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Hyaluronan (HA) is an acidic heteropolysaccharide of alternating N-acetylglucosamine
and glucuronic acid sugars that is ubiquitously expressed in the vertebrate extracellular
matrix'. The high molecular weight polymer modulates essential physiological
processes in health and disease, including cell differentiation, tissue homeostasis, and
angiogenesis®>. HA is synthesized by a membrane-embedded processive
glycosyltransferase, HAS, that catalyzes the synthesis and membrane translocation of
HA from UDP-activated precursors®*. Here, we describe five cryo-electron microscopy
structures of a viral HAS homolog at different states during substrate binding and
initiation of polymer synthesis. Combined with biochemical analyses and molecular
dynamics simulations, our data reveal how HAS selects its substrates, hydrolyzes the
first substrate to prime the synthesis reaction, opens a HA-conducting transmembrane
(TM) channel, ensures alternating substrate polymerization, and coordinates HA inside
its TM pore. Our work suggests a detailed model for the formation of an acidic
extracellular heteropolysaccharide and provides the first insights into the biosynthesis of
one of the most abundant and essential glycosaminoglycans in the human body.

Introduction

Hyaluronan (HA) is a ubiquitous acidic glycosaminoglycan of the vertebrate extracellular
matrix (ECM), particularly enriched in connective tissues, the vasculature, and
cartilage’. HA modulates a broad range of tissue remodeling processes, including
wound healing, embryological development, angiogenesis, and tumorigenesis®”’?. It is a
linear polysaccharide of alternating B-1,3 and f-1,4-linked N-acetylglucosamine
(GlcNAc) and glucuronic acid (GIcA) units, respectively, (Fig. 1a and b) that is typically
megadaltons in size®®. High molecular weight HA (>10° kDa) associates with healthy
tissue homeostasis, while low molecular weight species exhibit pro-inflammatory and

angiogenic properties®.

HA is synthesized from UDP-activated monosaccharides. Type-l HASs contain a single
catalytic domain and secrete the nascent HA polymer during synthesis through a TM
channel formed by their membrane-embedded segment®®*. Type-Il HAS, however, is

limited to select bacteria and is not membrane integrated. The enzyme uses two
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catalytic domains to transfer either GIcA or GIcNAc in a non-processive manner'®'",

Thus, Type-I HASs not only couple HA synthesis with translocation, but also utilize a
single catalytic domain to transfer two different donor sugars by forming substrate-

specific glycosidic linkages.

Vertebrates express three HAS isoforms (Extended Data Fig. 1) that differ in tissue
expression and catalytic activity; HAS-2 is essential'®'®. HAS contains a cytosolic
glycosyltransferase (GT) domain flanked by two N-terminal and four C-terminal TM
helices (TMH). How HAS selects its substrates, catalyzes regio- and stereospecific
glycosyl transfer, secretes HA, and controls polymer length are important unresolved

questions.

Chlorella viruses (Cv) contain HAS enzymes homologous to vertebrate HAS that
synthesize and secrete authentic HA in vivo and in vitro'*'®. Cv infect unicellular green
algal endosymbionts of the ciliate Paramecium bursaria, and HA production by the
infected algae may benefit the endosymbiotic relationship. Cv-HAS shares with human
HAS-2 ~45% sequence similarity, the same predicted number and distribution of TMHSs,
as well as a highly conserved catalytic GT domain (Extended Data Fig. 1).

To reveal the mechanistic basis for HA biosynthesis, we determined cryo-electron
microscopy (EM) structures of Cv-HAS in apo, UDP-bound, UDP-GIcNAc-bound, and
GIcNAc-primed states. Our analyses provide the structural basis for substrate selectivity
and alternating polymerization, demonstrate that only GIcNAc can prime HA
biosynthesis, and suggest a model for processive HA synthesis and translocation.
These insights are corroborated by functional studies and molecular dynamics (MD)

simulations.

Results

Cv-HAS was expressed in E. coli and purified as described in the Methods. To facilitate
EM analysis of the ~65 kDa enzyme, Cv-HAS was bound to two camelid nanobodies
produced in vivo, Nb872 and Nb881 (Fig. 1c and d)'®. Nb872, binding to the
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extracellular TMH5-6 loop, supports in vitro catalytic activity similar to un-complexed Cv-
HAS and thermo-stabilizes the enzyme (Extended Data Fig. 2a and b). Nb881 binds a
peripheral region of the GT domain and reduces HA biosynthesis for unknown reasons
(Extended Data Fig. 2b-c).

Cryo-EM analyses of Cv-HAS were performed in lipid nanodiscs formed from E. coli
total lipid extract and the MSP1E3D1 scaffold protein, see Methods. Samples were
analyzed bound to UDP, a product and competitive inhibitor of Cv-HAS', and the
substrate UDP-GIcNAc. Three-dimensional sorting and variability analyses of the ‘UDP-
GlcNAc-bound’ dataset revealed distinct states: nucleotide-free ‘apo’, substrate-bound,
and monosaccharide-bound ‘primed’ (Extended Data Fig. 3-5, Supplementary Video 1).
The cryo-EM maps generated in cryoSPARC'® range in estimated resolutions from 3.1 -
2.7 A (Supplementary Table 1) and resolve essentially all residues, with the exceptions
of residues 1 — 37 (including TMH1), 452 — 464 connecting IF3 with TMH5, and 553 -
561 at the C-terminus.

Architecture of Cv-HAS

Cv-HAS consists of a cytosolic catalytic domain that adopts a GT-A fold'® and packs
against the five resolved TMHs (TMH2-6) as well as three amphipathic interface helices
(IF1-3) near the water/lipid interface (Fig. 1e€). The GT domain contacts the TMHs via
IF1 and IF2 (residues 238-263 and 331-357, respectively), of which IF2 contains a
QxxRW motif characteristic of membrane-embedded processive family-2 GTs,
according to the CAZy classification® (residues 339-342). IF3, a C-terminal extension of
TMHA4, runs perpendicular and on top of the IF1/2 pair, thereby framing the entrance to
the TM channel, discussed below.

The TM architecture resembles a teepee with helices straddling the cytosolic IF helices.
TMH2 extends past the cytosolic water/lipid interface to interact with the GT domain.
Past TMH6, 13 C-terminal residues (540-552) form a short a-helix that packs into a
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groove on the GT domain formed by its central B-sheet and helix 1, together with IF1
(Fig. 1e).

Cv-HAS’ first TMH is disordered in all cryo-EM maps. A MapPred co-evolution
analysis®’ suggests evolutionarily-coupled residues within TMH1 and TMH2 that
position the helix in a groove between TMH2 and 4 (Extended Data Fig. 6a). Direct
interactions with TMH2 are also supported by AlphaFold2? and RoseTTAfold®® Cv-HAS
models, although the predictions position TMH1 differently around TMH2 (Extended
Data Fig. 6b and c).

