Article

Structural basis for directional chitin

biosynthesis

https://doi.org/10.1038/s41586-022-05244-5
Received: 2 March 2022

12,404

Qing Yang

Accepted: 17 August 2022

Wei Chen'2%, Peng Cao*?, Yuansheng Liu*?, Ailing Yu?, Dong Wang®, Lei Chen?,
Rajamanikandan Sundarraj®, Zhiguang Yuchi®, Yong Gong®*, Hans Merzendorfer’ &

Published online: 21 September 2022

Open access

M Check for updates

Chitin, the most abundant aminopolysaccharide in nature, is an extracellular polymer
consisting of N-acetylglucosamine (GIcNAc) units'. The key reactions of chitin
biosynthesis are catalysed by chitin synthase®*,amembrane-integrated

glycosyltransferase that transfers GIcNAc from UDP-GIcNAc to a growing chitin chain.
However, the precise mechanism of this process has yet to be elucidated. Here we
report five cryo-electron microscopy structures of a chitin synthase fromthe
devastating soybean root rot pathogenic oomycete Phytophthora sojae (PsChsl).
They represent the apo, GIcNAc-bound, nascent chitin oligomer-bound, UDP-bound
(post-synthesis) and chitin synthase inhibitor nikkomycin Z-bound states of the
enzyme, providing detailed views into the multiple steps of chitin biosynthesis and its
competitive inhibition. The structures reveal the chitin synthesis reaction chamber
that has the substrate-binding site, the catalytic centre and the entrance to the
polymer-translocating channel that allows the product polymer to be discharged.
This arrangement reflects consecutive key events in chitin biosynthesis from
UDP-GIcNAc binding and polymer elongation to the release of the product. We
identified a swinging loop within the chitin-translocating channel, which actsasa
‘gate lock’ that prevents the substrate from leaving while directing the product
polymer into the translocating channel for discharge to the extracellular side of the
cellmembrane. This work reveals the directional multistep mechanism of chitin
biosynthesis and provides a structural basis for inhibition of chitin synthesis.

The biosynthesis of chitin is essential for the survival and reproduc-
tion of various organisms from different taxonomic groups, such as
life-threatening fungi, agriculture-devastating oomycetes and insect
pests. Therefore, it provides a preferred target for discovering anti-
fungal agents or pesticides*®.

The core of the chitin biosynthetic machinery is an integral mem-
brane enzyme named chitin synthase (CHS) (EC 2.4.1.16)°. CHS
belongs to glycosyltransferase family 2 (GT2), a large enzyme family
that includes cellulose, alginate and hyaluronan synthases’®. Chitin
synthesis is proposed to involve three major steps: (1) the processive
addition of GIcNAc from UDP-GIcNAc (donor substrate) to the terminal
C4-hydroxyl group of the nascent chitin chain (acceptor substrate) by
the catalytic domain of the enzyme facing the cytoplasmic side; (2)
the release of the nascent chain to the extracellular space through a
transmembrane channel within the enzyme; and (3) the spontaneous
assembly of released nascent chains into nanofibrils®. CHS controls the
first two steps of this process but may also participate in the formation
of fibrils. Despite differing in the number of transmembrane helices and
organization of the respective cytosolic domains, CHSs from various

species share a conserved catalytic domain®!° (Extended Data Fig. 1),
thus allowing the development of competitive inhibitors with broad-
spectrum activities. Because chitin is absent in plants and mammals,
CHS might constitute one of the safest among the 30 currently used
insecticidal and fungicidal targets for the control of fungal pathogens
and insect pests'. Among the fungicidal agents that target CHS is nik-
komycin Z (NikZ), which consists of a pyrimidine-nucleoside peptide
backboneandis afirst-generation broad-spectrum CHS inhibitor cur-
rently in phase Il clinical trials2™,

P.sojaeis a pathogen that causes soybean (Glycine maxL.) root and
stem rot, whichresults in economic losses of more than US$1 billion per
year*%, Knockout of the P. sgjae chitin synthase PsChslimpairs mycelial
growth, sporangial production and zoosporerelease, and thus greatly
reduces the virulence of P. sojae'. PsChsl serves as both an excellent
antifungal target and amodel system for CHS research. In this study, we
report five cryo-electron microscopy (cryo-EM) structural snapshots
of PsChsl, which provide not only a mechanistic understanding of
chitin biosynthesis at the atomic level but also a structural basis for
the rational design of CHS-targeting inhibitors.
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Enzymatic activity

PsChsl was mainly purified as a dimer in solution (Extended Data
Fig. 2a-c). Activity of PsChsl clearly depends on specific divalent
ions, and EDTA completely blocked enzyme activity (Extended Data
Fig. 2d). The addition of GIcNAc together with divalent ions signifi-
cantly increased the activity of PsChs1 (Extended DataFig. 2d). Enzyme
kinetics revealed a Hill coefficient of 1, indicating that GIcNAcis not a
positive effector of PsChsl (Extended Data Fig. 2e). In line with pre-
vious data, which has shown that yeast chitin synthase Chs2 can use
2-acylamido analogues of GIcNAc as acceptors of GIcNAc derived from
UDP-GIcNACY, this finding suggests that free GIcNAc may act as an
acceptor to prime the reaction. Of note, the addition of (GIcNAc),_s
did not affect enzyme activity (Extended Data Fig. 2f).

Thesugar polymer produced by PsChsl could be degraded by Ostrinia
Sfurnacalis Chi-h, achitinase thatspecifically hydrolyses chitin, confirming
thatthe productis chitin (Extended DataFig. 2d). Using ascanning electron
microscope, we observed that the synthesized chitinappearedasafibrous
material, and the amount of chitin fibre increased as the reaction time
progressed (Extended Data Fig. 2g). Under a confocal laser scanning micro-
scope, chitin was specifically detected by wheat germ agglutinin coupled
tothefluorophorefluoresceinisothiocyanate. It appeared as aggregated
fibrillar material at high magnification by ascanningelectronmicroscope,
butasa‘roundish’ soft material at lower magnification by aconfocal laser
scanning microscope (Extended DataFig.2h). Theisomorphictypeofthe
synthesized chitin was determined by X-ray diffraction and attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
(Extended Data Fig. 2i). As indicated in ATR-FTIR spectroscopy, the syn-
thesized chitin showed the same adsorption spectrumas shrimp a-chitin,
where the characteristic C=O stretching (amidel) band at1,620-1,670 cm™
appeared as a doublet, which was clearly distinguishable from a singlet
that appeared in the crystalline B-chitin'® %, The ATR-FTIR spectraare in
line with the X-ray diffraction results. The four sharp diffraction peaks
of synthesized chitin observed at 9.3°,12.7°,19.3° and 26.4°, which cor-
responded to the 020, 021, 110 and 013 planes, respectively, are typical
crystal patterns of a-chitin?*2. Therefore, the polymer synthesized by
PsChslis a-chitin, whichis consistent with datain the literature that have
demonstrated that chitin formed in oomycete species is of the a-type®.

Architecture of PsChsl

Thedifferent cryo-EMstructures of PsChsl were reconstructed by impos-
inga C2symmetry and reached overallresolutions of 3.1 A (UDP bound),
3.2 A (NikZ bound), 3.3 A (apo and UDP-GIcNAc bound) and 3.9 A (UDP/
(GIcNAc);bound) (Extended Data Table 1 and Extended Data Figs. 3-7).
The EM maps were of sufficient quality to allow de novo building of resi-
dues 40-860, with a disordered region of residues 743-758, in all five
structures. The donor substrate-bound structure shows an additional
N-terminal region from residues 23-39 (Extended Data Fig. 4e). All the
structuresinclude the N-terminal domain (NTD), the glycosyltransferase
(GT) domain and all a-helices of the C-terminal transmembrane (TM)
domain (Fig. 1a-c). The TM region comprises a cluster of six TM helices
(TM1-6) thatreside ontop of three amphipathicinterface helices (IF1-3)
located at the boundary between the membrane and the cytosol (Fig.1c
and Extended DataFig. 8a). Although TM topology algorithms predictIF3
toformaTM helix (Extended DataFig. 8b), our structuresrevealed that it
actually formsabent helix parallelto the membrane, as suggested previ-
ously for Chs3 in yeast*. TM5 is an extraordinarily long helix (approxi-
mately 80 A in length) that spans from the TM domain to the cytosolic
region and projects into the opposite protomer like asword (Fig. 1b).
The NTD comprises three subdomains: amicrotubuleinteractingand
trafficking (MIT) subdomain, alinkage (LG) subdomainand aswapping
(SP) subdomain (Fig. 1c). The MIT subdomain is found in many types of
proteins from a wide range of eukaryotes®?*. However, within the CHS
family, the MIT subdomain has beenidentified only inthose fromsome

oomycetes™. The PsChs1 MIT subdomain comprises three helices that
forman antiparallel helix bundle (Extended Data Fig. 8c). An overlay of
the PsChs1 MIT structure with several other known MIT domains, includ-
ingthose from human, mouse, the oomycete Saprolegnia monoica and
the fungus Saccharolobus solfataricus, reveals significant similaritiesin
the overalltopology (Extended DataFig. 8e). Two conserved noncovalent
interhelical interactions stabilize the structure of the MIT subdomain,
includinganalanine zipper connecting helices al and a2 (Extended Data
Fig. 8d) and a canonical coiled coil connecting helices a2 and a3. The
oomycete MIT subdomain hasbeen previously proposedtobeinvolvedin
CHS trafficking and targeting to the hyphal tip or inendocytic recycling®.

