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Host—pathogen interactions frequently depend on key components of the
bacterial cell surface, such as capsules and lipopolysaccharides in Gram-
negative bacteria. The first step in the synthesis of lipid-linked polysac-
charides is the substitution of a uridine diphosphate (UDP)-sugar by a
lipid monophosphate catalysed by a phosphoglycosyl transferase (PGT).
We report the 3.0 A cryo-electron microscopy apo-structure of the PGT en-
zyme WbaP from Escherichia coli, a UDP-galactose:undecaprenolphosphate
galactose-1-phosphoryl transferase. The structure is a dimer with each
monomer formed of four N-terminal transmembrane helices, a small «/f3
domain with a distinctive §-hairpin that inserts into the other monomer,
and a catalytic domain, which sits perpendicular to the transmembrane
domain. A complex of WbaP with the UDP-galactose substrate shows
binding of the UDP moiety by R319 and R377. Mutations of R319 and
R377, along with K331 and R401, highlighted the essential nature of these
residues for the catalytic activity of the protein, as confirmed by an in vivo
functional assay. Our results provide new insights into the PGT family
of enzymes.

1. Introduction

Bacterial cell-surface polysaccharides exhibit remarkable diversity in their
repeat-unit structures due to a wide range of component sugars, non-
carbohydrate constituents and glycosidic linkage possibilities [1-4]. Despite the
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structural variations, the chemical strategies for their synthesis are limited; most use a lipid polyprenol monophosphate to attach [ 2 |
and elaborate the sugar component. Individual carbohydrate repeat units, linked to the lipid, are synthesized at the cytosolic face
of the membrane. The resulting compound is translocated across the cytoplasmic membrane by a multidrug and toxin extrusion
(MATE)-family flippase or ABC transporter [5]. Most systems use one of two polymerization strategies. In the Wzy-dependent
systems, once the lipid-linked sugar reaches the periplasm, the polymerase (Wzy) catalyses block-wise chain extension [6]. In
non-Wzy-dependent pathways, glycosyltransferases build the sugar polymer in the periplasm by sequential sugar addition [7].
The activity of Wzy is regulated by a protein co-polymerase (PCP), which, depending on the pathway, belongs to the Wzz or
Wzc family [8,9]. The full-length polymers from Wzy-dependent synthesis are found in the capsules of Gram-positive and Gram-
negative bacteria [10,11], in the lipopolysaccharide O-antigens in Gram-negative bacteria [12,13] and in N-linked glycans found
in glycoproteins in Gram-positive and Gram-negative bacteria as well as Archaea [14].

Despite the diversity in synthesis pathways, they share an initiating step involving the transfer of hexose-1-phosphate or
2-acetamido-2-deoxyhexose-1-phosphate from sugar nucleotide donors to polyprenol-phosphate acceptors. These reactions are
catalysed by phosphoglycosyl transferase (PGT) enzymes and result in polyprenol-pyrophosphate-sugar products. There are two
families of PGTs, monotopic (monoPGTs) and polytopic (polyPGTs) [15]. PolyPGTs have 10-11 transmembrane helices which
contribute to a complex catalytic site [16-18]. MonoPGTs possess a catalytic core within a peripheral membrane structure and
a single transmembrane helix [19-23]. PolyPGTs are found in prokaryotes and eukaryotes, while monoPGTs appear to be con-
fined to prokaryotes and thus have potential as new antibiotic targets. MonoPGTs are divided into three sub-families [24]. Small
monoPGTs (SmPGTs) possess a glycosyltransferase catalytic domain exemplified by PglC, an undecaprenyl phosphate N,N'-
diacetylbacillosamine-1-phosphoryl transferase involved in N-linked protein glycosylation in Campylobacter concisus [25-27]. The
structure of PglC from C. concisus (PglCc.) shows a novel architecture consisting of a single re-entrant membrane helix on the cy-
toplasmic side of the membrane [22]. Bifunctional monoPGTs (biPGTs) possess a PglC-like domain within a larger protein with an
additional functional domain; for example, PglB from Neisseria gonorrhoeae features an N-terminal PGT domain similar to PglC and
a C-terminal amino-sugar acetyltransferase domain [27]. Large monoPGTs (LgPGTs) have four additional transmembrane helices
(TM) at the N-terminus [28]; WbaP, a uridine diphosphate (UDP)-galactose::undecaprenol-phosphate galactose-1-phosphoryl
transferase from O-antigen biosynthesis in Salmonella enterica, serves as the archetype (figure 1a) [28-31]. The 4.9 A and 4.1 A
resolution single-particle cryo-electron microscopy (cryo-EM) structures of WbaP from Escherichia coli (WbaPyg.) and Salmonella
enterica (WbaPg,) were recently reported [28,32]. The C-terminal catalytic domain of WbaP is structurally closely related to the
SmPGT PglC [22,28,30,33,34].