TMH1 is also disordered when using two cytosolic Nbs to facilitate structure
determination (Extended Data Fig. 6d), indicating that its flexibility is not induced by
Nb872. The helix is not essential for function as TMH1-truncated Cv-HAS produces HA
in vitro, albeit at reduced levels compared to the wild type enzyme (Extended Data Fig.
6e).

Helices 4 and 5 of the GT domain are connected by an 11-residue long ‘priming loop’
that forms one wall of the active site (residue 291-301). The loop precedes the putative
base catalyst Asp302 within the GDD motif that facilitates glycosyl transfer. It contains a
conserved cysteine at its tip (Cys297) and extends roughly along the GT’s central -
sheet towards the nucleotide-binding pocket (Fig. 1e). As demonstrated initially by the
structure of the soluble enzyme SpsA and later cellulose synthase, the catalytic pocket
of family-2 GTs includes characteristic acidic motifs that form a single substrate binding
pocket'®?*% For Cv-HAS, these include the nucleotide binding ‘DGD’ motif (121-123),
the cation binding ‘DSD’ motif (201-203), and the putative catalytic ‘GDD’ motif (300-
302) (Fig. 1e, Extended Data Fig. 1).

Cv-HAS forms a lipid-filled crescent-shaped channel

Cv-HAS contains a short membrane-embedded region about 20 and 30 A thick near
TMH2 and above the active site (proximal to the TMH5-6 face), respectively (Fig. 1e
and f). The TMHs form a crescent-shaped channel with a cytosolic entrance above the
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active site formed by Trp342 of the QxxRW motif within IF2 (Fig. 1f). Halfway across the
membrane, IF3, TMH5, and TMHG6 create a lateral channel opening towards the lipid
bilayer. Two lipid molecules, assigned as a CHS molecule and a phospholipid tail based
on their shapes, occupy and seal the portal (Fig. 1f and Extended Data Fig. 7).
Atomistic MD simulations in a POPE bilayer corroborate that lipid acyl chains entering
the channel portal indeed prevent water flux across the membrane (Extended Data Fig.
7b).

Substrate-bound conformation of Cv-HAS

Cv-HAS structures bound to UDP-GIcNAc were determined using an inactive enzyme in
which Asp302 was replaced with Asn (Extended Data Fig. 1 and 8). Unexpectedly, the
substrate was partially hydrolyzed during sample preparation, capturing views of the
active site before and after priming (Fig 2a-c). Cv-HAS requires manganese for catalytic
activity'®, indicating that it binds Mn?*-complexed substrates. Nucleotide binding
displaces the priming loop, which retracts from the active site towards the cytosolic
water-lipid interface (Fig. 2d, Extended Data Fig. 8d and f, and Supplementary Video 2).
This conformation is stabilized by the loop’s Phe292, interacting with Arg348 and
Tyr352 of IF2, as well as Tyr299 that occupies a hydrophobic pocket at the interface of
IF2, IF3 and TMH5. Cys297 fits into a crevice at the water/lipid interface formed by
Thr298 and Lys344 as well as Arg348 of IF2. Although its biological role is unknown,
Cys297 is critical for function; replacing it with Ala renders Cv-HAS inactive (Fig. 2e).
Relative to the apo state, nucleotide binding induces a ~10 degree rigid body rotation of
the GT domain towards the membrane, fostering the priming loop-IF2 interaction. This
movement narrows the active site cleft, which likely facilitates proper substrate
positioning (Fig. 2a, Supplementary Video 3).

The UDP and UDP-GIcNAc-bound structures reveal similar UDP coordinations
(Extended Data Fig. 8a and b, Supplementary Discussion 1). Asp121 of the conserved
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‘DGD’ motif contacts the uracil’s N3 ring nitrogen, while the ribose’s C3 hydroxyl group
interacts with Glu93 from the conserved ‘EDP’ motif (Fig. 2b, Extended Data Fig. 1).
The UDP-GIcNAc diphosphate hydrogen-bonds with GIn338 of the QxxRW maotif while
the associated Mn?* ion is coordinated by Asp203 and Asp327. A second Mn?* ion is
coordinated by Glu93 as well as Asp327 and Asp203 (Fig. 2b). Replacing GIlu93 or
Asp327 with alanine renders Cv-HAS inactive, suggesting that both Mn®* ions are
functionally important (Fig. 2e). It is likely that the additional Mn?* ion that is not directly
implicated in diphosphate coordination performs a structural role by positioning the DxD
motif (Asp201-Asp203) for substrate binding. Mutating Asp94 of the EDP moitif to Ala
reduces catalytic activity to about 20% relative to wild type. This residue does not
directly coordinate Mn?*, but interacts with Arg549 near Cv-HAS’ C-terminus (Fig. 2b).

In the substrate-bound state, the donor sugar ring oxygen is proximal to Trp342’s N1
hydrogen (Fig. 2b), right below the acceptor-binding site. The GIcNAc acetamido group
occupies a pocket formed by Asp203, Cys231, Tyr248, Pro271, Asp327, and Ser326,
and its carbonyl oxygen hydrogen bonds with the side chain hydroxyl of Tyr248 (Fig.
2b). The sugar’s C4 hydroxyl interacts with Asp301 and Asp302, while its C6 hydroxyl
points towards Arg341, positioned within a positively charged pocket containing Lys177.
This pocket likely accommodates the C6 carboxylate when the substrate is UDP-GICA
(see below).

Compared to the nucleotide-free or primed conformations (see below), UDP or
substrate binding repositions a partially conserved CVGGP loop (switch loop, residues
267-271) at the back of the nucleotide-binding pocket (Fig. 2f). The loop moves toward
the membrane interface upon nucleotide binding, likely stabilized by unresolved bridging
water molecules with the ligand. Cys267 at the beginning of the switch loop is
necessary for function (Fig. 2e, Supplementary Discussion 2).

Priming of Cv-HAS

Substrate hydrolysis likely generated the GIcNAc monosaccharide primer that diffused
to the acceptor-binding site at the entrance to the TM channel (Fig. 2a, Extended Data
Fig. 8e, Supplementary Video 1). The primer’s acetamido group sits in a pocket formed
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by Pro271, Arg256, Cys231, Tyr248 as well as backbone atoms from the switch loop
(Fig. 2c). The sugar ring is stabilized through CH-n stacking interactions with Trp342
and is coordinated by the switch loop’s Cys267, whose sulfhydryl group is ~ 4.2 A away
from the ring oxygen. To facilitate this interaction, the switch loop returns to its ‘down’
position (Fig. 2f). Further, the conserved Ser345 (Extended Data Fig.1) is in hydrogen
bonding distance to the primer’s C5 hydroxyl, while the conserved Arg303 binds the C6
hydroxyl group. These interactions position the primer's C3 hydroxyl towards the active

site and the putative base catalyst (D302N) (Fig. 2c).

