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The enterobacterial common antigen (ECA) is conserved in Gram-negative
bacteria of the Enterobacterales order although its function is debated.
ECA biogenesis depends on the Wzx/Wzy-dependent strategy whereby
the newly synthesized lipid-linked repeat units, lipid III, are transferred
across the inner membrane by the lipid III flippase WzxE. WzxE is part
of the Wzx family and required in many glycan assembly systems, but
an understanding of its molecular mechanism is hindered due to a lack
of structural evidence. Here, we present the first X-ray structures of
WzxE from Escherichia coli in complex with nanobodies. Both inward- and
outward-facing conformations highlight two pairs of arginine residues that
move in a reciprocal fashion, enabling flipping. One of the arginine pairs
coordinated to a glutamate residue is essential for activity along with the
C-terminal arginine rich tail located close to the entrance of the lumen. This
work helps understand the translocation mechanism of the Wzx flippase
family.

1. Introduction

The outer surfaces of Gram-negative bacteria are coated with diverse
glycoconjugates which are essential for survival and pathogenicity; carbohy-
drate polymers include lipopolysaccharides (LPS), capsular polysaccharides
and exopolysaccharides [1,2]. Some of the structures are strain-specific and
allow serological classifications, while others are conserved across species.
Bacteria in the order Enterobacterales possess the glycoconjugate known as
enterobacterial common antigen (ECA). ECA is composed of the repeat-
ing trisaccharide [-3-a-D-Fuc4NAc-(1,4)-3-D-ManNAcA-(1,4)-a-D-GIcNAc-1-]
and exists in three different forms: ECA[ pg (corresponding to O14 in E. coli
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serology) and ECApg are expected to be surface exposed, but ECAcyc is an unusual cyclic form found in the periplasm [3,4] n

(figure 1a). Although the different forms have been recognized for a long time and functions have been proposed, their precise
physiological roles have not been definitively established.

ECA synthesis is mediated by a Wzy-dependent pathway using ‘en-bloc” polymerization of lipid-linked repeat units (figure
1a). The membrane protein WecA [5] is a polytopic phosphoglycosyl transferase [6] that initiates synthesis by catalysing
the transfer of a N-acetylglucosamine-1-phosphate (GIcNAc-1-P) onto the lipid carrier undecaprenol-phosphate (und-P) at
the cytoplasmic face of the inner membrane [7,8]. The cytoplasmic glycosyltransferases, WecG and WecF, sequentially add
an a-linked N-acetyl-D-mannosaminouronate (ManNAcA) and a 4-acetamido-4,6-dideoxy-D-galactose (Fuc4NAc) to complete
the polyprenol-linked repeat unit [9-13]. The resulting lipid III (und-PP-GlcNAc-ManNAcA-Fuc4NAc) is then flipped across
the membrane by the flippase WzxE [14,15]. The flipped trisaccharide is polymerized on the periplasmic side of the inner
membrane by the integral membrane GT-C fold polymerase, WzyE [16], part of a transmembrane complex with the chain length
regulator WzzE [17]. The terminal steps leading to the formation of periplasmic cyclic ECAcyc, usually composed of 4-6 repeat
units [18], are uncertain. ECApg is proposed to be formed by the attachment of the ECA carbohydrate to a diacylglycerol, from
phosphatidylglycerol, via a phosphodiester linkage [19] but how it gets to its proposed location in the outer membrane is still
unknown. In some strains, a portion of the ECA is ligated to the lipid A-core oligosaccharide component of the LPS to create
ECA[ps and is exported to the outer membrane. Those two last steps are predicted to be mediated by the LPS O-antigen ligase
(WaaL) [20] and the conserved lipopolysaccharide transport (Lpt) pathway [21].

The WzxE flippase is an essential part of this pathway and belongs to a larger family of Wzx proteins, which are representa-
tives of multidrug and toxic compound extrusion (MATE) exporters. Wzx proteins translocate a range of lipid-linked O-antigen,
capsular polysaccharide and exopolysaccharide repeat units across the bacterial inner membrane [22]. Many bacterial genomes
encode different wzx genes associated with different glycan production systems which differ significantly from one another [23].
While their hydrophobicity, low sequence similarity and the lack of functional motifs have hindered progress on understanding
these proteins, recent advances on the Mur] lipid II flippase [24,25] have begun to describe the Wzx mechanism. The initial
proposal that Wzx is a flippase was suggested by showing accumulation of polyprenol-linked O-antigen intermediates in a
wzx-deletion mutant [14]. Under conditions of overexpression, Wzx proteins can be somewhat promiscuous for the saccharide
substrate, allowing functional exchange of homologs between species and systems and, in some cases, they can also translocate
a truncated substrate: und-PP-GIcNAc [26,27]. WzxE can complement a wzx-deletion in the O-antigen biosynthesis pathway
from E. coli O16 but only when the whole ECA cluster is deleted (figure 1b), hinting at a supramolecular complex which must
be disrupted [28,29]. However, at chromosomal copy levels, these proteins appear to more stringently recognize the conserved
und-PP-sugar of the substrate and show fidelity for the particular lipid-linked oligosaccharide [30]. The Wzx translocation
mechanism remains unclear [23,31] but Wzx proteins are ATP-independent [15]. WzxE was identified as part of the ECA
pathway in 2003 [15] and its specificity for lipid III has been well established [3].

Our understanding of WzxE (and Wzx proteins in general) is limited and no experimentally solved three-dimensional
structures have been reported so far. Early studies proposed structural similarity to the NorM protein of the MATE family
[32-36], a finding subsequently supported by an AlphaFold [37,38] model of WzxE (AF-POAAA7-F1). The structure of the
lipid II flippase Mur], member of the MOP exporter family, was recently solved by X-ray crystallography [39-43] and strongly
resembles the WzxE model. The Mur] and Wzx mechanisms of action are also thought to be similar, as recently shown by a
functional exchange between Mur] and relaxed-specificity mutants of the flippase WzxC from the biosynthesis pathway for
colanic acid exopolysaccharides [44]. The absence of Wzx structural information limits a deeper understanding of the export
mechanism.

Here we present the first experimental structure of the lipid III flippase WzxE from E. coli crystallized in the lipidic cubic
phase of monoolein in the presence a nanobody (Nb). The 2.4 A resolution structure was determined prior to the release of the
AlphaFold model. The structure reveals a monomer of 12 transmembrane helices (figure 1c), separated into two helical bundles,
adopting an outward-facing conformation (open towards the periplasm) similar to the NorM protein from the MATE family
[35]. Addition of a second nanobody enabled crystallization of the WzxE protein in an occluded inward-facing conformation,
open towards the cytoplasm. An in vivo assay using a wzxE-deletion mutant of E. coli allowed the functional assessment of a
series of WzxE mutants. Those results support a proposed mechanism for the translocation of lipid III across the membrane.

2. Material and methods

2.1. WzxE cloning and mutagenesis

Primers used for cloning and mutagenesis are described in table 1. The wzxE gene (NCBI gene ID 948294) from E. coli K-12
MG1655 was cloned into the pBAD-CTEVHIS;( vector, designed by Dr Huanting Liu. The DNA was amplified by PCR using
Q5 High Fidelity DNA polymerase (NEB) from genomic DNA. The DNA fragment and the vector were cleaved using Ncol
and Xhol (NEB) for 1 h at 37°C. The linearized vector and fragment were ligated with T4 DNA ligase (NEB) for 1 h at
20°C followed transformation of E. coli DH5a (NEB). The wzxE mutants and non-tagged wzxE plasmids were obtained by
site-directed mutagenesis, using the pBAD-wzxE-TEV-Hisy( plasmid as template and the Q5 polymerase (NEB) [45].