Substantial progress has been made in describing the catalytic activity of monoPGTs by combining bioinformatics with activity
assays, enabling wide-scale investigation of substrate specificities from bacteria in different genera [24]. While polyPGTs use a one-
step mechanism via the formation of a ternary complex [16], it was proposed that SmPGTs use a two-step ping-pong mechanism
involving the formation of a covalent phospho-sugar intermediate from the nucleotide diphosphosugar substrate [19,22]. The
intermediate is utilized by the second substrate, undecaprenol-phosphate (und-P) to yield the undecaprenol pyrophosphate-
linked monosaccharide product. Catalytically important residues have been identified in PGTs [28,30,33,35,36], including putative
nucleophiles, and positively charged residues could coordinate the phosphates [37-39].

Studies of LgPGT proteins, difficult to express and purify, are limited by challenging in vitro assays and a lack of enzyme-
substrate complex structures.

To further illuminate this important class of enzyme, we carried out structural and functional studies of the E. coli LgPGT WbaP
from group 1 capsule biosynthesis. We report the 3.0 A cryo-EM structure, describing in detail a distinctive domain swap feature.
A second, 3.0 A structure was solved in the presence of UDP-galactose (UDP-Gal) and the homology with SmPGTs was used to
locate the active site residues, composed mostly of arginine and lysine residues, and guide site-directed mutagenesis. Using an in
vivo assay, the significance of this positively charged cluster was assessed. These data give new insight into this important class
of enzymes.
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2. Material and methods
2.1. Cloning

A DNA fragment containing wbaP with an N-terminal decahistidine (His;,) tag was amplified from E. coli (strain O9a:K30 —
E69 [40]) and ligated into the arabinose-inducible expression vector pBAD24 [41] (table 1). Different site-directed mutagenesis
experiments modified this vector into different constructs, using Q5 polymerase and restriction enzyme Dpnl (NEB) following a
published method [41]: N-terminal TEV-cleavable His;, tag (pBAD His,,-TEV-wbaP), N-terminal TEV-cleavable His, tag (pBAD
Hisy-TEV-wbaP), and C-terminal TEV-cleavable His, tag (pBAD wbaP-TEV-His,;). The C-terminal TEV-His,, tag removal used the
pBAD-wbaP-TEV-His,, plasmid as a template with specific primers to make the untagged pBAD-wbaP vector (table 1). Mutations
in the wbaP active site (4AS mutant) were engineered by site-directed mutagenesis of a pBAD His,;,-TEV-wbaP and of a pBAD
wbaP-TEV-His,, vector templates using specific primers (table 1). For the GS sequence insertion (5GS, 7GS and 9GS), specific
primer pairs were used to remove the sequence encoding the g-hairpin between M246 and Q269 from the pBAD wbaP-TEV-His,
plasmid template and to insert different lengths of GS repeats (table 1). All the desired codon changes were confirmed by DNA
sequencing.
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Figure 1. WhaPg, reaction and cryo-EM structure. (a) Phosphoglycosyl transferase reaction by WhaP. WhaP catalyses the transfer of glucose-1-phosphate from UDP-Gal
to the undecaprenol-phosphate acceptor, releasing UMP as a by-product. (b) Cryo-EM structure of £. coli apo-WbaP.. The monomeric form (chain A) is shown in cartoon
representation in pink, while the megabody Mb58 (chain C) is in yellow. (c) Electrostatic surface of dimeric apo-WbaPg,. (d) The different domains of one apo-WhaP,
monomer are shown in cartoon representation, with the TM domain in red, the DUF domain in slate and the catalytic domain in magenta. A zoomed-in section of the
catalytic domain (magenta) and the 3-hairpin loop (slate) is highlighted. (e) Domain swapping between monomers in apo-WbaP, is represented in surface mode (chain
Ain pink and chain B in cyan). A zoomed-in section of the domain swapping is highlighted. The protein is shown in a cartoon representation, and the 3-hairpin loops are
represented in magenta (chain A) and blue (chain B).

