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Abstract: Chitin, an extracellular polysaccharide, is synthesized by membrane-embedded chitin
synthase (CHS) utilizing intracellular substrates. The mechanism of the translocation of synthesized
chitin across the membrane to extracellular locations remains unresolved. We prove that the chitin
synthase from Phytophthora sojae (PsCHS) is a processive glycosyltransferase, which can rapidly
produce and tightly bind with the highly polymerized chitin. We further demonstrate that PsCHS is
a bifunctional enzyme, which is necessary and sufficient to translocate the synthesized chitin. PsCHS
was purified and then reconstituted into proteoliposomes (PLs). The nascent chitin is generated
and protected from chitinase degradation unless detergent solubilizes the PLs, showing that PsCHS
translocates the newly produced chitin into the lumen of the PLs. We also attempted to resolve
the PsCHS structure of the synthesized chitin-bound state, although it was not successful; the
obtained high-resolution structure of the UDP/Mn2+-bound state could still assist in describing
the characterization of the PsCHS’s transmembrane channel. Consistently, we demonstrate that
PsCHS is indispensable and capable of translocating chitin in a process that is tightly coupled to
chitin synthesis.

Keywords: chitin synthase; membrane translocation; processive; glycosyltransferase

1. Introduction

Chitin is the second most abundant extracellular polysaccharide on Earth, following
cellulose. It is a linear polysaccharide, which is composed of N-acetylglucosamine (GlcNAc)
connected by β-(1,4) glycosidic bonds. It serves as a key component of fungal cell walls
and insect exoskeletons, providing structural stability and mechanical defense, which are
crucial for survival [1,2].

Chitin is synthesized by chitin synthase (CHS), a membrane-integrated protein be-
longing to the glycosyltransferase family 2, consisting of a glycosyltransferase (GT) domain
and a transmembrane (TM) region [3–5]. A short N-terminal domain (NTD) exists in some
CHSs, like Phytophthora sojae chitin synthase 1 (PsCHS1), to stabilize the dimerization.
CHS incorporates UDP-N-acetylglucosamine (UDP-GlcNAc) onto the acceptor molecule
to form the nascent chitin, which has been validated by in vitro activity assays. Recent
structural studies have provided near-atomic-level insights into how the GT domain of
CHS recognizes intracellular UDP-GlcNAc and catalyzes chitin synthesis on the cytosolic
side of the plasma membrane [6–8]. As an extracellular polysaccharide, the synthesized
chitin will be secreted to the extracellular destination. Although cellulose synthase and
hyaluronan synthase, which are also extracellular polysaccharide synthases, have been
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proven to be able to integrate the functions of glycosyltransferase and translocase, there
is currently no direct experimental evidence, however, to demonstrate whether CHS is a
bifunctional enzyme that could synthesize and translocate the produced chitin.

As a polysaccharide synthase, CHS has been proven to possess key mechanistic
characteristics, including an inverting mechanism and non-reduced ending elongation. The
inversion mechanism is evident since the β-(1,4) glycosidic bonds of chitin are formed by
donor sugar, which is UDP-GlcNAc in the α conformation [6–9]. The PsCHS-(GlcNAc)3
complex structure supports the elongation of the chitin from the non-reducing end, as
the non-reducing end of the (GlcNAc)3 is positioned closer to the reaction chamber. The
synthesis mechanism, which has not been characterized for CHS so far, is also an important
feature for polysaccharide synthase, which has been described as either a processive
or distributive mechanism representing opposite extremes [10–14]. Processive enzymes
exhibit a strong affinity for the product, allowing them to remain attached and catalyze
successive reactions without dissociating during multiple catalysis rounds [15]. As a
result, gradual depletion of the substrate and rapid lengthening of the product will be
observed, while intermediate products accumulate minimally [13,14,16,17]. In contrast,
distributive synthases dissociate from the product after each catalytic reaction, since there
is a higher chance of binding excessive substrate compared with intermediate molecules,
resulting in a rapid disappearance of the substrate and the formation of multiple early
intermediates [13,18].

Phytophthora sojae is a pathogen that causes root and stem rot in soybeans, resulting in
estimated global economic losses of USD 1–2 billion annually [19]. P. sojae possesses two
CHS genes, with CHS2 being very weakly transcribed across all life cycle stages. Chitin
is present only during specific developmental stages, such as in mature sporangia and
released zoospores. Disruption of the chitin synthase gene CHS1 retards vegetative growth
and asexual reproduction, significantly reducing the pathogenicity of P. sojae [20]. PsCHS1
serves as a promising antifungal target and a valuable model system for CHS research.
Therefore, we selected PsCHS1 as the research focus, and it will be referred to as PsCHS
throughout the following text.

In this study, we demonstrated that Phytophthora sojae chitin synthase (PsCHS) exhibits
processivity and functions as a bifunctional enzyme, capable of catalyzing both the synthesis
and membrane translocation of chitin. In order to understand the molecular mechanism of
chitin translocation, we strived to resolve the structure of PsCHS in complex with chitin.
Unfortunately, only the PsCHS structure with the UDP/Mn2+ bound was obtained, which
represents the competitive substrate binding or post-translocation state. The potential chitin
translocation channel was characterized according to the UDP/Mn2+ occupied structure
with a resolution of 2.94 Å.