In the primed state, the priming loop re-inserts into the catalytic pocket (Fig. 2d,
Extended Data Fig. 8f) and the GT domain relaxes away from the membrane upon
priming (Fig. 2a, Supplementary Video 3). While an inserted loop position is also
observed in the apo state, the loop is better resolved in the primed state, suggesting
that the primer (or HA polymer) is stabilizing. Accordingly, the priming loop’s Tyr299,
which is a conserved Phe in vertebrate HAS, rotates towards the primer-binding site in

close proximity to GIcNAc’s C3 hydroxyl group (Fig. 2c).

Substrate hydrolysis initiates HA biosynthesis

The in situ generation of the GIcNAc primer suggests substrate hydrolysis as a general
initiation mechanism of HAS-related enzymes. Accordingly, supplied monosaccharides
should also prime HA biosynthesis. To test this model, wild type Cv-HAS was incubated
with '“C-labeled GIcNAc or GIcA and unlabeled substrates. The obtained
polysaccharide revealed that the GIcNAc monosaccharide is readily incorporated into

HA, while GIcA fails to prime the synthesis reaction (Fig. 3a).

Additionally, we used substrate hydrolysis experiments to verify the substrate-hydrolysis
initiation mechanism. Cv-HAS hydrolyzes its substrates when exposed to only one of
them without forming a homo-polysaccharide (Fig. 3a, lane 1). This allows monitoring
substrate hydrolysis rates in real time based on enzyme-coupled NADH oxidation (Fig.
3b and Extended Data Fig. 9)°.
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We observe that saturating GIcNAc monosaccharide increases the UDP-GICA
hydrolysis rate ~30-fold and decreases UDP-GIcNAc hydrolysis ~2.5-fold. Conversely,
hydrolysis rates of both substrates were insignificantly affected by comparable
concentrations of GIcA (Fig. 3b and Extended Data Fig. 9¢e). Thus, a GIcNAc primer
facilitates the binding and/or turnover of UDP-GIcA to form an HA disaccharide, while a

GIcA primer does not provide the same enhancement of UDP-GIcNAc hydrolysis.

HAS priming creates a continuous TM channel

Strikingly, we resolve two different TM architectures of the primed state — one similar to
the apo and substrate-bound states, and another with the N-terminus of TMH2 tilted
away from TMH3 (Fig. 4 and Extended Data Fig. 8h-i, Supplementary Video 4), creating
a continuous TM channel. The newly formed channel overlaps with the curved, lipid-
plugged channel right above the active site to form a common vestibule, yet diverges
halfway across the membrane (Fig. 4c). The newly created channel is lined with
hydrophilic and apolar residues and its dimensions are sufficient to accommodate an
HA polymer about 5 disaccharides long (Fig. 4d).

TMH2 kinks around its contact point with IF1, mediated by GIn57 and Phe60 of TMH2
and Val254, Ala258 and Leu261 of IF1 (Extended Data Fig. 8g). The conserved
residues Arg256 and GIn259 on the opposite side of IF1 point towards the channel
lumen and Arg256 contacts the primer's C1 hydroxyl group (Fig. 2c). TMH2 could be
further stabilized in this ‘open’ conformation by the predicted location of TMH1
(Extended Data Fig. 6a-c). Thus, HAS priming creates an exit path for the nascent HA
at the interface of TMH1-2 and 3-4, similar to cellulose synthase (Extended Data Fig.
7¢)%°.

Dynamic coordination of HA inside the TM channel
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We performed atomistic MD simulations to gain insights into HA coordination within the
TM channel of Cv-HAS. Simulations were performed with a HA hexasaccharide
manually placed within the channel vestibule, with the terminal non-reducing end sugar
occupying the acceptor-binding site next to Trp342 (Fig. 2c).

We identify significant register-dependent differences in the positional stability of HA.
While oligosaccharides starting with GICNAc at the acceptor site were stable over the
course of 5 simulations, polymers starting with GIcA were pulled into the TM channel by
roughly one sugar unit (Fig. 5a). After this motion, the GicA-ending polymer is
coordinated similarly compared to the GIcNAc-ending chain, yet one sugar unit farther

inside the channel (Fig 5a-e, Supplementary Table 2).

The HA oligosaccharide primarily interacts with conserved polar and charged side
chains. Arg303 and Arg256 bind GIcA carboxylates in the terminal or the second
position (Fig 5b-e), and Arg247 and Arg442 coordinate GIcA at the third or fourth
positions. The GIcNAc groups are mainly coordinated by polar and aromatic residues,
including Tyr248, which coordinates GIcNAc, but not GIcA, when in the terminal
position. Trp346 interacts with GIcCNAc when at the second or third position. All of these
HA-coordinating interactions are also seen in simulations seeded from different initial

HA poses albeit with some localized variability (Supplementary Table 2).

MD simulations of UDP-GiIcA and HA-bound Cv-HAS also provide insights into the likely
coordination of the UDP-GIcA substrate. While the UDP moiety is coordinated similarly
to the experimental UDP-GIcNAc-bound state (Fig. 2b), the substrate’s carboxylate is
coordinated by Lys177 as well as Arg341 of the QxxRW motif, which bridges the
nucleotide’s a-phosphate and GIcA’s carboxylate (Fig 5f and Supplementary Table 2).

HA biosynthesis experiments with Cv-HAS constructs carrying substitutions at HA
coordinating residues reveal their functional importance. Replacing Arg247 with Ala or
Lys and Arg256 with Lys inactivates the enzyme, supporting a critical role for GIcA
coordination. Substituting Trp346 with Leu similarly abolishes activity, while an Ala
substitution of Tyr248 supports activity at roughly 20% of wild type (Fig. 59).

10
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Discussion

Cellulose, chitin and HA synthases are membrane-embedded GTs that synthesize and
secrete high molecular weight polysaccharides. While cellulose and chitin are
homopolymers, HA is a heteropolysaccharide of alternating GIcNAc and GIcA units
linked via different glycosidic linkages. Our structural and biochemical analyses provide

molecular insights into how HAS combines these seemingly irreconcilable tasks.