2.2. Purification of WhaP

The pBAD-wbaP-TEV-His,, vector was transformed into E. coli C43(DE3) cells (Sigma) [42]. E. coli C43(DE3)/pBAD-wbaP-TEV-
His,, cells were grown at 37°C with shaking in LB broth containing 100 pg ml™ ampicillin until ODy;, 0.4-0.6 was reached.
Expression of WbaP was then induced by the addition of 0.2% (w/v) L-arabinose, and the culture was grown for 3 h before
harvesting cells by centrifugation at 4°C. The cell pellet was stored at —80°C. Cells were thawed and resuspended in 150 ml of
cold PBS with 20 pg ml~! DNase I before two passages through a cell disruptor at 30 kpsi. Unbroken cells and large debris were
removed from the lysate by centrifugation at 4°C, 15 000 x g for 30 min. The bacterial cell membrane fraction was isolated by
centrifugation at 4°C, 186 000 x g for 90 min. Membrane pellets were washed with cold PBS before storage at —80°C.
Membranes were solubilized overnight at 4°C in buffer A (50 mM sodium phosphate, pH 8.0; 250 mM NaCl; 20 mM imidazole;
2 mM B-mercaptoethanol; 0.1% (w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace)). The insoluble fraction was removed by
ultracentrifugation at 4°C, 186 000 X g for 90 min. The solubilized WbaP-TEV-His,, was batch-bound to nickel NTA agarose resin
(Agarose Bead Technologies) with stirring at 4°C for 1 h. Resin was washed with buffer A containing 45 mM imidazole and 0.003%
(w/v) LMNG, and protein was eluted with the same buffer containing 300 mM imidazole. The buffer was exchanged to buffer B
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Table 1. Primers used in this study.
primer sequence description
A4 GATCAAGCTTTTAATAAGCACCATCTTTCTTAAG reverse primer for cloning his;,-wbaP into pBAD24 (Hindlll)
s GATCGAATTCACCATGCATCATCATCATCATCATCATCATCATCATACGCA  forward primer for cloning his,-wbaPinto pBAD24 (EcoRl)
TTTGGCAAGAAACGTTA
s ATGACGCATTTGGCAAGAAACGTTAGCTGCAGTATTACACTTGCGG  lambda red primer for amplifying the kanamycin cassette from pkD4to
TAGTGTGTAGGCTGGAGCTGCTTCG knock out wbaP
A9 ATAAGCACCATCTTTCTTAAGTACAACGCCAATIGTTTTAAATAAT  lambda red primer for amplifying the kanamycin cassette from pkD4to
ATAGCCATATGAATATCCTCCTTAG knock out wbaP
R319A_F0r ........ GCATGAAGCGGTAGGTAAAGGTGGGA AGCCATTCAAATGTTT .................................................................................

K331A_For AATGTTTGGCATTTCGTTCAATGGTCGTTAATTCAAAAGAGG
K331 Rev  ACGAAATGCCAAACATTTGAATGGCTTCCCACCTTTACT
R377 A;Fbr‘ ' CA ATTTCTAGCT(G A AC A AGCCTTG ACG AbATbTAC‘( AC T forward and reverse primer pairs used to e‘ngineerthe.four active sites
................................................................................. mutant R319A, K331A, R377A and R401A into pBAD His;o-TEV-wbaP_WT
R377A_Rev (TTGTTCGAGCTAGAAATTGTCCGATTTTAGTAATACGAGG plasmid template
RAOIA_For  GGGCCTGCTCCAATCATTACTGCTGAACTTGAACGC

5GS_For AGCGGCTCTGGTAGCAACCTAGCTAAATGGTCATCAC forward and reverse primers used to engineer the insertion of a GS
....................................................................................... Sequen(e ofs reSIdueS (5GS) mutant In'[O pBAD WbaP_WT'TEV'H|S10
plasmid template

7GS_For TCTGGTAGCGGCTCTGGTAGCAACCTAGCTAAATGGTCATCAC forward and reverse primers used to engineer the insertion of a GS
e CHOMHOTMUIBATEIGEMBI AT pasmidtemplate

9GS_For AGCGGCTCCGGTTCTGGTAGCGGCTCTAACCTAGCTAAATGGTCATCAC  forward and reverse primers used to engineer the insertion of a GS
..................................................................................... sequence of 9 residues (9GS) mutant into pBAD WbaP_WT-TEV'HiSw

plasmid template

................................................................................... forward and reverse primers used to insert a stop codon after the C-ter tag
whaP-Cstop-Rev  (CTCGAGTTAATAAGCACCATCTTTCTTAAGTACAACGC using pBAD wbaP_WT-TEV-His; plasmid template

(20 mM Tris—-HCI pH 8.0; 150 mM NaCl; 2 mM g-mercaptoethanol; 10% (v/v) glycerol; 0.003% (w/v) LMNG), before overnight
incubation with 0.5 mg of TEV-protease at 4°C. A reverse IMAC step was used to separate WbaP from residual His-tagged WbaP
and His,-tagged TEV protease [43] before a size exclusion chromatography (SEC) step was run on a HiLoad 16/600 Superdex 200
column (Cytiva), eluted with buffer B containing 0.001% (w/v) LMNG at 4°C. Pooled fractions, identified by SDS-PAGE, were
concentrated to approximately 5 mg ml™. Purified protein was used immediately or stored at 4°C for up to 48 h. Unless otherwise
stated, protein expression and purification were assessed using Any-KDa Stain-Free SDS-PAGE gels (Bio-Rad) and imaged by the
ChemiDoc system (Bio-Rad). The protein ladder used was Precision Plus Protein Unstained Standards (Bio-Rad).

2.3. Nanobody discovery, nanobody and megabody purification

To generate nanobodies, WbaP was purified following the purification protocol from above, except LMNG was replaced with 1%
(w/v) DDM for extraction and 0.02% (w/v) DDM for purification. The final SEC was run in 20 mM Tris pH 8.5, 10% (v/v) glycerol,
1 mM TCEP, 0.02% (w/v) DDM. Nanobodies (Nb) were raised against purified WbaP and screened by the Steyaert laboratory as
part of the Nanobody4Instruct facility, according to published methods [32,44]. Briefly, one llama was immunized over a period of
6 weeks with 900 ug WbaPy, in total. Phage display libraries were generated, and specific binders were selected after two rounds
of biopanning using WbaP immobilized on microtitre plate wells. This led to the discovery of 15 distinct Nb families. Nanobody
expression and purification followed published protocols [39,44].