2. Results
2.1. Processivity of PsCHS

The purified PsCHS (Figure 1A) exhibits chitin synthesis activity in vitro (Figure 1B,
column 1), and the product is degraded by chitinase (Figure 1B, column 2). To investigate
the processivity of CHS, the purified PsCHS in detergent micelles was subjected to sed-
imentation experiment and pulse-chase experiment. For the sedimentation experiment,
PsCHS was incubated with GlcNAc/Mn2+/UDP-GlcNAc at 30 ◦C for 30 min. The reaction
system became turbid due to the production of highly polymerized chitin by PsCHS, which
could be further precipitated upon centrifugation because of chitin’s low solubility (Figure
S1). Western blot analysis revealed the presence of PsCHS in the precipitation, indicating
that PsCHS was closely associated with the synthesized chitin. The control experiment
clearly ruled out the possibility that the precipitation of PsCHS comes from the instability
of PsCHS or nonspecific binding to exogenous chitin (Figure 1C). These results show that
the synthesized chitin remains associated with PsCHS during multiple rounds of catalysis.,
indicating the processive feature of PsCHS.
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 Figure 1. Processivity analysis of PsCHS. (A) The size exclusion chromatography profile and SDS–
PAGE analysis of purified PsCHS is displayed, with peak position indicated by the asterisk and
purified PsCHS marked by the red arrow. (B) The purified PsCHS shows activity in vitro (Column
1). Chitinase was added after the synthesis reaction, proving that the synthesized product is chitin
(Column 2). Incubation with EDTA can inactivate PsCHS (Column 3). (C) The processive property of
PsCHS was verified using a sedimentation experiment assay. Western blot analysis indicates that
PsCHS is present in the precipitate (P) after the chitin synthesis reaction (Lane 4). PsCHS does not self-
precipitate (Lane 2) or interact with the exogenous chitin (Lane 6) and only exists in the supernatant
(S) in the control experiments (Lanes 1 and 5). S and P refer to the supernatant and precipitate
of centrifugation, respectively. (D) The pulse-chase analysis of PsCHS. The pulse samples were
extracted from a reaction mixture with a low enzyme-to-substrate molar ratio of 1:3 at a specific time.
Then, the enzyme-to-substrate molar ratio was increased to 1:1000 by supplementing the reaction
mixture with additional substrate and continuing incubation. The chase samples were removed at
the indicated time. The distribution of products was analyzed by scintillation counting after filter
paper chromatography. DPM, disintegrations per minute. (E) Scheme illustrating the distribution of
product lengths for processive and distributive glycosyltransferases. The monosaccharide units are
depicted as hexagons, with labeled sugars in brown and unlabeled sugars in orange.

The pulse-chase experiments were conducted by introducing a new batch of substrates
after a period of reaction. Initially, a substrate-to-enzyme concentration ratio of 3:1 was
established, with isotopically labeled substrates added for tracking product distribution.
After 30 min incubation, a new batch of unlabeled substrates with a molar ratio relative
to PsCHS of 1000 was introduced into the reaction system. Product distribution analysis
shows that the labeled substrates start to accumulate in products with a high degree of
polymerization at the start stage, and unreacted labeled substrates are incorporated into
highly polymerized chitin upon the addition of excess substrate. These products remain
in the origin region of filter paper chromatography, which indicates that the synthesized
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chitin is highly polymerized (Figure 1D). The product distribution indicates that highly
polymerized products form even when a substantial amount of substrate remains, with
no intermediate-length products detected (Figure 1D). These findings are consistent with
the processive mechanism model of glycosyltransferase (Figure 1E), where the enzyme
continues to act on the polymer produced from the first batch of substrates without being
interrupted by the addition of new substrates. In contrast, a distributive enzyme dissociates
from the product between catalysis rounds, allowing equal access for both the first and
second substrate batches and resulting in shorter polymers. Combining the sedimentation
experiment results with the pulse-chase experiment results, the processive property of
PsCHS is clearly demonstrated, which is also necessary for the bifunctional polysaccha-
ride synthase that could synthesize and translocate the produced polysaccharide across
the membrane.

2.2. Translocation of Chitin by PsCHS

The proteoliposomes (PLs) synthesis assay were performed to demonstrate the mem-
brane translocation capabilities of PsCHS. Only the GT domain outward confirmation
of PsCHS could access the substrate and generate chitin. Furthermore, if PsCHS is able
to translocate chitin across the membrane, the synthesized chitin will accumulate in the
lumen of PLs and will not be digested by chitinase unless the vesicles are solubilized
with detergent. In contrast, if PsCHS was only capable of synthesizing chitin without
translocating it across the membrane, the chitin would be located on the outer side of the
PLs and thus accessible to chitinase digestion (Figure 2A). The purified PsCHS was suc-
cessfully reconstituted into PLs (Figure 2B), where it synthesized chitin while mixed with
the substrate UDP-GlcNAc (Figure 2C, column 1). After terminating the chitin elongation
reaction with EDTA, 20 µU chitinase from Streptomyces griseus was added, either in the
presence or absence of 2% Triton X-100. As shown in column 2 of Figure 2C, over 90% of
the chitin remained undigested when PsCHS embedded in PLs was exposed to chitinase.
On the contrary, approximately 60% of chitin was digested when both chitinase and Triton
X-100 were present simultaneously (Figure 2C, column 3). As a control, chitin synthesized
by PsCHS in a detergent environment was completely digested by chitinase, regardless of
the presence of Triton X-100, as the chitin was fully accessible to the chitinase (Figure 2D).
Consequently, the observation that chitin produced by PsCHS embedded in PLs is shielded
from chitinase digestion indicates that PsCHS could translocate the synthesized chitin into
the lumen of the PLs.