The chromosomal region of the E. coli K-12 strain SP874 [46] encompassing wzxE wecF wzyE and wecG was replaced with
a chloramphenicol-resistance cassette by lambda red mutagenesis [47], to produce CWG1573 (figure 1b). Deletion of the ECA
genes and replacement with the resistance cassette was confirmed by whole genome Illumina sequencing (Seqcenter, Pittsburg,
USA). The S®874 genome contains a large deletion encompassing the colanic acid and O-polysaccharide biosynthesis gene
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Figure 1. The lipid IIl flippase WzxE and the ECA pathway. (a) Schematic of the enterobacterial common antigen (ECA) pathway in E. coli. The lipid IIl synthesis is
initiated by WecA which transfers a GIcNAc-P to und-P, followed by glycosyltransferases WecF and WecG that build the remainder of lipid Ill. WzxE flips the lipid Ill
across the inner membrane and the 0-antigen is polymerized by the complex WzyE-WzzE. The 0-antigen is ligated by Waal. and exported to the outer membrane via
the Lpt complex to form ECA|ps. The pathway for the ECApg and ECA¢yc is still under debate. This figure was created with BioRender.com (RRID:SCR_018361). (b) Gene
cluster for the ECA pathway in E. coli. The E. coli CWG1573 strain, used here for the in vivo assay, contains a deletion of the genes wzxE, wecF, wzyE, wecG. (c) Schematic
diagram of the topology of WzxE L. coli, with its 12 transmembrane a helices split into a N- and a C-lobe based on the WzxE original structure (PDB-ID: 9G97).

clusters, including the cognate wzx genes [46]. Plasmid pKD3 was used as a template for the chloramphenicol resistance cassette
and pSIM6 was used to overexpress the lambda red recombination genes. Loss of ECA production was confirmed by the
absence of ECA in immunoblots of the whole-cell lysates.

WzxE mutant derivatives were tested for biological activity by transforming CWG1573 with plasmids carrying wecF, wzyE
and wecG. DNA fragments containing wzxE were amplified by PCR with KOD DNA polymerase (Novagen) from plasmids
carrying the wild-type gene or from site-directed mutants. These were cloned by Gibson assembly (NEB) into linearized
(EcoRI-HindIII) pBAD24 [48] together with a fragment containing wecF, wzyE and wecG amplified from S®874 genomic DNA.
Unlike CWG1573, E. coli DH5a contains a functional chromosomal wzxE gene and this strain was used as the primary cloning
host to mitigate any deleterious effects that could occur with cloning non-functional wzxE mutants. Fragments for Gibson
Assembly of wzxE derivatives encoding the double and triple substitutions of R413, R414 or R415 were amplified directly from
a plasmid containing wild-type wzxE using primers incorporating the mutated codons. Plasmid sequences were confirmed by
DNA sequencing.
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Table 1. Primers used in this study.

primer sequence description

AAATTTCCATGGTGTCGTTGGCAAAAGCGTC

Fwd to amplify wzxE from E. coli K12 genome

GTAATCAACTGGGCGAAATTTGCCGCCAGCCCAAGCCC

wzxE R44A Rev mutagenesis primer

wzxE V49A Fwd mutagenesis primer

GATTACCGCGCTCRGCARTGCTTGCCGGGGCTGG

(CCCGGCAGCCACGCCGAGCACGGTAATCAACTGGC wzxE L53A Rev mutagenesis primer

AATCCGGCACAGCTGCGCCGCGTGGTCGGCACTTC wzxE Q74A Fwd mutagenesis primer

(CACGCGGGCCAGCTGTTGCGGATTATCATGGTACTGG wzxE R77A Rev mutagenesis primer

(TGCGCGCCATGGTCGGCACTTCATCAGCGATGGTAC wzxE R78A Fwd mutagenesis primer

wzxE R78A Fwd mutagenesis primer using wzxE R77A
plasmid as template

wzxE R78A Rev mutagenesis primer using wzxE R77A
plasmid as template

wzxE F90V Fwd mutagenesis primer

GCTGGTTGTTGTGCTGGCAGCTGCGCCAATCAGCC wzxE F98V Fwd mutagenesis primer

(CAGCACAACAACCAGCGCCATCAGCGTAGAGAAACC wzxE F98V Rev mutagenesis primer

wzxE R210A Rev mutagenesis primer

wzxE R239A Fwd mutagenesis primer and R44A—
R239A Fwd mutagenesis primer using WzxE R44A
template

wzxE R239A Rev mutagenesis primer and R44A—
R239A Rev mutagenesis primer using WzxE R44A
template

wzxE R282A Fwd mutagenesis primer and R143A—
R282A Fwd mutagenesis primer using WzxE R143A

template
CRBAR ((GTTAG(GCCGACAACGTGGGCAGCAAATATAGGC wzxE R282A Rev mutagenesis primer and R143A-
R282A Rev mutagenesis primer using WzxE R143A
template
DaseAF (TAACGGAAAAGGCCGATATCACCCGGGARGTGGTTAANTGG woXED288A Fwd mutagenesis primer
D8R GATATCGGCCTTTTCCGTTAGCCGCGACAACGTGGGCAG woXED288A Re mutagenesis primer
CRBAF (TCTG6GCTAGG(GGGCACTCGAGGARRACCTGTATTTTC woERA13A Fwd mutagenesis primer
CRABAR GCCCGCCTAGCCCAGAGTAAAAACACGCCACAACAMAGAG woE RAT3ARey mutagenesis primer
CR4AAF (TGGCGTG(GGGGCACTCGAGGARAACCTGTATTTIC woE RATAA Fwd mutagenesis primer
CR4AAR TG(CCGGCACGCCAGAGTAAAAACACGCCACAACAAAG woE RATAA Rev mutagenesis primer
CR4AF G(GTAGGG(GGCACTCGAGGAMAACCTGTATTTTCAGGG woXERA1SA Fwd mutagenesisprimer
CR4SAR (GAGTGCCGCCCTACGCCAGAGTAAAAACACGCCACAAC woXERAISA Rev mutagenesis primer

(Continued.)
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Table 1. (Continued.)