Selected nanobodies were reformatted to generate megabodies (Mbs) through molecular cloning techniques by the Steyaert
laboratory through Nanobodies4Instruct using the 45 kDa HopQ scaffold protein (PDB-ID: 5LP2) [32]. Mb plasmids were
transformed into Wké (su’) E. coli cells and the cells were grown at 37°C in Terrific Broth to an ODy, of 2.2-2.5. After induction
with 0.4 mM isopropyl g-D-thiogalactopyranoside (IPTG), the cells were further grown (4 h) at 37°C, before being harvested
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and resuspended in 50 mM Tris-HCl pH 8; 1 mM EDTA; 150 mM NaCl and 20% (w/v) sucrose (50 ml 1) with DNase I (20 pg B
ml!), before stirring for 2 h at 4°C. The cell suspension was centrifuged for 30 min at 18 000 X g, at 4°C and 5 mM MgCl, and
0.5 M NaCl were added to the supernatant before vacuum filtration with a 0.45 um filter. Protein was batch-bound to Nickel
NTA agarose resin (ABT) for 2 h at 4°C, washed with 100 mM Tris-HCI pH 7.4; 500 mM NaCl; 20 mM imidazole and eluted in
the same buffer containing 500 mM imidazole. The eluate was concentrated before SEC using a HiLoad 16/600 Superdex S200
(Cytiva) with 10 mM Tris—-HCI pH 7.4; 140 mM NaCl as the elution buffer. Protein fractions were pooled and concentrated to
approximately 10 mg ml™! before flash freezing and storage at —80°C.

2.4. High-resolution cryo-electron microscopy of WhaP

WbaP was incubated for 2 h at 4°C with nanobody Nb74 and megabody Mb58 derived from Nb73 (previously named
MbCNZ;;PQ; renamed Mb58) at a WbaP:Nb74:Mb58 molar ratio of 1:1.2:1.2. The complex was loaded on a SEC column (HiLoad
16/600 Superdex 200; Cytiva) and eluted in buffer B. Fractions containing the WbaP-Nb74-Mb58 complex were pooled and con-
centrated to 3 mg ml™! and centrifuged at 21 000 x g for 10 min at 4°C before vitrification on grids. Quantifoil 200 mesh gold
grids with a R1.2/1.3 carbon foil were glow discharged at 30 mA twice for 30 s (GloQube, Quorum) and plunge frozen using a
Vitrobot Mark IV (Thermo Fisher Scientific). Grids were clipped and data collected on a Titan Krios microscope (Thermo Fisher
Scientific) equipped with a K3 camera and Bio-Quantum energy filter (Gatan, UK). Movies were collected in .tiff format in counted
super-resolution mode using EPU (Thermo Fisher Scientific). Data collection parameters can be found in table 2.

Initial data processing up to 2D classification was performed using the relion_it pipeline implemented at the UK National
electron Bio-Imaging Centre (eBIC), Diamond Light Source [45,46]. For processing in C2 symmetry, movies were imported into
CryoSPARC 5.1 [47] and motion corrected using Patch Motion Correction followed by Patch ctf Refinement. Particles were picked
with Blob Picker before two rounds of 2D classification. Three Ab-Initio models were generated with C2 symmetry. The best model
was refined in C2 symmetry using non-uniform refinement [48] and local refinement. Consecutive rounds of local ctf refinement
and global ctf refinement were followed by local refinement in C2. Finally, reference-based motion correction followed by local
refinement yielded the final C2 map.

We also processed in C1 symmetry with motion correction and aligned using MotionCor2 (RRID: SCR_016499) [49] ina 5 X 5
patch-based alignment in Relion 3.1 (RRID: SCR_016274) [50]. Ctf-estimation of full-frame non-dose-weighted micrographs was
done using CTFFIND4.1 (RRID:SCR_016732) [51], and non-template-driven particle picking was performed in crYOLO (RRID:
SCR_018392) [52]. DeepEMhancer (RRID: SCR_022573) [53] was used to perform post-processing and sharpening.

The model of monoPGT PglC from C. concisus (PDB-ID 8G1N) was manually placed into the map of WbaP in Chimera (RRID:
SCR_004097) [54] and extended by Buccaneer (RRID: SCR_014221) [55,56]. A model of a nanobody (PDB-ID: 6ZBP) was manually
placed into additional density observed adjacent to the DUF domain. The model was refined by jelly-body refinement in Refmac5
(RRID: SCR_014225) [57] within CCP-EM [58] and Phenix real-space refinement [59], supported by manual intervention and
refinement in coot (RRID: SCR_014222) [60,61]. The map sharpened using DeepEMhancer was used for model building, whereas
the unsharpened maps were used for all refinement steps. Maps sharpened within Relion and CryoSPARC were used for ligand
detection.

695057 291 Joiguady qosy/iobulsygndiaaposefos

2.5. UDP-Gal-WbaPEc structure

The WbaP-Nb74-Mb58 complex was produced and purified as described above. The protein complex at 2 mg ml™! was incubated
with a 500-fold molar excess of UDP-Gal for 80 s on ice before plunge freezing, using the same conditions as described above.
Data were collected on a Titan Krios, as described above. Data collection parameters can be found in table 2.