2.3. Coupling of Chitin Synthesis and Membrane Translocation

The structure of the product-bound glycosyltransferase is essential for investigating
the mechanism of polysaccharide translocation across membranes. To capture the structure
of chitin-bound PsCHS, we incubated the enzyme in the presence of UDP-GlcNAc and
Mn2+ for 15 min or 40 min before cryo-EM sample preparation. However, only a UDP- and
Mn2+-occupied structure was resolved for both samples with overall resolutions of 3.20 Å
and 2.94 Å, respectively (Figure S2). PsCHS forms a dimer, as previously reported [2]. Each
protomer contains a long transmembrane helix, with its N-terminal region extending to the
adjacent protomer, stabilizing the dimer with the interaction interface located at the GT
domain as well as the TM region (Figure 3A). UDP and Mn2+ are positioned in the reaction
cavity of the GT domain, where PsCHS stabilizes UDP via hydrogen bonding and π-π
stacking interactions. Q535 of the amphipathic interface helices (IF2) forms two hydrogen
bonds with the pyrophosphate group, while other hydrogen bonds occur between the
uridine portion of UDP and the GT domain. Specifically, E241, D382, V383, T237, and
Y239 form hydrogen bonds with the ribose moiety, while D291, K355, K358, and S361
bond with the uracil moiety. Y239 also participates in π-π stacking with the uracil ring
and Mn2+ coordinates with the pyrophosphate group (Figure 3B). The GT domain of the
PsCHS protomer adopts a GT-A fold and packs against the TM region, which consists of six
transmembrane helices (TM1-6) and three amphipathic interface helices (IF1-3). IF1 and IF2
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connect the GT domain and transmembrane helices, framing the entrance of the potential
chitin translocation channel. IF3 adopts an arched configuration over the IF1-IF2 pair
and collectively creates the potential transmembrane channel with TM1, TM3, TM4, and
TM6 (Figure 3A). The residues surrounding and pointing to the potential transmembrane
channel are likely to interact with the synthesized chitin chains.
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Figure 2. Chitin translocation assay using PsCHS. (A) Schematic representation of the in vitro chitin
translocation assay. Chitin is only synthesized when the GT domain is outward facing but not
inward facing. Translocation of chitin across the vesicle membrane separates the polymer from the
solvent, which can be quantified by the enzymatic degradation of chitin. Without translocation,
chitin will be susceptible to digestion by chitinase addition, whereas translocated chitin will only be
digested after solubilizing the lipid vesicles with detergent. (B) Western blot of proteoliposomes (PLs)
embedding PsCHS, with positive bands of PsCHS indicated by the red arrow. Western blot analysis
indicates that PsCHS co-precipitates with PLs after ultracentrifugation, demonstrating that purified
PsCHS was successfully reconstituted into E. coli total lipid extract PLs. PLs, PsCHS embedded
proteoliposomes; PLs-S, supernatant part after PsCHS embedded proteoliposomes ultracentrifugation;
PLs-P, precipitate part after PsCHS embedded proteoliposomes ultracentrifugation. (C) In vitro chitin
translocation function of PsCHS. PLs containing PsCHS were incubated with a radioactively labeled
substrate, and then, the reaction was terminated with EDTA. Subsequently, the PLs were incubated
with chitinase in the presence or absence of Triton X-100 followed by inactivation of chitinase with
SDS. No chitin is synthesized when EDTA is added to the reaction mixture before PsCHS addition
(column 4), confirming that EDTA efficiently terminates chitin elongation. Chitin is quantified relative
to the amount obtained without enzymatic digestion. (D) Degradation of chitin within the detergent
environment. Similar experiments to panel C were conducted, except that PsCHS in detergent was
used instead of PsCHS embedded in PLs. Chitin was completely digested in either the presence or
absence of Triton X-100.
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Figure 3. The structure and chitin translocation channel of PsCHS. (A) The architecture of the
PsCHS. The side view of the PsCHS dimer is shown in surface and cartoon representations. The
TM helices, IF helices, GT domain, and N-terminal domain associated with dimerization are colored
as pale blue, indigo blue, dark turquoise, and golden yellow, respectively. The other protomer is
colored as pink. The unresolved region is shown as dashed lines. The approximate position of the
membrane is marked with grey shading. (B) Interactions between PsCHS and UDP/Mn2+. UDP
is stabilized in the reaction cavity of the GT domain through hydrogen bonds and π-π stacking
hydrophobic interaction. Mn2+ coordinates with the pyrophosphate group of UDP. The interactions
between PsCHS and UDP/Mn2+ were analyzed using Protein–Ligand Interaction Profiler (PLIP) [21].
Residues are colored according to their respective functional regions, consistent with Figure 3A.
Hydrogen bonds, π-π stacking interactions, and coordinates between PsCHS and UDP/Mn2+ are
indicated with blue lines, green dashed lines, and orange lines, respectively. (C) Sequence alignment
of PsCHS with chitin synthases from other species shows that three residues potentially involved in
chitin translocation in PsCHS are conserved among chitin synthases from Saccharomyces cerevisiae (Sc),
Peronospora effusa (Pe), Candida albicans (Ca), Sporothrix brasiliensis (Sb), and Coccidioides immitis (Ci).
These conserved residues are marked with red squares and highlighted in panel D. (D) The chitin
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translocation channel of PsCHS. The presumed chitin translocation channel is illustrated with a
golden surface, and the selected conserved amino acids at different positions are shown by sticks.
The colors match those in panel A, with the selected residues highlighted in red. (E) Purification
of PsCHS mutations. The size exclusion chromatography profile for PsCHS and its mutants was
obtained using a Superdex 200 Increase 10/300 GL column. The lines in red, blue, green, and black
represent the mutants L540A, Y698A, V832A, and wild-type PsCHS, respectively, with peak position
indicated by the asterisk. The positive bands in Western blot of purified PsCHS and its mutants is
indicated by the red arrow. (F) The effect of mutations on PsCHS. Mutating the selected amino acids
significantly reduced the activity of chitin synthase.