The PsChsl GT domain, which contains the catalytic machinery,
adopts a classical GT-A fold consisting of an eight-stranded 3-sheet
surrounded by seven a-helices, which tether to the TM region via IF1
through IF3 (Fig. 1c). IF1leans against TM4 and TM6. IF2 includes the
Q(Q/R)XRW motif, which is also conserved among cellulose and hya-
luronan synthases?%. IF3sits on top of IF1and IF2 and interacts exten-
sively with TM1 through TM4 to stabilize them at the cytosol-lipid
interface (Extended Data Fig. 8a).

Reaction chamber

The reaction chamber in the GT domain includes a tub for substrate
binding and a cave for syntheticreactions (Fig.1d,e). The tubis formed
by three previously reported motifs, TMYNE (residues 237-241), DGR
(residues 291-293) and DVGT (residues 382-385)', along with anewly
identified KASKL motif (residues 355-359) (Fig.1e and Extended Data
Fig.1b). The KASKL motif forms a wall of the tub that separates the
tub from the catalytic centre. Specifically, mutations of Asp291 and
Asp382, thefirst two asparticacids of the signature ‘D,D,D,Q(Q/R)XRW’
motif, which is conserved among processive B-glycosyltransferases,
completely abolished enzyme activity (Extended Data Fig. 2j).

The cave next tothe tubis flanked by Glu495 and the catalytic residue
Asp496 of the conserved EDR motif (residues 495-497) on one side and
by Leu359 of the KASKL motif on the other side (Fig. 1e). The reaction
catalysed by CHS is supposed to occur through an Sy2 displacement
mechanism, with the deprotonated Asp496 acting as the general base
that facilitates nucleophilic attack on the anomeric carbon’. Consistent
with this hypothesis, mutating Asp496 to alanine abolished the catalytic
activity and mutating it to asparagine strongly reduced the activity. In
addition, mutating Glu495 or Leu359 to alanine resulted in approxi-
mately 95% and roughly 70% loss of activity, respectively, suggesting
theimportance of these residues in catalysis (Extended Data Fig. 2j).

The conserved SWG motif (residues 741-743) is located at a flexible
cytoplasmic loop that connects IF3 and TM5. However, the EM map
of this loop was weak. This motif might be associated with substrate
entrance, asitislocated close to the reaction chamber. This possibility
issupported by the fact that the mutation of Trp742 to alanine abolished
enzyme activity (Extended Data Fig. 2j).

Chitin-translocating channel

The presumed chitin-translocating channelis located in the TM region
and connects the extracellular side of the membrane with the intracel-
lular reaction chamber. The channelis approximately 8-12 A in width
and approximately 40 Ainlength (Fig. 1d and Extended DataFig. 9c). As
GlcNAcisapproximately 8 Ainwidth and approximately 5.5 Ainlength
(Extended DataFig. 9b), this channel should be able to accommodate
a chitin chain containing at least seven GIcNAc units. The entrance
of this channel is formed by the VLPGA (residues 452-456), QHFEY
(residues 429-433) and QRKRW (residues 535-539) motifs (Fig. 1e). The
QHFEY and QRKRW motifs, which belong to IF1and IF2, respectively,
flank the two sides of the channel and interact with each other through
asalt bridge formed between Glu432 and Arg536 and hydrophobic
interactions between Tyr433 and Trp539. By contrast, the VLPGA motif
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Fig.1| The apo PsChslstructure. a,b, The structure of the PsChsl dimer
isshowninsurface (a) and ribbon (b) representations as viewed from

the extracellular side of the membrane (top view), within the plane of the
membrane (side view), or the cytoplasmic side (bottom view). The approximate
position of the membrane is marked with grey shading, and the presumed
chitin-translocating channelis marked with arrows. The TM helices, GT
domain, IF helices, LG subdomain, MIT subdomain and SP subdomain of one
protomer are coloured blue, violet, pink, green, purple and light grey,
respectively. The other protomer is coloured yellow. The unresolved region

islocated on a flexible loop, which we have demonstrated to serve as
agate lock to control access to the chitin-translocating channel (see
the following sections for more discussions). The mutation of residues
Glu432, Tyr433, Val452, Pro454, Arg536 and Trp539 in those motifs
to alanine greatly impaired enzyme activity (Extended Data Fig. 2j).

The dimeric PsChsl

Inaside view, the PsChsl dimer resembles a hexagonally shaped snow-
flake (Fig.1a,b). The two PsChsl protomers are related to each other by
atwofoldrotationaround an axis perpendicular to the membrane. The
PsChsl dimer buries a large interaction interface, which is stabilized
by boththe NTD and the TM regions (Fig. 2a).

Inthe TM region, TM2 of one protomer (PsChsla) forms numerous
hydrophobic interactions with TM5 of the other protomer (PsChs1f3),
and the loop between TM2 and TM3 of PsChsla also interacts with TM5
of PsChs1f (Fig. 2b). The cytosolic part of PsChs1 TMS5 in turn interacts
withthe SP, MIT and GT domains of PsChsla (Fig. 2c). Two NTDs fromthe
two PsChsl protomers are wrapped by each other to form a symmetric
and domain-swapped interface (Fig. 2a). Helix a1 of the SP subdomainis
anamphipathic helix withits hydrophobicside facing the MIT subdomain
of the opposite protomer, thereby forming hydrophobic interactions
with helices a2 and a3 of the MIT subdomain (Fig. 2d). The 1 sheet of
the PsChsla SP subdomain lies parallel to the 31 sheet of the PsChs1B LG
subdomain, forming hydrogen bonds and H-1t and cation-Tt stacking
interactions with each other (Fig. 2e). Truncation of the SP subdomain
(ASP) impaired the formation of the PsChsl dimer and resulted in protein
aggregation, but hadlittle effect onenzymeactivity (Extended DataFig. 2l).
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(residues 743-758) is shown as dashed lines. ¢, Domain architecture and ribbon
representation of a PsChsl protomer in two orientations. d, Sliced-surface view
ofthe presumed chitin-translocating channel. Pro454 and Trp539 are at the
channelentrance and are highlighted inred and pink, respectively.e, The
reaction chamber of PsChsl1 (left) and the conserved motifs that constitute the
reaction chamber (right) are shown. The uridine-binding tub, catalytic cave
and entrance of the chitin-translocating channel are coloured grey, blue and
red, respectively. Residues that are important for enzyme activity are
underlined and represented as sticks.

Thestructures of dimeric PsChslin complex with the donor substrate
or the nascent chitin oligomer suggest that each protomer functions
independently but in parallel, that is, two chitin chains are produced
concurrently by the two subunits of the CHS homodimer so that these
chains assemble with their reducing ends pointing in the same direc-
tion. The plot of enzyme activity versus donor substrate concentration
fits well to the Michaelis—Menten equation, which gives a Hill coeffi-
cient of 1, supporting the absence of cooperative effects between the
two PsChsl protomers (Extended Data Fig. 2e).

UDP-GIcNAc-bound PsChsl

Toobtainthedonor substrate UDP-GIcNAc-bound structure, we mutated
the catalytically important residue Glu495 to alanine, which allows the
enzymetotrap thesubstrateinits substrate-bindingsite (Fig. 3a, Extended
DataTable1land Extended DataFig.4). The role of Glu495isintriguing. In
the apo structure, it adopts a conformation different from those in the
UDP-bound and UDP/(GIcNAc),-bound states, with its carboxyl group
pointingtothe substrate-binding site, which may facilitate the recognition
and correct positioning of the donor substrate at the substrate-binding
site (Fig.3b,e). Afew previously published substrate-bound GT-A glycosyl-
transferase structures have shownstronginteractions of this glutamate
with the sugar moiety of the donor substrate (Extended Data Fig. 8h),
supportingthatthis residue could be important for the recognitionand
binding of the donor sugar to the substrate-binding site.