The model of apo-WbaPy, from refinement was manually placed into the refined map in Chimera and the placement was
refined using Molrep in CCP-EM [58,62]. Manual refinement was done in Coot, and the model was refined using Phenix real
space refinement (RRID: SCR_014224). The UDP-Gal ligand was manually placed in Coot, and the restraint file was generated
using eLBOW [63].

2.6. Functional evaluation of WhaP variants by mutation complementation

To link the molecular structure of the active site to the functional mechanism, the catalytic activity of WbaP, was tested using the
UDP-Glo assay [26,28]. However, we were unable to obtain enzyme activity in vitro that was distinguishable from background, a
result we attributed to the complexities of our integral membrane protein purification. Switching to the N-terminal tagged WbaP
still did not give activity reliably above controls in the in vitro assay [26,28].

As an alternative, the activity of WbaP constructs was assessed by restoration of capsular polysaccharide (CPS) production in
a wbaP mutant from E. coli E69 (09a:K30). The wbaP gene was replaced with a kanamycin-resistance cassette (from the template
plasmid pKD4) using lambda-red mutagenesis to produce CWG861 [64] (table 1). E. coli CWG861 (AwbaP) was transformed
with plasmids encoding individual WbaP derivatives, and whole-cell lysates were prepared [65]. Briefly, cultures were grown
overnight in LB containing 100 ng ml™! ampicillin with no induction. One ODy, unit of culture (approx. 5 x 10° cells) was collected
by centrifugation at 12 000 x g in a microcentrifuge, resuspended in 100 ul of SDS-PAGE loading buffer, and heated in a boiling
water bath for 10 min. Proteinase K was then added to 0.5 mg ml™, and the lysates were incubated at 55°C for 1 h. The lysates were
separated on 8% SDS-PAGE gels in Tris—glycine buffer, and the glycans were transferred to nitrocellulose (Amersham Protran 0.45
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Table 2. EM statistics for apo-WhaPg, and UDP-Gal structures.
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Table 2. (Continued.)

apo-WhaPg, apo-WhaPg, UDP-Gal-WbaPg,
(PDBID 30US, (PDB D 9575, (PDB 30WC, UDP-Gal-WhaPg (PDB
EMD-58070) EMD-54649) EMD-58108) 9S8L, EMD-54664)
clashscore 4.95 53 7.7 3.7
: poor mtamers(%) .............................. 0 .4.1 ........................ 01 .......................... 19 .......................... 0 1 ..............................
. Ram a Chandranplm ...................................................................................................................................................
4 favour ed (%) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 962 ....................... 96 7 ,,,,,,,,,,,,,,,,,,,,,,,,, 93 0 ,,,,,,,,,,,,,,,,,,,,,,,, 973 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
. a||ow Ed ( %) .................................... 37 ........................ 32 .......................... 6 84 ........................ 2 6 ..............................
: d|5a||owed (%) ................................. 0 09 ....................... 01 .......................... 0 18 ........................ 0 1 ..............................

pm NC, Cytiva) in 25 mM Tris, 150 mM glycine, 20% (v/v) methanol, pH 8.3. Blots were blocked in 5% (w/v) skimmed milk in
TBS-T (10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.05% (v /v) Tween-20). Restoration of CPS biosynthesis by the WbaP derivatives was
assessed by reactivity with rabbit antiserum specific to K30 capsular antigen [66] (1:3000 dilution) as the primary antibody and
goat anti-rabbit alkaline phosphatase (AP)-conjugated antibody (Cedar Lane, 1:3000 dilution) as the secondary. AP was detected
using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche).

To detect WbaP derivatives, protein expression was induced in mid-exponential growth phase by the addition of 0.01% (w/v)
L-arabinose for 1.5 h. Whole-cell lysates were prepared as described previously for the integral membrane protein, WbbF [67].
Protein SDS-PAGE was performed in 10% gels in Tris-glycine buffer. Proteins were transferred to nitrocellulose as described
above, and detection was accomplished with mouse anti-Penta-His antibody (Qiagen, 1:3000 in TBST). The secondary antibody
was goat-anti mouse horse radish peroxidase-conjugate (Cedar Lane, 1:3000) and chemiluminescent detection was performed
using Immobilon Crescendo Western HRP substrate.

2.7. Generation of figures

For Wbapg,, WbaPg, (PDB-ID: 8T53) and PglC, structures (PDB-ID: 8E37 and 8G1N), figures were made using Chimera and
ChimeraX (RRID: SCR_015872) [54], PyMOL (RRID: SCR_000305), QtMG [68], LigPlot+ (RRID: SCR_018249) [69] and AlphaFill
[70]. SEC traces were drawn using GraphPad Prism (SCR_002798). Sequence alignment was made using Clustal Omega (RRID:
SCR_001591) [71] and Espript 3.0 [72]. The RMSDs for structure alignments were calculated using the superposition/alignment
plugin of Pymol with the super method over 10 cycles of outlier rejection.