Monomeric Cv-HAS elongates HA’s non-reducing end, similar to cellulose and chitin
synthases'®??®, This reaction mechanism stands in contrast to bacterial HAS enzymes
that function as obligate dimers and elongate HA’s reducing end™. Considering the
similarities of vertebrate HASs to Cv-HAS, we propose that Cv-HAS mechanistically and
structurally represents the vertebrate enzymes. This is supported by the excellent
agreement of AlphaFold2 and RoseTTAfold models of human HAS-2 with our
experimental Cv-HAS structure (Extended Data Fig. 6a-c)?>. The models agree well
over the range of the catalytic GT domain, the membrane associated IF helices, as well
as the arrangement of the five resolved TM helices. Discrepancies exist within the

predicted location of TMH1, which appears to be flexible.

Catalytic activity of HAS may be modulated by post-translational modifications
(Supplementary Discussion 3). Initiating HA biosynthesis requires the formation of a
priming carbohydrate acceptor. We demonstrate biochemically and structurally that
substrate hydrolysis is the most likely mechanism to generate this primer (Fig. 3). A

similar mechanism has been proposed for cellulose synthase®’:?®

and experimentally
tested for chitin synthasezg. The observation that GIcA fails to prime the biosynthesis
reaction is consistent with its instability at the acceptor-binding site in MD simulations.
Accordingly, when the nascent HA chain with a terminal GIlcA moves forward in the

channel, only UDP-GIcNAc is likely to bind (Fig. 5h).

HAS extends GIcNAc-ending HA polymers with GicA and not GIcNAc to ensure an
alternating HA sequence. Our 3D variability analysis of Cv-HAS incubated with UDP-

11
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GIcNAc reveals that the enzyme either binds UDP-GIcNAc at the active site or GIcNAc
at the acceptor position, but not both ligands simultaneously. This is likely due to
clashes between the GIcNAc primer and substrate and corroborated by the reduced
rate of UDP-GIcNAc hydrolysis in the presence of saturating GIcNAc monosaccharide
(Extended Data Fig. 9 and 10). To investigate this phenomenon at the structural level,
we performed atomistic MD simulations of HAS with GIcNAc both in the donor (UDP-
GIcNAc) and acceptor (HA) positions. Quantifying the occupancy of the acetamido
binding pocket reveals that either just the donor or acceptor GIcNAc, but never both, are
able to bind the pocket (Extended Data Fig. 11).

We further propose that the accepting sugars (GIcNAc or GlicA) are differently
coordinated and positioned at the acceptor site. This would ensure that only the C4
hydroxyl of GIcA and the C3 hydroxyl of GIcCNAc serve as acceptors during glycosyl
transfer (Fig. 5h). For a nucleophilic displacement reaction'®, the accepting hydroxyl
group must be within close distance to the base catalyst Asp302 of the GDD motif as
well as the donor's C1 carbon. Future structural analyses of substrate-bound HAS at
intermediate states during HA translocation will be required to test this model.

Cellulose synthase produces a ribbon-shaped amphipathic glucose polymer that is
secreted through a pore lined with aromatic and hydrophilic residues. In contrast, HAS’
TM channel is wider and rich in positively charged residues, reflecting HA’s properties.
Structural insights into cellulose synthase are limited to polysaccharide associated
states, i.e. describing enzymes with an open TM channel, whereas our HAS analyses
are predominantly of the closed state. The overall similarity of the HAS and cellulose
synthase TM architectures (Extended Data Figure 7c and 10b) reinforce our assignment
of the HAS channel exit at the TMH2-4 interface, and suggest similar conformational
changes when cellulose synthase opens and closes its TM channel.

Our cryo EM structures do not resolve a conserved loop connecting IF3 with TMH5,
right above the catalytic pocket (Fig. 1). The loop contains a conserved WGTR/SG motif
(Extended Data Fig. 1), which is important for function of bacterial HAS®. It resembles

cellulose synthase’s gating loop, which transiently inserts into the catalytic pocket for

12
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substrate binding (Extended Data Fig. 10b)*’. A similar process in HAS could reposition

the substrate towards the acceptor sugar to facilitate HA elongation.

Following glycosyl transfer, cellulose synthase translocates the extended
polysaccharide upon binding of a new substrate through conformational changes of a
conserved a-helix of the GT domain®'. The same helix exists in HAS, with the GDD
motif capping its N-terminus. Thus, a similar step-by-step HA translocation mechanism
seems plausible (Fig. 5h and i). Because HA is negatively charged, the membrane’s
electrochemical potential and the conserved positive charges lining the TM channel
likely also contribute to translocation. Our MD simulations suggest that an unfavorable
register with GIcA at the acceptor position may be a transient intermediate that
facilitates polymer translocation upon UDP-GIcNAc binding (Fig. 5h and i).
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Figure legends

Fig. 11 Structure of hyaluronan synthase. (a and b) HA GicA-GIcNAc disaccharide
repeat unit and representation of an HA polymer (blue square: GIcNAc, blue/white
diamond: GicA). (c) Overall volume of the Cv-HAS-Nb872/881 complex with Nb872 and
881 in salmon and yellow, respectively, Cv-HAS in green, with the nanodisc at lower
contour represented as an outline. (d) as well as representative 2D class averages of
nanobody-bound Cv-HAS. (e) Apo conformation of Cv-HAS. The glycosyltransferase
(GT), interface (IF), and TM regions are colored green, light blue, and blue, respectively.
Manganese ions are shown as purple spheres. Bottom panel: Schematic of Cv-HAS’
domain organization and Nb interactions. (f) Surface electrostatics of Cv-HAS. The
enzyme forms an electropositive crescent-shaped channel. Partially ordered lipid and
detergent molecules occupying the membrane exposed channel’s opening are shown
as yellow ball-and-sticks. The electrostatic potential was calculated using the APBS
plugin in PyMol (red — blue: -5 to +5 kT)%.

Fig. 2| Substrate-bound and primed Cv-HAS conformations. (a) 3D variability
analysis of UDP-GIcNAc-incubated Cv-HAS particles reveals substrate-bound and
primed states. Shown are representative volumes of the generated ensemble
(Supplementary Video 1). Left panel: Substrate and acceptor locations mapped onto
one structure; Right panel: Rotation of the GT domain towards the TM region upon
substrate binding. (b and ¢) Substrate coordination at the active site. Dashed lines
indicate distances from ~2.5 to ~4.2A. (d) Priming loop retraction in response to
substrate binding. The loop is shown as a cartoon with the flanking residues shown as
sticks and semi-transparent surfaces. (e) Contribution of conserved residues to catalytic
activity normal to wild type (WT) levels and obtained by quantifying the production of *H-
labeled HA. Inset: Western blot of the inverted membrane vesicles used for activity
measurements. Error bars represent deviations from the means obtained from three
independent replicas. (f) Conformational changes of the switch loop. The loop moves
towards the membrane interface in the presence of UDP-GIcNAc. The primer and
substrate are shown as ball-and-sticks in the same structure.