The uridine moiety of UDP-GIcNAc is fixed within the tub of the reac-
tion chamber, which consists of a loop region from Thr237 to Glu241
inthe GT domain of the enzyme, through a series of interactions with
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Fig.2|Interface interactions withina PsChsldimer. a, Overall view of the
dimerizationinterface of PsChsldepicted asaribbon diagram. One protomer
(PsChsla) isshowninyellow and the other (PsChsl1p) is showninblue. The
dimerizationinterface isshowninsurface view.b-e, The four regionsinvolved
ininterfaceinteractions are highlighted: PsChsla TM2 with PsChs1f3 TMS

(b), PsChsla GT domain, MIT subdomain and SP subdomain with PsChs1p TM5
(c), PsChsla SP subdomain with PsChs1 MIT subdomain (d) and PsChsla SP
subdomain with PsChs1B LG subdomain (e). The side chains of residues that are
critical for dimerization are shown as sticks. The hydrogen bonds are labelled
with black dashes.

the residues in this region (Fig. 3a). The GIcNAc moiety appears to be
solvent-exposed and oriented away from the catalytic site. Superposi-
tion of UDP-GIcNAc-bound PsChsl with apo-PsChslshowed no signifi-
cantlocal or global structural differences (root mean square deviation
of 0.54 A for 693 Cacatoms). An N-terminal sequence (residues 23-39),
unresolved in the PsChsl apo structure, appeared as an o-helix in the
UDP-GIcNAc complex (Extended Data Fig. 4e). This helix extends into
the opposite protomer and interacts with the LG subdomain through
hydrogen bonds (Extended Data Fig. 8g). Structural comparison
between the apo and UDP-GIcNAc-bound states revealed that residues
Pro38, Leu39 and Pro40 are in different locations, indicating that the
N-terminal extension of the SP subdomain in the UDP-GIcNAc-bound
state adopts a different conformation (Extended Data Fig. 8f).

UDP/(GIcNACc);-bound PsChsl

Thestructure of dimeric PsChs1bound with a pre-translocating (GIcNAc),
and a UDP in each PsChsl protomer was obtained (Fig. 3c, Extended
Data Table 1 and Extended Data Fig. 5). This reflects the post-glycosyl
transfer state during chitin biosynthesis. (GIcNAc), is trapped withinthe
chitin-translocating channel through aseries of interactions, including
hydrogenbonds and hydrophobicinteractions (Fig.3c). The second Glc-
NAcmoiety resides at the entrance of the channel, sandwiched between
Pro454 and Trp539. The newly added GlcNAc moiety extends outside the
channel, representingapre-translocationstate. Asinthe substrate-bound
PsChsl, the uridine moiety of UDP is fixed in the uridine-binding tub.
Unlike the apo structure, however, an approximately 7 A retraction of
the VLPGA loop (452-458) and an approximately 100° flip of the side
chain of Pro454 are observed in the UDP/(GIcNAc),-bound structure
(Fig. 3b, left panel). As aresult, the entrance of the chitin-translocating
channelis opened. Inthis state, the side chain of the functionally impor-
tant residue Glu495is oriented away from the substrate, similar to that
inthe UDP-bound or UDP/(GIcNAc);-bound states (Fig. 3b, right panel),
representing a conformation in which the transfer of a sugar moiety

from the donor substrate to the acceptor has just finished. Arg538 of
the QRKRW motifis at the entrance of the reaction chamber, and its
side chain is highly flexible and adopts different rotamers in apo and
substrate-bound states (Fig. 3b, right panel). It forms charge interac-
tions with the diphosphate group of either UDP-GIcNAc or UDP in all
the substrate-bound, product-bound and UDP-bound structures. This
suggests the role of Arg538 as a guide that directs the donor substrate
to enter the reaction chamber and ensures the correct positioning of
the substrate for chitin synthesis.

PsChsl contains conserved active site residues similar to those
previously characterized in GT2 enzymes (in particular, cellulose syn-
thases), such as the RsBcsA monomer from Rhodobacter sphaeroides
and PttCesA8 homotrimer from Populus tremula x tremuloides®*°. How-
ever, PsChsl has alarger catalytic chamber and a wider translocating
channel with smaller surrounding residues than RsBcsA, which allows
PsChsltoaccommodate the bulky N-acetyl group of GIcNAc (Extended
Data Fig. 9b,c). PsChsl residues Thr385 and Leu412, which flank the
substrate-binding tub and resideimmediately below the entrance of the
chitin-translocating channel, are replaced by bulky histidine residues
in RsBcsA. Another small residue, Ser357, which belongs to the KASKL
motif that borders the substrate-binding tub in PsChsl, is replaced by
His224 in RsBcsA (Extended DataFig.9a,e). Mutation of these residuesin
PsChsl1to histidine decreases the activity of this enzyme (Extended Data
Fig.2j).Structural comparisonshows that PsChsl has an a-helix (residues
496-504) and apartially disordered loop (residues 736-759) located in
positions similar to those of the ‘finger helix’ and ‘gating loop’ of RsBcsA
(Extended Data Fig. 9a), which undergo large conformational changes
during the translocation of nascent cellulose in RsBcsA®. However,
our structures showed that neither binding to the donor substrate nor
binding to the nascent chitin chaininduces significant conformational
changes inthe finger helix of PsChsl. The corresponding gatingloop in
PsChslisonly partially resolved, which makes it difficult to discern any
conformational changes. Whether these two structural elements have
comparable functions in CHSs requires further investigation.

Mn?*" preference for chitin synthesis
In the UDP/(GIcNAc),-bound structure, the Mn?* ion forms coordi-
nate bonds with the 3-phosphate group of the leaving group UDP
with a bond length of 2.2-2.3 A (Fig. 3c), which is consistent with
the range of coordinate bonds between a first transition metal and a
nitrogen-containing or oxygen-containing compound. The Mn? ionin
the UDP-GIcNAc-bound structure only forms charge interaction with
the phosphate groups, with abond distance of more than 3.5 A, which
ismuch weaker than a coordinate bond. This may represent the differ-
ent divalention-binding modes in different chitin biosynthesis states
(post-catalysis and pre-catalysis), and confirms that the metalion has
animportantrolein assisting the transfer of the sugar moiety fromthe
donor substrate toareceptor in CHSs and other glycosyltransferases’.
Mn?" ion is a transition metal with empty 3d electron orbitals and
astrong Lewis acid for coordinate bond formation with a phosphate
group.Mg?*ion, however, is an alkaline earth metal, which has no empty
dorbital,and aweak Lewis acid. Therefore, Mg?*ion can only form charge
interactions witha phosphate group, which are weaker than coordinate
bonds. The ability of aMg? ioninassisting catalysed chitin biosynthesis,
therefore, is not as strong as that of aMn?* ion (Extended Data Fig. 2d).

A swinging loop directs chitin synthesis

The UDP-bound dimeric PsChsl structure represents its nascent
chitin-released state (Fig. 3d, Extended Data Table1and Extended Data
Fig. 6). Compared with PsChslin complex with pre-translocating (Glc-
NAc); and UDP, the B-phosphate group in the UDP-bound structure is
flipped by approximately 55° towards the centre of the reaction cham-
ber, representing a post-synthesis state of the enzyme (Fig. 3c-e). The
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Fig.3|Interactions between PsChsland ligands. a, Sliced-surface view
(right) of the UDP-GIcNAc-binding site (right) and detailed interactions
between UDP-GIcNAcand PsChsl (left). Theresiduesinvolved ininteractions
arelabelled and shown as sticks. The hydrogen bonds are labelled as black
dashed lines. Theinteraction between the manganeseion and theligandis
labelled withred dashed lines. The density of the ligand isshownasagrey
mesh. b, Superimposition of the structures of apo-PsChsl (light grey),
UDP-GIcNAc-bound PsChsl (yellow) and UDP/(GIcNAc),-bound PsChs1 (pink)
revealed conformational changesin the swingingloop and catalytic residues.

