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Chitin is a linear polymer of β-(1,4)-linked d-glucosamine 
(GlcNAc) and the second most abundant naturally occurring 
polymer on Earth, after cellulose, with annual biosynthesis of 

more than 100,000,000,000 tons1. Chitin is an essential constituent of 
fungal cell walls and the exoskeletons of crustaceans, mollusks, and 
insects2. Chitin and chitosan have also been widely studied for bio-
medical applications such as polymeric tissue and nanocarrier engi-
neering3,4. Chitin is synthesized by integral membrane Chss. Because 
chitin and Chs are not present in vertebrates and plants, Chs has been 
pursued as the target for fungicides, insecticides, and acaricides.

Fungal infections pose growing threats to human health and 
agricultural economics worldwide. In particular, fungal coinfec-
tions of patients with COVID-19 substantially increase mortality 
rates5–8. Unfortunately, there are limited classes of effective anti-
fungal drugs while drug resistance is on the rise9,10. Development 
of new antifungals is challenging due to the similarities in cellular 
machineries between fungi and hosts. Chs is one of the few tar-
gets whose inhibition causes highly selective growth inhibition or 
death of fungi without harming vertebrates or plants. Chss are con-
served throughout the fungal kingdom, including but not limited to 
yeast, molds, and all species of mushrooms and toadstools. Chs is 
a membrane-embedded processive glycosyltransferase11, and cata-
lyzes homopolymerization of GlcNAc using UDP-GlcNAc as sub-
strate12 to produce chitin, an essential polysaccharide component of 
the fungal cell wall13. Chs also mediates the extrusion of the polymer 
product across the membrane to the extracellular side. A naturally 
occurring Chs inhibitor, polyoxin D, has been widely used as a safe 
fungicide in agriculture14. Nikkomycin Z has been clinically investi-
gated to treat endemic fungal infectious disease (coccidioidomyco-
sis)15,16. However, the development of polyoxin D and nikkomycin 
Z beyond their current applications has not been realized because 
many fungal pathogens contain Chss that are less sensitive to nikko-
mycins and polyoxins17 and structural and mechanistic insights into 
their action on Chs are lacking. Here, we report atomic-resolution 
structures and structure-guided functional studies of Chs2 from 
Candida albicans, the leading cause of invasive fungal infections  
in humans. The results provide the structural basis of Chs  

regulation and inhibition by antifungal agents nikkomycin Z and 
polyoxin D and offer an unexplored avenue for the development of 
antifungal drugs9.

Results
Structure determination. There are seven different classes of Chs 
in fungi, of which Class 1 has been identified as the target of nik-
komycins and polyoxins. CaChs2 (Class 1) was chosen as our tar-
get for structural analysis because C. albicans is one of the leading 
pathological fungi in humans. CaChs2 shares 70–90% sequence 
identity with other Class 1 fungal Chss, 50–70% sequence identity 
with other classes of fungal Chss, and ~35% sequence identity to 
insect Chss (Supplementary Fig. 1). We heterologously expressed 
CaChs2 in insect cells and purified it to homogeneity (Extended 
Data Fig. 1a). The purified recombinant CaChs2 catalyzed forma-
tion of water-insoluble chitin polymers from UDP-GlcNAc with 
Km = 6.0 ± 0.7 mM and kcat = 8.6 ± 2.7 min−1 (Fig. 1a, Extended 
Data Fig. 1b and Supplementary Table 1). We used FTIR spectros-
copy to demonstrate that the produced chitin polymer adopts the 
α-chitin configuration (Fig. 1b), consistent with the form of chi-
tin found in fungal cell wall. Mg2+ is essential for CaChs2 activ-
ity (Fig. 1c). The purified CaChs2 is inhibited by nikkomycin Z 
and polyoxin D with Ki = 1.5 ± 0.5 and 3.2 ± 1.4 μM, respectively  
(Fig. 1d and Supplementary Table 1). Using isothermal titration cal-
orimetry (ITC), we measured the Kd of nikkomycin Z for CaChs2 
to be ~190 nM (Extended Data Fig. 1c). These observations are 
consistent with the previous characterization of the crude prepa-
ration of CaChs218 and its homolog in Saccharomyces cerevisiae 
(ScChs1)19, suggesting successful preparation of physiologically rel-
evant CaChs2.

We determined four single-particle cryo-EM reconstructions of 
CaChs2 (Extended Data Figs. 2–4 and Table 1): (1) the ligand-free 
state resolved to ~2.95 Å, (2) in complex with UDP-GlcNAc and 
Mg2+ to ~3.02 Å, (3) in complex with nikkomycin Z to ~3.19 Å, 
and (4) in complex with polyoxin D to ~3.15 Å. CaChs2 forms a 
domain-swapped homodimer (Fig. 1e,f) with each protomer com-
posed of an N-terminal cytoplasmic glycosyltransferase domain 
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(GTD, colored dark yellow in Fig. 1g), an interfacial domain (IFD, 
green), and a C-terminal transmembrane domain (TMD, blue) 
constituting the chitin polymer channel (Fig. 1g,h). The separation 
of the N-terminal cytoplasmic GTD and the C-terminal TMD in 
the primary sequence contrasts with cellulose synthases, the other 
membrane-embedded processive GT with structural characteriza-
tion20,21, indicating a unique architectural design of Chs (Extended 
Data Fig. 5). GTD is composed of the active site containing core 
GT-A fold decorated by additional substructures including part of 
the N-terminal region (134–172)12,22,23. The dimer interaction at 
TM2 and TM5 is facilitated by two phospholipids in the extracel-
lular leaflet of the membrane. Two additional phospholipids are 
located outside the dimer interface near the intracellular leaflet of 
the membrane (Extended Data Fig. 6).

Chitin polymer translocation tunnel. Within the TMD, there is 
a central tunnel continuous with the cytoplasm (Fig. 2a). The tun-
nel is about 30 Å long with its radius ~3–4 Å (average 3.5 Å), which 
can accommodate a chitin chain of about five or six GlcNAc units 
(Fig. 2b,c). In comparison, the tunnel of the bacterial cellulose syn-
thase BcsA is ~48 Å long but with a radius of 2.5–3.5 Å (Extended 
Data Fig. 7a,b)20. Similarly, the tunnel of the plant cellulose synthase 
CesA is ~45 Å long but with a radius of 2.5–4.0 Å. Both structures 
are consistent with the smaller diameter of cellulose (Extended Data 
Fig. 7a,b)21. Notably, the tunnel of CaChs2 has a narrow restriction 
site near the extracellular side and it is occluded by four conserved 
hydrophobic residues (L706, M775, L804, and L971) (Fig. 2d). This 
structural feature is analogous to the gate of ion channels. Alanine 
mutations of residues M775, L804, and L971 reduce CaChs2 activity 
significantly while L706A slightly increases CaChs2 activity (Fig. 2i) 
These results underscore the functional importance of this region 
and a distinct role of L706 in Chs function. Therefore, we tentatively 
assign the extracellular exit of the tunnel as the gate of CaChs2, 
although the definite gate assignment requires determination of the 
chitin polymer-bound CaChs2 structure.