primer sequence description
R413A-R414A- (T(TGGGCTGCGGCGGCACTCGAGGAAAACCTGTATTTTCAGG wzxE R413A-R414A-R415A Fwd mutagenesis primer
R415A-F
R413A-R414A- GAGTGCCGCCGCAGCCCAGAGTAAAAACACGCCACAACAAAGAG wzxE R413A-R414A—R415A Rev mutagenesis primer
R415A-R
WzxE-Stop-F GCGGGCATAACTCGAGG AAAACCTGTATTTTCAGGGCG wzxE stop codon insertion before His1q Fwd
mutagenesis primer
WazxE-Stop-R (CTCGAGTTATGCCCGCCTACGCCAGAGTAAAAACACG wzxE stop codon insertion before His;q Rev
mutagenesis primer
Nb10-strep-F CAGGTGCTGGCAGTGGAGCGTCCGCGTGGAGTCATCCGCAATTCGAAAAATAGCACCACCATC  Nb10 Fwd mutagenesis primer to insert strep Il tag
ACCATCACG and stop codon
Nb10-strep-R CACTGCCAGCACCTGAACCCGCGCCTTTCTCGAACTGAGGATGGGACCAACTGGAGACGGTGA  Nb10 Rev mutagenesis primer to insert strep Il tag and
(16 stop codon
3262 (GTCAATCAGCGTACGGTAATTGCGACTTTGTTGAACTACTTTT Fwd to amplify Kanamycin® cassette from pKD4 for A
(CTGATGTGTAGGCTGGAGCTGCTTC red mutagenesis of wzxE-wecG region of SO874
I GCAGACAGGCGACGGAGTGACCACTCCGTCGCTTTACAMAGA Rev to amplify Kanamycin® cassette from pKD4 for
GAGGAAAACATATGAATATCCTCCTTA red mutagenesis of wzxE-wecG region of SO874
6 GGCTAGCAGGAGGAATTCACCATGGTGTCGTTGGCAMMAGGG Fwd to amplify w2t for Gibson assembly (paired with
3339)
3339 CAGTACGTGAATCAGTACAGTCATGCCCGCCTACGCCAGAG Rev to amplify wzxE for Gibson assembly (paired with
3336)
3340 (TCTGGCGTAGGCGGGCATGACTGTACTGATTCACGTAC Fwd to amplify wecF wzyE wecG for Gibson assembly
(paired with 3341 or 3633)
3341 (TCATCCGCCAAAACAGCCAAGCTTTCATAGGTTGCCGGTGTAGTG Rev to amplify wecF wzyE wecG for Gibson assembly
(paired with 3340)
3559 (TGGCGTAGGGCGGCATGAATGG wzxE R415A Fwd mutagenesis primer
3560 AGTAAAAACACGCCACAAC wzxE R415A Rev mutagenesis primer
3561 ACTCTGGCGTGCGCGGGCATGAA wzxE R414A Fwd mutagenesis primer
3562 AAAAACACGCCACAACAAAG wzxE R414A Rev mutagenesis primer
3563 TTTACTCTGGGCTAGGCGGGCATGAATG wzxE R413A Fwd mutagenesis primer
3564 AACACGCCACAACAAAGAG wzxE R413A Rev mutagenesis primer
3633 TGACTGTACTGATTCACGTACTGGGATCG Fwd to amplify wecF wzyE wecG for Gibson assembly
with wzxE C-terminal Arg mutants (paired with
3341)
3632 CAGTACGTGAATCAGTACAGTCATGCGGCTGCCGCCCAGAGTAAAAACACGCCACAAC Rev to amplify wzxE R414A-R415A triple mutant for
Gibson assembly (paired with 3660)
3657 CAGTACGTGAATCAGTACAGTCATGCGGCTGCACGCCAGAGTAAAAACACGCCACAAC Rev to amplify wzxE R414A/R415A mutant for Gibson
assembly (paired with 3660)
3658 CAGTACGTGAATCAGTACAGTCATGCCCGTGCCGCCCAGAGTAAAAACACGCCACAAC Rev to amplify wzxE R413A/R414A mutant for Gibson
assembly (paired with 3660)
3659 CAGTACGTGAATCAGTACAGTCATGCGGCCCTCGCCCAGAGTAAAAACACGCCACAAC Rev to amplify wzxE R413A/R415A mutant for Gibson
assembly (paired with 3660)
3660 CCCGTTTTTTTGGGCTAGCAGGAGGAATTCACCATGTCGTTGGCAAAAGCGTCC Fwd to amplify wzxE for Gibson assembly (paired with

rev primers 3632 and 3657—3659)

2.2. WzxE expression and purification

The recombinant pBAD-WzxE-TEV-Hisy( vector was transformed into E. coli C43(DE3) cells (Sigma-Aldrich) [49]. Transform-
ants were grown in LB media at 37°C with 100 ug ml™ ampicillin. WzxE protein production was induced by the addition of
0.2% arabinose at an ODggonm of 1 and growth was continued for 3 h at 37°C. The cells were harvested at 5488 x g for 10
min, resuspended in 300 ml of Phosphate Buffered Saline, pH 7.4 (PBS) containing 25 pgml™ DNAse I and lysed using a
cell disruptor (Cell Constant) at a pressure of 30 kPSI. The lysate was centrifuged at 15000 x g, 15 min, 4°C to clear unbroken
cells and large debris, followed by ultracentrifugation at 185511 x g, 1 h 15 min, 4°C to collect a membrane fraction containing
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W2zxE. Membranes were solubilized overnight at 4°C in 100 ml of 25 mM Tris pH 7.5, 150 mM NaCl, 5% glycerol (v/v) (buffer n

A), supplemented with 1.5% (w/v) n-decyl-B-D-maltopyranoside (DM —Glycon). After centrifugation at 185511 x g for 1 h 15
min at 4°C, the supernatant was batch bound onto 3 ml of nickel NTA resin (ABT) equilibrated in PBS for 2 h at 4°C. The
beads were then washed in 20 mM and then 35 mM imidazole in buffer B (buffer A supplemented with 0.058% (v/v) octyl
glucose neopentyl glycol (OGNG — Anatrace) and 0.008% (v/v) n-dodecyl-B-D-maltopyranoside (DDM —Glycon)). The protein
was eluted in buffer B containing 300 mM imidazole and desalted using a CentriPure P100 desalting column (Generon) in
buffer B containing 20 mM imidazole. After tag removal by overnight incubation with TEV protease, the protein was further
purified by reverse immobilized metal affinity chromatography (ABT beads) and size exclusion chromatography on a HiLoad
16/600 Superose 6 (Cytiva) in buffer B. Fractions containing WzxE were pooled and concentrated using a 100 kDa MWCO
spin-concentrator (Sartorius). For the protein purified in DDM only, the same protocol was followed using 1% (w/v) DDM
for extraction and 0.024% (v/v) DDM for purification instead. Stain-free Bio-rad SDS-PAGE gels (Any kDa) were run at each
step of the purification following the manufacturer’s protocol in Tris-Glycine-SDS buffer, with Precision Plus Protein Unstained
standard (Bio-rad).

2.3. Nanobody production, expression and purification

To generate a nanobody library, 1 mg (at 1 mgml™) of WzxE protein sample purified in DM, DDM and OGNG was sent
to the Nanobody4Instruct facility (https://www.instruct-eric.org/) in Brussels for llama immunization. Immunizations, library
construction, selections and screenings were performed as described before [50]. The process yielded 16 different nanobody
clones, each contained within the plasmid pMESy4. Those coded CA12482 and CA12485 were designated Nb7 and Nb10
respectively in this manuscript. The same site-directed mutagenesis method described above [45] was used to exchange the
C-terminal hexa-histidine tag of Nb10 in the pMESy4 vector for a strep II tag. Plasmid sequences were confirmed by DNA
sequencing.

Nanobody expression and purification were done according to published protocols [50]. Briefly, each plasmid was trans-
formed into WK6 (su") E. coli cells and grown at 37°C in terrific broth (Melford) to an ODggopm of 0.8. Protein expression was
induced with 1 mM isopropyl 8-D-1-thiogalactopyranoside (IPTG) for 16 h at 28°C. The cell pellet was resuspended (30 ml
I" of culture) in TES buffer (0.2 mM Tris pH 8, 0.5 mM EDTA and 0.5 M sucrose) and 25 pg ml™ DNAse I under agitation
for 16 h at 4°C. A further 30 ml1™ of culture of four-fold diluted TES buffer was added with 25 pgml™ of DNase I before
centrifugation for 30 min at 9793 x g at 4°C. The filtered supernatant was loaded onto a 5 ml of His-Trap FF column (Cytiva)
at 4°C using an AKTA PURE system (Cytiva). The column was washed in PBS pH 7.4, 30 mM imidazole. The protein eluted in
10 ml of PBS pH 7.4, 300 mM imidazole, and directly injected onto a gel filtration HiLoad 16/600 Superdex 75 column (Cytiva)
in PBS using the peak-to-loop method (Cytiva). The protein fractions were pooled and concentrated using a 5 kDa MWCO
spin-concentrator (Sartorius) to 15-20 mgml™ and stored at —-80°C after flash-freezing. The Nb10-strep II tagged protein was
expressed and purified as described above, but with the following exception: 3 ml of Strep-tactin beads (IBA) were used, the
protein was bound to the resin for 2 h at 4°C and the protein was eluted with 5 mM desthiobiotin in PBS pH 7.4. The protein
was then concentrated and eluted on HiLoad 16/600 Superdex 75 column in PBS, pH 7.4.