18



533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563

Fig. 31 GIcNAc priming of HA biosynthesis. (a) Shown is an autoradiogram of *C-
labeled HA after SDS-PAGE. (b) Quantification of substrate hydrolysis rates in the
presence of increasing monosaccharide concentrations. Rates are normalized relative
to reactions without monosaccharide and after background subtraction. Blue and Red:
Hydrolysis of UDP-GIcNAc and UDP-GIcA, respectively. Error bars represent deviations
from the means. See also Extended Data Figure 9e.

Fig. 41 Structural rearrangements upon GIcNAc priming. (a) Movement of TMH2
(green= substrate bound, blue= primed-open) upon substrate hydrolysis. (b) The
outward movement of TMH2 creates a continuous TM channel. TMH1 is shown at its
predicted location as a green cylinder. (c) Partial overlap of the lipid-plugged channel
with the continuous TM channel formed upon priming (shown as an orange surface).
The predicted location of TMH1 is indicated as a green cartoon helix. The channels
were rendered in HOLLOW using a 1.2 A probe®. (d) Aromatic, charged, and polar
residues lining the TM-channel in the open state.

Fig. 5| Dynamics of HA-bound HAS. (a) MD simulations of Cv-HAS bound to either
UDP-GIcNAc and a GlcA-ending HA hexasaccharide or UDP-GIcA and a GIcNAc-
ending polymer. The GlcA-ending polymer migrates into the channel by one sugar unit.
(b-c) Representative coordination of HA at different registers after 300 ns MD
simulations. (d) Coordination of HA inside the TM channel in a UDP-GIcNAc bound
state. Values represent contact probablilities in percent over 300 ns of simulation,
averaged over 5 independent repeats. The N-acetyl binding pocket is highlighted in
blue. (e) As in panel d but for an UDP-GIcA bound state and HA polymer with different
register. (f) Coordination of UDP-GICA at the active site. Shown is a representative pose
from a 300 ns simulation. The contact analysis is shown in Supplementary Table 2. (g)
Mutagenesis of HA coordinating residues and corresponding catalytic activity. Inset:
Anti His-tag Western blot of IMVs used for activity assays. Error bars represent
deviations from the means of three replicas. (h and i) Model of HA elongation and

membrane translocation. (h) HA’s terminal sugar unit determines the selectivity of the
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catalytic pocket such that GIcNAc or GIcA acceptors only allow binding UDP-GICA or
UDP-GIcNAc substrate, respectively. (i) UDP-GIcNAc hydrolysis and outward
movement of TMH2 to prime HAS. Right: Processive primer extension and translocation
leads to HA secretion. HA translocation is likely coupled to substrate binding. The
priming loop (shown in pink) retracts from the active site to enable substrate binding,
while the GT contracts and relaxes upon substrate binding and HA-extension,

respectively.
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Materials and Methods
Construct Design and Mutagenesis

The gene for Paramecium bursaria Chlorella virus CZ-2 hyaluronan synthase (Cv-HAS)
was cloned as described and sub-cloned after restriction enzyme digest with
Ncol/Xhol into a pET28a vector modified to encode a C-terminal 10x histidine tag
(PHAScz2). Mutagenesis was performed by PCR with overlapping primers
(Supplementary Table 3) on pHAScz2 using KOD Hot Start polymerase (Novagen).
Constructs for deletions of the N-terminal TMH were generated by amplifying the vector
and remaining Cv-HAS gene with primers containing complementary overhangs.

Protein Expression and Purification

Cv-HAS was expressed in E.coli C43. Cultures were grown in terrific broth (TB)
supplemented with 4% v/v glycerol and 1XM buffer®®. Each culture was inoculated from
an overnight culture in lysogeny broth (LB), grown to an ODggo of ~0.8 at 30 °C, cooled
1 hour to 20 °C, then expression was induced with 100 mg/L Isopropyl B-D-1-
thiogalactopyranoside (IPTG). Constructs were expressed ~18 hours at 20 °C, then cell
pellets were harvested by centrifugation.

Cell pellets were resuspended in a buffer of 10% glycerol, 100mM NaCl, and 20mM Tris
pH 7.5 (RB), then incubated for 1 hour at 4 °C with 1 mg/mL lysozyme (Alfa Aesar). Cell
suspensions were processed by 3 passes through a microfluidizer, then intact cells and
aggregated material was removed by low-speed centrifugation for 25 min at 12.5 kRPM
in a JA-20 rotor (Beckman). Membranes were isolated from the resulting lysates by
centrifugation for 2 hours at 200k x g in a Ti45 rotor (Beckman), then harvested and

flash-frozen in liquid N2 and stored at -80 °C.

For in surfo samples, membranes were thawed and resuspended in 300 mM NaCl, 20
mM Tris 7.5, 10% glycerol, 5mM B-mercaptoethanol (BME) (SB), supplemented with 40

mM imidazole, 1% lauryl maltose neopentyl glycol (LMNG), and 0.2% cholesterol
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hemisuccinate (CHS), then incubated 1 hour with agitation. Aggregated material was
removed by centrifugation at 200k x g for 30 min, then the supernatant was incubated
with Ni-NTA resin for 1 hour. Resin was washed with SB supplemented with 80 mM
imidazole and the protein was eluted with SB supplemented with 320 mM imidazole.
The eluted fraction was concentrated and purified by size-exclusion chromatography
(SEC) using an S200-increase column equilibrated in RB. Peak fractions were
harvested and concentrated, followed by glycerol removal by a second SEC in 100 mM
NaCl and 20 mM Tris pH 8.0 (FB) (all steps performed at 4°C).

Purification of nanodisc samples was similar, except membranes were solubilized in SB
supplemented with 40 mM imidazole, 1 % n-Dodecyl B-D-maltoside (DDM), and 0.1 %
CHS, the Ni-NTA wash and elution buffers were supplemented with 0.02 % DDM/0.002
% CHS, and the first SEC buffer was 100 mM NaCl, 20 mM Tris pH 7.5, 0.02 % DDM
and 0.002 % CHS. Following the first SEC, protein was concentrated and reconstituted
into nanodiscs in a 1:3:30 molar ratio of HAS:MSPE3D1:E.coli total lipid extract
(solubilized in 60 mM DDM). To produce nanobody complexes, selected nanobodies
were added in two-fold molar excess compared to HAS to the nanodisc reconstitution
mixture. After a 30 minute incubation, BioBeads were added stepwise to a final volume
of 0.5 mL and incubated overnight to sequester detergent. Properly formed HAS
nanodiscs were purified by SEC in FB, then fractions were screened by SDS-PAGE and
negative stain EM for presence of both MSP and HAS and particle quality (all steps
performed at 4°C).