At the base of the tunnel, there are many polar and charged 
amino acids. The middle and the outer sections of the tunnel are 
spatially separated with hydrophobic and hydrophilic regions 
(Fig. 2e, f). All tunnel-lining residues are conserved among Chss 
(Supplementary Fig. 1 and Extended Data Fig. 8a,b), indicat-
ing a shared mechanism of chitin translocation among Chss. The 
hydrophilic region may be involved in chitin polymer transloca-
tion by interacting with N-acetyl groups of GlcNAc of the grow-
ing chitin chain. Consistent with the idea, alanine substitutions of 
hydrophilic tunnel-lining residues E516, Y517, S695, Y815, Y835, 
and R985 largely abolish the CaChs2 activity (Fig. 2i). We did not 
observe cryo-EM density in the central tunnel interpretable as chi-
tin. In contrast, cellulose is bound in the tunnels of all the reported 
structures of cellulose synthases20,21. This difference may represent 
a difference in the mechanism of product release and processivity 
between Chs and cellulose synthase.

Interestingly, we observed cryo-EM density within the tunnel 
that can be modeled as a phosphatidylethanolamine (PE) molecule 
(Fig. 2g and Extended Data Fig. 9). Consistent with the cryo-EM 
density, lipid analysis by LC–MS showed that PE and ceramide are 
the most abundant lipids that are copurified with detergent solubi-
lized CaChs2 (Extended Data Fig. 9). The central tunnel has a lat-
eral opening toward the lipid membrane where acyl chains of the PE 
are located (Fig. 2h). Because this lateral opening faces the hydro-
phobic lipid membrane, it is likely that the portal is for PE to move 
in and out of the tunnel rather than an exit for the chitin polymer. 
The closed extracellular gate and the absence of a chitin in the tun-
nel suggest that the observed CaChs2 structure represents an off 
state in which the enzyme is reset for another round of chitin syn-
thesis after the release of the chitin polymer. An unregulated open-
ing of the chitin channel domain in the absence of chitin polymer 
would lead to non-specific leakage of water, ions, and many small 
metabolites, disrupting cellular homeostasis. Therefore, the chitin 
channel domain must be tightly regulated before, during, and after 
the cell wall synthesis, which could be the reason for the dual regu-
lation of the Chs channel by lipid and the gate. Once the enzyme 
is active, this lipid will be displaced out of the tunnel by a growing 
nascent chitin polymer. Consistent with this hypothesis, altering the 
lateral opening by introducing bulky aromatic side chains (T808W, 
I836W) reduced enzyme activity (Fig. 2i). The fact that T808W and 
I836W mutants decrease Chs2 activity indicates that the lipid is 
likely incorporated into the tunnel during folding and that reduc-
tion of the lateral opening size would impede chitin translocation 
within the tunnel by obstructing the displacement of the lipid. In 
addition, replacing Y812 with alanine also reduced enzyme activity 
(Fig. 2i). Y812 interacts with F832 in IF3 (Fig. 2h), both of which 
line the portal, and this interaction may be important to maintain 
the lateral opening structure. It is possible that the lipid may be par-
tially displaced during the chitin synthesis, but understanding the 
detailed motion of the lipid would require capturing intermediate 
states of Chs2.

Substrate binding. The UDP-GlcNAc binding site is close to the 
cytoplasmic entrance of the tunnel. The extensive interactions 
between the IFD and the GTD make the central tunnel acces-
sible from the active site of the GTD only, which serves as the 
cytoplasmic entry point for the donor UDP-GlcNAc (Fig. 3a,b). 
Substructures from IFD (IF2) and GTD (β4, β10, H5, H7, and H10) 
form a pocket for UDP-GlcNAc and Mg2+ (Fig. 3b,c). The EM den-
sity for UDP-GlcNAc and Mg2+ allows us to build the molecule 
without ambiguity, although the signal of the GlcNAc moiety is 
relatively weaker than the UDP moiety (Extended Data Fig. 8c,d), 
indicating that the GlcNAc moiety is more flexible. The uracil base 
interacts with Y319 via a π-π interaction and D364 via a H-bond 
with its N3. The ribose group is surrounded by E321, D465, and 
K441 with E321 and D465 interacting with 2′-OH and 3′-OH of 
ribose, respectively. Mg2+ interacts with the β phosphate of UDP and  

Fig. 1 | Biochemical characterization and overall architecture of CaChs2. a, Activity assay of CaChs2 measuring the rate of GlcNAc incorporated into 
insoluble chitin at different UDP-GlcNAc concentrations. The solid line represents a fit to the Michaelis–Menten equation. Data points represent the mean 
of three independent experiments (n = 3) with enzyme prepared from two biological replicates and error bars represent 1 s.d. b, Characterization of CaChs2 
product. Left: FTIR spectra of CaChs2 product (black trace) and commercial shrimp chitin (rose trace) as an α-chitin standard. Right: Region of spectra 
showing the divided amide I band characteristic of α-chitin. c, GlcNAc incorporated into insoluble chitin over time in the presence or absence of Mg2+. 
Data points are the mean of three independent experiments (n = 3) with enzyme prepared from two biological replicates with error bars representing 
1 s.d. d, CaChs2 activity in response to varying concentrations of nikkomycin Z (circles) and polyoxin D (squares). Each data point is an average of three 
independent experiment repeats with enzyme prepared from two biological replicates with error bars representing 1 s.d. (n = 3). The solid lines represent a 
non-linear curve fit to the four-parameter logistic equation. e,f, Unsharpened cryo-EM map of CaChs2 dimer in two orientations (e) and (f). The cryo-EM 
densities for two Chs2 protomers are colored blue and yellow, respectively. The cryo-EM density for the detergent micelle is shown transparent and 
colored gray. g,h, Cartoon representation (g) and topology diagram (h) of a CaChs2 monomer. The transmembrane domain (TMD) is colored blue; the 
interfacial domain (IFD) green; the catalytic helical module (CHM) red; the glycosyltransferase domain (GTD) dark yellow. The β-sheets of the GTD core, 
the CHM, and the domain-swapped region are highlighted in h. Data for graphs in a, c and d are available as source data.
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possibly D465. Other than the presence of UDP-GlcNAc and Mg2+, 
the substrate-bound structure is almost identical to the apo struc-
ture (Cα r.m.s.d.~ 0.2 Å). The lipid is still present in the tunnel and 
the tunnel gate remains closed.

Q643, R644, R646, and W647 form the conserved Q(R/Q)XRW 
motif24 in IF2 and appear to play a crucial role in UDP-GlcNAc 
binding, acceptor binding, and catalysis. First, R646 interacts with 
the UDP α-phosphate and GlcNAc. The 6′-OH of UDP-GlcNAc 
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and the indole ring of W647 are located above the sugar ring. These 
interactions position the GlcNAc moiety of UDP-GlcNAc for catal-
ysis (Fig. 3c). Second, Q643, R644, and W647 form a triad, and the 
indole ring of W647 lines a cavity that is continuous with the central 
tunnel (Fig. 3c). Trp in the Q(R/Q)XRW motif has been established 
as the binding site for the acceptor oligosaccharide in the cellulose 
synthase BcsA20,25. Therefore, we posit that the triad interactions 
help position the indole ring of W647 to serve as the acceptor bind-
ing site in CaChs2. Overlay of the GTDs of Chs2, BcsA and CesA 
shows that the residues that interact with the substrate and Mg2+are 
largely conserved (Extended Data Fig. 7c–f).