2.4. Synthesis and preparation of nerol-PP-GIcNAc and und-PP-GlcNAc

The syntheses of nerol-PP-GIcNAc and und-PP-GIcNAc are described in electronic supplementary material. Und-PP-GlcNAc
(approx. 1 mg) was resuspended in 200 pl of 9:1 chloroform:methanol. The solvent was evaporated using a nitrogen stream
and dried under vacuum. The dried lipid film was resuspended at a final concentration of 10 mM in 25 mM Tris pH 7.5, 150
mM NaCl, 0.104% (v/v) DDM and 0.754% (v/v) OGNG. The resulting clear solution was stored at -20°C. For supplementing
monoolein with different lipids, und-PP-GIcNAc (approx. 1 mg) and E. coli Polar Lipids (ECP, Avanti) (approx. 15-25 mg)
were individually resuspended in chloroform and the solvent was evaporated as described above. Monoolein (Molecular
Dimensions) was melted at 42°C, added to the ECP to obtain an ECP concentration of 15% (w/v). The mixture was resuspended
at 42°C until the compounds dissolved. The monoolein:ECP mixture, warmed at 42°C, was then transferred into a silica glass
tube containing the und-PP-GIcNAc at a lipid concentration of 10 mM. The monoolein:ECP:und-PP-GIcNAc solution and the
monoolein:ECP were each aliquoted and stored at —20°C.

2.5. Structural biology

W2zxE protein was incubated with each nanobody at a molar ratio 1:1.2 WzxE:Nb. After binding for 2 h at 4°C, complex
formation was assessed by co-elution on size exclusion chromatography in buffer B. The complex WzxE-Nb10 peak fractions
were concentrated to 10 mgml™ with a 100 kDa MWCO spin-concentrator (Sartorius). All protein mixtures were freshly
prepared and were centrifuged at 20798 x g, 10 min at 4°C before crystallization. The protein complexes were crystallized in
lipidic cubic phase (LCP) at 20°C with the monoolein:ECP (2:3 ratio protein to monoolein) solution in 0.1M Na acetate pH
6.4-6.5, 28-29% (v/v) PEG400, 0.17-0.19 M lithium sulfate, 0.02M zinc chloride for S-SAD or 100 mM Na acetate pH 6.43, 30-31%
(v/v) PEG400, 0.18 M lithium sulfate, 0.02 M zinc chloride for native structure, optimized from the LCP screen (Jena Bioscience).
Drops were made from 50 nL protein and 850 nL precipitant. Crystals were harvested after two months and were flash cooled
in liquid nitrogen using 0.02 to 0.04 mm litho-loops (Molecular Dimensions) for the 124 beamline (Diamond Light Source) or
special 0.06 mm litholoops glued to copper pins for the 123 beamline (Diamond Light Source) [51].
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The WzxE-Nb10-Nb7 complex was made by adding a 1.2-fold molar excess of Nb7 to the pre-formed WzxE-Nb10 for 1

h at 4°C. Und-PP-GIcNAc (2 mM) was added to the protein complex. Sonication (5 s) and incubation at 4°C for 16 h, was
followed by another sonication step (5 s). LCP plates were set up with the monoolein:ECP:und-PP-GIcNAc solution. The plates
were incubated at 20°C and crystals obtained in 0.1 M ammonium sulfate, 0.1 M glycine pH 3.8, 28% (v/v) triethylene glycol
(TEG) from the Memgold screen (Molecular Dimensions) for the inward-facing conformation and in 0.1 M sodium citrate
pH 5, 0.1 M lithium sulfate, 0.1 M sodium chloride, 30% (v/v) PEG300 from the MemMeso screen (Molecular Dimensions)
for the outward-facing conformation. Crystallization with nerol-PP-GlcNAc followed a similar protocol using monoolein:ECP
mixture but with 10 mM final concentration added to the protein for 16 h at 4°C and without sonication. The inward-facing
conformation was crystallized in 0.1 M tri-sodium citrate pH 5, 0.05 M lithium sulfate, 0.1 M sodium chloride and 18.5% (v/v)
PEG400 from the LCP Screen (Jena Bioscience). The outward-facing conformation was crystallized in 0.1 M tri-sodium citrate
pH 5, 0.37 M ammonium acetate, 3% (v/v) 1-propanol and 35% (v/v) PEG400 from the LCP Screen (Jena Bioscience).

All diffraction data were collected at Diamond Light Source. The lack of consistent crystal formation and diffraction
reproducibility meant that only approximately 15% of the tested crystals diffracted beyond 3 A, requiring extensive pre-screen-
ing using the 103 beamline. To maximize the anomalous diffraction arising from sulfur atoms, data were collected on the 123
beamline at a wavelength of 2.7552 A using 0.1 s exposure with 0.1° oscillation and 50% transmission. With the multi-axis
goniometer, multiple datasets from the same crystal were collected at different kappa angles. In total, 21 datasets from four
different crystals were collected, and the data were integrated with XDS and merged using XSCALE from the XDS suite
(RRID:SCR_015652 [52]). The structure was solved by SAD phasing. The experimental phased map was calculated by CRANK2
[53] from the CCP4 suite (RRID:SCR_007255 [54]). The nanobody was manually fitted and Autobuild in Autosol [55] from the
Phenix suite (RRID:SCR_014224 [56]) and Buccaneer (CCP4 [57]) were used to build the structure. The data (PDB-ID: 9G95) was
deposited to the PBD (RRID:SCR_012820). A native dataset was collected at 2.3 A on the 124 beamline at a wavelength of 0.9688
A at 20% transmission with 0.02 s exposure, 0.1° oscillation and a beam size of 20 x 20 um with a Pilatus 6M detector. The data
were deposited to the PBD (PDB-ID: 9G97).

The WzxE-Nb7-Nb10 complex data were also collected between 2.55 to 2.8 A on 124 using a wavelength of 0.6199 A on the
CdTe Eiger2 9M detector with the same previous settings except a beam size of 7x7 pm and a transmission of 50%. The data
was auto processed by the Diamond Light Source pipeline using Xia2 for integration [58]. The 124 data was solved by molecular
replacement using Phaser (CCP4) [59] and the structure was refined by a combination of Phenix.refine (Phenix) and Refmac
(CCP4) [60]. The quality of the structures was checked with MolProbity (RRID:SCR_014226 [61]). The data were deposited to
the PDB (PDB-IDs: 9G9M, 9G9N, 9G90, 9G9P). The structure figures were produced with Chimera (RRID:SCR_004097 [62]) and
Pymol (RRID:SCR_000305). The electrostatic potential of the WzxE structures was calculated using the QtMG program of the
CCP4 program suite.

2.6. Enzyme-linked immunosorbent assay

The NDb10-Strep II tagged protein was biotinylated using the EZ-link Sulfo-NHS-LC Biotin kit (Thermofisher Scientific),
following the manufacturer’s protocol. Excess biotin was removed by two dialysis steps in 11 PBS, 4°C, overnight. The enzyme-
linked immunosorbent assay (ELISA) was performed at room temperature, with three replicate wells for each condition.
Streptactin-coated 96-well plates (Pierce) were washed in 25 mM Tris pH 7.5, 150 mM NaCl, 0.02% (v/v) DDM, 0.1% (w/v) BSA
and 0.05% (v/v) Tween-20 (buffer C). Biotinylated Nb10-strep II tagged protein at 1.62 pM/well in buffer C was bound for 2 h.
The plate was washed and blocked in buffer C using 0.5% (w/v) BSA for 30 min. The plate was washed, then WzxE purified in
DDM was added to the plate at a concentration of 2.78 uM and incubated for 1 h. After washing, the anti-His HRP antibody
(Sigma-Aldrich, A7058, RRID:AB_258326) was added to the plate at a 1:2000 dilution in buffer C. The plates were washed and
incubated with the substrate solution A:B of Sera Care KPL Peroxidase substrate (Sera Care 5120-0037 and 5120-0034) and the
signal was acquired using a plate reader (Clariostar —BMG Labtech) at 410 nm after 30 min incubation. The values were plotted
using Prism 10 (GraphPad, RRID:SCR_002798).