3. Results and discussion

Monotopic PGTs initiate the synthesis of CPSs formed by Wzx/Wzy-dependent pathways, where Wzx is the MATE-family ex-
porter, and Wzy is the polymerase [7,8,73]. The condensation with the lipid is catalysed by either WbaP (which uses a UDP-Gal
donor; figure 1a) or Wea] (UDP-Glc donor), depending on the serotype. WbaP from E. coli O9a:K30 was selected as a prototype
as part of our efforts to describe the biochemistry of the CPS biosynthetic pathway. The WbaPy, protein shares 57% sequence
identity with the published WbaPs, from O-antigen synthesis in Salmonella enterica [28] (supplementary material, figure S1). The
catalytic domains of WbaPy, (residues 274-476) and SmPGT PglC. (residues 1-187) share 35% sequence identity [22].

3.1. Structure of apo-WhaP

We set out to determine the structure of apo-WbaPg. After failing to obtain crystals, we screened a library of 21 nanobodies to
stabilize the WbaPy, protein using SEC [39]. Although crystals were obtained, the resolution was limited to 5-6 A. Megabodies
(engineered nanobodies grafted onto a selected protein scaffold) were used to increase the complex size and aid in particle align-
ment for single-particle cryo-EM [32]. A cryo-EM apo-WbaPy, structure at 4.9 A was obtained with a megabody named Mb58
here (previously named Mbg;;pQ [32] as Mb58 was itself derived from Nb73) in amphipol A8-35 [72]; however, its resolution
was limited due to preferred orientation. Both the addition of a second nanobody (Nb74) and the replacement of amphipols with
the detergent LMNG were required to overcome these limitations. This led to a 3.0 A cryo-EM map in C2 symmetry (figure 1b—e,
table 2; supplementary material, figures S2a,b and S3-56) and an almost complete structure which was built using the PGT PglC,
structure [21,22].

The apo-WbaPy, structure aligns well with the published WbaPs, structure (RMSD 1.651 A over 327 Ca atoms, using PDB-
ID: 8T53 chain A and our apo-structure chain A; figure 2a,b). Briefly, in WbaPg, the N-terminal first four transmembrane helices
(residues 1-142) directly connect to a globular a/ 8 domain (residues 143—242) which is followed by two strands (residues 245-269)
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Figure 2. Structural comparison of apo-WhaP, with WbaPs, and PglCc,. Structural alignment of WhaP, (pink for chain A and light grey for chain B) with (a,b) WhaPs,
(PDB-ID: 8T53, orange for chain A and dark grey for chain B) and (c—e) PglCc, (PDB-ID: 8G1N, green). (a,c) The monomeric structure (chain A); (b,d) the dimeric structure
of WhaP (chains A and B). (e) A close-up of the active site of WhaPp, (chain A) and PglC,. The conserved catalytic residues (arginine and lysine residues and the catalytic
dyad aspartate—glutamate) are shown as sticks. The numbering corresponds to the WhaPr amino acids. The magnesium ion and the phosphate molecule are only present
in the PglCe crystal structure.

that form a B-hairpin (figure 1d,e). The f-hairpin connects to the C-terminal catalytic domain. An additional region of density did
not belong to the apo-WbaPy, and was modelled as a nanobody domain. The 2D classes show the density extends beyond a simple
nanobody and was thus assigned as the megabody Mb58 (figure 1b; supplementary material, figures S2a,b and S5). However, the
remaining scaffold of the megabody could not be resolved, potentially due to flexibility. The megabody binds predominantly to
the a/f domain of one monomer but also makes contact with the catalytic domain of the other monomer. This bridging of the two
monomers, we speculate, rigidifies the dimer. We did not observe any density for nanobody Nb74: either it was disordered, or the
complex had dissociated. Similar to the WbaPg, structure, we were unable to fully resolve residues 182-189 of the a/ domain of
unknown function (DUF) and residues 340-362 of the PGT domain loop (close to the presumed active site) in the experimental
map.

The B-hairpin feature inserts between the o/ and catalytic domains of the other monomer; thus, it can be considered a domain
swap and would be predicted to be important for dimer stability (figure 1d,e). PgIC is active as a monomer, and the C-terminal
domain of WbaP (catalytic core containing the last transmembrane helix) superposes well with PglC and was shown to retain the
catalytic activity, ruling out an essential role for the dimer in catalysis (figure 2c,d) [22,35,36]. To probe the role of the g-hairpin in
dimer stability, residues M246 to Q269 were replaced with a 5-, 7- or 9-residue serine-glycine (GS) repeat sequence. Only 7GS and
9GS constructs were detectably expressed by stain-free SDS-PAGE gels, but neither could be purified due to a low protein yield,
thus preventing definitive assessment (supplementary material, figure S7a).
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Figure 3. UDP-Gal-WbaP;, complex. (a) Alignment of the monomeric cryo-EM structures of apo-WhaPg, (pink) and WhaPy, in complex with UDP-Gal (slate). One
molecule of UDP-Gal is present in each active site of the ‘PglC-like’ domains (chain A shown here). (b) Close-up of the UDP-Gal substrate binding site of WhaPy,. WbaP,
chain Aiis shown in a cartoon representation from the periplasmic side, and UDP-Gal as a stick. The coulomb density for UDP-Gal is represented in grey mesh at an o level
of 23 in Pymol. (c) Interaction of WhaP chain A residues with UDP-Gal, shown as a Ligplot+ plot. Hydrophobic residues are represented in red; hydrogen bonds in green.
(d) Cartoon representation of the WhaPg, active site with residues (slate and cyan) interacting with UDP (as sticks) highlighted. The cyan residues represent the arginine
and lysine residues between WhaP and PglC chosen for mutational analysis. (e) Electrostatic surface of the UDP-Gal WhaP. monomer (chain A), highlighting the active
site with a potential lipid cleft binding site according to [74], the TM and the 3-hairpin of the DUF domain.