The putative catalytic base residue D604 is located at the N ter-
minus of H10 and is not within reach of UDP-GlcNAc. The helix 
containing the corresponding residue in BcsA was termed a ‘fin-
ger helix’25. Compared to BcsA, H10 is displaced away from the  

putative acceptor site about a half-helical turn so that D604 is too far 
to activate 4′-OH of GlcNAc of the nascent chitin chain (Extended 
Data Fig. 7d,f). Therefore, UDP-GlcNAc bound CaChs2 represents 
an off state, consistent with the closed gate and the lipid in the cen-
tral tunnel. H10 must therefore move closer to the putative acceptor 
site for catalysis. However, the movement of H10 is likely very dif-
ferent from that of the finger helix in BcsA. Unlike the finger helix 
that is flanked by loops (Extended Data Fig. 7d,f), H10 in CaChs2 
forms a subdomain with H7–H9 (Figs. 1g,h and 3a,b, colored red). 
Therefore, in CaChs2, H10 motion must involve H7–H9 either by 
concerted movement or rearrangements. We term H7–H10 as the 
‘catalytic helical module (CHM)’.

Consistent with the structure, alanine substitutions of residues for 
UDP-GlcNAc binding or catalysis (Y319, E321, K441, D465, E603, 
D604, Q643, R644, R646, W647) lead to complete or significant  

Table 1 | Cryo-eM data collection, refinement, and validation statistics

Apo (eMD-25432)  
(PDB 7StL)

uDP-GlcNAc  
(eMD-25433) (PDB 7StM)

Nikkomycin Z (eMD-25434) 
(PDB 7StN)

Polyoxin D (eMD-25435) 
(PDB 7Sto)

Data collection and processing

Magnification 81,000 81,000 81,000 81,000

Voltage (kV) 300 300 300 300

Electron exposure (e–/Å2) 60 60 60 60

Defocus range (μm) −2.0 to −1.0 −2.0 to −1.0 −2.0 to −1.0 −2.0 to −1.0

Pixel size (Å) 1.08 1.08 1.08 1.08

Symmetry imposed C2 C2 C2 C2

Initial particle images (no.) 2,037,294 4,327,899 2,286,859 2,679,242

Final particle images (no.) 385,452 287,321 64,717 142,366

Map resolution (Å) 2.95 3.02 3.19 3.15

 FSC threshold 0.143 0.143 0.143 0.143

Refinement

Initial model used (PDB code) Apo Apo Apo

Model resolution (Å) 3.05 3.16 3.44 3.20

 FSC threshold 0.5 0.5 0.5 0.5

Model resolution range (Å) 2.35 – 3.18 2.56 – 3.16 2.83 – 3.45 2.72 – 3.21

Map sharpening B factor (Å2) −80 −40 −80 −100

Model composition

 Non-hydrogen atoms 13,100 12,940 12,932 12,942

 Protein residues 1600 1602 1580 1580

 Ligands 8 12 10 10

B factors (Å2)

 Protein 60.46 58.45 59.69 59.71

 Ligand 20.00 22.01 21.80 21.85

R.m.s. deviations

 Bond lengths (Å) 0.002 0.004 0.002 0.003

 Bond angles (°) 0.446 0.622 0.420 0.508

Validation

 MolProbity score 0.69 0.89 0.81 0.83

 Clash score 0.34 1.25 1.01 1.13

 Rotamer outliers (%) 0.15 0.31 0.15 0.15

Ramachandran plot

 Favored (%) 97.73 97.74 97.95 97.83

 Allowed (%) 2.27 2.26 2.05 2.72

 Disallowed (%) 0 0 0 0

Statistical analysis of cryo-EM data processing and model validation was prepared using PHENIX software package. FSC, Fourier shell correlation.
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Fig. 2 | translocation tunnel for chitin. a, Cross-section view of the CaChs2 dimer. One monomer is shown in surface representation, revealing the 
location and shape of the tunnel, and the other monomer is shown in cartoon representation. b, Ribbon representation of a CaChs2 monomer with the 
tunnel shown as surface representation. c, Length and radius of the tunnel calculated using the HOLE program. The starting point of the tunnel is defined 
at the location of W647 and the end point the gate. d, Extracellular gate of the tunnel shown in cartoon and surface representation. The gate residues 
and the lipid inside the tunnel are shown as sticks. e,f, The chitin translocation tunnel shown as surface (e) and the residues lining the tunnel in stick 
representation (f). g, Cross-section view of the chitin translocation tunnel. The phospholipid modeled as phosphatidylethanolamine (PE) inside the 
tunnel and residues interacting with the head group of the lipid are shown as sticks. The position of the lateral opening in this figure is above the plane of 
the paper. h, Surface representation of the lateral opening of the tunnel viewed from within the membrane leaflet. The lipid molecule and residues that 
enclose the lateral opening are shown as sticks. i, Comparison of the activities of CaChs2 WT and the tunnel, gate, and lateral opening mutants of CaChs2. 
Columns represent the mean of at least two independent experiments from two biological replicates each (n = 4 for all except WT where n = 9), and error 
bars represent 1 s.d. Significance was calculated using two-tailed t-test to compare the activity of the mutant enzymes to the WT enzyme (*P < 0.05, 
***P < 0.001, ****P < 0.0001). Data for graph i and exact P values are available as source data.
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loss of activity (Fig. 3d). Our data are consistent with the previ-
ous identification of the three functionally important sequence 
motifs (D, (E/D)DX and Q(R/Q)XRW) of the conserved region 1 
(dubbed as CON1) in ScChs2 (refs. 24,26). In the CaChs2 structure,  
these motifs are either involved in UDP-GlcNAc binding or cataly-
sis (Fig. 3c).

Domain swap and the DISW motif. Near the cytoplasmic part of 
the dimer interface mediated by TM2 and TM5, a large lasso-shaped 
insertion between IF3 and TM5 (I854–E919) reaches out with the 
structured region (H11, β16, and β17) as a hook to anchor into the 
GTD of the neighboring protomer (Fig. 4a). This domain-swapped 
configuration of the insertion between IF3 and TM5 is confirmed 
by continuous cryo-EM density of loops connecting the insertion 
at a lower contour level and structure-guided cysteine disulfide 
crosslinking experiments (Extended Data Fig. 10). In the GTD, a 
substructure for the docking of the insertion hook is provided by ele-
ments distal to the core GT-A subdomain: a loop in the N-terminal 
region (Q134–F136), β1, β2, Η2, Η4, and β8 (Fig. 4b). Notably, the 
loop between IF3 and H10 in this domain-swapped region contains 
a conserved stretch of amino acids (856D-I-S-W-G-T-K-G863, DISW 
(domain swap) motif), a section of which was previously identified 

as the second conserved region in the fungal Chss27. The DISW 
motif appears to restrict the motion of the CHM and IF2 by form-
ing an extensive interaction network with CHM, TM5, IF2, and 
H5 (Fig. 4a,c). Therefore, for the CHM and IF2 to move closer to 
the UDP-GlcNAc binding site for catalysis, either the DISW motif 
moves together with the CHM and IF2 or the interaction network 
involving the DISW motif needs to be rearranged, suggesting the 
importance of the DISW motif in catalysis. Within the DISW motif, 
individual mutations of D856, S858, and W859 and a simultaneous 
alanine substitution of the D856–W859 region significantly affected 
the catalytic activity of CaChs2 (Fig. 4d). In addition, mutation of 
residues involved in the DISW interaction network (K440, Y600, 
R645, and Y922) also reduced CaChs2 activity significantly (Fig. 4d).  
Consistent with these observations, ScChs2 mutants at sites corre-
sponding to D856, W859, or T861 did not produce chitin27. Taken 
together, we suggest that the domain-swapped dimer configuration 
of CaChs2 serves a regulatory role, although the detailed mecha-
nism requires additional studies.