2.7. Analysis of the ECA phenotype in mutants by immunoblotting

CWGI1573 containing pBAD24 derivatives encoding wild-type or mutant wzxE together with wecF, wzyE and wecG, were grown
for 16 h in LB at 37°C. One ODggonm unit of cells was collected by centrifugation at 12,000 x g for 1 min and the pellet was lysed
in 100 pl of SDS-PAGE loading buffer (62.5 mM Tris-Cl pH 6.8, 2% (w/v) SDS, 10% glycerol, 5% (v/v) 3-mercaptoethanol, 0.002%
(w/v) bromophenol blue). CWG1573 transformants containing mutations in wzxE affecting any of the C-terminal arginine
residues (R413, R414, R415) would not grow in liquid media but would grow on LB agar. Cultures of these were scraped from
agar plates, resuspended in water and 1 ODggopm unit of cells from the suspensions were collected and lysed as described
for the liquid cultures. Whole-cell lysates were heated in a boiling water bath for 10 min and then treated with 0.5 mgml™
proteinase K for 30 min at 55°C. Samples (10 pl) were separated by SDS-PAGE in Tris-glycine buffer [63] on 12% gels at 150 V
for 1 h. After electrophoresis, samples were transferred to nitrocellulose membrane (Amersham Protran 0.45 um NC, Cytiva) in
25 mM Tris, 150 mM glycine, 20% (v/v) methanol at 200 mA for 45 min. The immunoblots were blocked in 5% (w/v) skimmed
milk, probed with ECA-specific rabbit antiserum and alkaline phosphatase-conjugated goat anti-rabbit secondary antibody
(Cedarlane Laboratories). Blots were developed using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche
Applied Science) substrates.
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2.8. WzxE sequence alignment and cavity volume calculations

A set of 1995 WzxE sequences from the Uniprot database [64] LRRID:SCR_002380) were aligned using the Clustal Omega server
[65] (RRID:SCR_001591). A consensus sequence was derived using the Jalview program [66] (RRID:SCR_006459). A smaller
set of 10 representative WzxE sequences from different Enterobacterales having an AlphaFold model (RRID:SCR_023662) were
obtained from the Uniprot database from the following organism: E. coli, S. typhimurium, H. alvei, P. mirabilis, K. pneumoniae,
C. freundii, E. hormaechei, S. marcescens, M. morganii and S. flexneri. Those sequences were aligned with ESPript 3.0 [67]. The
structures were aligned using Pymol.

3. Results

3.1. The WzxE-Nb10 structure is in an outward-facing conformation

After extensive trials, only WzxE in a combination of detergents (DM for extraction; DDM/OGNG for purification) in complex
with nanobody Nb10 was crystallized in lipid cubic phase (figure 24; electronic supplementary material, S3b). The initial crystal
hit appeared after a week and the crystals reached their full size (approx. 10 um) after approximately 2-3 months at 20°C.
The addition of zinc chloride to the precipitant and E. coli polar lipids to the monoolein at a concentration of 15% resulted
in larger and more reproducible diffracting crystals. Both molecular replacement with homologous structures (prior to the
AlphaFold model) and experimental phasing using selenomethionine labelling of WzxE and/or Nb10 failed. The first map of the
WzxE-Nb10 complex was obtained using sulfur phasing and a low-resolution model was built. This model was used to obtain a
higher-resolution map and model using the 124 dataset (table 2).

W2zxE (named chain A in the PDB model) crystallizes as a monomer (figure 24,b) with the Nb10 nanobody on the periplasmic
face. The original WzxE-Nb10 structure (PDB-ID: 9G97) revealed a topology of a N-terminal and a C-terminal domain (figures
1c and 2b) each consisting of a six a-helical bundle (residues 1-210 of transmembrane (TM) helices 1-6 and 211-418 of TM 7-12)
separated by an internal portal open towards the periplasm [35]. TM1 (residues 1-32) and 7 (residues 211-245) from one side of
the bundle extend into the other bundle (figures 1c and 2b). The N- and C-terminal residues are both on the same membrane
side (figures 1c and 2b), confirming earlier biochemical studies that annotated them as both cytoplasmic [68]. Despite sequence
similarity as low as 4.6% with the consensus sequence from 52 representative MATE_like proteins, the WzxE protein structure
clearly identifies it as a member of the MATE family [41]. As predicted [32], WzxE shows high similarity to NorM-V¢ (PDB-ID:
3MKT [35]) with an RMSD of 1.2 A over 533 residues. One interesting feature of WzxE is the arrangement of TM3 and TM9
(figures 1c and 2b) resulting in a kink at the end of each helix which creates a small a-helix running parallel to the membrane
of the periplasmic face. The distortion in the helix is due to the presence of a proline P104 in TM3 and the presence of bulky
hydrophobic amino acids within TM9, such as W312, W320 and F317. In the N-terminal domain, three tryptophan residues (W9,
W131, W209) sit just above the cytoplasmic face. In the C-terminal bundle, a ring of exposed tryptophan residues (W312, W336,
W380) sits on the outer surface of the structure just below the periplasmic face. Similar arrangements of exposed tryptophan
residues are commonly found in transmembrane proteins, where they serve as anchors by sitting in (but close to the surface
of) the hydrophobic region [69]. WzxE binds a single nanobody molecule (Nb10—chain B) on the periplasmic side (figure 2b).
The complementarity-determining region (CDR) 3 loop (loop 8-9) of the Nb10 binds the WzxE loops 1-2, 3—4 and 5-6 of the
N-terminal domain. The crystal contacts were mediated mostly by the interaction of the cytoplasmic hydrophilic face of WzxE
and between the nanobody on the periplasmic face.

3.2. The WzxE-Nb10-Nb7 complex crystallizes in both inward and outward-facing conformations

Nanobodies recognizing a different binding site to Nb10 were sought to obtain a different conformation of WzxE. These were
screened using an ELISA assay in the presence of the WzxE-Nb10 complex. Four nanobodies from different families were
found to bind the WzxE-Nb10 complex, implying a binding site not occluded by Nb10. Nb7 gave the strongest signal, suggest-
ing strongest binding (electronic supplementary material, figure S2a). Nb7 was therefore purified (electronic supplementary
material, figure S3a) and added to WzxE but no diffracting crystals were obtained for the WzxE-Nb7 complex (electronic
supplementary material, figure S4a). Crystals were only obtained with a combination of Nb10 and Nb7 (figure 3a; electronic
supplementary material, S2b—d and S4c). WzxE-Nb10-Nb7 complexes were crystallized in presence of polyprenol-PP-GlcNAc
substrates, und-PP-GlcNAc (PDB-ID: 9G90 and 9G9P) or nerol-PP-GIcNAc (PDB-ID: 9G9M and 9G9N) although neither
substrate was observed in the electron density that were obtained for both conditions (electronic supplementary material,
figures S16 and S11). Other nanobodies tested either individually, or as combinations, did not yield diffracting crystals in our
hands.

The WzxE-Nb10-Nb7,,; structures were solved by molecular replacement using the WzxE-Nb10 structure as template,
refined to a resolution of 2.55 A (PDB-ID: 9G9M) and 2.69 A (PDB-ID: 9G90) (table 2). The WzxE N-terminal lobe with the
nanobody Nb10 superpose well with the original WzxE-Nb10 structures, suggesting a similar binding of Nb10 to WzxE in the
presence of Nb7 (electronic supplementary material, figure S2b,c). Extra density can be obtained corresponding to the Nb7
(chain C), linked to the C-lobe on the periplasmic side (electronic supplementary material, figure S2b,c). The Nb7 binding is
similar between the two structures. The three CDRs of Nb7 (loops 2-3, 4-5 and 8-9) interact with the loops 7-8, 9-10 and 11-12
of WzxE. Despite the addition of Nb7, the structures superpose well with the original structure (RMSD 1.16-1.22 A over 532-531
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residues), with a slight approximately 3° shift of the C-terminal helical bundle of WzxE relative to the original structure starting n

from residue 221, suggesting that both structures are in the outward-facing conformation.

