cutoff (in
UCSF Chimera). The switch loop region was rotated slightly clockwise about the vertical
axis with respect to panel B.

D. Concentration dependence curves of NR accumulation in £. coli A9-Pore cells producing
TriABC and its mutant TriC variants. Error bars, SE (N=3).

E. Intracellular concentration of NR expressed as a percent of NR accumulation in cells
carrying empty pBSPII vector. Cells were incubated in the presence of 12 mM NR for 5 min
and fluorescence intensity measured.

F. Susceptibilities to triclosan and SDS of £. co/i D9 cells producing TriABC and its TriC
mutant variants (N=3).
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QZ, Fig. 5. Intramolecular ligand-accessible channels in the TriABC trimer.

2 Trimeric tunnel network is depicted as solid surfaces colored (hot pink), using the structure

& of a TrIABC protomer.

= A. The tunnel network is shown embedded in the C3 cryoEM density (2o), and has an
overall length of approximately 190 A in each TriC subunit. The entrance to the tunnel is
shown labelled for the TriC subunit facing the viewer and commences at the interface of
TriC with the outer leaflet of the inner membrane with egress at the funnel like exit formed
by the docking domains of the TriC protomers. The complete tunnel network of TriABC
including that in the adjacent subunits is shown by making the C3 cryo-EM density semi-

i_> transparent.

= B. Superposition of AcrB (Nakashima et al, 2011) onto the TriC protomer positions in TriC

e the AcrB ligand binding sites referred to as the proximal access pocket (AP) and distal

QZJ binding pocket (DBP). The tunnel narrows to 2.2A diameter in the region between the AP

2 and DBP sites.

a C. Close-up of rifampicin (grey) and minocycline (green) bound in AcrB (Nakashima et al,

-§ 2011) at the AP and DBP loci, respectively, and shown as stick representations surrounded
by transparent van der Waals surfaces, positioned at the putative homologous binding loci in
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TriC, and coincide with the tunnel network. The labels AP and DBP were placed the center
of mass of the respective antibiotic. The bottleneck region is identified by an * and its extent
by a brace.

D. Docking calculations using BSP-SLIM (Lee and Zhang, 2012) showing the 5 highest
scoring poses for each substrate: SDS, triclosan, and Nile Red, as stick representations in a
TriABC protomer, their respective carbon atoms are colored slate, green, and yellow.

E. Close-up of the region between AP and DBP (labels slightly displaced for clarity)
showing the position of the mutated residues that are listed in Fig. 5. Coloured in red are the
residues that upon mutation severely modified extrusion activity, in green partially impacted
activity, while the residues whose mutation did not impact extrusion activity are coloured in
yellow.

F. Tunnel closeup showing secondary structure and associated van der Waals surfaces
adjacent to the tunnel bottleneck (2.2A) between the AP and DBP sites. The bottleneck is
bounded by p strand (50-54) on one side and the gating loop (598-614) on the other side,
Ca traces are shown in green and red respectively. Position of mutated residues are labelled
in the gating loop.

G. Docking calculations using BSP-SLIM showing the 5 highest scoring poses for
antibiotics tetracycline, cloxacillin, and novobiocin, that are not extruded by TriABC, as
stick representations. Their respective carbon atoms are colored brown, green, and white.
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Figure 6. Charged residues in the central transmembrane domains of TriC and AcrB
AcrB substrate free protomer was superimposed onto TriC protomer using the Super tool in

PyMol (Schrédinger).

A. The spatial arrangement in TriC is isostructural with that of AcrB, shown in panel B. The
pertinent residues are shown as sticksThe view is looking down from the periplasmic side.
The figure was prepared using PyMol (Schrédinger).
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TriB MP

Figure 7. Partial structure of TriAB
A. Isosurface representation the cryoEM C3 map (contoured at 2a) with densities associated

with refined partial model of TriAB colored. TriA and TriB MP domains and their
connecting junction are shown in orange/red-orange, dark blue and light blue, respectively.
The TriC protomer interacting with TriAB is shown in light-yellow. The green density was
interpreted as tripalmitoylated modification of Cys-1 of TriAB and is embedded in the
detergent micelle.