In membrane-integrated glycosyltransferases, the synthesis and translocation of
polysaccharides across the membrane are thought to be closely related processes. Therefore,
blocking the translocation of the polysaccharide product could directly inhibit the activity
of the polysaccharide synthase. To prove this hypothesis, sequence alignment of chitin
synthases of different species identified highly conserved residues involved in forming
the transmembrane channels. The high conservation of these residues suggests that they
may play a critical role in the translocation function of chitin synthases. Three conserved
residues, L540 of IF2, Y698 of TM4, and V832 of TM6, were selected for mutation to assess
their impact on PsCHS activity (Figure 3C). These selected residues are located at different
positions within the transmembrane channel with L540 at the entrance, Y698 at one-third of
the distance from the entrance, and V832 at the middle position of the channel, respectively
(Figure 3D). The purified variants (Figure 3E) were subjected to in vitro enzyme activity
assays and exhibited a significant decrease compared with the wild type (Figure 3F). As
shown in column 4 of Figure 3D, mutating V832 to tyrosine resulted in an approximately
40% reduction in chitin synthase activity. And over 75–80% of the chitin synthase activ-
ity was lost when L540 or Y698 were mutated to alanine (Figure 3F, columns 2 and 3).
These results suggest that these conserved residues interact with the synthesized chitin
polymer and are involved in chitin translocation. Mutation of these residues will cause
the loss of chitin synthesis activity, indicating that PsCHS couples chitin synthesis with its
membrane translocation.

3. Discussion

Processive mechanisms have been identified in numerous biological processes, in-
cluding nucleic acid replication, transcription, and translation [22]. The tight association
between the enzyme and its products is a hallmark characteristic of a processive enzyme,
as the retained products near the active site allow the enzyme to easily perform subsequent
rounds of catalysis. Several extracellular polysaccharide synthases, such as cellulose syn-
thase and hyaluronan synthase, have been proven to be processive enzymes [23–25]. In the
study presented herein, the sedimentation experiment and pulse-chase experiment were
conducted to clearly show that PsCHS is also a processive enzyme. The processivity of
glycosyltransferases is thought to be closely related to polysaccharide translocation activity,
allowing for the export of the growing polysaccharide chain. Although chitin synthase, the
same as cellulose synthase and hyaluronan synthase, is a processive membrane-integrated
glycosyltransferase, the chitin translocation properties of chitin synthase cannot be defini-
tively confirmed until direct experimental results are demonstrated. This is because pepti-
doglycan glycosyltransferase, while also being a membrane-integrated glycosyltransferase,
is known to be a processive enzyme despite lacking membrane translocation activity [14].
Therefore, the membrane translocation assay with PsCHS embedded in proteoliposomes
described herein has demonstrated that it functions as a bifunctional enzyme, capable of
both synthesizing and translocating chitin.

The structure of PsCHS shows a potential chitin translocation channel, which exerts a
comparable size with cellulose synthase and hyaluronan synthase. According to research
on cellulose synthase and hyaluronan synthase, polysaccharides in the transmembrane
channel interact with the residues generally through π-π stacking interaction, π-CH stacking
interaction, and hydrogen bonds [24–27]. Therefore, some aromatic residues with side
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chains oriented toward the transmembrane channel, such as Y698, may interact with the
synthesized chitin chain via π-π stacking interactions or hydrogen bonds. Meanwhile, the
non-polar side chains of residues such as L540 and V832 may interact with the chitin chain
through π-CH stacking or hydrophobic interaction, as their mutations negatively affect
chitin synthase activity.

Polysaccharide synthase could recognize the specific nucleoside diphosphate-activated
sugar substrate. Substrate recognition not only occurs in the GT domain but also in the
TM region of polysaccharide synthase. Mutations in residues within the transmembrane
channel will weaken the interactions with the sugar chains and could further reduce chitin
synthesis activity. As shown from the sequence alignment of chitin synthase, cellulose
synthase, and hyaluronan synthase, although generally, the residues of the TM region
are more variable, certain residues are conserved in chitin synthases but not in other
polysaccharide synthases. In PsCHS, tyrosine at positions 698 and 718 are conserved
in chitin synthase, while these positions are occupied by leucine in cellulose synthase
and methionine in hyaluronan synthase (Figure S3). Based on the structural difference
between the sugar units of chitin (GlcNAc), cellulose (Glc), and hyaluronan (GlcA and
GlcNAc), these amino acids may play a role in interactions with acetamido groups, which
is the unique group in chitin (GlcNAc) among these three sugars. Although the mutation
experiments described herein prove that residues 698 and 718 [7] are important for activity,
the structure of PsCHS with synthesized chitin in the transmembrane channel is required
to confirm these interactions.