Additional crystallization conditions were identified for the WzxE-Nb10-Nb7 complex. Crystals of WzxE-Nb10-Nb7;,
diffracted to 2.8 A (PDB-ID: 9GIN and 9GIP; table 2) showing an essentially identical structure. The structure has an occluded
inward conformation, i.e. open towards the cytoplasm (figure 3a; electronic supplementary material, S2d). This arrangement
superposes well with the subsequent WzxE AlphaFold model (RMSD 1.11 A over 410 residues; AF-POAAA7-F1) and also with
other WzxE structures predicted by AlphaFold from 10 different Enterobacterales (RMSD 1.06 to 2.15 A over 408 residues) (table
3; figure 3c,d). Each helical bundle superimposes closely with their counterparts in the other WzxE E. coli structures (maximum
RMSD 0.76 A over 208 residues for the N-terminal bundle and maximum RMSD 1.62 A over 168 residues for the C-terminal
bundle) with their counterparts in the other WzxE E. coli structure, however the overall structures do not superpose well
(maximum RSMD 4.56 A over 360 residues), as the arrangement of the two helical bundles differs (figure 3b).

The change of conformation between outward-facing and inward-facing is mediated by the movement of the TM7 which
rotates approximately 23°, starting at residues N211 (figure 3b). The rotation of the two protein lobes is facilitated by the
bending of TM1 starting from G19 (figure 1c). In each structure, the WzxE residues V52 to 158 in TM2 are disordered indicative
of multiple conformations. A small loop is created in TM2 due to the presence of glycine and alanine residues (54AGAGs7)
which bends towards the inside of the helical bundle, creating a larger internal cavity. Interestingly, the WzxE AlphaFold
structure indicates this region (G55 to 158) is disordered. While the interaction of WzxE with Nb10 and with Nb?7 is similar to
the one in the WzxE-Nb10-Nb7,;; structure (figure 34; electronic supplementary material, S2b,c), this new conformation brings
the two nanobodies close enough to interact with each other. The N-terminus and CDR1 of Nb10 contacts the edges of the
B-sheets of Nb7; these interactions would appear to preclude further inward movement.

Additional densities were observed in the different maps, but these were inconsistent with pyrophosphate groups and
were located outside the central cavity; we concluded they were not bound substrates. Instead, they were more convincingly
assigned as potential associated lipids (monoolein or others) (figure 2b; electronic supplementary material, Sla). A sulfate (or
a phosphate) ion from the crystallization condition (or buffer) is located adjacent to R415, a second ion is coordinated by
R331, and a zinc chloride molecule is found close to the first sulfate and the stretch of arginine residues in the C-terminal tail
(electronic supplementary material, figures S1b,c and 4a).

3.3. Structural analysis of the WzxE central cavity

The central cavity of WzxE is mostly formed by TM1-2 and TM7-8 and part of TM4 and TM10 (figures 1c and figure 2c). The
stretch of arginine residues (R413-415) on the C-terminal tail are close to a sulfate molecule (figure 44; electronic supplementary
material, S1b), and is positioned adjacent to the cytoplasmic entrance to the central lumen (figures 1c, 2c and 4a). As predicted
by a tertiary structural homology model for Wzxp, [32], the cytoplasmic (K64, R143, R282) and the periplasmic (R44, R239,
K326) parts of the lumen are dominated by positively charged residues. The side chains of residues K17, R44, R143 and R282
point into the middle of the cavity (figure 2c).

Comparing the structures of different WzxE conformations, the cytoplasmic pair R143-R282 are separated by approximately
12 A (Ca to Ca) in the outward configurations but 19 A in the inward structure (figure 44). The periplasmic R44-R239 pair is
separated by approximately 19 A (Ca to Ca) in the outward configurations and 12 A in the inward conformation. The inverse
relationship between the pairs of arginine residues at either side of the centre of the lumen is striking. Both arginine residue
pairs also have adjacent lysine residues. The periplasmic R44-R239 pair are close to the partially conserved aspartic acid D262
(figure 4a), and a similar arrangement is seen in Mur], where the three residues form a salt bridge [24]. We did not observe a
comparable salt bridge in the WzxE structures but conformational changes in the side chains could plausibly create one. The
carboxylate side chain of D262 would be available to coordinate any metal ion bound to the pyrophosphate of lipid III or to
the sugar hydroxyls. At the cytoplasmic face, a number of glutamate residues surround the entrance to the lumen but none in
the same position relative to the R143-R282 as seen for D262, R44 and R239. We also note another cluster of positively charged
residues R315 and R331, as previously proposed [32].

A sequence alignment of 10 WzxE sequences for which AlphaFold models were established, sharing a UniProt code,
show that those four arginine and one aspartate residues are indeed conserved (figure 3c). However, a larger Clustal Omega
alignment of 1995 Uniprot WzxE sequences from Enterobacterales was used to derive a consensus sequence, which only has
32.9% identity with the E. coli WzxE sequence used in this work. This low percentage of identity within these WzxE proteins
but also more generally Wzx, makes it more difficult to pinpoint the functionally conserved amino acids. While most highly
conserved amino acids are glycine, leucine, proline and alanine residues, the only conserved positively charged amino acid is
R239 (100%). The other important amino acids flagged previously have a high degree of conservation (R44: 88%, R143: 88%,
D262: 90%, R282: 88%), reinforcing their importance for the translocation function.

3.4. WzxE activity assays

Attempts to establish an in vitro transport assay with WzxE, either in detergent or inserted into liposomes were unsuccessful.
An in vivo approach was, therefore, chosen to test the function of WzxE mutant derivatives, by complementing the transport
defect in a E. coli AwzxE mutant. The E. coli K-12 derivative, SP874, was chosen as the parental strain for the AwzxE mutant,
as it contains a genomic deletion encompassing the wzx flippases involved in colanic acid and O-polysaccharide biosynthesis.
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Figure 2. WzxE biochemistry and outward-facing X-ray structure. (a) Size exclusion chromatography of the WzxE-Nb10 purified complex. The elution chromatogram
is shown in the left panel; the corresponding stain-free SDS-PAGE gel with the fractions highlighted is shown in the middle panel. A picture of the typical protein
crystals obtained after two months are shown on the right panel. (b) X-ray structure of the original WzxE-Nb10 complex (PDB-ID: 9G97) was solved by molecular
replacement using the S-SAD 123 structure (PDB-ID: 9G95). Nb10 binds the N-terminal lobe of the protein. The structure is represented using chainbow colouring; with
the ligands shown in magenta (left panel). The electrostatic potential of the WzxE structure is represented in surface mode (middle panel), with the ligands in green.
A 180° rotation using the vertical axis of the same representation is also shown (right panel). (c) The WzxE internal cavity for the original outward-facing structure
is represented in grey surface mode, with the protein chains represented in ribbon mode in chainbow colours, for the original outward-facing structure (PDB-ID:
9Q97—Tleft panel). The insert right panel shows a zoomed representation of the internal pocket of the outward-facing structure. Important residues are shown in
sticks mode, in blue for arginine, magenta for glutamate, cyan for lysine and yellow for tyrosine residues. The helix numbering is also shown.

The use of this strain was thought to avoid potential functional contributions (crosstalk) to ECA export by Wzx paralogues in
a wzxE mutant [26]. Although wzx mutants have been reported in other E. coli K-12 backgrounds containing wzxE [26,27,77,78],
attempts to delete the wzxE open reading frame in S®874 were unsuccessful. All colonies growing post-mutagenesis possessed
other deletions or secondary (inactivating) mutations in the ECA-biosynthesis operon. This observation may reflect a lethal
phenotype caused by sequestration of und-P due to cytoplasmic accumulation of und-PP-linked ECA intermediates [3], when
the repeat unit glycosyltransferases are functional in the absence of flippase activity. Defects that accumulate intermediates
in the LPS O-antigen, LPS core-oligosaccharide or in the ECA biosynthesis pathways sequester und-P away from the critical
peptidoglycan biosynthesis machinery and are known to exert a fitness cost [77,78]. Individual defects within these pathways
cause cell envelope and growth defects and have been shown to cause accumulation of secondary suppressor mutations [78]. It
is conceivable that mutating wzxE in S®874, which also lacks the O-antigen and colanic acid flippases, may eliminate diversion
of und-P to pathways in which it can be recycled sufficiently to support growth. To mitigate the observed lethality when
deleting only wzxE, an alternative approach was used in which a genomic deletion spanning the genes wzxE-wecG (figure 1b)
was constructed in SP874 (generating E. coli CWG1573). The initiating GIcNAc-1-P transferase (WecA) reaction is reversible [79]
and the presence of a functional WecA was considered unlikely to affect the viability of wzxE mutants in this deletion. ECA
biosynthesis was restored by transformation of CWG1573 with a plasmid carrying wild-type wzxE-wecG (figure 1b). To test the
functions of wzxE site-directed mutants, each derivative was cloned into a pBAD24 vector contiguously with wecF-wzyE-wecG
and introduced into E. coli CWG1573. Immunoblotting of protease-treated whole-cell lysates was then used to analyse the
ECA phenotypes of the wzxE mutants. It was hypothesized that this approach would allow identification of any mutants that
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WZXE_MORMO ALRFYILTEVTQFALLTLSAYWLIPAHGAVGAAQAYMLTYIIYFLLCCSVFLIYCRRA
WZXE_PROMI ALRFYILTEVSQFALLTLFSRWLIPEHGALGAAQAYMATYIIYFLLCSSVFVIYCRRK