B. Showing agreement of the refined partial model of TriAB with the cryoEM C3 density
map. The TriB MP domain, the connecting linker, and the three palmitic acids at Cys-1 are
shown at 1o density level instead of 2o.
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Figure 8. In vivo and in vitro proteolytic profiles of TriA and TriB.
A. Anti-TriA immunoblotting analysis of purified (P) TriABC complexes with TriA and

TriB as separate (TriA,B) and fused (TriAB) polypeptides. Complexes treated with indicated
concentrations of trypsin. The trypsin-treated whole £. coli GKCW102(pTriA,B) cells
producing TriA and TriB were boiled in SDS sample buffer and immunoblotted along with
the purified complexes.
B. The same as in A but immunoblotting with anti-TriB antibodies was carried out.
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C. Whole E:. coli GKCW102(pTriA,B), GKCW102(pTriA,BC) and GKCW104 (pTriA,BC)
cells producing TriA and TriB as separate polypeptides, alone or along with TriC, were
treated with indicated concentrations of trypsin and TriA fragments visualized by
immunoblotting with anti-TriA antibodies. Purified TriA,BC(P) complex treated with trypsin
was loaded as a control.

D. The same as in C but immunoblotting was done with anti-TriB antibody. Results
representative of at least two independent experiments are shown.
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Table 1.
Summary of the real-space refinement by Phenix (release 3594) of the TriABC atomic model against the C3
cryo-EM map.

Metric
Resolution of cryo-EM map  4.35 A

Map CC ? 0.800
rmsd (bonds): 0.004 A
rmsd (angles): 0.783°
All-atom clash score o 19.55

Ramachandran plot ¢

outliers: 0.16 %

allowed: 8.61 %

favored: 91.23%
Rotamer outliers: 0.49 %
C-beta deviations: 0

aCorreIation coefficient calculated by Phenix between map density and atomic coordinates of model
b
calculated as 1000 x (number of bad overlaps) / (number of atoms)

cPeptide link settings used Ramachandran restraints in Phenix. Ramachandran restraints were assigned a weight of 14.0 that was used throughout
the real space refinement. Additionally, the Apply peptide plane was turned on in Phenix.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-TriC antibodies (Weeks et al., 2015) N/A
Anti-Rabbit 1gG (whole molecule) -Alkaline Sigma Aldrich Cat#A3687

Phosphatase antibody

Penta-His Tag Monoclonal Antibody

ThermoFisher Scientific

Cat#P-21315

Anti-Mouse 1gG (whole molecule) —Alkaline

Phosphatase antibody Sigma Aldrich Cat#A9316
Polyclonal anti-TriA and anti-TriB antibodies (Weeks et al., 2015) N/A
Bacterial and Virus Strains

E. coli WW?2 A(araD-araB) 567 N\(rhaD-rhaB) 568

NlacZ4787 (::rB-3) hsadR514 rph-1 AompT-scar (Weeks et al., 2015) N/A
AacrAB::Km"

E. coliGKCW107 A(argF-lac)169 A~ IN(rrnD-rmE)1

1psL179(6trR) AacrB AacrD AacrEF::spc DemrB .

NemrY DNentS.:cam AmacB AmdtC AmatF (Krishnamoorthy et al., 2016) N/A
attrn7::mini-Tn7T-Tp" -araC-Py,pap- FIUANCA4L

GKCW102 (BW25113 atfTn7:mini-Tn7T-Km' - .