VLPGA loop (residues 452-456) in the UDP-bound structure moves 7 A
back toits location in the apo and UDP-GIcNAc-bound states, which is
different from that in the UDP/(GIcNAc),-bound state (Fig. 3b,e). This
loop, specifically Pro454, not only functions as a gate to the channel but
also stabilizes the second sugar of the nascent chitin oligomer. Mutat-
ing Pro454 to alanine abolished the enzyme activity (Extended Data
Fig.2j). The position of the VLPGA loop in different states of the enzyme
suggests that this loop serves as a ‘gate lock’, which prevents the donor
substrate from leaving before being linked to agrowing chitin oligomer.
Inaddition, itdirectsthe head of the product polymer through the exit
of the channel towards the extracellular side of the cellmembrane.

The apo structure of PsChsl is the first example of a membrane-
integrated processive glycosyltransferase with an apparently continu-
ous but empty transmembrane channel, providing a real off-state of
the enzyme before chitin synthesis is initiated. Molecular dynamics
simulations of theapo and UDP/(GIcNAc);-bound states of PsChs1 sug-
gested that the VLPGA motif also acts as a permeability barrier that
prevents water flux across the membrane in the apo state (Extended
Data Fig. 9f,g and Supplementary Videos 1and 2).
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¢, Sliced-surface view of the two channels of PsChslin the UDP/
(GIcNAc);-bound state (middle). The density of UDP/(GIcNAc), (left) and
detailedinteractions with PsChsl (right) are also shown. The hydrogen bonds
arelabelled as black dashedlines. d, Sliced-surface view (right) of the
UDP-binding site and detailed interactions between UDP and PsChsl (left).
The hydrogenbondsare labelled as black dashed lines. e, Superimposition of
thestructures of UDP/(GIcNAc);-bound PsChs1 (pink) and UDP-bound PsChsl
(cyan).

This swingingloop appearsto be highly conservedin CHSs because
all chitin synthases contain a similar loop in the channel with the sig-
nature Pro454 residue (Extended Data Fig. 1b). It is interesting that
RsBcsA contains an ‘FFCGS’ motif at the corresponding location
(Extended Data Fig. 9d,e). Although its sequence shows some level
of conservation with the VLPGA motif of CHSs, it is noticeable that
the cysteinein this motifis different from the signature prolinein the
VLPGA motif, which can adopt specific conformations different from
those of cysteine or other non-proline residues. The FFCGS motif in
BcsA, therefore, may not function in the same mode as the VLPGA
gate lock loop in CHSs”.

Chitin biosynthesis inhibition by NikZ

The cryo-EM structure of PsChsl in complex with NikZ, which com-
petitively inhibits PsChsl activity by ainhibition constant (K;) value of
151.1+ 4.8 pM, wasresolved (Fig. 4, Extended Data Table 1and Extended
DataFig. 7). As expected for a substrate analogue, NikZ binds to the
uridine-binding tub through its uridine moiety in a manner identical



af‘
[ “1'Y239

- D291

T237
E241%

Fig. 4 |Inhibition of PsChs1by NikZ.a, Chemical structure and EM density of NikZ. b, Sliced-surface view (left) of the NikZ-binding site and detailed interactions
betweenNikZ and PsChs1(right). The hydrogen bonds are labelled as black dashed lines.

tothat of UDP-GIcNAc, thus blocking the binding of adonor substrate
tothis position (Figs.3aand 4). Moreover, the hydroxypyridine moiety
of NikZ occupies a large part of the reaction chamber as well as the
entrance of the translocating channel, thereby further blocking the
donor substrate from entering the reaction chamber for chitin biosyn-
thesis (Fig. 4b). The hydroxypyridinering is positioned at the entrance
ofthetranslocating channel and mimics a pre-translocating sugar unit
to induce the opening of the gate lock-controlled channel. It hydro-
phobically interacts with the residues around the channel entrance,
particularly Tyr433 from the QHFEY motif, Val452 and Pro454 from
the VLPGA gate lock loop, and Trp539 from the QRKRW motif, as well
as Leu412 of the B-strand near the gate lock loop. Mutation of each of
these residues not only reduced the inhibitory activity of NikZ but
also significantly impaired enzyme activity (Extended Data Fig. 2j,k).

Discussion

PsChsl exhibits a unique quaternary structure composed of two
mirror-imaged protomers that are assembled into an N-terminally
intertwined dimer, suggesting a parallel and directional mode of chitin
biosynthesis. The formation of dimeric and oligomeric CHS complexes
has been previously reported in vitro and in vivo**?*>* and is in agree-
ment with the structural data of PsChsl in this study and the recently
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published CaChs2 from Candida albicans®. Both dimeric PsChsland
CaChs2 produce a-chitin. Sequence alignment between PsChsl and
CaChs2 or other CHSs indicates that the dimeric interface residues
are highly variable (Extended Data Fig. 1a) and that the N-terminal SP
and MIT subdomains, which are important for PsChsl dimerization,
arepresentonly inoomycete CHSs™. These observations suggest that
the dimerization mechanism shownin our structures may be unique to
CHSs from oomycetes and some fungi, and different oligomerization
strategies may have evolved for CHSs from other taxa. Nonetheless,
CHS oligomerization appears to be important for the formation of
chitin fibrils because the well-ordered assembly of single catalytic
units is related to proper alignment of nascent sugar chains before
their coalescence and the formation of chitin nanofibrils>.

We noticed that chitin biosynthesis was initiated in the absence of
free GIcNAc (Extended Data Fig. 2d,f), which suggested that free GIcNAc
isnot required for biosynthesis and that the first molecule that binds
to the active site in the absence of free GIcNAc is UDP-GIcNAc. The
spatial restrictions in the substrate-binding pocket together with the
nonreducing end-chain elongation mechanism of CHS* exclude the
possibility that two UDP-GIcNAc molecules bind simultaneously to
the active site to initiate the reaction. Although GIcNAc is not a posi-
tive effector for PsChsl (Extended Data Fig. 2e), the addition of free
GlcNAcinstead of chito-oligosaccharides could speed up the synthesis

N >

./\"" ,| +UDP-GlcNAc \'} ‘/\"" ,L "} ./\"" 4 +GIcNAG or
self-priming
Apo Substrate-bound state Catalytic state Product-bound state Product-released state

Fig.5|Amodel of chitinbiosynthesis. a, In the apo enzyme, the entrance of
the chitin-translocating channel is blocked by the gatelock loop. b, Chitin
synthesis starts when the donor substrate UDP-GIcNAc enters the reaction
chamberandresidesintheuridine-binding tub. The white arrows indicate the
moving direction of the GIcNAc moiety. ¢,d, AGIcNAc unit produced from
UDP-GIcNAc hydrolysis (self-priming mechanism) or an exogenously added
GlcNAcis proposedtoactasanacceptor toinitiate chitinbiosynthesis. This
processshouldinclude the following steps: Glu495 binds and stabilizes the
donorsubstrate, and the catalytic residue Asp496 interacts with the acceptor
GlcNAc and assists the nucleophilicattack on adonor substrate; adivalent
metalionbinds to the diphosphate group of the donor substrate and helpsin
therelease of the UDP moiety to complete the formation of a disaccharide. Itis

likely that disaccharide formationinduces conformational changes in the gate
lockloop and the flipping of Pro454, thereby opening the entrance and
allowingaccess of the nascent sugar chain to the translocating channel. When
theaddition of asugar unitis completed, the catalytic Glu495 and the metal
ion-bound diphosphate of the leaving UDP rotate away from the reaction
centre (d). Thewhitearrowsin cand dindicate the moving directions of the
products. e, After many rounds of reaction (dashed arrow), the enzyme adopts
apost-synthesis state and a chitooligosaccharide productis discharged: the
translocating channelis closed by the gate lock, the leaving group UDP sitting
atthe substrate-binding site needs to be replaced by anew donor substrate,
and the positions of Glu495 and the catalytic residue Asp496 are restored to
their pre-synthesis states for a new cycle of chitin biosynthesis to be initiated.
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(Extended Data Fig. 2f). These results together suggest that GIcNAc
is an acceptor for the initial step of chitin biosynthesis. Similarly, a
‘self-priming’ mechanism has been proposed for yeast chitin synthase®
and cellulose synthase*?® and has very recently been suggested for a
viral homologue of hyaluronan synthase®.