4. Materials and Methods
4.1. Protein Expression and Purification

PsCHS and its variants were expressed and purified as previously described [6], with
minor modifications. HEK293F cells were transfected with a pcDNA3.1 vector contain-
ing the PsCHS gene fused with a C-terminal 6 × histidine tag and cultured for 72 h to
express PsCHS. Following culture harvesting, cells were resuspended in resuspension
buffer (25 mM Tris-HCl pH 8.0 and 150 mM NaCl) and lysed using a chilled high-pressure
homogenizer (Union-Biotech, Shanghai, China). Subsequently, the lysate was centrifuged
at 12,500 rpm for 20 min at 4 ◦C in an R20A2 rotor (Hitachi, Tokyo, Japan) to remove
unbroken cells and aggregated materials. Membranes were collected by ultracentrifugation
of the supernatant at 200,000× g in a Ti45 rotor (Beckman Coulter, Brea, CA, USA) for 1 h
at 4 ◦C, followed by solubilization in resuspension buffer supplemented with 1% digitonin
(Biosynth, Compton, UK) overnight. After ultracentrifugation at 200,000× g for 30 min at
4 ◦C, the supernatant was incubated with Ni-NTA resin for 1 h at 4 ◦C. The column was
sequentially washed with wash I buffer (25 mM Tris-HCl pH 8.0, 1 M NaCl, and 20 mM
imidazole) and wash II buffer (resuspension buffer supplemented with 40 mM imidazole).
Elution of PsCHS was performed using resuspension buffer supplemented with 250 mM
imidazole. The eluted fraction was concentrated and injected onto a Superose 6 Increase
10/300 GL column (Cytiva, Wilmington, DE, USA) equilibrated with resuspension buffer
for further purification. All purification buffers above contained 0.05% digitonin. Peak
fractions were collected, concentrated, and subsequently analyzed using SDS-PAGE and
Western blot.

4.2. Activity Assays

To investigate the activity of PsCHS, 5 µL 1 mg/mL purified PsCHS was added
to 15 µL reaction buffer containing 25 mM Tris pH 8.0, 150 mM NaCl, 10 mM MnCl2,
2 mM GlcNAc, and 2 mM UDP-GlcNAc and supplemented with 0.5 µCi 3H-labelled UDP-
GlcNAc (PerkinElmer, Shelton, CT, USA) for product tracing. Following 30 min incubation
at 30 ◦C, 40 mM EDTA was added to the reaction system to terminate the reaction. To
detect the synthesis products, the reaction mixture was subjected to digestion with 10 µU
chitinase from Streptomyces griseus (Sigma-Aldrich, Burlington, MA, USA) at 30 ◦C for
10 min. Subsequently, 2% SDS was added to denature the chitinase. PsCHS was incubated



Int. J. Mol. Sci. 2024, 25, 11667 9 of 12

with 40 mM EDTA and 2% SDS as a negative control. It was then spotted onto Whatman
3MM filter paper and developed using a solvent consisting of 65% 1 M ammonium acetate
(pH5.5) and 35% ethanol. Under these conditions, highly polymerized chitin remained
at the origin position; the dried origins were cut into 2 cm strips, and radioactivity was
counted in Ultima Gold scintillation fluid using a liquid scintillation counter (PerkinElmer,
Shelton, CT, USA).

4.3. Processivity Analysis

For the sedimentation experiment, the reaction system was scaled up four-fold. After
30 min incubation at 30 ◦C, the reaction mixture was centrifuged at 15,000× g for 10 min
at 4 ◦C. Both the supernatant and the precipitate were analyzed using Western blot. The
reaction mixture which omits UDP-GlcNAc and the mixture where PsCHS is incubated
with exogenous chitin from shrimp were both involved as negative controls.

For pulse-chase analysis [28], 0.5 nmol purified PsCHS was incubated with 50 nmol
GlcNAc, 50 nmol Mn2+, 1.5 nmol UDP-GlcNAc, and 0.0019 nmol 3H-labelled UDP-GlcNAc
at 30 ◦C in 200 µL reaction mixture. Then, a 10 µL sample was collected after 2, 5, 10, and
30 min, respectively, followed by adding 375 nmol UDP-GlcNAc to continue incubation.
Another 10 µL sample was collected after 5, 10, 30, and 60 min during the chase. At each
time point, 2% SDS/40 mM EDTA was added to the sample to terminate the reaction and
release products. Then, the paper chromatogram and liquid scintillation counting were
performed as in the activity assays.

4.4. Proteoliposome (PL) Reconstitution

The E. coli total lipid extract (Avanti research, Alabaster, AL, USA) at a quantity of
12.5 mg was dissolved in 1 mL chloroform, and the chloroform was evaporated by nitrogen
purging. After lyophilization overnight, 1 mL of 60 mM DDM (Anatrace, Maumee, OH,
USA) was added with vibration to dissolve the lipid. The lipid and purified PsCHS were
mixed at a quality ratio of 4:1 and incubated at 4 ◦C for 30 min. Bio-Beads SM-2 Resin (Bio-
Rad, Hercules, CA, USA) was then added and replaced every hour to remove the detergent
until the mixture became turbid, indicating the completion of lipid vesicle assembly.

4.5. Chitin Translocation in PLs

The translocation experiment of chitin refers to the hyaluronan translocation exper-
iment with some modifications [29]. First, 5 µL of PLs was added to 15 µL of reaction
buffer, as described for the activity assays. After incubation at 30 ◦C for 5 min, the syn-
thesis reaction was terminated by adding 40 mM EDTA. Following that, the samples were
subjected to digestion with 20 µU chitinase at 30 ◦C for 10 min, either with or without
2% Triton X-100. Subsequently, 2% SDS was added to denature the chitinase and dissolve
the PLs. Then, radioactivity was quantified as described above. As a control, PLs were
replaced by purified PsCHS to eliminate the possibility that Triton X-100 merely increases
the susceptibility of chitin to chitinase digestion.

4.6. Cryo-EM Sample Preparation and Data Collection

PsCHS was concentrated to 3 mg/mL and incubated with 0.5 mM UDP-GlcNAc and
1 mM Mn2+ for 15 min or 40 min at 25 ◦C. Then, 10 µL samples were loaded onto glow-
discharged grids with holey carbon film (Quantifoil, Au 300 mesh, R1.2/1.3). The grids
were blotted for 2 s at 4 ◦C and 100% humidity and were then flash-frozen in liquid ethane
using Vitrobot (Thermo Fisher Scientific, Waltham, MA, USA).