[

Figure 3. WzxE inward-facing structure and comparison with other WzxE AlphaFold structures. (a) X-ray structure of the WzxE-Nb10-Nb7 complex in inward-facing
conformation (PDB-ID: 9GIN) is shown in the same representation mode as figure 2b. (b) Superposition of N-lobe of the outward-facing (9G97 in green) and
inward-facing WzxE (9G9N in magenta). The protein is represented in ribbon mode with the TM7 in cartoon mode. The angle shift between outward-facing and
inward-facing was calculated using coot from the CCP4 suite. (c) Alignment of a set of 10 WzxE sequences from different Enterobacterales, with amino-acid numbering
from the WzxE E. coli sequence. The conserved residues are in highlighted in different colours. (d) Structural alignment of the 10 WzxE AlphaFold models for the
sequences represented in (c): 9G97 (green), S. typhimurium (cyan), H. alvei (magenta), P mirabilis (yellow), K. pneumoniae (salmon), C. freundii (grey), E. hormaechei
(slate), S. marcescens (orange), M. morganii (purple) and S. flexneri (teal). The helices are represented in cartoon tube mode.

retained at least some ECA assembly and completely null transport mutants would either not be recovered or could only grow
by inactivating ECA synthesis.

Sixteen single amino acid residues were replaced by mutagenesis but most of the alanine mutations had no effect on
ECA production (figure 4b). The alanine residue mutation of the positively charged R44 residue (R44A) at the lumen of
WzxE-Nb10 severely reduced the amount of ECA observed by immunoblot, relative to wild-type WzxE, implying this residue
was important for export of the lipid-linked ECA repeat unit. By contrast, the R239 residue that is also exposed in the lumen
does not seem to be critical for WzxE activity as the ECA profile of the corresponding R239A mutant was similar to wild type
(figure 4a,b). Although the R44A mutation affected ECA production, only partial loss of ECA export/synthesis was observed;
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Table 2. X-ray crystallography data collection and refinement. Data were collected from four crystals for the 9G95 structure and from a single crystal for the other [ 12 |
structures. Values in parentheses are for highest-resolution shell.

WzxE-Nb10 WzxE-Nb10-Nb7 ¢ WzxE-Nb10-Nb7;,

123 S-SAD 124 native arystal 1 crystal 2 arystal 1 crystal 2
9G95 9G97 9GIM 9G90 9GIN 9G9P

data collection

5L Joguadp  qosyjeumol/SioBuisygndigaposiefos

oLeorc

reflections used in 14 921(2933) 25 882 (2855) 28 333 (2547) 26 804 (2868) 20 563 (2871) 20 501 (2839)
refinement
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indeed, a null export phenotype would impose lethality in this genetic background. The negatively charged D262 is exposed in [ 13 |

the central cavity (figure 4a) but a D262A mutant exhibited ECA at a level comparable with wild-type WzxE (figure 4b). This
result suggests that only R44 is essential for ECA production with the help of R239 and D262. Residue K17 protrudes into the
central lumen of WzxE (figure 2c) and may interact with the pyrophosphate of the lipid III molecule. The phenotype of a K17A
mutant could not be assessed by immunoblotting as we were unable to transform CWG1573 with a plasmid encoding
WzxEk174-WecF-WzyE-WecG despite numerous attempts. We interpret this negative result as a result of complete loss of WzxE
function in the K17A mutant derivative; however protein toxicity is an alternative explanation. Finally, the levels and sizes of
ECA observed in immunoblots were visibly reduced in individual R413A, R414A and R415A mutants (figure 4a,b; electronic
supplementary material, S1b). When these residues were substituted in pairs or as a triplet, a further reduction of ECA was
observed. These data provided evidence for the importance of these terminal arginine residues for WzxE function. The in vivo
studies show that the residues K17, R44 and R413-415 are critical for the protein function, which is in accordance with the
structures, but also with their conservation as shown by the sequence alignment of 10 WzxE AlphaFold models (figure 3c).

4. Discussion

Despite its relatively low sequence similarity, the structure of WzxE indicates that it is clearly a member of the MATE
family [41]. The prototypical MATE family transporter structure, first described in NorM-Vc [35], possesses a central lumen
surrounded by two bundles of helices. The outward WzxE-Nb10 structure superimposes with NorM-Vc (RMSD 1.2 A over
533 residues, PDB-ID: 3MKT [35]), the eukaryotic MATE AtDTX14 (RMSD 2.8 A over 365 residues, PDB-ID: 5Y50 [80]) and
the DinF subfamilies pfMATE (RMSD 2.5 A over 394 residues, PDB-ID: 3VVN [34]). MATE structures have generally been
reported in the outward-facing conformation [81]. However, DinF-BH (PDB-ID: 6FHZ) and PIMATE (PDB-ID: 4LZ6) were
solved in an inward-facing conformation [34,35,82]. This PEIMATE structure is more ‘open’ than the WzxE-Nb10-Nb7;;, structure,
a finding we attribute to the positions of the bound nanobodies Nb7-Nb10, which would clash with each other in a more open
W2zxE. The WzxE structure resembles the lipid II flippase Mur]t, (RMSD 2.913 A over 351 residues, PDB: 6NC9 [43]) from the
peptidoglycan assembly pathway. Mur] was solved in inward-facing conformations with different degree of openness [39,43]
and an outward-facing conformation [43]. Comparison of WzxE-Nb10-Nb7 with the Mur] structures lead us to conclude that
WzxE-Nb10-Nb7j, is an inward occluded form due to the interaction of the nanobodies.

The superposition of individual N- and C-helical bundles in WzxE structures showed that while each bundle is structurally
conserved, it is the spatial relationship of the two helical bundles to each other which changes. The conformational change
between inward- and outward-facing is mediated by the movement of TM7 which rotates approximately 23° (figure 3b). This
shift of TM7 between the two bundles was seen in both Mur] [43] and NorM [34]. In the WzxE structures, the disordered
region of TM2 (54AGAGsy) could be flexible and play a role in substrate recognition. This region was suggested as functionally
important in the studies of Wzxp157 and Wzxp, [32,74,83,84]. A similar stretch of Mur] (G/A-EGA) is present on TM2 and is
thought to help the rearrangement of the N-lobe during the change of protein conformation [43]. A small bending of TMS8 in
W2zxE (figures 1c, 2b and 3a) was also seen in NorM [34], DinF [33] and Mur] [43]. In Mur], TM1 and TM2 were also identified as
key to conformational changes [43]. Similar large helical bundle movements have been seen for the lipid-linked oligosaccharide
PgIK flippase [85-87], the lipid A-core OS flippase MsbA [88,89] and the O-antigen ABC transporter Wzm/Wzt [90]. However,
the involvement of other helices beyond TM7 are not seen in WzxE, suggesting that only TM7 is essential for the change from
an inward- to an outward-facing conformation. We note that the presence of the nanobodies could have reduced additional
helical movements. In the Mur] structure, the two extra a-helices are proposed to function as a hydrophobic groove that binds
the lipid tail of the substrate; these are absent in WzxE meaning any such groove in Mur] is not a conserved feature (figure
4c). In WzxE, the two small membrane helices (TM3, TM9) which are oriented parallel to the membrane (figures 1c, 2b and 3a)
provide a hydrophobic groove which could bind the undecaprenol tail, similarly to the EH helices in PgIK [85-87]. Binding to
this groove would serve to fix the bulky substrate in place before, after and during translocation thus minimizing any entropic
penalty associated with substrate flipping.