3.2. WhbaPEc structure in complex with UDP-Gal

We determined a 3.0 A structure of WhbaPy, in the presence of the substrate UDP-Gal, Nb74 and Mb58 (figure 3a, table 2; sup-
plementary material, figures S2c and S8). The overall structure of WbaPy, is essentially unchanged (RMSD 0.877 A, over 375
Ca atoms) within the resolutions of the structures (figure 3a; supplementary material, figure S2c). At the local level we ob-
served changes in the kinked membrane helix (residues 292-313), two short helices (residues 367-385 and 400—422) and a loop
(residues 440-455), all within the catalytic domain (supplementary material, figure S9). There was additional density located
in the catalytic domain, which we modelled as the UDP moiety of UDP-Gal (figure 3b—d; supplementary material, figures S9
and S10). Positioning of the UDP-Gal has some uncertainty given the quality of the map, and we were unable to resolve den-
sity for the galactose in our C2 map (figure 3b). In the C1 DeepEMhancer [53], there was some additional density consistent
with galactose (supplementary material, figure S8f) in a pocket bounded by three helices and two loops, but the low qual-
ity of the map precludes analysis. The uracil moiety 7z-stacks Y315 and forms hydrophobic interactions with Y315 and H317
close by (figure 3c,d), with M335 and R333 close by. The pyrophosphate makes contacts with the positively charged R319
and R377 residues. K331 is close to the pyrophosphate (approx. 5 A), but is slightly too far to make a polar contact in our
model.
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Figure 4. In vivo activity assay of WhaP... In vivo activity assay of WhaP;, wild-type and catalytic mutants. Western blot of £. coli whole-cell extracts using an anti-K30
antibody (a) or anti-His tag antibody (b). E69 is the wild-type E. coli strain (09:K30), and CWG861 is the wbaP deletion strain of E69 (AwbaP). The wild-type WhaPy,
protein with an N-terminal or C-terminal His-tag was tested, along with the active site mutant 4AS, containing alanine mutations of four potentially catalytic residues.

A recent molecular simulation of PglC. shows that residues 61-81, which form a loop, close over bound UDP-diNAcBac and
und-P [74]. This loop corresponds to residues 333-370 in WbaPg_; consistent with the simulation, part of the loop (339-366) is not
defined in our structure, presumably because it is dynamic. The superposition of both structures shows that the ordered portion
of the loop is in a similar conformation for both apo-WbaPy. and UDP-Gal-WbaPy, structures (supplementary material, figure
S9). This corresponds to the ‘open’ conformation seen in PglC. observed in the absence of substrate or in the presence of only
one of the substrates. This result is consistent with the molecular simulations that show that the PglC. loop only reorganizes
upon ligand binding [74].

3.3. Active site of WhaPEc

The C-terminus of WbaP is adjacent to the active site, which could potentially impair the protein’s function. This prompted
us to compare N-terminally tagged (both Hisy and His,;) and C-terminally tagged (His,;) WbaP. The activities of those differ-
ently tagged WbaPr. were probed using a complementation assay where the wbaP gene was deleted in E. coli CWG861, thereby
eliminating K30 capsule production (figure 4a,b). Capsule production was reinstated by transforming with a plasmid-encoded
WhbaPy.. Whilst both N-terminally tagged variants restored activity, the C-terminal one did not (figure 4a; supplementary ma-
terial, figures S3a and S7b) [26,28]. It is important to note that our structures were obtained using a C-terminally tagged WbaP
(due to protein expression yields), which was inactive under our assay conditions. However, given that our apo-structure aligns
well with the published WbaPs, structure (RMSD 1.651 A over 327 Ca atoms), our structures still retain relevance for structural
interpretation.

The conserved residues R319, K331, R377 and R401 interact with or are close to the UDP-Gal molecule (Ca within 11 A) and
are located on the dynamic loop (figures 2e and 3c,d; supplementary material, figure S10). To determine the activity of those
residues, mutation of these residues en bloc in mutant 4AS (R319A-K331A-R377A-R401A) was probed using the same in vivo
complementation assay. The 4AS mutant did not restore in vivo activity (figure 4a,b), suggesting that some of those four positively
charged residues are essential for protein activity, independent of the His-tag position. This result is consistent with a single
mutation in WbaPg, where incorporation of radioactivity from *C-labelled donor was abolished [28,35]. The equivalent residues
in PglCc. are R47, K59, R88 and R112 [74] (figure 2e). Previous studies of PglC.. have proposed that the pyrophosphate of the
UDP-diNAcBac substrate is coordinated by K59 (K331 WbaPg.) whilst R112 (R401 WbaP%,) interacts with the nucleotide base
[22,27]. Both residues were identified to be involved in binding UDP-Gal in the complex structure of WbaPg. and UDP-Gal.