Our structural data and previously published cellulose synthase
structures have shown that each promoter in a homodimeric or oli-
gomeric enzyme synthesizes and translocates a single sugar chain
independently and in parallel. Recent structural insights into cellu-
lose biosynthesis explained that the 180° alternating arrangement of
the sugar units can be achieved by a simple rotation of the terminal
sugar unitaround the glycosidicbond, eliminating the need for a dual
substrate-binding site*,

It is clear that chitin polymer elongation is achieved by repeated
steps of adding a sugar moiety from the donor substrate to the accep-
tor substrate through an Sy2 displacement reaction. The elongated chitin
polymer is supposed to be discharged from the head end through the
translocating channel to the extracellular side of the transmembrane
domain. Our PsChslstructures revealed that the entrance to this channel
isblocked by the swinging loop, specifically residue Pro454,inthe apo and
substrate-bound states, but itisopeninthe (GIcNAc),-bound state. Thus,
the swinging (VLPGA) loop may function as agate lock that facilitates the
directed transport of nascent chitinacross the cellmembrane (Fig.3b,e).
Withthegatelockloopbeingclosed, the space around the catalytic centre
and the channel entrance allows only asingle unit GIcNAc acceptor to be
positioned. Alarge conformational change is needed in the VLPGA loop
to open the gate lock and to allow access of the nascent disaccharide to
the channelwhena GIcNAc unitjoins the acceptor GIcNAc (exogenously
added or derived from UDP-GIcNAc) to forma GlcNAc dimer. The gate lock
is supposed to be kept open during chain elongation until biosynthesis
is completed and the chitin chain is discharged.

Putting together our five PsChsl structures and biochemical data, we
propose amodel of chitin biosynthesis, asshownin Fig. 5. Furthermore,
the synthesized chitin chains might be aligned in parallel along the a
axis (perpendicular to the pyranose ring) through the hydrophobic
surface of their pyranose rings to form chitin sheets, which may be
self-assembled in an antiparallel manner along the b axis (parallel to
the pyranose ring) to finally form a-chitin (Extended Data Fig. 9h), the
morestable chitinallomorph*. The dimeric PsChslis consistent with the
formation of chitin sheets by the parallel arrangement of single chains.
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Methods

Protein expression and purification

The codon-optimized cDNA of PsChsl was synthesized (GenScript)
andligatedinto the pcDNA3.1vector in C-terminal fusion with tandem
twin Strep tag and Flag tag. For PsChsl overexpression, HEK293F cells
(Invitrogen) were cultured in SMM 293T-1l medium (Sino Biological
Inc.) at 37 °Cin the presence of 5% CO,. When the cell density reached
1.5-2.0 x10¢ cells per ml, amixture of recombinant plasmids and poly-
ethylenimine 40000 (Polysciences) at a ratio of 1:3 was added to the
cell culture to transiently overexpress PsChsl.

Cells were harvested by centrifugation at1,000 gafter transfection
for 48 h and resuspended in lysis buffer (25 mM Tris-HCI pH 8.0 and
150 mM NaCl) supplemented with protease inhibitor cocktail (Topsci-
ence) including 2.6 pg mlaprotinin, 1.4 pg ml ™ pepstatin, 10 pg mi !
leupeptin hemisulfate and 1 mM PMSF. Cells were lysed through a
chilled high-pressure homogenizer (ATS) and centrifuged at 16,000 g
for30 min at4 °C. The supernatant was ultracentrifuged at 150,000 g
for1hat4 °Cto collect the membranes. The membranes were solu-
bilized inlysis buffer supplemented with 1% digitonin (Biosynth) and
the protease inhibitor cocktail. After incubation at 4 °C for 2 h, the
solution was ultracentrifuged at 150,000 g for 30 min at4 °C, and the
supernatant was loaded onto a preequilibrated Strep-TactinXT 4Flow
cartridge (IBA Lifesciences). The column was washed with buffer W
containing 25 mM Tris-HCI pH 8.0,150 mM NacCl, 0.05% digitoninand
the protease inhibitor cocktail. The target proteins were eluted with
buffer Wsupplemented with 50 mMbiotin. The eluate was thenloaded
onto anti-Flag M2 affinity resin (Sigma). The target protein was eluted
with buffer W supplemented with 200 mg ml ™ Flag peptide. The sam-
ple was concentrated using a 100-kDa cut-off Centricon (Millipore)
and subjected to size-exclusion chromatography on a Superdex
200 Increase 10/300 GL column (GE Healthcare) equilibrated with
buffer W. The peak fractions were analysed by SDS—PAGE. The
expression and purification procedures for mutated or truncated
recombinant proteins were the same as those conducted with the
native PsChsl. The expression of mutated or truncated recombi-
nant proteins was confirmed by western blot analysis using an anti-
Flag M2 antibody (1:1,000 dilution; Sigma). For gel source data, see
Supplementary Fig. 1.

Activity assays

The chitin synthase activity assay was performed according to pub-
lished procedures with slight modifications*. The microtitre plates
were coated with wheat germ agglutinin (50 pg ml™; Sigma) and blocked
with bovine serum albumin blocking buffer. The plates were stored at
—20 °C for further assays. The plates were emptied by centrifugation
before usage. Next, 50 pl of the reaction mixture (1 mM UDP-GIcNAc,
50 mM Tris-HCl buffer pH7.5and 150 mM NaCl) was added to each well
followed by 50 pl of enzyme suspension to a final volume of 100 pl. After
incubation at 30 °C for1h, the plates were emptied and washed three
times. Then, 100 pl of wheat germ agglutinin-horseradish peroxidase
(0.5 pg ml'%; Sigma) was added, and the mixture was incubated for
30 min at 30 °C. The plate was emptied through centrifugation and
washed three times. Of peroxidase substrate reagent, 100 pl wasadded,
and absorbance at 652 nm was immediately determined for 5 min. The
GlcNAc content and chitinsynthase activity after each treatment were
calculated by using a standard curve, which was prepared following
the same procedure as previously described*. The specific enzyme
activity was expressed as nmol GIcNAc per pg protein per hour. Each
test was repeated three times.

For measuring enzyme kinetics, the reaction mixtures containing
1pgof PsChsl, 4.5 ptM to 10 mM UDP-GIcNAc, 50 mM Tris-HCl buffer
(pH 7.5) and 150 mM NaCl were incubated in a final volume of 100 pl
intheabsence or presence of 1 mM GIcNAc. The data were analysed by
GraphPad Prism software.

Characterization of synthesized chitin

To visualize synthesized chitin in vitro through a scanning electron
microscope, 10 pl of the reaction sample was applied onto asilicon
support (5% 5mm) and dried at room temperature to fix the sample.
Thesilicon supports containing the samples were washed with distilled
water five times to remove salt and sputter-coated with gold-palladium.
Samples were observed using a Regulus 8100 microscope (Hitachi)
at10 kVv.

For confocal laser scanning microscopy, reaction samples were incu-
bated with wheat germ agglutinin coupledto fluoresceinisothiocyanate
(0.02 mg mI™%; Genetex) for 15 min. After washing five times with dis-
tilled water, the samples were imaged for fluorescein isothiocyanate
fluorescence (absorption at 490 nm; emission at 520 nm) using an
LSM 880 laser scanning confocal microscope and appropriate filter
sets (Zeiss).

ATR-FTIR spectra and X-ray diffraction were used to determine the
crystalisomorph of synthesized chitin. Chitin derived from shrimp and
chitinderived from Satsuma tubeworm were used as reference samples
for a-chitin and B-chitin, respectively. FTIR spectra were obtained
usingaNicoletiSS FTIR Spectrometer (Thermo Fisher Scientific) with
adiamond ATR unit over the frequency range of 4,000 to 600 cm™
in absorbance mode. Spectroscopy was recorded at a resolution of
4 cm™and 128 scans. The data were analysed with Omnic software.
X-ray diffraction data were obtained at 40 kV,30 mA and 20 with ascan
angle from 5°to 40° using a Rigaku D max 2000 system (Rigaku) at the
Institute of Chemistry, Chinese Academy of Sciences. The data were
analysed with Jade software.

EM sample preparation and data collection

Allcryo-EM grids were prepared by loading 3 pl of protein ata concen-
tration of approximately 5 mg ml onto glow-discharged holey carbon
grids (Au R1.2/1.3,300-mesh; Quantifoil or Beijing EBO Technology
Limited). Grids were blotted for 6-8 s at 4 °C and 100% humidity and
plunged into liquid ethane cooled by liquid nitrogen using Vitrobot
Mark IV (FEI). The ligand-bound PsChsl complexes were prepared by
incubating the protein with 0.5 mM UDP-GIcNAc or 5 mM NikZ before
sample preparation. Grids were screened and checked using a200 kV
Tecnai G2 F20 TWIN TMP microscope (FEI) in the State Key Labora-
tory of Membrane Biology, Institute of Zoology, Chinese Academy
of Science.