Nikkomycin Z. Nikkomycin Z and polyoxin D are competi-
tive inhibitors of Chs and pseudo-dipeptides with an N-terminal 
amino acid linked to a six-carbon nucleoside, aminohexuronic acid 

0

1

2

3

4 ****

V
i/[

E
] (

m
in

–1
)

W
T

Y31
9A

E32
1A

K44
1A

D46
5A

E60
3A

D60
4A

T63
1A

R64
4A

R64
6A

Q64
3A

W
64

7A

D36
4A

β5

R644

H5

E603

D60044

R646

Mg2+

Q643

W646464664444646446464664646646644464444444444777777

Y319

E321

D466655555

TT631

H7

5.4 Å

H10H1

6.3336.33 ÅÅÅÅÅ

D364

K441

β4

ββββ1000000000000

βββββββββ151515155151555151155551551

H9

IF2

IF2

H10

H7

90°

a

c

b

d

Y319β4

E321

Mg2+

D364

D465β10

K441

E603

D604

Q643

R644
W647

R64666666666666666

H10

H5

IF2
Tunnel

b

Fig. 3 | the uDP-GlcNAc binding site. a, Cartoon representation of a CaChs2 monomer bound to UDP-GlcNAc, shown as spheres. b,c, Detailed 
interactions between CaChs2 and UDP-GlcNAc (b), (c). Hydrophilic interactions are shown as dashed lines except for those of E603 and D604, which 
were shown to illustrate their long distance to the GlcNAc moiety of UDP-GlcNAc. d, Comparison of the activities of CaChs2 WT and mutants related 
to the UDP-GlcNAc binding site. Columns represent the mean of at least two independent experiments from two biological replicates each (n = 4 for all 
except WT where n = 9), and error bars represent 1 s.d. Significance was calculated using two-tailed t-test to compare the activity of the mutant enzymes 
to the WT enzyme (****P < 0.0001). Data for graph d and exact P values are available as source data.

NAtuRe StRuCtuRAL & MoLeCuLAR BioLoGY | VOL 29 | JULy 2022 | 653–664 | www.nature.com/nsmb658

http://www.nature.com/nsmb


ArticlesNATurE STruCTurAL & MoLECuLAr BioLoGy

(AHA) (Fig. 5b,g). These compounds are thought to structurally 
mimic UDP-GlcNAc, with the conserved AHA mimicking the uri-
dine moiety of UDP-GlcNAc28,29. The electrostatic surface repre-
sentation shows that the substrate entry pocket is spatially divided 
into electronegative and electropositive sides (Fig. 5e). Nikkomycin 
Z is bound to CaChs2 in an extended conformation in this pocket 
where its AHA 5′-carboxylate faces the electropositive side  
(Fig. 5a,d,e). The nucleobase and the 5′-carboxylate of AHA interact 
with Y319 and R646 via a π-π interaction and a salt bridge, respec-
tively. 2′-OH of AHA also interacts with E321. The N-terminal 
amino acid of nikkomycin Z, 4-hydroxypyridylhomothreonine 
(HPHT), occupies the pocket between the UDP site and the cen-
tral tunnel. The hydroxypyridinyl ring of HPHT forms the most 
critical contacts with CaChs2, which interacts with W647 via π-π 
interactions and with Y517 via an H-bond (Fig. 5d,e). Consistent 
with our structure, W647A reduces the affinity to nikkomycin Z by 
about 18-fold whereas Q643A only moderately affects the affinity 
(Extended Data Fig. 1d,e).

The nikkomycin Z-bound CaChs2 structure offers explanations 
to the previous structure–activity–relationship (SAR) studies on 
Chs from Coprinus cinereus30. First, the SAR studies showed that 
the l-configuration of the N-terminal amino acid is important, 

likely due to the optimal interactions of the pyridinyl ring of HPHT 
with Chs. Second, the p-hydroxyl group of HPHT contributes to 
affinity, likely due to its increased π-π interaction with W647 and/or 
enhanced water-mediated H-bonding with Y517. Third, introduc-
ing a methyl group at C-3″ of HPHT increases affinity, likely due to 
the increased van der Waals interactions and the reduced conforma-
tional flexibility of the molecule. Fourth, a pseudo-tripeptide nik-
komycin with glutamate conjugated to the 5′-carboxylate of AHA 
binds with several-fold lower affinity, as the additional glutamate 
disrupts the interaction of AHA with R646.

Comparison between nikkomycin Z and UDP-GlcNAc bind-
ing to CaChs2 reveals that although the AHA binding site overlaps 
with that of UDP of UDP-GlcNAc, there are noticeable differences 
in their positions with CaChs2, resulting in the differential interac-
tions with CaChs2 (Fig. 6a). The 5′-carboxyl of AHA, the phosphate 
mimic of UDP28,29, gains additional interaction with K441. While 
the ribose 3′-OH of UDP-GlcNAc interacts with D465 (2.5 Å), this 
interaction was lost or severely weakened in AHA (3.7 Å) because 
D465 rotates away from sugar to form a salt bridge with K441. 
Notably, the active site of CaChs2 underwent rearrangements to 
accommodate nikkomycins Z, indicating the structural plasticity of 
CaChs2 (Fig. 6a).
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Together, the unique interactions of HPHT and AHA with 
CaChs2 contribute to the specificity of nikkomycin Z for CaChs2. 
These observations suggest that nikkomycin Z is not merely a mimic 