To determine if the volume of the lumen is directly linked to the size of the O-antigen sugar length, we compared the
volume of the cavities of different WzxE and O-antigen Wzx flippase proteins, by removing any nanobodies and ligands,
using the CASTp 3.0 server [76] (table 3, figure 4d). The WzxE protein has a cavity volume of about approximately
2200-3200 A%, The cavity volume of WzxE E. coli in the inward-facing conformation is smaller than in the outward-facing,
as expected by the clash of the Nb10 and Nb7 nanobodies that does not allow a fully open inward conformation (figure
4d). The Wzx proteins however seem to have a bigger cavity (approx. 2200-5700 A’—table 3, figure 4d), compared with
WzxE. This difference could be to accommodate the different substrates from three to five sugar O-antigen molecules,
including branched sugars, as the different Wzx proteins from different strains and serotypes have preferred substrate
specificity such as lipid III for WzxE.

In the WzxE structures, we identified two conserved arginine residues pairs, one at the periplasmic end of the lumen and
the other at the cytoplasmic end (figure 2c and 4a). As a result, the central lumen is profoundly positively charged. These
pairs could plausibly interact with the pyrophosphate groups of the lipid III substrate, similar to the arginine residues in the
central cavity of the PglK flippase interacting with the pyrophosphate moiety of the GlcGalNAcsBac-PP-undecaprenyl [86,87].
We noted that the separation of the arginine residues in each pair followed an inverse relationship with the other pair, when
was one pair had a separation of 12 A, the other pair were separated by 19 A. R44 of the R44-R239 pair, at the periplasmic
end, was shown to be essential for ECA production in vivo (figure 4a,b). However, we cannot exclude the possibility that the
lack of ECA production could have arisen from inefficient membrane integration. The periplasmic R44-R239 pair are close to
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Figure 4. Activity of the WzxE flippase. (a) Critical arginine residues R44, R143, R239, R282, R413—415 and their positions in WzxE are shown. A zoomed-in
representation of the arginine pairs is shown in stick mode in the left (R143—R282) and right (R44-R239-D262) inserts. Residues in the original outward-facing
structure are coloured in green, the outward-facing WzxE-Nb10-Nb7 structure in blue and the inward-facing WzxE-Nb10-Nb7 structure in magenta. The distances
between the Ca of the arginine residue pairs for each structure are shown. The red rectangle highlights the stretch of C-terminal arginine residues stretch (R413—415).
(b) Western blot of ECA production in different mutant strains. ECA production is detected using an anti-ECA antibody. (c) Superposition of the WzxE-Nb10-Nb7
inward-facing structure (PDB-ID: 9GIN) without nanobodies in green and of the lipid Il flippase MurJ (PDB-ID: 6NC8) in inward occluded conformation in orange.
A zoom insert of the catalytic triad (R24-D25-R255) of MurJ is shown in orange, while the WzxE counterpart is shown in green. (d) Inner cavity of WzxE and Wzx
computed by CASTp 3.0 [76]. The original outward-facing is represented in green and the inward-facing in magenta; AlphaFold models of WzxE £ coli 0157:H7
(AF-Q7DBF2-F1) and WzxCE. coli (AF-P77377-F1) are shown in beige and purple, respectively.

the conserved D262 (figure 4a,c). This arrangement of R44-R239-D262 is similar to the triad R24-D25-R255 in Mur] (figure 4c)
which interacts with the pyrophosphate [39]. The carboxylate side chain would be available to coordinate any metal ion bound
to the pyrophosphate of lipid III or to the sugar hydroxyls. The alignment of WzxE-Nb10-Nb7;, with the AlphaFold structure of
Wzxo157 (RMSD 3.75 A over 384 atoms, AF-A0A826NNY9-F1) shows patches of positive charged clusters at the entrance to the
lumen, especially on both the cytoplasmic (arginine rich C-terminus) and periplasmic (R67, R372) surfaces of Wzx(o1s7.
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Furthermore, the side chain of R298 from Wzxp157 overlaps with R44 and the residue K419 points at the same direction com-
pared to R239 of WzxE. Those residues are essential for the Wzxp157 protein function [91].

4.1. Flipping mechanism

Noting that the C-terminal arginine cluster is vital for activity (figure 4a,b; electronic supplementary material, S1b), we propose
mechanistically that the pyrophosphate group is first recognized and recruited here. The bound pyrophosphate could then
migrate to the cytoplasmic arginine pair (R143, R282) in the inward-facing conformation (open to cytoplasm). We suggest
that the C-terminal cluster may be sufficient for some activity, thus explaining the retention of activity for the R143A-R282A
double mutant. We note a network of carboxylate residues (D71, D288, E285) that are suitably positioned to interact with
the three sugar residues of ECA. Once inside the cavity, the transition of the pyrophosphate such that it now binds to the
periplasmic arginine residues pair (R44, R239) is accompanied by the conformational switch to the outward-facing (open at
periplasm) conformation. The conserved D262 is positioned to assist in the recognition of the sugar molecule in this location.
As noted, there are several other polar residues (N42, D249, Q255) that may have a role in binding sugars. We suggest that it
is the network of carboxylates and polar residues at both faces that drives sugar specificity. Once flipped to the periplasmic
face, the pyrophosphate can then migrate to the positively charged arginine cluster (R315, R331) at the site marked by the
sulfate molecule 433 (electronic supplementary material, figure S1b,c), before being utilized by the polymerase, WzyE. Notably,
WzyE has been proposed to form a complex with WzzE [17]. By enclosing both the charged pyrophosphate and the polar
sugar molecules thus shielding them from the hydrophobic lipid bilayer, WzxE reduces the activation energy required for
translocation.

At a first approximation, the difference in free energy of lipid III between the inner and outer leaflet of the membrane
is likely to be small, but the activation energy to translocation is very large (spontaneous translocation of lipid III does not
occur). To overcome the activation energy, MOP transporters commonly utilize either ATP (PgIK [87], MsbA [88]) or a Na'/H"
antiport mechanism (NorM, Mur], DinF subfamily [22,41]). There are no nucleotide binding domains in MATE structures
and no evidence that ATP directly influences activity. WzxE has been proposed to be a proton antiporter [84]. However, the
positively charged central lumen seems unlikely to promote proton transport and there is no negatively charged patch that
spans the membrane. Thus, we find no evidence supporting the proton antiporter hypothesis. The inward structure of Mur]t,
has a chloride ion that was proposed to be essential counter-ion for the lipid II flipping mechanism [25]. However, MurJg.
has no equivalent chloride ion, indicating the counter-ion might differ between organisms [25]. Although a chloride ion was
identified in one of the WzxE structures, it was located on the outside surface of the protein, a location different to that in
MurJt,. Our data therefore do not support the chloride ion antiport hypothesis as a conserved mechanism for transport. The
voltage difference across the membrane as possible source of activation energy has been proposed from the study of Mur] [40]
but our structure does not contribute any insight to this argument.

The structural studies here are consistent with the model in which the switch between the inward- and outward-facing
structures underpins the transport of the lipid-linked sugar across the inner membrane. The two conformations of WzxE
revealed in this study, suggest a mechanistic role for two pairs of arginine residues, one of these pairs was shown to be
required for function. We also identified an additional cluster of arginine residues that is essential. Further studies will require a
substrate complex, something which we have been unable to obtain with our system. A sensitive in vitro assay would also aid in
dissecting the contributions of individual residues to function.
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