In vitro HA Synthesis Assays

HA synthesis was assayed by incorporation of *H- or 'C-labeled sugars into HA
produced by Cv-HAS in inverted membrane vesicles (IMVs), as described '°. Wild type
or mutated HAS constructs were expressed as described above. Lysates resulting from
the low-speed spin were floated on a 2 M sucrose cushion, then spun for 2 hours at
200k x g in a Ti45 rotor. IMVs were harvested, diluted in RB, and centrifuged again at
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200k x g for 1.5 hours. The resulting IMV pellet was harvested, homogenized with a

dounce in RB, and flash-frozen in liquid Na.

Cv-HAS levels in each IMV isolate were quantified by Western blotting. 200 yL IMVs
were solubilized by addition of 800 uL SB containing 1 % DDM, 0.1 % CHS, and 20 mM
Imidazole, then incubated 1 hour with Ni-NTA resin. The resin was washed twice in 250
uL SB containing 0.03 % DDM, 0.003 % CHS, and 20 mM Imidazole. The washed resin
was then resuspended in Laemmli buffer and 1 M imidazole, then analyzed on a 12.5 %
polyacrylamide gel, and transferred at 100 V to a nitrocellulose membrane. The
membrane was washed 5 min in dH>O, blocked twice for 15 minutes with 5 % milk in
Tris-buffered saline-tween buffer (TBST), and incubated with primary antibody for 1
hour (all at room temperature). The membrane was rinsed 15 mins in TBST, then
incubated for 1 hour with IRDye800-conjugated secondary antibody, then rinsed again
for 15 mins in TBST. Blots were imaged using an Odyssey Licor scanner at 700 and
800nm, and analyzed using imaged to determine relative protein content across multiple
Cv-HAS variants.

Prior to each assay, IMVs were diluted to normalize Cv-HAS concentration. 10 uL of
each IMV were mixed with 10 pL 2X reaction buffer, containing 40 mM MnCl,, 80 mM
Tris pH 7.5, 150 mM NaCl, 10 mM TCEP, 10 mM UDP-GIcNAc, 10 mM UDP-GIcA, and
0.2 pCi of the appropriate radiolabeled sugar (listed below with each experiment).
Reaction mixtures were incubated 2 hours at 30 °C then analyzed.

For descending paper chromatography, the radiolabel was *H-UDP-GIcNAc and each
reaction was quenched with 2% SDS. 20 uL of each reaction mixture was spotted onto
Whatman 2mm filter paper, developed with 65% 1 M (NH4)2S04/35 % ethanol, and the
origins were counted using a Beckman S Ls liquid scintillation counter. Activity of each
variant was repeated in triplicate, from which background was subtracted as determined
by a control reaction lacking UDP-GIcCA.

For autoradiography comparison of HA sizes produced across Cv-HAS variants, the
radiolabel was '*C-UDP-GIcA. Reactions were quenched by addition of loading buffer,
then run at 100 V for 2 hours on a 12.5 % polyacrylamide gel. The gel was fixed using
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30 % methanol/3 % glycerol for 15 mins and dried onto a Whatman 2mm filter paper
using a Biorad model 583 gel dryer for 2 hours. The dried gel was exposed for ~1 week
to a Kodak Biomax MS film. Autoradiography of the initiation experiments was identical,
except the radiolabels were '*C-labeled GIcNAc or GIcA (not UDP activated).
Hyaluronate lyase digestions were performed by adding 1 mg/mL final concentration of
recombinantly expressed S. pneumoniae hyaluronate Iyase35 to the relevant reaction

mixture.

Nanobody generation

Camelid nanobodies against Cv-HAS were generated in vivo by immunizing a male
llama weekly over a period of 6 weeks with purified wild type and catalytically inactive
(D201A) Cv-HAS. Approximately 1 mg of total protein reconstituted into E. coli total lipid
proteoliposomes was used for immunization. The isolation of high affinity Cv-HAS
binders and nanobody cloning into the pMESy4 expression vector followed previously
described procedures'®. Briefly, Cv-HAS wild type, Cv-HAS wild type with synthesized
hyaluronan, and Cv-HAS D201A reconstituted into E. coli total lipid proteoliposome
were each solid phase coated and used as target for the biopanning in 25 mM MES pH
6.5, 0.2 M NaCl, 10 % glycerol, 5 mM beta-mercaptoethanol, 3.5 mM MnCl,. After
rescue of the eluted phage, individual colonies were screened in ELISA using the same
buffer conditions. Thirty-eight different Cv-HAS-specific nanobody families were
discovered belonging to 28 families based on their CDR3 sequences.

Nanobody purification

Constructs for each nanobody gene cloned in pMESy4 were expressed in E.coli WK6
cultures grown in TB supplemented with 4% v/v glycerol and 1XM buffer. Periplasmic
fractions of the harvested cell pellets were extracted by osmotic shock using a Tris-
sucrose-EDTA buffer (TES). Periplasmic extracts were incubated with Ni-NTA resin,

then nonspecifically bound material was removed by successive washes in 20 mM Tris
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pH 7.5 containing 1 M NaCl and 20 mM Imidazole, then 0.1 M NaCl and 40 mM
Imidazole, and 0.1 M NaCl, 320 mM Imidazole to elute. Eluted protein was further
purified by SEC using an S75 column equilibrated in FB, then concentrated and flash-

frozen in liquid Na.

Thermo-stability assays

Stability measurements were based on monitoring Cv-HAS’ enzymatic activity following
incubation at elevated temperatures. The activity was estimated by quantifying the
release of UDP in real time using an enzyme-coupled reaction that oxidizes NADH, as
previously described®. Cv-HAS was individually incubated with the 38 nanobodies in a
thermo-cycler at temperatures ranging from 30 to 66°C for 2 hours in 1:3 molar ratio.
Biosynthesis reactions were performed in 120 yL volumes containing 1 mM PEP, 0.75

mM NADH, and 1 U of pyruvate kinase and lactate dehydrogenase each.

The oxidation of NADH was monitored at room temperature based on its absorbance at
340 nm in a microplate spectrophotometer in 30 s intervals for 1 hour. Reaction rates
were calculated based on Lambert-Beer’s law using an NADH extinction coefficient at
340 nm of 6220 (M cm)™. All experiments were performed in triplicate and error bars

represent the deviations from the means.