of UDP-GlcNAc as previously thought and explain the substantially 
stronger affinity of nikkomycin Z to CaChs2 than UDP-GlcNAc 
(three orders of magnitude difference in Ki and Km).
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Polyoxin D. Polyoxin D comprises a non-aromatic N-terminal 
amino acid, carbamoylpolyoxamic acid (CPOAA), and AHA with 
a 5-carboxyuracil base (5-carboxy-AHA) (Fig. 5g). CPOAA forms 
extensive interactions with the QRXRW motif. Particularly, Q643 
plays a critical role by interacting with 3″-OH and 4″-OH of poly-
oxin D. This is in stark contrast to nikkomycin Z binding, where 
Q643 does not form an H-bond interaction. The 5-carboxyl group to 
the uracil base likely contributes to CaChs2 binding by its increased 
π-π interactions with Y319 and interaction with K440 (Fig. 5i,j). 
The polyoxin-bound CaChs2 structure is consistent with previous 
SAR studies28,31–33. First, 3″-OH, 4″-OH, and 2″-NH2 of CPOAA 
play crucial roles in the binding of polyoxin to Chs. The importance 
of 3″-OH and 4″-OH are well supported by their interactions with 
Q643. While the 2″-NH2 does not make direct interactions with the 
protein, it faces the electronegative part of the enzyme pocket, so it 
may interact with CaChs2 through either electrostatic interactions 
or via water-mediated H-bonding with nearby residues such as 
T631, D632, or the backbone carbonyl of C466 (Fig. 5i, j). Consistent 
with this idea, we found that alanine mutation of T631 decreases its 
affinity for polyoxin D by about threefold (Supplementary Table 1).  
Second, the 5-carboxyl group of the uracil base also contributes 
to the polyoxin binding to Chs31. Notably, because the interaction 
of K440 with the DISW motif is important for CaChs2 function  
(Fig. 5c,d), the rearranged interaction of K440 with the 5-carboxyl 
of the uracil base inhibits CaChs2 activity (Fig. 5i). Thus, polyoxin 
D has an additional inhibition mechanism of disrupting the DISW 
motif interaction network.

Interaction of polyoxin D is different from nikkomycin Z in that 
i) the pyridinyl ring of nikkomycin Z reaches further into the cen-
tral tunnel while polyoxin D stops at the donor binding site, ii) a dif-
ferent set of residues in the QRXRW motif are utilized for binding 
nikkomycin Z and polyoxin D, and iii) polyoxin D has an additional 
interaction through 5-carboxyl of uracil base. The more potent inhi-
bition of CaChs2 by nikkomycin Z than polyoxin D likely derives 
from the extended interaction through the pyridinyl ring (Fig. 6b). 
The 5-carboxyl of polyoxin D partially compensates for the lack of 
pyridinyl ring interactions.

Discussion
CaChs2 forms a domain-swapped dimer with its chitin transloca-
tion tunnel controlled by the extracellular gate and a lipid molecule, 
and this design is important for regulating Chs functions (Fig. 4). 
The presence of the gate raises the question of whether the gate 
opening is mediated by either direct pushing by a translocating chi-
tin polymer or allosteric control by chitin polymer occupancy in the 
tunnel. The lipid-dependent regulation is specific to Chs. It is well 

known that Chs function is highly regulated because chitin synthe-
sis is tightly coordinated with cytokinesis and hyphal extension34,35

Ambiguity remains about the mechanism of polymer release 
and reinitiation of polymerization in processive GTs. Our observa-
tion of the apo structure of a catalytically active CaChs2 suggests 
that CaChs2 releases the polymer product and returns to the apo 
state before initiating synthesis of another chitin chain (Fig. 7a). 
The presence of the chitin-free state in catalytically active Chss is 
consistent with the previous observations that Chss can be partially 
purified by product entrapment, where Chs is bound to its insoluble 
chitin product under turnover conditions and released to solution 
in the absence of substrate19. It is not known if the apo state is also 
present in cellulose synthases, as purified cellulose synthases con-
tain cellulose20.

The length of the central tunnel in the CaChs2 structure is 
shorter than those of cellulose synthases (Fig. 2c and Extended Data 
Fig. 7a,b). Chs enzymes produce chitin with the degree of polymer-
ization (DOP) of 50–200 (refs. 19,36,37), which is substantially shorter 
than cellulose produced by cellulose synthase (DOP of 7800 in cot-
ton and 1600 and 2900 in bacteria)38. Since the timing of termina-
tion and product release could be partly determined by the affinity 
of the product to the enzyme, the difference in the tunnel length 
between Chs and cellulose synthase could contribute to the differ-
ence in the lengths of polymer products (Fig. 2c and Extended Data 
Fig. 7a,b).

Chitin exists in three different forms: α-chitin has antiparallel 
chains, β-chitin has parallel chains, and γ-chitin is a mix of parallel 
and antiparallel chains. Fungal cell walls are composed of α-chitin 
microfibrils39. Because our recombinant CaChs2 produces α-chitin 
fibrils (Fig. 1b), we posit that the structural design of CaChs2 facili-
tates α-chitin fibril formation. As it is believed that during chitin 
formation, the nascent chitin chain folds back on itself to form 
an antiparallel chitin strand34, two nascent chitin strands in the 
CaChs2 dimer should be spatially separated to avoid parallel chitin 
strand formation. The putative chitin polymer exits are separated 
within the CaChs2 dimer by ~30 Å, and the extracellular extension 
of TM3 and EH1 near the gate could guide the nascent chitin chain 
to extend away from the dimer interface (Figs. 1 and 7b). This archi-
tectural arrangement will facilitate an individual chitin chain to fold 
back on itself and two antiparallelly folded back chitin strands to 
interact within the dimer, facilitating protofibril formation (Fig. 7b). 
CaChs2 dimers may cluster and arrange in a specific fashion in the 
plasma membrane so that protofibrils can mature into microfibrils40. 
For plant cellulose synthase, its trimer arrangement was proposed 
to facilitate protofilament formation21. Therefore, the architectural 
design of processive GTs with respect to oligomerization and the 
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tunnel exit may provide mechanisms to control the macrostructure 
of the polysaccharide products.

Finally, analysis of substrate- and inhibitor-bound CaChs2 struc-
tures together with previous SAR and our functional studies reveals 