Data collection for PsCHS samples incubated for 15 min (PsCHS15) and 40 min
(PsCHS40) was conducted utilizing a Titan Krios 300 kV electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a K3 direct detection camera (Gatan,
Pleasanton, CA, USA) for PsCHS15 and Felcon 4i direct detection camera (Thermo Fisher
Scientific, Waltham, MA, USA) for PsCHS40 at Shandong University. Images of PsCHS15
were acquired using an EPU (Thermo Fisher Scientific, Waltham, MA, USA) at a nominal
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magnification of ×81,000 and recorded in super-resolution mode with a pixel size of 1.04 Å.
The total dose of 60 e−/Å2 was distributed over 32 frames, and the target defocus ranged
from −0.8 to −1.8µm. Images of PsCHS40 were captured under similar conditions, with
a nominal magnification of ×130,000 and a pixel size of 0.92 Å. The collection utilized
counting mode, with a total dose of 60 e−/Å2 spread across 31 frames and a target defocus
ranging from −1.0 to −2.0µm.

4.7. Data Processing

CryoSPARC was selected for data processing. Movies were imported, followed by
motion correction and contrast transfer function estimation. To generate references for
template-based particle picking, particles were selected from the initial round of 2D classifi-
cation based on blob-picking particles. Subsequently, particles extracted from template-
based picking underwent another round of 2D classification followed by ab-initio recon-
struction and heterogeneous refinement. High-resolution reconstructions were produced
using homogeneous refinement and non-uniform refinement. The overall resolution of the
final PsCHS map was determined using gold-standard Fourier shell correlation. For the
PsCHS15 and PsCHS40 datasets, the final reconstructions yielded an average resolution of
3.20 Å and 2.94 Å, respectively, from 255,525 and 561,882 particles.

4.8. Model Building

The two structures were built by similar procedures. The apo-state structure of
PsCHS1 [6] was chosen as the initial model and corrected in COOT [30]. Structural refine-
ment was carried out using the phenix.real_space_refine application within PHENIX [31].
The final model of PsCHS with 15 min incubation lacks residues 1–22 and 40–90 in the
N-terminus and residues 738–761 and 860–925 in the C-terminus. The final model of PsCHS
with 40 min incubation lacks residues 1–22, 40–48, 52–76, and 88–90 in the N-terminus
and residues 738–761 and 860–925 in the C-terminus. All of the figures were prepared in
ChimeraX [32].

5. Conclusions

The extracellular polysaccharide chitin is synthesized by chitin synthase (CHS), a
membrane-integrated protein thought to transport chitin across the membrane to the
extracellular space. However, direct experimental evidence has remained limited. In this
study, through pulse-chase and sedimentation experiments, we demonstrated that chitin
synthase can synthesize chitin in a processive manner. Using reconstituted proteoliposomes
(PLs), we further confirmed the transmembrane transport function of chitin synthase.
As expected, mutating conserved residues in the transmembrane channel verified the
coupling of chitin synthesis and translocation functions. Notably, chitin synthase, along
with cellulose synthase and hyaluronan synthase, belongs to the family of extracellular
polysaccharide synthases. This work may contribute to a broader understanding of other
extracellular polysaccharide synthases. Furthermore, detailed biochemical and biophysical
analyses may be required to explore the mechanisms of the coupling between chitin
synthesis and membrane translocation processes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms252111667/s1.

Author Contributions: Conceptualization, S.N., H.W. and Y.B.; methodology, S.N.; software, S.N., X.Z.
and P.L.; validation, S.N.; formal analysis, X.Z. and P.L.; investigation, S.N., L.Q. and D.H.; resources,
S.N.; data curation, X.Z. and P.L.; writing—original draft preparation, S.N.; writing—review and
editing, Y.B.; visualization, S.N., X.Z. and H.W.; supervision, H.W. and Y.B.; project administration,
H.W. and Y.B.; funding acquisition, Y.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Key R&D Program of China, grant number:
2023YFE0125400; National Natural Science Foundation of China, grant number: 42376136; the Open-

https://www.mdpi.com/article/10.3390/ijms252111667/s1
https://www.mdpi.com/article/10.3390/ijms252111667/s1


Int. J. Mol. Sci. 2024, 25, 11667 11 of 12

ing fund of State Key Laboratory of Silkworm Genome Biology, grant number: SKLSGB-ORP202105;
the Instrument Improvement Funds of Shandong University Public Technology Platform, grant
number: ts20230204; Shandong Provincial Natural Science Foundation, grant number: ZR2024ZD32;
and Research on Simulation Technology and Devices of Key Processes of Typical Marine Ecologi-
cal Disasters in the Pre-Research Project of Major Scientific Facilities in Shandong Province, grant
number: DKXZZ202205.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The atomic model and EM map for the structures of PsCHS with 15 min
and 40 min incubation have been deposited in the RCSB PDB and the EMDB database with accession
codes 8Z0O and EMD-39709 and 8K52 and EMD-36893, respectively.