Data collection for apo-bound, UDP-GIcNAc-bound, UDP/
(GlcNAc);-bound and NikZ-bound PsChsl was performed using a
300 kV Titan Krios microscope (FEI) equipped with a Gatan K3 direct
detector by SerialEM in the Center for Biological Imaging, Institute
of Biophysics, Chinese Academy of Science. Images were recorded
in super-resolution mode by beam-image shift data collection meth-
ods* at a magpnification of x22,500, resulting in a physical pixel size
0f1.07 A. The exposure time for each stack of 32 frames was 3.43 s,
corresponding toatotal dose of approximately 60 e” A2and adefocus
ranging from -1.2 to -2.0 um. Data collection for UDP-bound PsChsl
was performed using a300 kV Titan Krios microscope equipped with
aGatanK2directdetector atamagnification of x130,000 by SerialEM
inthe Cryo-Electron Microscopy Research Center, Southern University
of Science and Technology. Images were automatically acquired using
the same conditions as those used for apo-PsChsl1.

Cryo-EM data processing

Forthe PsChslapostructure, the output movie stacks were subjected
to beam-induced motion correction and dose-weighting using Motion-
Cor2 (ref.**). Contrast transfer function parameters on each summed
image were estimated with the Getf program®. We selected a subset of
the particles using the Laplacian-of-Gaussian method, processed with
reference-free 2D classification, and the five 2D classes were selected
as references for automatic particle picking of the complete dataset
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of 3,341 images. This resulted in a total of 2,379,125 particles. After
one round of reference-free 2D classification, 927,432 particles were
selected for an additional two rounds of 3D classification. Particles were
classified into five classes using the initial model obtained from the 3D
initial model in 3D classification with C2 symmetry. A class with more
complete N-terminal regions was selected with 161,907 particles for 3D
auto-refinement, contrast transfer function refinement and Bayesian
polishing, which resultedina3.3 A density map. All the processing steps
were conducted in RELION 3.08 (ref. *) as shown in Extended DataFig. 3.

For the UDP-GIcNAc-bound PsChsl complex, a total of 1,855,418
particles were selected in automatic particle picking from a total of
3,878 images. A total of 1,811,918 particles were used in two rounds of
3D classification with C1 and C2 symmetry, using the native density
astheinitial model. The class with more complete N-terminal regions
was selected with 350,132 particles for 3D auto-refinement, contrast
transfer function refinement and Bayesian polishing, which resulted
ina3.3 A density map. The processing steps for UDP/(GIcNAc),-bound,
UDP-bound and NikZ-bound PsChs1 complexes were the same as those
for the UDP-GIcNAc-bound PsChsl complex. All the processing steps
are shown in Extended Data Figs. 4-7.

Model building and refinement
The denovo model building of PsChs1 was performed based on the BcsA
subunit of the cellulose synthase structure (Protein Data Bank code
4HG6), which wasinitially docked into halfofa3.3 A resolution cryo-EM
map of apo-PsChs1using UCSF Chimera*. The model of one protomer
was rebuilt manually based on the cryo-EM density with COOT*S, and
the other half was symmetrically docked using this rebuilt model. The
dimericstructure was real-space refined using Phenix*’ in C2 symmetry.
For PsChs1lcomplexes, the models were rebuilt using the apo struc-
tureas aninitial model and refined following the same procedure. The
ligands were modelled into the cryo-EM density map. MolProbity* was
used to evaluate the geometries of the structures, and the statistical
informationis listed in Extended Data Table 1. Figures were prepared
with UCSF ChimeraX®.

Molecular dynamics simulation

The molecular dynamics software package GROMACS v2019.3 was used
with the Gromos53a5 force field to compare the structural properties
obtained from computational simulation with the structural properties
determined from experiments®2. The experimentally determined struc-
tures of apo-PsChsl (closed conformation) and product-bound PsChsl
(open conformation, with the removal of UDP and (GIcNAc), in the
channel) were used for the comparative validation study. The simula-
tion cell consists of a phosphatidylethanolamine-phosphatidylglycerol
(POPE) bilayer with 598 lipids and 48,555 explicit simple point charge
(SPC) solvent molecules and was simulated in NVT (number of particles,
system volume and temperature) and NPT (number of particles, system
pressure and temperature) ensembles (pressure at 1 atm; temperature
at300 K) using the Parinello-Rahman barostat and Berendsen thermo-
stat (300 K)***. Electrostatic interactions for long-range electrostatics
were calculated using Particle Mesh-Ewald. All bond lengths and the
geometry of covalent bonds containing water molecules were con-
strained using the LINCS® and SETTLE® algorithms, respectively. A
molecular dynamics simulation of 50 ns was carried out to evaluate
the water flux through the channel.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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The atomic coordinates and EM map for the apo, UDP-GIcNAc-bound,
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and EMD-32547, respectively.

41.  Zhang, X. & Zhu, K. Y. Biochemical characterization of chitin synthase activity and
inhibition in the African malaria mosquito, Anopheles gambiae. Insect Sci. 20, 158-166
(2013).

42. Lucero, H. A., Kuranda, M. J. & Bulik, D. A. A nonradioactive, high throughput assay for
chitin synthase activity. Anal. Biochem. 305, 97-105 (2002).

43. Wu, C., Huang, X., Cheng, J., Zhu, D. & Zhang, X. High-quality, high-throughput
cryo-electron microscopy data collection via beam tilt and astigmatism-free beam-image
shift. J. Struct. Biol. 208, 107396 (2019).

44. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat. Methods 14, 331-332 (2017).

45. Zhang, K. Getf: real-time CTF determination and correction. J. Struct. Biol. 193, 1-12
(2016).

46. Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM structure
determination. J. Struct. Biol. 180, 519-530 (2012).

47. Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605-1612 (2004).

48. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot.
Acta Crystallogr. D Biol. Crystallogr. 66, 486-501(2010).

49. Adams, P.D. et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221(2010).

50. Chen, V.B. et al. MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12-21(2010).

51. Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for researchers, educators,
and developers. Protein Sci. 30, 70-82 (2021).

52. Oostenbrink, C., Soares, T. A., van der Vegt, N. F. & van Gunsteren, W. F. Validation of the
53A6 GROMOS force field. Eur. Biophys. J. 34, 273-284 (2005).

53. Bussi, G., Zykova-Timan, T. & Parrinello, M. Isothermal-isobaric molecular dynamics using
stochastic velocity rescaling. J. Chem. Phys. 130, 074101 (2009).

54. Wolf, M. G., Hoefling, M., Aponte-Santamaria, C., Grubmuller, H. & Groenhof, G. g_
membed: Efficient insertion of a membrane protein into an equilibrated lipid bilayer with
minimal perturbation. J. Comput. Chem. 31, 2169-2174 (2010).

55. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS: a linear constraint
solver for molecular simulations. J. Comput. Chem. 18, 1463-1472 (1997).

56. Miyamoto, S. & Kollman, P. A. Settle: an analytical version of the SHAKE and RATTLE
algorithm for rigid water models. J. Comput. Chem. 13, 952-962 (1992).

Acknowledgements We thank Z. Rao and H. Li for their valuable comments during the
preparation of this manuscript; P. Xia for his help on EM sample screening; Y. Huo and T. Jiang
for their help on apo-PsChs1 data collection; X. Li, B. Zhu, D. Fan, T. Niu, X. Huang and all staff at
the Center for Biological Imaging, Institute of Biophysics, Chinese Academy of Sciences, and
S. Xu, X. Ma and the staff at the Cryo-EM Center of Southern University of Science and
Technology for their support of single-particle cryo-EM data collection; X. Gao, M. Zhao, Y.
Zhu, X. Song, W. Liu and D. Zheng, and the Large-scale Instruments and Equipments Sharing
Platform of Beijing University of Technology for their support; and L. Niu, M. Zhang and F. Yang
for mass spectrometer analysis. This work was supported by the National Natural Science
Foundation of China (31830076, 32161133010 and 31901916), the Shenzhen Science and
Technology Program (KQTD20180411143628272), and the Special Funds for Science
Technology Innovation and Industrial Development of Shenzhen Dapeng New District
(PT202101-02).

Author contributions Q.. conceived and designed this project. W.C., Y.L. and D.W. prepared
the samples and screened the cryo grids. W.C. and AY. performed the data acquisition. W.C.
and L.C. performed the product characterization. R.S. and Z.Y. performed the molecular
dynamics simulation. P.C. and Y.G. performed the image processing and structure
determination. QY., W.C. and H.M. wrote the manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-022-05244-5.

