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Abstract
The fundamental mechanism of cellulose synthesis is widely conserved across Kingdoms and depends on cellulose syn-
thases, which are processive, dual-function, family 2 glycosyltransferases (GT-2). These enzymes polymerize glucose on the 
cytoplasmic side of the plasma membrane and export the glucan chain to the cell surface through an integral transmembrane 
(TM) channel. Structural studies of active plant cellulose synthases (CESAs) have revealed interactions between the nascent 
glucan chain and the side chains of polar, charged, and aromatic amino acid residues that line the TM channel. However, the 
functional consequences of modifying these side chains have not been tested in vivo in CESAs or other processive GT-2s. 
To test this, we used an established in vivo assay based on genetic complementation of CESA5 in the moss, Physcomitrium 
patens. For accurate prediction of glucan-interacting amino acid residues, we generated a complete homotrimeric molecular 
model of PpCESA5 using a combination of homology and de novo modeling. All-atom molecular dynamics-based analyses 
of contact metrics and interaction energy identified 23 amino acid residues with high propensity to interact with the nascent 
glucan chain within the TM channel or on the apoplastic surface of PpCESA5. Mutating any one of 18 of these amino acid 
residues to alanine, thereby removing their side chains, abolished or impaired CESA function, with the strongest effects 
observed upon the loss of charged amino acid side chains. This provides direct evidence to support the hypothesis that 
multiple amino acid residues collectively maintain a smooth energy landscape within the TM channel to facilitate glucan 
translocation.

Key message 
Cellulose synthase function was impaired when transmembrane glucan-interacting amino acids predicted by simulation-
based contact analysis were mutated individually, indicating that they collectively maintain the energy landscape for glucan 
translocation.
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Introduction

Cellulose is produced by organisms from all major 
branches of the tree of life, but the cellulose produced 
by land plants dominates Earth’s ecosystems and human 
enterprise. The enzymes that synthesize the cellulose poly-
mer are integral plasma membrane proteins that polymer-
ize β-d-glucose on the cytoplasmic side and export the 
resulting glucan chains to the apoplastic side through a 
transmembrane (TM) channel surrounded by transmem-
brane helices (TMHs). The cellulose synthases of land 
plants (CESAs) form 18-member assemblies that pro-
duce and export glucan chains in close proximity (Pent-
tila and Paajanen 2024; Nixon et al. 2016; Purushotham 
et al. 2020; Cosgrove et al. 2024). The structure of this 
multimeric cellulose synthesis complex (CSC) facilitates 
the assembly and crystallization of a microfibril that is 
exceptionally strong and recalcitrant to chemical and enzy-
matic breakdown (Haigler and Roberts 2019; Carpita and 
McCann 2020). The stability of these microfibrils explains 
the mass storage of carbon in cellulosic biomass, the 
strength of cellulose-based biomaterials, and the intracta-
bility of cellulose as a source of biofuels. Thus, the abil-
ity to modify cellulose microfibril properties through the 
biosynthetic process could pave the way for developing 
biomaterials with more diverse uses and less recalcitrant 
biofuel feedstocks.

The CSCs of seed plants are obligate hetero-oligomers 
comprising three distinct CESA isoforms (McFarlane et al. 
2014), and microfibril assembly depends on the coordina-
tion of glucan chain synthesis and export among these 
isoforms. Thus, modifying the function of one of the three 
CESA isoforms could alter microfibril assembly (Rongpipi 
et al. 2024), potentially resulting in desirable properties. 
Amino acid residues that interact with the nascent glucan 
chain within the TM channel or on the apoplastic side of 
the plasma membrane are potential targets for these modi-
fications (Guidi et al. 2023). In general, proteins interact 
with carbohydrates through hydrophobic carbon–hydro-
gen-pi (CH-π) stacking of aromatic amino acid side chains 
with the axial C–H bonds of the sugar rings and hydrogen 
bonding of polar amino acid side chains with sugar equato-
rial hydroxyl groups (Gabius et al. 2011; Quiocho 1988). 
Many of these interactions are dynamic, as illustrated by 
the sliding of hydrolases along the surfaces of their sub-
strates, which is thought to be mechanistically similar to 
the translocation of polysaccharides through TM channels 
(McNamara et al. 2015; Knott et al. 2014; Gabius et al. 
2011).