Substrate hydrolysis assays

Hydrolysis of UDP-GIcNAc or UDP-GIcA was measured using an enzyme-coupled
assay as described above, Fig S11 A-B. 1 yM Cv-HAS in nanodiscs was incubated with
2 mM substrate and the indicated concentration of GIcNAc or GIcA monosaccharide.
Background hydrolysis was measured by omitting Cv-HAS. For each combination of
substrate and monosaccharide, Cv-HAS catalyzed and background hydrolysis rates

were measured in triplicate (Extended Data Fig. 9c-e). Net hydrolysis rates were
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normalized separately for each substrate based on reactions with no monosaccharide
(Extended Data Fig. S9f).

EM Sample Preparation and Data Collection

Protein samples were concentrated using a 50 kDa filter (Amicon) to 3-4 mg/mL. For
relevant samples MnCl, and UDP or UDP-GIcNAc were added to a final concentration
of 2 mM. 3 pL samples in detergent were applied to glow-discharged C-flat holey carbon
grids (Cu 1.2/1.3, 300 mesh), blotted for 10 seconds at 4°C and 100 % humidity, then
plunge frozen in liquid ethane using a Vitrobot Mark IV (FEI). 3 yL samples in nanodiscs
were applied to Quantifoil holey carbon grids (Cu 1.2/1.3, 300 mesh) glow discharged
with amylamine, blotted for 4 s at 4 °C and 100 % humidity, then plunge frozen in liquid
ethane.

Cryo-EM data were collected at the University of Virginia Molecular Electron Microscopy
Core (MEMC) on a Titan Krios (FEI) 300-kV electron microscope using a Gatan Imaging
Filter (GIF) and a K3 direct detection camera. Movies were collected at a magnification
of 81,000x with an energy filter width of 10 eV, using counting mode with a total dose of
51 e /A over 40 frames, and with a target defocus of -1.0 to -2.0 ym, Table S1. Several
earlier (unreported) datasets were collected under similar conditions at the National
Cryo-Electron Microscopy Facility (NCEF) at the National Cancer Institute (NCI).

EM Data Processing and Model Building

All data processing steps were performed in cryoSPARC'®, unless otherwise noted.
Movies were imported and gain corrected, then subjected to patch-based motion-
correction and contrast transfer function estimation (CTFFIND4)%. Initially, particles
were manually picked from accepted micrographs to generate references for template-
based particle picking. References for later datasets were based on 2D classes from

earlier sets. Particles identified from template-based picking were extracted using 2-fold
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Fourier cropping for initial rounds of 2D classification and/or ab initio reconstruction
followed by heterogeneous refinement to remove junk particles. Accepted particles were
re-extracted at full scale then subjected to further rounds of classification. High-
resolution reconstructions from clean particle sets were generated by non-uniform (NU)
refinement, then masked local refinement (using NU algorithm), followed by local CTF
estimation and refinement of the corrected particles. Finally, 3D variability analysis and
subsequent clustering was used to separate populations within the high-resolution
reconstructions belonging to distinct catalytic states. Clusters belonging to apo, UDP-
bound, substrate bound, or primed states were individually pooled and used to generate
final reconstructions from NU or local refinement. Two maps for the apo state were
derived by 3D variability analyses from the dataset collected for wild-type Cv-HAS in the
presence of UDP and from the dataset for D302N Cv-HAS collected in the presence of
UDP-GIcNAc. The wild-type apo model (CC mask 0.68) and D302N apo model (CC
mask 0.75) are virtually identical with an RMSD of 0.132 A. Reported is the model
derived from the UDP-GIcNAc dataset, which extends to 3.1 A versus 3.3 A.

The initial atomic model was built into a ~3.5 A map, derived from collection on an apo
Cv-HAS sample in surfo, starting from a poly-alanine model of the RsBcsA GT domain.

The model was generated from iterative rounds of building in Coot®’

and real-space
refinement in PHENIX . Register was assigned based on well-resolved map regions
and on the location of highly conserved catalytic motifs. TM helices were built de novo
with register interpreted from density for bulky residues and based on connectivity to the
GT domain. The initial model was refined and register errors corrected using
subsequent higher resolution maps in surfo and in nanodiscs to generate the final

models. All figures were prepared using PyMol and Chimera®®°,

Molecular Dynamics Simulations

The coordinates of Cv-HAS, without nanobodies, obtained in nanodiscs were used for
building atomistic MD simulations. Where included, the substrate coordinates were
taken from the resolved cryo-EM densities for UDP-GIcNAc, and the terminal residue of
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the HA chain placed according to the position of the primer monosaccharide. Three
different HA poses were manually constructed in Coot®’ for each register, to provide a
broad degree of HA conformational sampling. The systems were described with the
CHARMMB36m force field *° and built into model POPE membranes with TIP3P waters
and K* and CI" to 150 mM, using CHARMM-GUI*'*2. The bound Mn?* were swapped to
Mgz+. The final systems had approximately 300 lipids, 150 ions, and 27500 waters, for a
total of ca. 125,000 atoms and a box size of 10 x 10 x 12.5 nm. All titratable side chains
were set to their default protonation state, based on analysis run with propKa3.1 ***4,

Each system was minimized using the steepest descents method, then equilibrated in 6
rounds with restraints initially applied to protein backbone and sidechain atoms, lipid
phosphate atoms and selected protein, lipid and sugar dihedrals, as per the standard
CHARMM-GUI output. Where the HA chain was present, to optimise its positioning in
the channel additional equilibration simulations of 90 ns were run with 50 kJ/mol/nm?
positional restraints applied to the protein backbone and to the bound substrate, but not
to the HA chain. Production simulations were then seeded using the output frame of this
final equilibration, with 3 or 5 repeats seeded for each system. Simulations were run
using 2 fs time steps, with V-rescale thermostat at 303.15 K with a tau t of 1 ps, and
semi-isotropic Parrinello-Rahman pressure coupling with tau p of 5 ps and a reference
of 1 bar ***°. All simulations were run in Gromacs 2019.4**". In total, ca. 9 ys of data
were generated, with full details in Supplementary Table 4.

Lipid and solvent densities in the apo MD simulations were computed over the 5 repeats
for each system using the VolMap tool of VMD “3*°. HA-residue contact analysis was
determined for each frame of the simulation based on a distance cut-off of 0.4 nm
between each residue in the system and the specified sugar, and was run using
MDAnalysis *°. Quantification of the occupancy of the binding pocket using in Extended
Data Fig. 11 was performed by counting the number of frames that the acetamido group
of the donor or acceptor GIcNAc was within 0.4 nm of any atom in Cys-231, and was
run using the Gromacs tool gmx mindist. Analysis of the HA chain position in relation to
the channel was calculated using the Gromacs tool gmx distance. The distance in the z-
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dimension between the centre-of-mass of each sugar and the centre-of-mass of the

protein was computed, and plotted using NumPy*° and Matplotlib®'.