Acknowledgments: We thank the staff at the Intelligent Simulator of Marine Ecosystems, ISME, for
instrument support and technical assistance. This work was also supported by the Oceanographic
Data Center, IOCAS.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Brown, H.E.; Esher, S.K.; Alspaugh, J.A. Chitin: A “Hidden Figure” in the fungal cell wall. Curr. Top. Microbiol. Immunol. 2020,

425, 83–111. [PubMed]
2. Merzendorfer, H. Insect chitin synthases: A review. J. Comp. Physiol. B 2005, 176, 1–15. [CrossRef] [PubMed]
3. Drula, E.; Garron, M.-L.; Dogan, S.; Lombard, V.; Henrissat, B.; Terrapon, N. The carbohydrate-active enzyme database: Functions

and literature. Nucleic Acids Res. 2022, 50, D571–D577. [CrossRef] [PubMed]
4. Coutinho, P.M.; Deleury, E.; Davies, G.J.; Henrissat, B. An evolving hierarchical family classification for glycosyltransferases. J.

Mol. Biol. 2003, 328, 307–317. [CrossRef] [PubMed]
5. Campbell, J.A.; Davies, G.J.; Bulone, V.; Henrissat, B. A classification of nucleotide-diphospho-sugar glycosyltransferases based

on amino acid sequence similarities. Biochem. J. 1997, 326, 929–939. [CrossRef]
6. Chen, W.; Cao, P.; Liu, Y.; Yu, A.; Wang, D.; Chen, L.; Sundarraj, R.; Yuchi, Z.; Gong, Y.; Merzendorfer, H.; et al. Structural basis for

directional chitin biosynthesis. Nature 2022, 610, 402–408. [CrossRef]
7. Ren, Z.; Chhetri, A.; Guan, Z.; Suo, Y.; Yokoyama, K.; Lee, S.Y. Structural basis for inhibition and regulation of a chitin synthase

from Candida albicans. Nat. Struct. Mol. Biol. 2022, 29, 653–664. [CrossRef]
8. Chen, D.D.; Wang, Z.B.; Wang, L.X.; Zhao, P.; Yun, C.H.; Bai, L. Structure, catalysis, chitin transport, and selective inhibition of

chitin synthase. Nat. Commun. 2023, 14, 4776–4788. [CrossRef]
9. Lairson, L.L.; Henrissat, B.; Davies, G.J.; Withers, S.G. Glycosyltransferases: Structures, functions, and mechanisms. Annu. Rev.

Biochem. 2008, 77, 521–555. [CrossRef]
10. Walvoort, L.Y.a.M.T.C. Processivity in bacterial glycosyltransferases. ACS Chem. Biol. 2020, 15, 3–16.
11. Breyer, W.A.; Matthews, B.W. A structural basis for processivity. Protein Sci. 2008, 10, 1699–1711. [CrossRef]
12. Guidi, C.; Biarnés, X.; Planas, A.; De Mey, M. Controlled processivity in glycosyltransferases: A way to expand the enzymatic

toolbox. Biotechnol. Adv. 2023, 63, 108081–110896. [CrossRef] [PubMed]
13. Pagès, S.; Kester, H.C.M.; Visser, J.; Benen, J.A.E. Changing a single amino acid residue switches processive and non-processive

behavior of Aspergillus niger endopolygalacturonase i and ii. J. Biol. Chem. 2001, 276, 33652–33656. [CrossRef] [PubMed]
14. Yuan, Y.; Barrett, D.; Zhang, Y.; Kahne, D.; Sliz, P.; Walker, S. Crystal structure of a peptidoglycanglycosyltransferase suggests a

modelfor processive glycan chain synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 5348–5353. [CrossRef]
15. May, J.F.; Splain, R.A.; Brotschi, C.; Kiessling, L.L. Kiessling. A tethering mechanism for length control in a processive carbohydrate

polymerization. Proc. Natl. Acad. Sci. USA 2009, 106, 11851–11856. [CrossRef] [PubMed]
16. Levengood, M.R.; Splain, R.A.; Kiessling, L.L. Monitoring processivity and length control of a carbohydrate polymerase. J. Am.

Chem. Soc. 2011, 133, 12758–12766. [CrossRef]
17. Sobhanifar, S.; Worrall, L.J.; Gruninger, R.J.; Wasney, G.A.; Blaukopf, M.; Baumann, L.; Lameignere, E.; Solomonson, M.; Brown,

E.D.; Withers, S.G.; et al. Structure and mechanism of Staphylococcus aureus TarM, the wall teichoic acid α-glycosyltransferase.
Proc. Natl. Acad. Sci. USA 2015, 112, 576–585. [CrossRef]

18. Zhang, G.; Sobhanifar, S.; Worrall, L.J.; King, D.T.; Wasney, G.A.; Baumann, L.; Gale, R.T.; Nosella, M.; Brown, E.D.; Withers, S.G.;
et al. Structure and mechanism of Staphylococcus aureus TarS, the wall teichoic acid β-glycosyltransferase involved in methicillin
resistance. PLoS Pathog. 2016, 12, e1006067–e1006090.

19. Ma, Z.C.; Zhu, L.; Song, T.Q.; Wang, Y.; Zhang, Q.; Xia, Y.Q.; Qiu, M.; Lin, Y.C.; Li, H.Y.; Kong, L.; et al. A paralogous decoy
protects Phytophthora sojae apoplastic effector PsXEG1 from a host inhibitor. Science 2017, 355, 710–714. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/31807896
https://doi.org/10.1007/s00360-005-0005-3
https://www.ncbi.nlm.nih.gov/pubmed/16075270
https://doi.org/10.1093/nar/gkab1045
https://www.ncbi.nlm.nih.gov/pubmed/34850161
https://doi.org/10.1016/S0022-2836(03)00307-3
https://www.ncbi.nlm.nih.gov/pubmed/12691742
https://doi.org/10.1042/bj3260929u
https://doi.org/10.1038/s41586-022-05244-5
https://doi.org/10.1038/s41594-022-00791-x
https://doi.org/10.1038/s41467-023-40479-4
https://doi.org/10.1146/annurev.biochem.76.061005.092322
https://doi.org/10.1110/ps.10301
https://doi.org/10.1016/j.biotechadv.2022.108081
https://www.ncbi.nlm.nih.gov/pubmed/36529206
https://doi.org/10.1074/jbc.M105770200
https://www.ncbi.nlm.nih.gov/pubmed/11445590
https://doi.org/10.1073/pnas.0701160104
https://doi.org/10.1073/pnas.0901407106
https://www.ncbi.nlm.nih.gov/pubmed/19571009
https://doi.org/10.1021/ja204448t
https://doi.org/10.1073/pnas.1418084112
https://doi.org/10.1126/science.aai7919