the differential interactions of nikkomycin Z, polyoxin D, and 
UDP-GlcNAc with CaChs2, and the structural plasticity of CaChs2 
(Fig. 6), suggesting that there is ample room to improve the potency 
and/or efficacy of nikkomycin Z and polyoxin D. The antifungal 
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efficacy of nikkomycin Z against C. albicans is moderate to low 
(MIC80 < 0.5–32 µg ml−1)41, largely because of the weaker effects of 
nikkomycin Z on CaChs1 and the requirement for the inhibition of 
both CaChs1 and CaChs2 to be fungicidal42. Because CaChs2 shows 
high sequence similarity with other Chss, including CaChs1, our 
studies may provide a critical platform to develop nikkomycin and 
polyoxin analogs to treat C. albicans and other pathogenic fungal 
infections.
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Methods
CaChs2 protein expression and purification. The full-length CHS2 gene from 
C. albicans was synthesized with codon-optimization for Spodoptera frugiperda 9 
(Sf9) cells and cloned into a modified pFastBac vector (Invitrogen), in frame with 
C-terminal PreScission protease cite, FLAG-tag, and 10x His-tag. Baculovirus 
was generated according to the manufacturer’s protocol (Bac-to-Bac, Invitrogen). 
All mutants were made on wild-type Chs2 construct by site-directed mutagenesis 
using KOD hot start DNA polymerase (Novagen). For CaChs2 expression, Sf9 
insect cells were infected with a baculovirus at a density of 2.5–3 M cells ml−1 
and grown at 27 °C for ~48 h in an orbital shaker. Cells were then harvested 
by centrifugation at 2,500g for 10 min at 4 °C. Cell pellets were resuspended 
in buffer A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 2 mM 
β-mercaptoethanol (BME), 12 μg ml−1 leupeptin, 12 μg ml−1 pepstatin, 12 μg ml−1 
aprotinin, 1 mM PMSF, and DNaseI) and lysed by sonication (5 × 30 pulses). 
All CaChs2 purification steps were performed at 4 °C. To solubilize CaChs2, 
30 mM n-dodecyl-β-d-maltopyranoside (DDM, Anatrace) and 3 mM cholesteryl 
hemisuccinate tris salt (CHS, Anatrace) was added to the lysate and stirred at 4 °C 
for 1.5 h. Insoluble material was removed by centrifugation (16,000g, 30 min), and 
anti-FLAG M2 resin (Sigma-Aldrich) was added to the supernatant and incubated 
for 1 h at 4 °C. The resin was then washed with 10 column volumes of buffer B 
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.04% glyco-diosgenin 
(GDN, Anatrace), 2 mM BME, 5 mM ATP-Mg), followed by 10 column volumes 
of buffer C (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.04% GDN, 
2 mM BME). CaChs2 was eluted with five column volumes of elution buffer 
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.04% GDN, 2 mM BME, 
0.2 mg ml−1 FLAG peptide (GenScript)). The FLAG and 10x His affinity tags were 
removed by incubation with PreScission protease at room temperature for 15 min. 
CaChs2 was further purified by size-exclusion chromatography (Superose 6 
Increase 10/300 GL column (Cytiva)) with SEC buffer containing 20 mM HEPES 
pH 7.5, 150 mM NaCl, 0.015% GDN, 2 mM DTT. CaChs2 mutants were purified 
similarly but without tag cleavage by PreScission protease. The size-exclusion 
chromatography buffer for CaChs2 mutants is 20 mM HEPES pH 7.5, 150 mM 
NaCl, 0.015% GDN, 0.2 mM tris(2-carboxyethyl) phosphine (TCEP, Thermo 
Scientific). Enzymes for activity assays were flash-frozen in liquid nitrogen with the 
addition of 30% glycerol.

Cryo-electron microscopy sample preparation and data collection. Peak 
fractions containing CaChs2 from the size-exclusion chromatography were 
concentrated to 3–5 mg ml−1. All cryo-EM samples in this study were prepared on 
freshly glow-discharged UltrAuFoil R1.2/1.3 300 mesh grids (Quantifoil), using 
a Leica EM GP2 plunge freezer with the chamber set at 4 °C and 80% humidity. 
For the apo-CaChs2 sample, 3 μl of CaChs2 was applied to the grid, incubated in 
the chamber for 90 s, and then blotted for 1.5–2 s, followed by plunge-freezing in 
liquid ethane cooled by liquid nitrogen. For the CaChs2-UDP-GlcNAc sample, 
concentrated CaChs2 was mixed with 20 mM MgCl2 and 20 mM UDP-GlcNAc. 
Immediately after mixing, 3 μl of the mixture was then applied to the grid, 
incubated for 60 s, and blotted for 1.5–2 s, followed by plunge-freezing in 
liquid ethane cooled by liquid nitrogen. For the CaChs2-nikkomycin sample, 
concentrated CaChs2 was mixed with 5 mM MgCl2 and 4 mM nikkomycin Z on ice 
for 30 min. Then 3 μl of the mixture was applied to the grid, incubated for 90 s, and 
blotted for 1.5–2 s, followed by plunge-freezing in liquid ethane cooled by liquid 
nitrogen. For the CaChs2-polyoxin sample, concentrated CaChs2 was mixed with 
5 mM MgCl2 and 1.5 mM polyoxin D on ice for 1 min. Then 3 μl of the mixture 
was applied to the grid, incubated for 90 s, and blotted for 1.5–2 s, followed by 
plunge-freezing in liquid ethane cooled by liquid nitrogen.

The apo-Chs2, Chs2-UDP-GlcNAc, Chs2-nikkomycin, and Chs2-polyoxin 
datasets were collected with a Titan Krios microscope (Thermo Fisher) operating 
at 300 kV and equipped with a K3 detector (Gatan) in counting mode, using Serial 
EM or the Latitude-S automated data-acquisition program. Movie datasets were 
collected at a nominal magnification of ×81,000 with a pixel size of 1.08 Å per pixel 
at specimen level. Each movie contained 60 frames over a 4.6-s exposure time, 
using a dose rate of ~15 e− pixel−1 s−1, resulting in the total accumulated dose of 
~60 e−/Å2. The nominal defocus range was set from −1 to −2 μm.

Cryo-electron microscopy data processing. All datasets were processed using 
similar procedures. Beam-induced motion correction and dose-weighting were 
performed using MotionCor2 (ref. 43). The motion-corrected micrographs were 
then subjected to contrast transfer function (CTF) estimation using Gctf44. 
Micrographs were subsequently selected based on CTF fit quality and CTF 
estimated resolution and then imported into cryoSPARC45. An initial set of ~5,000 
particles was manually picked and subjected to a reference-free two-dimensional 
classification, from which the classes with clear protein features were selected as 
reference for template-based particle picking. Picked particles were extracted with 
the 216-pixel box size. Iterative two-dimensional classification was performed in 
cryoSPARC, and classes showing clear secondary structure features of CaChs2 
were selected for ab initio reconstruction with three classes. Heterogeneous 
refinement was performed with the models from ab initio reconstruction. The only 
class that shows clear protein density was selected for non-uniform refinement46. 
After non-uniform refinement, the particles were transferred to RELION 3.147 

and subject to several rounds of Bayesian polishing and CTF refinement, which 
improved resolution and map quality.

Model building, refinement, and alignment. The apo-CaChs2 structure was 
built de novo in Coot48. During model building, residue registration was guided by 
the presence of large aromatic side chains. The structure was manually refined in 
Coot with ideal geometry restraints. The ligand-bound CaChs2 models used the 
apo-CaChs2 structure as a reference. The restraints for lipids and ligands, including 
PE, UDP-GlcNAc, nikkomycin Z, and polyoxin D, were generated in eLBOW (as 
implemented in Phenix49) from isomeric SMILES strings and optimized using the 
REEL QM2 method. Ligand restraints were then inspected and adjusted manually 
to ensure correct stereochemistry before being fitted into the cryo-EM maps in 
Coot. The MolProbity50 server was utilized to identify problematic regions in the 
models, which were then manually adjusted in Coot. The final refinement was 
performed using the phenix-real_space_refine function with global minimization 
and secondary structure restraints as implemented in the Phenix suite49. The 
Fourier shell correlation of the half- and full-maps against the model, calculated in 
Phenix, were in good agreement, indicating that the models were not over-refined. 
Structural analyses and illustrations were performed using PYMOL (Schrödinger) 
and UCSF Chimera and ChimeraX51. Radius calculation was performed using the 
HOLE program52. Structure alignments and cryo-EM density map alignments were 
performed using Fit-In-Map in UCSF Chimera. Based on the aligned map, each 
structural model was aligned to its corresponding map by Fit-In-Map.