Data availability

Raw EM movies and maps have been deposited at the PDB and EM data banks under
accession codes 7SP7/EMD-25367, 7SP6/EMD-25366, 7SP8/EMD-25368, 7SP9/
EMD-25369, and 7SPA/EMD-25370 for the UDP-bound, D302N apo, UDP-GIcNAc-

bound, primed (closed), and primed (open) states, respectively.
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Extended Data Figure Legends

Extended Data Fig. 11 Sequence alignment of HAS orthologs. Comparison of HAS
primary sequences from Chlorella virus (Cv), Homo sapiens (Hs) and Streptococcus
equisimilis (Se). Naked mole rats (Nmr) contain an asparagine residue at Cv-HAS
positions S165 and T289. Topology predictions were performed using TopCons®2.

Cylinders indicate secondary structure elements observed in Cv-HAS.

Extended Data Fig. 2| Impact of nanobodies on Cv-HAS stability and catalytic
activity. (a) Increased melting temperature of Cv-HAS in the presence of Nb872.
Protein melting was measured based on enzymatic activity detected by quantifying the
release of UDP in real time. (b) HA biosynthesis in the presence of the indicated
nanobodies and based on quantification of ®H-labeled HA by scintillation counting. Data
is normalized relative to product vyields in the absence of nanobodies. (c)
Autoradiography of '“C-labeled HA produced in the presence of the indicated
nanobodies. NC: Negative control in the absence of UDP-GIcNAc substrate (for panel
b) or UDP-GIcA (for panel c). PC: Positive control in the absence of nanobody. Lyase:

Hyaluronan lyase treatment prior to SDS-PAGE.

Extended Data Fig. 31 Cryo-EM data collection and processing for UDP-bound and
apo wild-type Cv-HAS. This workflow produced the UDP-bound Cv-HAS structure.

Extended Data Fig. 4 Cryo-EM data collection and processing of Cv-HAS D302N
in the presence of substrate. This workflow generated the apo, substrate-bound,
primed, and primed with open channel Cv-HAS structures.

Extended Data Fig. 51 Map quality and model building of UDP-bound Cv-HAS. (a-
d) Map overview, estimated resolution based on FSC, and particle orientation
distribution. (e) Secondary structure elements and topology of Cv-HAS. (f-j) TM helices
2 to 6 of Cv-HAS. (k) TMH3-4 extracellular loop. (I) The extracellular TMH5-6 loop. (m)
The QxxRW motif. (n) The C-terminal cytosolic helix. (0) The unresolved TMH5-IF3

loop. All maps are contoured at 7.00.
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Extended Data Fig. 61 Predicted location of TM helix 1. (a) Relationship of
evolutionarily coupled residues within Cv-HAS’ TM and GT regions, generated in
MapPred based on 65,535 sequences. TMH1 is shown at its predicted location as a
violet cylinder. (b) RoseTTAfold models of full-length Cv-HAS. Cv-HAS is shown as a
surface and its TMH 2 as a blue cylinder. TMH1 is shown as a cartoon at its predicted
locations. (¢) An AlphaFold2 predicted structure of human HAS-2 (colored blue to red
from its N- to C-terminus) overlaid with the Cv-HAS structure shown as a gray cartoon
and semi-transparent surface. (d) TMH1 remains disordered when two cytosolic Nbs
are used for cryo-EM analyses. (e) Catalytic activity of TMH1 truncated Cv-HAS. Left:
Western blot of IMVs used for in vitro activity measurements. Right: Catalytic activity of
the indicated Cv-HAS mutants expressed relative to the wild type enzyme. The assay
quantifies *H-labeled HA by scintillation counting. Control reactions in the absence of
UDP-GIcA served as background and are subtracted. Error bars represent deviations
from the means of three replicas.

Extended Data Fig. 7l Lipids plug the lateral channel opening. (a) Representative
map regions for modeled lipids contoured at 7.00 (from the UDP-GIcNAc bound set). (b)
2D slice from MD simulations of Cv-HAS (black area) within a POPE bilayer. Water and
lipid densities are colored blue and green, respectively. Right panel: Lipid contact times
with selected channel residues. (¢) Comparison of the Cv-HAS (rainbow colored from
the N- to C-terminus) and RsBcsA (gray, 4P00). Cellulose associated with BcsA is
shown as black sticks. Helices are shown as cylinders except BcsA’s N-terminal two

TMHs, which are shown as coils.

Extended Data Fig. 8| Details of substrate-binding and of priming-induced
conformational changes. (a and b) Map quality for UDP-GIcNAc, UDP, and Mn?*
ligands. (¢) Comparison of UDP and UDP-GIcNAc positions. (d) Map for the priming
loop in nucleotide bound states. (e) Representative map for the GIcNAc primer. (f) Map
for the priming loop in the primed states. (g) Contact point of TMH2 (open in blue,
closed in gray) with IF1 in the primed state. (h and i) Map quality for TMHZ2 in a closed

position (UDP-GIcNAc bound) and open position. All maps are contoured at 7.00.

31



870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894

Extended Data Fig. 91 Effect of monosaccharides on substrate hydrolysis. (a and
b) Reaction schemes for UDP-GIcA and UDP-GIcNAc hydrolysis. (¢ and d) Raw
absorbance measurements. (e) Quantification of hydrolysis rates in the presence of
increasing monosaccharide concentrations. Blue and Red: Hydrolysis of UDP-GIcNAc
and UDP-GIcA, respectively. Light and dark colors represent control reactions in the

absence of enzyme. Error bars represent deviations from the means.

Extended Data Fig. 10l Likely mechanism of alternating substrate polymerization
and comparison with cellulose synthase. (a) Superimposition of substrate-bound
and primed Cv-HAS structures. The close distance between the primer and donor sugar
is indicated by gray bars. (b) Cv-HAS is superimposed with the Rhodobacter
sphaeroides (Rs) BcsA-B complex (PDB: 4P00) based on secondary structure
matching. Rs-BcsA-B is colored gray and Cv-HAS is colored blue and green for its TM
and GT domains. The cellulose polymer associated with Rs-BcsA-B is shown as black
sticks.

Extended Data Fig. 111 Modulation of substrate selectivity. (Left) Coordination of
UDP-GIcNAc at the substrate binding pocket (based on experimental data). (Middle)
Coordination of a terminal GIcNAc unit at the acceptor binding site (based on
experimental data). (Right) Simulated coordination of a GIcNAc donor and acceptor
sugar. In this case, both GIcNAc units are less likely to bind C231, and exhibit very high
variance regarding binding poses. Contact times are shown as percentage over the

simulations (shown in gray).
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