Correspondence and requests for materials should be addressed to Yong Gong or Qing
Yang.

Peer review information Nature thanks Jochen Zimmer and the other, anonymous, reviewer(s)
for their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.2210/pdb4HG6/pdb
http://www.rcsb.org
https://doi.org/10.2210/pdb7WJM/pdb
https://doi.org/10.2210/pdb7WJN/pdb
https://doi.org/10.2210/pdb7X05/pdb
https://doi.org/10.2210/pdb7X06/pdb
https://doi.org/10.2210/pdb7WJO/pdb
http://www.ebi.ac.uk/pdbe/emdb/
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-32545
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-32546
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-32917
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-32918
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-32547
https://doi.org/10.1038/s41586-022-05244-5
http://www.nature.com/reprints

[ PsChsl
PeChsl
SmChs1

L AaChsl

[ ScChsl

ScChs2

ScChs3

CaChs2

CiChs2

SbChs1

TcChsl

PxChsl

DmChsA

SfChs2

TuChsl

PsChsl
PeChsl
SmChs1
AaChsl
ScChsl
ScChs2
ScChs3
CaChs2
CiChs2
SbChs1
TcChsl
PxChsl
DmChsA
SfChs2
TuChs1l

PsChsl
PeChsl
SmChs1
AaChsl
ScChsl
ScChs2
ScChs3
CaChs2
CiChs2
SbChs1
TcChsl
PxChsl
DmChsA
SfChs2
TuChsl

PsChsl
PeChsl
SmChs1
AaChsl
ScChsl
ScChs2
ScChs3
CaChs2
CiChs2
SbChs1
TcChsl
PxChsl
DmChsA
SfChs2
TuChsl

PsChsl
PeChsl
SmChs1
AaChsl
ScChsl
ScChs2
ScChs3
CaChs2
CiChs2
SbChs1l
TcChsl
PxChsl
DmChsA
SfChs2
TuChsl

Eooonrroaneoeen
aonooaa<ma<<<00

EEE A=A A= =]

Prrrroaroayyy oy

Y|

I

QCHLFEHTLQL. . ...
QCHLFEHTLQL. . ...
QCHLFEHSLQM
QCHLFEHSLQW. . ...
AMHVYEHTTMI. .. ..
KAHIFELTTQV
DDSTIPPENQQRVPII
QAHMFEYTTRV.....
TAHVYEYTTQV
QAHVYEYTTQV.....
HQTHMRIRPPK.....
HQTNIRMRPPK. . ........
HQTTIRLRPPK.....
HLTNVRLRPPK. . ...

1]

KAVIAENTYLLT|JGDIPFQP SA[V|LL|
KEVMAENTYLLT|JGD IPF QP HA[VRL)|
KDAIAENTYLLT|JGD IPFKP NAV|TL|
KEVIAGNTYLLA|MGD IPFKP TAV|TL|
KATMAENTYILT

HQCEIRLKSPA.....

Z

=

=
60006

@
]
)
[CEEICIC GRS

GF G|

250 260

PQQKATCKKJANNLAY LKE]|
PQOILKAT|LKK[LIANNLAY IKE|
ENE[LRST|LRK[VICNNVLYLKQ)
ASE[LRST|LRK[VICNNVYYLKQ
HIL|LGRT[LKG|IMDNVKYMVK
KYS|LART|I H/S|[IMKNVAHLCK|
EEG[LRTT|LD|S[LiSTTDYPNSH|
DIL[LGRT[LKGVFKNIKYLES
EINF[TRTMHGMRNISHFCS
AYD[F[TRTMHA[VMKNIAHFCG
KEE[MMEF|LK|S|ILRLDEDQSA|
KDEMMEF|LK|S|[ILRPDEDQCA|
KDEMIEF|LK|S[IMRMDEDQCA|
KEEMMDF|LK|S[ILRFDEDQSA|
SEEMIQMLKS[VFRMDFDQSA

330

=
=
(=E=N=N=N=N=
e
5]

]
@
=
o
©

T e e e m o m e
3
Le]

Ercrooreooo
=]
<]

BJGDINFRPEAV|QL|

Motif 4

470

APLDAYFQTL
APLDAYFQTL|
RG . APLQAYFKSL|
RG. EPLEAYFKSL
R....GQ.PLQKYFYGE
KNHEDGTGPLRSYFLGE
KGSDGYWVPVLANPDIV|
ONDINGIGPLEKYFKGE
ONDSTGHGPLSQYFKGE
ONDETGHGPLSQYFKGE

RG .
RG .

MD . . DNVMKKY
MD . . DNVMKKY
MD . .DNVMKKY
MD . . DNVMKKY
MD . . DNVMRKY]

Motif 8

Extended DataFig.1|See next page for caption.

MPGDEKSLTGAFAGDDV[A]
QTAREKALTGTFGGDDI

LLMVVCDGLIKGSGNDK]

> OO p»OmO 0]

RVAQKYLRVVDPD|
RVAQKYLRVVDPD|
RVAQKYLRVLDPD|
RVAQKYLGIVDPD]
HKAQKYLRVVDPD|

<HHHARXRARRARRTZH4

[ehe]

EITTTTITREITRDO RO]

L ]
ITTTITOOOEHO<<OOQ

ConoRorbp oo oo o

Errrrs=sg==
EFEvrrar000000000

Eoouooo

]-o

A=

PP RD QPP

010 b

SN R Nl =N

=

=
KRR RRZZO 20002 Z
[

=

EErtoo=w

TVD..NPFENLSNW|

TVD..KPFENMNNW]|
AVD. .KPLPNMCNW|
IAVD. .QPIPNMCNW|
RTDLGKRFVKLLNP
KTMKGKWGLKLFNP

SRR
e
EE=N=N=)|

TTSLKKR.QMITNP
KAGKGKGWLGLFNP
KAMKGRFGGNLLNP

ZZACZZ0000
A=N=NE]

ER=N=N=]

VOO0 UOUPYUUUUEO -0

N NN s s
Eobrbobrrrobrobeot] &

Eocootorrmm

[alal

RRIT T

B 3
=)

DEFQMKHLMLKEE|

GELGEDELLEE

ERrrrssswns=s3=3]

R R N
=

s M M = s s M W

| A A W A A A |

IR

OHOOQMUOZnwmmmmm

EFaae

)

[ AEN=N=N=]
o e s RO
0

=

SR FN e Wl i - -

EHHHHZOOWOZZ X HH -
20 0 0 00 R R R W R R R R R R

VHOLOE B Y e

{ [ =0 = <l Sl S S =D
=

=



Article

Extended DataFig.1|Sequence conservationamong CHSs from
oomycetes, fungi, and arthropods. a, The structure of PsChslis colored
accordingtosequence conservationamong CHSs from different species.
Residues are colored red, white and blue to indicate identical, similar and
variable residues, respectively. The following sequences were used: PsChsl
(XP_009524159) (this study), PeChs1 (RMX65634) from Peronospora effusa,
SmChsl1(ADE62520) from Saprolegnia monoica, AaChs1(RHZ26641) from
Aphanomyces astaci, ScChs1 (NP_014207), ScChs2 (NP_009594), and ScChs3
(NP_009579) from Saccharomyces cerevisiae (XP_011318411), CaChs2
(KHC63241) from Candida albicans, CiChs2 (KMP06892) from Coccidioides

immitis, SbChslfrom Sporothrix brasiliensis (XP_040620288), TcChsl from
Tribolium castaneum (AAQ55059), PxChsl (BAF47974) from Plutella xylostella,
DmChsA (AAG22215) from Drosophila melanogaster, SfChs2 (AAS12599) from
Spodopterafrugiperda, and TuChsl (AFG28412) from Tetranychusurticae.