Int. J. Mol. Sci. 2024, 25, 11667 12 of 12

20. Cheng, W.; Lin, M.L.; Qiu, M.; Kong, L.; Xu, Y.P.; Li, Y.N.; Wang, Y.; Ye, W.W.; Dong, S.M.; He, S.L.; et al. Chitin synthase is
involved in vegetative growth, asexual reproduction and pathogenesis of Phytophthora capsici and Phytophthora sojae. Environ.
Microbiol. 2019, 21, 4537–4547. [CrossRef]

21. Adasme, M.F.; Linnemann, K.L.; Bolz, S.N.; Kaiser, F.; Salentin, S.; Haupt, V.J.; Schroeder, M. PLIP 2021: Expanding the scope of
the protein-ligand interaction profiler to DNA and RNA. Nucleic Acids Res. 2021, 49, W530–W534. [CrossRef] [PubMed]

22. Robinson, A.; van Oijen, A.M. Bacterial replication, transcription and translation: Mechanistic insights from single-molecule
biochemical studies. Nat. Rev. Microbiol. 2013, 11, 303–315. [CrossRef] [PubMed]

23. Blackburn, M.R.; Hubbard, C.; Kiessling, V.; Bi, Y.; Kloss, B.; Tamm, L.K.; Zimmer, J. Distinct reaction mechanisms for hyaluronan
biosynthesis in different kingdoms of life. Glycobiology 2018, 28, 108–121. [CrossRef] [PubMed]

24. Morgan, J.L.; Strumillo, J.; Zimmer, J. Crystallographic snapshot of cellulose synthesis and membrane translocation. Nature 2013,
493, 181–186. [CrossRef] [PubMed]

25. Morgan, J.L.W.; McNamara, J.T.; Fischer, M.; Rich, J.; Chen, H.-M.; Withers, S.G.; Zimmer, J. Observing cellulose biosynthesis and
membrane translocation in crystallo. Nature 2016, 531, 329–334. [CrossRef]

26. Maloney, F.P.; Kuklewicz, J.; Corey, R.A.; Bi, Y.; Ho, R.; Mateusiak, L.; Pardon, E.; Steyaert, J.; Stansfeld, P.J.; Zimmer, J. Structure,
substrate recognition and initiation of hyaluronan synthase. Nature 2022, 604, 195–201. [CrossRef]

27. Purushotham, P.; Ho, R.; Zimmer, J. Architecture of a catalytically active homotrimeric plant cellulose synthase complex. Science
2020, 369, 1089–1094. [CrossRef]

28. Cartee, R.T.; Forsee, W.T.; Schutzbach, J.S.; Yother, J. Mechanism of type 3 capsular polysaccharide synthesis instreptococcus
pneumoniae. J. Biol. Chem. 2000, 275, 3907–3914. [CrossRef]

29. Hubbard, C.; McNamara, J.T.; Azumaya, C.; Patel, M.S.; Zimmer, J. The hyaluronan synthase catalyzes the synthesis and
membrane translocation of hyaluronan. J. Mol. Biol. 2012, 418, 21–31. [CrossRef]

30. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. Sect. D 2004, 60 Pt 1, 2126–2132.
[CrossRef]

31. Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.-W.; Kapral, G.J.; Grosse-
Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr.
Sect. D 2010, 66, 213–221. [CrossRef] [PubMed]

32. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.I.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2020, 30, 70–82. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/1462-2920.14744
https://doi.org/10.1093/nar/gkab294
https://www.ncbi.nlm.nih.gov/pubmed/33950214
https://doi.org/10.1038/nrmicro2994
https://www.ncbi.nlm.nih.gov/pubmed/23549067
https://doi.org/10.1093/glycob/cwx096
https://www.ncbi.nlm.nih.gov/pubmed/29190396
https://doi.org/10.1038/nature11744
https://www.ncbi.nlm.nih.gov/pubmed/23222542
https://doi.org/10.1038/nature16966
https://doi.org/10.1038/s41586-022-04534-2
https://doi.org/10.1126/science.abb2978
https://doi.org/10.1074/jbc.275.6.3907
https://doi.org/10.1016/j.jmb.2012.01.053
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444909052925
https://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1002/pro.3943
https://www.ncbi.nlm.nih.gov/pubmed/32881101

	Introduction 
	Results 
	Processivity of PsCHS 
	Translocation of Chitin by PsCHS 
	Coupling of Chitin Synthesis and Membrane Translocation 

	Discussion 
	Materials and Methods 
	Protein Expression and Purification 
	Activity Assays 
	Processivity Analysis 
	Proteoliposome (PL) Reconstitution 
	Chitin Translocation in PLs 
	Cryo-EM Sample Preparation and Data Collection 
	Data Processing 
	Model Building 

	Conclusions 
	References