0P appn- FIUADCAAL) (Krishnamoorthy et al., 2016) N/A
GKCW104 (BW25113 AtolC-ygiBC (atfTn7::mini- (Krishnamoorthy et al., 2016) N/A

Tn7T-Km" -araC-P.gap- THUAACA4L)

Chemicals, Peptides, and Recombinant Proteins

Nile Red

Sigma Aldrich

Cat#19123, CAS: 7385-67-3

5-bromo-4-chloro-3-indoyl phosphate—Nitro Blue
Tetrazolium

ThermoFisher Scientific

Cat#34040 and Cat#34035

IPTG (Isopropyl-beta-D-thiogalactoside) GoldBio Cat#12481C, CAS: 367-93-1
L-arabinose Sigma Aldrich Cat#A91906, CAS: 5328-37-0
Triclosan Sigma Aldrich CAS: 3380-34-5

SDS (sodium dodecyl sulfate) Sigma Aldrich CAS: 151-21-3

Pentapeptide GNSRG (Weeks et al., 2015) N/A

HisBind Resin

EMD Millipore

Cat#69670-5

Critical Commercial Assays

QuikChange Lightning site-directed mutagenesis kit Agilent Technologies Cat#210519
GenelJet Plasmid Miniprep Kit Fisher Scientific Cat#K0503
Recombinant DNA

pBAD33-TriAXxBC (Weeks et al., 2015) N/A

PBAD-Cyyis (Weeks et al., 2015) N/A

Deposited Data

TriABC trimer C3 cryo-EM map This work EMDB-21363
TriABC trimer C1 cryo-EM map This work EMDB-21361
TriABC trimer C3 negative stain map This work EMDB-21362
Raw frames, particles stacks, resulting This work EMPIAR-10128

reconstructions, and associated metadata
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REAGENT or RESOURCE SOURCE IDENTIFIER

TriABC atomic coordinates This work PDB: 6VEJ

(Murakami et al., 2002; Seeger et .

AcrB al., 2006) PDB:4DX5

AcrB (Nakashima et al., 2011) PDB: 3A0D

MexB (Sennhauser et al., 2009) PDB: 3W9l

ZneA (Pak et al., 2013) PDB: 4KOE

MtrD (Bolla et al., 2014) PDB: 4MT1

CusA (Suetal., 2011) PDB: 3NE5

Software and Algorithms

EMAN2 software suite

(Tang et al., 2007)

https://cryoem.becm.edu/cryoem/downloads/
view_eman2_versions

https://simplecryoem.com/SIMPLE3.0/

PRIME (Elmlund et al., 2013) download.htmi
https://www3.mrc-Imb.cam.ac.uk/relion/
RELION-1.3 (Scheres, 2012) index.php/Download_%26_install
- https://grigoriefflab.umassmed.edu/

Unblur (Grant and Grigorieff, 2015) unblur_summovie
CTFFIND4 (Rohou and Grigorieff, 2015) https://grigoriefflab.umassmed.edu/ctffind4
Monores (Vilas et al., 2018) http://scipion.i2pc.es/download_form

(Xu and Zhang, 2010); (Yang et al., . . i
I-TASSER server 2015) https://zhanglab.ccmb.med.umich.edu/I

(Zhang and Skolnick, 2004, 2005)

TASSER/

Phenix.real.space.refine

(Afonine et al., 2018)

https://www.phenix-online.org/

Coot (Emsley et al., 2010) https://github.com/bernhardcl/coot/releases
The PyMOL Molecular Graphics .
PyMol System, Version 2.0 https://pymol.org
- https://cryoem.slac.stanford.edu/ncmi/
Segger (Pintilie et al., 2010) resources/software/segger
MOLEonline (Pravda et al., 2018) https://mole.upol.cz/online/

UCSF Chimera

(Pettersen et al., 2004)

https://www.cgl.ucsf.edu/chimera/
download.html

BSP-SLIM

(Lee and Zhang, 2012)

https://zhanglab.ccmb.med.umich.edu/BSP-
SLIM/

Other

Exclusion column (Superdex 200 GE 3.2/300)

GE Healthcare Bio-Sciences

Cat#28990946
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