b, Multiple sequence alignment of the catalytic domain of CHSs from different
species was generated using Clustal X. Amino acids are highlighted by white
(onredbackground), red and gray letters based onsequence identity, similarity
and variability, respectively. Black boxes refer to conserved motifs, including
motif1(TMYNE), motif2 (DGR), motif 3 (KASKL), motif 4 (DVGT), motif 5
(QHFEY), motif 6 (VLPG), motif 7 (EDR), motif 8 (QRKRW), and motif 9 (SWG).
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Extended DataFig. 2 |Identification of recombinant PsChsl. a, Size
exclusion chromatography profile and SDS-PAGE analysis of purified PsChsl
(inset, right). b, The two proteinbands (SF-1and SF-2) in SDS-PAGE were
verified by peptide mass fingerprint. The histogram presents the distributions
of proteinscoresreported in Mascot Server (http:/www.matrixscience.com/),
whichusesatwo-sided expectation value test without any adjustments for data
analysis. Proteinscores > 93 are significant (p < 0.05). ¢, The molar mass of
recombinant PsChslwas determined by analytical ultracentrifugation. The
theoretical molar mass of the PsChs1 monomer is 107 kDa, and the molar mass
of the main peak issomewhere between that of the dimer and trimer.
Considering that these peaks were obtained in the presence of detergent,
PsChslmay existasadimerinsolution.d, Thegraph shows that PsChslactivity
isaffected by metalions, and the productis degraded by chitinase. The activity
isincreased by the addition of GIcNAc. Chi: chitinase. e, The Michaelis-Menten
curve (left) and Hill plot (right) of the reaction catalyzed by PsChslin the

presence (A) or absence (O) of free GIcNAc. Error bars, mean +SD. f, Enzymatic
activity of PsChslinthe presence of different chitooligosaccharidesata
concentration of1mM. g, Scanning electron microscopy images of invitro
synthesized chitin onatimescale of hours. h.Scanning electron microscopy
and laser confocal microscopy analysis of synthesized chitin aggregates.

i, Fouriertransforminfrared spectra (left panel) and X-ray diffraction profiles
(right panel) of a-chitin, B-chitin, and the synthesized chitin. j, Enzyme
activities of wild-type PsChsland various mutants. k, Relative inhibition rate

of NikZ for different PsChsl mutants. N.D.: not determined, the enzyme
activity of the mutant was too low to measure the inhibitory activity of NikZ.

1, Truncation of SP affects dimerization but not enzyme activity. Datain

d,e,f, g larepresentedasthe meanzs.d.fromthreeindependent experiments
(n=3).Dataing, harerepeatedindependently three times with similar results.
Theuncropped gelimages for a, j, 1 are available as supplementary information
Fig.1.
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PDB database. The compared structuresincluded the following: human
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VPS4B-MIT AIWRO), human VPS4A-MIT (1YXR), Saprolegnia monoica CHS1MIT1

(SmChs1-MIT1; 2MPK), mouse katanin p60-vMIT (2RPA), and Saccharolobus
solfataricus VPS4-like-MIT (2V6Y).f, Structural comparisonbetween apo
PsChsland UDP-GIcNAc-bound PsChslshowed that the extended N-terminal
regionin UDP-GIcNAc-bound PsChslrepresents adifferent conformation.

g, Theinteractioninterface formed between the extra helix of one protomer
(blue) and the neighboring protomer (gray) is depicted. h, Active sites of
several metal-dependentinverting GT-A fold glycosyltransferases. The
hydrogen bonds between the D/E in the (D/E)DX motif and donor sugar are
shown.
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Extended DataFig.9 | Comparison of PsChsland Rhodobacter sphaeroides
bacterial cellulose synthase A (RsBcsA) and molecular dynamics
simulation. a, The structures of PsChsland RsBcsA are superimposed by
ChimeraXanddepictedintwo perspectives. The catalytic domainsare
magnified (right). Functionally importantresidues arelabeled and shown as
sticks. b, Dimensions of (GIcNAc), and (Glc),. The structures of the (GIcNAc),,
and (Glc),oligosaccharides were downloaded from the PDB database (5Y2C
and 4HG6). ¢, Length and diameter of the presumed chitin (left, green mesh)
and cellulose (right, orange mesh) channels of PsChsland RsBcsA, calculated
by PyMOL Caver plugin. The calculated channel of RsBcsA fits perfectly with
the dimension of the cellulose chainincluded in the RsBcsA crystal structure.

d, Structural comparison of the VLPGA loop with BcsA’'s FFCGSA loop.

e, Structure-weighted sequence alignment of the catalytic domains of RsBcsA
and PsChsl. Conserved motifs are labeled and indicated by black boxes.
f,Backbone RMSD of apo PsChsl (closed conformation) and product-bound
PsChsl (open conformation) during the MD simulation of 50 ns. g, Froma
snapshot of 50 ns, apo PsChslshows little permeability for water (red ball),
while product-bound PsChsl (with the removal of UDP/(GIcNAc);inthe
simulations) shows water flow through the channel. h, The chitinsheets are
self-assembled inan anti-parallel manner along the b-axis to finally form
o-chitin.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Apo-PsChsl UDP-GIcNAc- UDP/(GIcNAc)-  UDP-bound NikZ-bound
bound PsChsl bound PsCHsl1 PsChsl PsChsl
(EMD-32545) (EMD-32546) (EMD-32917) (EMD-32918) (EMD-32547)
(PDB 7WIM ) (PDB 7WIN) (PDB 7X05) (PDB 7X06) (PDB 7WJO)
Data collection and processing
Magnification 22,500 22,500 22,500 130,000 22,500
Voltage (kV) 300 300 300 300 300
Electron exposure (e /A?) 60 60 60 60 60
Defocus range (um) 1.2-2.0 1.2-2.0 1.2-2.0 1.2-2.0 1.2-2.0
Pixel size (A) 1.07 1.07 1.07 1.07 1.07
Symmetry imposed C2 C2 C2 C2 C2
Initial particle images (no.) 2,379,125 1,855,418 980,726 989,146 1,783,409
Final particle images (no.) 161,907 350,132 144,594 224,465 186,834
Map resolution (A) 33 33 39 3.1 32
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 3.2-7.0 3.1-8.8 3.7-10.2 29-74 3.1-7.7
Refinement
Initial mode used (PDB code) 4HG6 apo apo apo apo
Model resolution (A) 33 33 39 3.1 32
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) - - - - -
Map sharpening B factor (A%) -107.3 -96.6 -145.4 =727 -96.5
Model composition
Non-hydrogen atoms 12,970 13,054 13,000 12,964 12,932
Protein residues 1,614 1,616 1,602 1,608 1,602
Ligands - 4 10 4 2
B factors (A%)
Protein 65.7 52.1 44.9 59.9 54.6
Ligand - 48.4 399 54.5 435
R.m.s. deviations
Bond lengths (A) 0.003 0.003 0.003 0.003 0.003
Bond angles (°) 0.477 0.488 0.456 0.485 0.477
Validation
MolProbity score 1.45 1.36 1.54 1.47 1.54
Clashscore 3.1 2.9 4.6 4.0 4.5
Poor rotamers (%) 0.29 0.58 0 0.43 0.44
Ramachandran plot
Favored (%) 95.0 96.0 95.6 95.9 95.5
Allowed (%) 5.0 4.0 4.4 4.1 4.5
Disallowed (%) 0 0 0 0 0

Table containing details of cryo-EM data collection, processing, and refinement including relevant statistics for all maps and models generated in this study.
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Sample preparation protocols for cryo-EM samples are described in the methods. Freezing conditions were optimized to obtain the greatest
density of mono-dispersed protein particles in the thinnest possible ice. The amount of cryo-EM micrographs collected was based on the cryo-
EM time allocation and previous knowledge to estimate that the size is sufficient to generate a high-resolution density. All activity assays
were performed in triplicate unless otherwise specified.

The initial cryo-EM images are screened manually to exclude those with low contrast, thick ice or severe ice contaminations, which is a
standard procedure for cryo-EM data processing. No biochemical data have been excluded.

Each Cryo-EM dataset comprises thousands of copies of the complex and therefore has inherent replication. Biochemical experiments were
repeated independently from 2 to 10 times, and were all successfully reproduced.

Allocation of Samples/Organisms/Participants into experimental groups was not performed in this study, therefore randomization is not
relevant to our study.

Blinding was not utilized, and not applicable in this study. Different samples in this study are the wild type and mutant enzymes of interest.

Our goal was to test the effect of mutations on enzymatic activity. When we conducted the experiment, we already know the identity of the
mutants regardless of their activity.
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Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case studly).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.
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Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.
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Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [ _]Yes [ ]No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used Anti-FLAG M2 antibody (Sigma, Cat#A8592, RRID:AB_439702)

Validation All antibodies were commercially obtained and validation reports are available on the supplier website (https://
www.sigmaaldrich.cn/CN/en/product/sigma/a8592).
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Cell line source(s) HEK293F (Invitrogen), validation reports are available on the supplier website (https://www.thermofisher.cn/order/catalog/
product/R79007)

Authentication No further authentication was performed for commercially available cell lines.

Mycoplasma contamination Not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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