Isothermal titration calorimetry. Protein samples were purified as described 
above and concentrated to around 7–10 μM. CaChs2 was in the ITC buffer that 
contains 20 mM HEPES pH 7.5, 150 mM NaCl, 0.015% GDN, and 0.2 mM TCEP. 
The ITC measurements were performed with a Nano ITC microcalorimeter (TA 
Instruments) at 25 °C. For CaChs2 WT and Q643A, nikkomycin Z stock at 100 μM 
was prepared in the same ITC buffer and injected 19 times (0.4 μl for injection 
1 and 2 μl for injections 2–19), with 150–250 s intervals between injections. For 
CaChs2 W647A, 300 μM nikkomycin Z was used with the same titration protocol. 
The background data obtained from injecting nikkomycin into the ITC buffer were 
subtracted before the data analysis. The data were fitted using NanoAnalyze v3.11.0 
(TA Instruments).

Cysteine crosslinking. Cysteine mutations are engineered and expressed as 
described above. After the cells were harvested, cell membrane was prepared 
under non-reducing conditions. Cells were resuspended in low salt buffer (10 mM 
Tris-HCl, pH 8.0, 10 mM NaCl, 12 μg ml−1 leupeptin, 12 μg ml−1 pepstatin, 
12 μg ml−1 aprotinin, 1 mM PMSF, and DNaseI) and lysed by osmosis pressure. Cell 
membrane was collected by centrifugation and homogenized in high salt buffer 
(50 mM Tris-HCl, pH 8.0, 1 M NaCl, 12 μg ml−1 leupeptin, 12 μg ml−1 pepstatin, 
12 μg ml−1 aprotinin, 1 mM PMSF, and DNaseI). Then cell membrane was collected 
by centrifugation and resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 
150 mM NaCl, 10% glycerol). The membrane was first incubated with 20 mM 
N-ethylmaleimide for 10 min at room temperature and then purified as described 
above in the absence of reducing reagent and subjected to SDS–PAGE analysis.

CaChs2 activity assay. Aliquots of the flash-frozen enzyme were thawed on ice 
immediately before the assay. Typical reactions were performed by adding one 
volume of enzyme to one volume of 2x assay mixture (4 mM UDP-[U-14C]GlcNAc 
(specific activity ~1,000 c.p.m. nmol−1), 100 mM Tris-HCl pH 7.5, 64 mM GlcNAc, 
10 mM MgCl2). Reactions were incubated at 30 °C, and at each time point, an 
aliquot (5 μl) was quenched in 10% TCA (w/v). The insoluble product was filtered 
through a glass filter and washed five times with 70:30 ethanol:1 M acetic acid in 
water. The radioactivity retained on the filter was analyzed on a liquid scintillation 
counter with 3 ml of scintillation fluid. Steady-state kinetic analyses were 
performed in triplicate from two biological replicates.

CaChs2 inhibition assays. CaChs2 assays were performed as described above, 
except that the assay contained specified concentrations of nikkomycin Z or 
polyoxin D. The antifungal stock solutions were prepared in 10 mM ammonium 
acetate pH 6.0 to prevent hydrolysis of the amide bond and were diluted five- or 
tenfold in the final assay mixture. Fractional activities of each reaction were plotted 
and fit to the four-parameter logistic equation to determine the IC50 values.

Lipid mass spectrometry. Extraction of lipids copurified with Chs2 protein. Lipids 
copurified with the CaChs2 protein sample were extracted using the method of 
Bligh and Dyer as previously described53. PBS was added to the Chs2 protein 
solution in a glass tube to a final volume of 1.6 ml. Subsequently, 2 ml of chloroform 
and 4 ml of methanol were added to make the single-phase Bligh-Dyer mixture 
comprising chloroform/methanol/PBS (1:2:0.8, v/v/v). This mixture solution 
was subjected to sonic irradiation in a bath apparatus for 5 min. The subsequent 
single-phase extraction mixture was then centrifuged at 500g for 10 min using a 
clinical centrifuge and the protein precipitate was pelleted. The supernatant was 
transferred to a fresh glass tube where chloroform (2 ml) and PBS (2 ml) were 
added to generate the two-phase Bligh-Dyer mixture composed of chloroform/
methanol/PBS (2:2:1.8, v/v/v)53. After mixing and centrifugation (500g) for 10 min, 
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the upper phase was removed, and the lower phase was dried under a nitrogen 
stream. The dried lipid extract was stored at −20 °C until LC–MS analysis.

Lipid identification by liquid chromatography–mass spectrometry/
mass spectrometry. Normal phase LC was performed on an Agilent 1200 
Quaternary LC system equipped with an Ascentis Silica HPLC column, 5 μm, 
25 cm × 2.1 mm (Sigma-Aldrich, St Louis, MO) as described previously54. Mobile 
phase A comprised chloroform/methanol/aqueous ammonium hydroxide 
(800:195:5, v/v/v); mobile phase B comprised chloroform/methanol/water/
aqueous ammonium hydroxide (600:340:50:5, v/v/v); mobile phase C comprised 
chloroform/methanol/water/aqueous ammonium hydroxide (450:450:95:5, v/v/v). 
The elution program was as follows: 100% mobile phase A was held for 2 min, 
followed by a linear increase to 100% mobile phase B over 14 min, and then held 
at 100% B for 11 min. The LC gradient was changed to 100% mobile phase C 
over 3 min, held at 100% C for 3 min, returned to 100% A over 0.5 min, and held 
at 100% A for 5 min (ref. 54). The LC eluent (with a total flow rate of 300 μl/min) 
was introduced into the ESI source of a high resolution TripleTOF5600 mass 
spectrometer (Sciex, Framingham, MA). Instrumental settings for negative ion ESI 
and MS/MS analysis of lipid species were as follows: IS = −4500 V; CUR = 20 psi; 
GSI = 20 psi; DP = −55 V; and FP = −150 V as described54. The MS/MS analysis 
used nitrogen as the collision gas. Data analysis was performed using Analyst 
TF1.5 software (Sciex, Framingham, MA).