PglC. residues M63, F43 and Q45 were identified as interacting with both substrates (residues M335, Y315 and H317, respec-
tively, in WbaPy_), with Q45 proposed to align the und-P phosphate to attack UDP-diNAcBac [27,72]. An adventitious phosphate
molecule in the structure of PglC. was suggested as the location for und-P phosphate (figure 2e; supplementary material, fig-
ure S10) [22]. However, we note the different relative positioning of UDP-Gal in WbaPf, compared to this phosphate molecule
(supplementary material, figure S10). Furthermore, the lack of molecular description and coordinates availability for the sim-
ulations of PglC.. does not allow us to compare the binding site of UDP-Gal in our WbaPy, structure with the binding site of
UDP-diNAcBac in PglCc [74].

MonoPGTs follow a ping-pong mechanism involving a covalent protein aspartate phospho-sugar intermediate (D93 in
PglC,., demonstrated by trapping the analogous thio-intermediate) [19,22]. D93 is part of a dyad with E94, which is thought
to coordinate a Mg?* ion, and both residues are essential for catalysis (figure 2e; supplementary material, figure S10) [19,22,75].
PolyPGT proteins, such as MraY and DPAGT1, also coordinate a magnesium ion using a single aspartic acid residue [17,76]. The
corresponding D382 and E383 dyad in WbaP%_ is located at the active site and was shown to be essential for catalysis in WbaPs,
(figures 2e and 3d; supplementary material, figure S10) [35]. In our complex, the carboxylate of D382 points towards the UDP-Gal
phosphate, consistent with the formation of a covalent mechanism. However, the 8 A distance means that either the protein
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and/or ligand would have to adjust its position for a catalytic role. In our structure, the resolution precluded identification of [ 11 |
Mg?*. AlphaFill [70], an algorithm that uses sequence and structure similarity to ‘transplant’ missing ligands and ions, positions
a magnesium ion in WbaPy, close to the Asp-Glu dyad, similar to the PglC.. structure, but which only interacts with D382
(supplementary material, figure S11a—c) [35]. Altering the position of the adjacent dynamic loop and concomitant changes at the
active site could alter the AlphaFill prediction.

AlphaFill also positions a di-palmitoyl-3-sn-phosphatidylethanolamine molecule (chosen as a simpler mimic of undecaprenyl
phosphate) in the active site of WbaPy,, similar to the PglCc, structure but on the periplasmic face of the membrane [21] (supple-
mentary material, figure S11d,e). Recent simulation experiments with PglC. suggest that the phosphate of the und-P molecule
interacts with R88 (R377 WbaPy,), R145 (R434 WbaPy.) and K179 (no equivalent in WbaP) and the magnesium ion [22,27,74,75].
In our model of WbaPy,, R377 is close to the pyrophosphate, whereas R434 is distant but is located on a partially disordered loop,
thus may require binding of und-P before it becomes ordered (figure 3c,d). The residue R333 (the conserved K59 in PglC.) points
away from the substrate and seems unlikely to interact directly with UDP-Gal. It could instead interact with und-P to stabilize it
during catalysis, as previously suggested [75]. While no und-P complex could be obtained with WbaPy,, the recent simulations
of PglCc. suggest the presence of a hydrophobic lipid cleft where the C55 lipid tail could potentially bind on the cytoplasmic face
of the membrane (figure 3e) [74].

The experimental cryo-EM structure of WbaPg, reveals a dimeric arrangement formed by the transmembrane helical bundles
with a domain-swapping -hairpin in the cytoplasmic domain. The role of the highly conserved «/8 domain (the DUF) remains
unexplained. Computationally annotated as a Co-A binding domain, Dodge et al. [28] have suggested a nucleotide sensing regula-
tory function. We queried the DALI server [77] against the a/§ domain, which confirmed a nucleotide-binding capacity. However,
our structure does not provide any further insight into the role of the &/ domain, nor do we see any density for UDP-Gal at the
a/f domain in our holo-structure. The presence of UDP-Gal now provides experimental evidence for the location of the active site
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and helps rationalize a number of site-directed mutagenesis studies. The structure suggests that an active site loop is dynamic,
consistent with modelling studies which show conformational changes upon substrate binding. The synthesis and transport of
lipid-linked oligosaccharides is a potential therapeutic target in bacteria, and WbaP (and its paralogues) is the first committed
(and so potentially flux-limiting) step in the biosynthesis of many of these molecules. Given that potent intracellular inhibitors
of the polyPGTs are known, such as the natural product tunicamycin, it may well be that corresponding targeting of bacterial
monoPGTs, enabled by the structures now revealed here, could prove a fruitful avenue.
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