Fourier-transform infrared spectroscopy. Chitin from CaChs2 was prepared 
as described in the CaChs2 activity assay section in a 100 μl scale with 10 mM 
UDP-GlcNAc for 20 h. The cloudy reaction mixture was quenched by adding 100 μl 
of a 5% (w/v) SDS solution, and the insoluble chitin was collected by centrifuging 
for 15 minutes at 20,000g. The pellet was washed with 5 × 200 μl of 2% (w/v) SDS, 
water, and ethanol. The pellet was then dried by speedvac for 30 min. The IR 
spectra were collected (128 scans, 4 cm−1 resolution) on a Perkin-Elmer Frontier 
instrument with a Pike MIRacle attenuated total reflectance (ATR) optic and a 
Mercury-Cadmium-Telluride (MCT) detector. Before collecting sample spectra, 
baseline scans of air were taken and subtracted automatically from the sample 
spectra in the Spectrum software (Perkin-Elmer). Sample spectra were collected by 
placing the dried chitin samples directly on the ATR crystal.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The coordinates are deposited in the Protein Data Bank with the PDB IDs 7STL 
(apo), 7STM (UDP-GlcNAc-bound), 7STN (nikkomycin Z-bound state) and 7STO 
(polyoxin D-bound state), respectively. The cryo-EM density maps are deposited 
in EMDB with the IDs EMD-25432 (apo), EMD-25433 (UDP-GlcNAc-bound), 
EMD-25434 (nikkomycin Z-bound state) and EMD-25435 (polyoxin D-bound 
state), respectively. Source data are provided with this paper.
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Extended Data Fig. 1 | Purification and enzymatic reaction of CaChs2 and isothermal titration calorimetry (itC) analysis. a, Representative gel-filtration 
profile and SDS-PAGE of purified CaChs2. The experiments have been repeated more than ten times independently with essentially the same results.  
b, Enzymatic reaction of CaChs2. c-e. Representative ITC data of CaChs2 WT (c), W647A (d) and Q643A (e) vs Nikkomycin. The Kd is the average of 
three independent repeats. The uncropped gel image for a is available as source data.
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Extended Data Fig. 2 | Cryo-eM analysis of CaChs2 in apo, uDP-GlcNAc bound, nikkomycin Z bound, and polyoxin D bound states. a, General flowchart 
for data processing. b, Representative micrographs for each dataset. The number of total micrographs in each dataset is shown in Extended Data Fig.3.  
c, Representative 2D classes. d, Local resolution maps. e, Euler angle distribution of the final reconstructions. f, The gold-standard Fourier shell correlation 
(FSC) curves for the final reconstructions. g, FSC curves of the refined models versus the corresponding full map (red) and half maps (green and blue).
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Extended Data Fig. 3 | Data processing flowchart. Data processing for CaChs2 in apo (a), UDP-GlcNAc bound (b), nikkomycin Z bound (c), and polyoxin 
D bound (d) states.
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Extended Data Fig. 4 | Representative eM densities. Representative densities for CaChs2 in apo (a), UDP-GlcNAc bound (b), nikkomycin Z bound (c), 
and polyoxin D bound (d) states.
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Extended Data Fig. 5 | Comparison of architectures of chitin synthase CaChs2 and cellulose synthases RsBcsA and PttCesA8. a, Domain arrangement of 
CaChs2, RsBcsA and PttCesA8. b-c, Topology diagrams of RsBcsA (b) and PttCesA8 (c).
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Extended Data Fig. 6 | the dimer interface of CaChs2. a, Cartoon representation of a CaChs2 dimer. The dimer interface is highlighted in the rectangle. 
b-c, Close-up view of the dimer interface in two orientations.
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Extended Data Fig. 7 | Structural comparison of polymer translocation tunnels and substrate binding sites of CaChs2, RsBcsA and PttCesA8. a, Left: 
Ribbon representation of RsBcsA in the product bound state (PDB code: 5EJZ) with the tunnel highlighted in surface representation and the cellulose 
polymer in sticks. Trp383, which defines the intracellular entry of the tunnel is highlighted in sticks. Right: Length and radius of the tunnel calculated by the 
HOLE program. b. Ribbon representation of PttCesA (PDB code: 6WLB) with the tunnel highlighted in surface representation and the cellulose polymer 
in sticks. Trp718, which defines the intracellular entry of the tunnel is highlighted in sticks. Right: Length and radius of the tunnel calculated by the HOLE 
program. c-d. Overlay of the substrate binding sites of CaChs2 (green) and substrate-bound RsBcsA (orange) (PDB code: 5EIy). Conserved residues that 
interact with the substrates and the catalytic residues are shown as sticks. e-f. Overlay of binding sites of CaChs2 (green) and product-bound PttCesA8 
(purple) (PDB code: 6WLB). Conserved residues that interact with the substrates and the catalytic residues are shown as sticks.

NAtuRe StRuCtuRAL & MoLeCuLAR BioLoGY | www.nature.com/nsmb

https://doi.org/10.2210/pdb5EJZ/pdb
https://doi.org/10.2210/pdb6WLB/pdb
https://doi.org/10.2210/pdb5EIY/pdb
https://doi.org/10.2210/pdb6WLB/pdb
http://www.nature.com/nsmb


Articles NATurE STruCTurAL & MoLECuLAr BioLoGy

Extended Data Fig. 8 | Conservation mapping of CaChs2 and eM density of uDP-GlcNAc and Mg2+ at the substrate binding site. a, Cross-section 
surface representation of a CaChs2 monomer bound to nikkomycin Z (yellow spheres). b, Detailed interactions between CaChs2 and nikkomycin Z. In 
both a and b, CaChs2 is colored based on the conservation score calculated by the Consurf Server (https://consurf.tau.ac.il/) from 150 Chs homologs 
whose sequence identity varies from 35% to 99%. Conservation scores: 1, ~15% conserved; 5, ~60% conserved; 9, 100% conserved. c-d, Density 
(Threshold = 0.007) of within 6 Å of UDP-GlcNAc, Mg2+, and residues interacting with the substrate, viewed from two orientations, is shown as grey 
surfaces. The protein model is shown as cartoon and the substrate and residues at the binding site are shown as sticks. The map and model of residues 
obstructing the view are hidden for clarity.
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Extended Data Fig. 9 | identification of lipids copurified with CaChs2 by LC/MS. a, Total ion chromatogram (TIC) of normal phase LC/MS of lipids 
extracted from the CaChs2 protein sample. b, Representative chemical structure of ceramide and mass spectrum of the 2.88 min TIC peak in a showing 
the chloride adduct [M + Cl]- ions of ceramide species. c, Representative chemical structure of and mass spectrum of the 16.20 min TIC peak in a showing 
the [M-H]- ions of PE molecular species. This identification of ceramide and PE was supported by exact mass measurement and MS/MS. The TIC peaks 
at 14.09, 21.16 and 27.18 min are consistent with glycodiosgenins (GDN) containing two, three and four sugars whose [M + Cl]- ions are observed at m/z 
875.5, 1037.5 and 1199.5, respectively.
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Extended Data Fig. 10 | Map and model of the domain-swapped region and crosslinking experiments to validate the domain-swapped assembly.  
a-b, Unsharpened map of the domain-swapped region of UDP-GlcNAc bound CaChs2 shown at threshold 0.00475, viewed from two orientations.  
c. Representative density of the domain-swapped region. The protein model is shown as cartoon and side chains are shown as sticks. Some of the side 
chains are not built due to lack of signal. d. CaChs2 viewed from the intracellular side. The Cα atom of P906 and N917, which define the N and C-terminus 
of the loop between H10 and TM5, are shown as spheres. The distances from the Cα of P906 to that of N917 within the same monomer or in different 
monomers are labeled with dashed lines. It is noteworthy that the distance between P906 and N917 is closer in the domain swapped arrangement (30 Å) 
than the non-domain swapped arrangement (46.5 Å). Because the length of an amino acid in a linear chain is ~3.5 Å, non-domain swapped configuration is 
physically impossible. e. Model of CaChs2 dimer with one protomer in blue and the other in salmon. Cα atoms of residues where cysteine was introduced 
are shown as spheres. The crosslinking cysteine pairs are labeled with dashed lines. f. SDS-PAGE analysis of single and double cysteine mutants of 
CaChs2. The experiment has been repeated four times from two biological repeats with essentially the same results. Uncropped gel images for f are 
available as source data.
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