Cellulose synthases are processive family 2 glyco-
syltransferases (GT-2), which remain tightly bound to 
their products through repeated cycles of polymerization 

(Cantarel et al. 2009). Like other enzymes in this class, 
including hyaluronan, chitin, alginate, and poly-N-acetyl-
glucosamine synthases (reviewed in Bi et al. 2015), cellu-
lose synthases export their product through an integral TM 
channel that is closely associated with the active site and 
couples polymer translocation to glucan chain polymeriza-
tion. The mechanism of cellulose catalysis and transloca-
tion is best characterized for the cellulose synthase from 
Rhodobacter sphaeroides, RsBcsA (Morgan et al. 2016, 
2014, 2013). Similarities between cellulose synthases from 
bacteria (BcsA) and plants (CESAs), first suggested on 
the basis of sequence similarity (Pear et al. 1996), have 
been confirmed by computational modeling (Sethaphong 
et al. 2013) and cryo-EM structures (Purushotham et al. 
2020; Zhang et al. 2021). All have active sites where the 
acceptor glucan and the donor uridine diphosphate (UDP)-
glucose are coordinated by conserved amino acid residues 
and interact with a finger helix and gating loop, which play 
central roles in catalysis and translocation (Purushotham 
et al. 2020; Zhang et al. 2021; Morgan et al. 2016, 2013; 
Omadjela et al. 2013). The acceptor site is the only posi-
tion where the polymer is tightly bound with all hydroxyl 
groups involved in hydrogen bonding (Morgan et al. 2014), 
and this has been suggested to facilitate movement of each 
newly added glucose to this site (Knott et al. 2016; Zim-
mer 2019) and prevent premature release or backsliding 
of the polymer (Knott et al. 2016).

The roles of protein–glucan interactions within the 
TM channel remain poorly understood. With the accep-
tor tightly bound at the terminal glucose unit and the 
motive force for translocation transmitted through the 
finger helix, amino acid residues lining the TM channel 
may minimize energetic costs for smooth translocation of 
the polymer within the channel (reviewed by McNamara 
et al. 2015; Knott et al. 2016; Zimmer 2019). However, 
these channel-lining residues have also been proposed to 
help prevent dissociation of the acceptor after catalysis 
(McNamara et al. 2015). The experimentally determined 
structures of active bacterial and plant cellulose synthases 
provide snapshots of the interactions between the nascent 
glucan chain and amino acid residues within the TM chan-
nel (Morgan et al. 2013; Purushotham et al. 2020; Zhang 
et al. 2021; Verma et al. 2023). In cellulose synthases 
from bacteria (RsBcsA), poplar (PttCESA8), and cotton 
(GhCESA7), the channel is lined with aromatic side chains 
positioned to interact with the faces of the glucopyranose 
rings through CH-π stacking interactions, while the hydro-
philic side chains are positioned to interact with equato-
rial hydroxyl groups of the glucan chain. Some of these 
amino acid residues are conserved between bacteria and 
plants (Purushotham et al. 2020; Knott et al. 2016; Sla-
baugh et al. 2014). However, the effects of modifying these 
interactions on the in vivo function of CESAs or other 
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dual function, processive glycosyltransferases has not been 
tested (Guidi et al. 2023).

We have previously used the moss Physcomitrium pat-
ens to test the ability of engineered CESAs to function in 
either hetero-oligomeric CSCs consisting of multiple CESA 
isoforms or homo-oligomeric CSCs consisting of a single 
CESA isoform (Scavuzzo-Duggan et al. 2015, 2018; Burris 
et al. 2021; Li et al. 2022). The assays are based on comple-
mentation of P. patens cesa5 and cesa5/6/7 knockout (KO) 
lines, which have an easily scored phenotype where the leafy 
gametophores fail to develop beyond the early bud stage and 
colonies grow indefinitely as protonemal filaments (Goss 
et al. 2012; Li et al. 2022). When constitutively expressed, 
PpCESA5 rescues both lines, either by forming homo-oligo-
meric CSCs in the cesa5/6/7KO background, or by assem-
bling with PpCESA6 and PpCESA7 in the cesa5KO back-
ground (Goss et al. 2012; Li et al. 2022). Although some of 
the other five PpCESAs can rescue cesa5KO (Scavuzzo-
Duggan et al. 2018), only PpCESA5 rescues cesa5/6/7KO. 
PpCESA5 is also sufficient for gametophore formation 
when all other PpCESAs are disabled (Li et al. 2022). These 
results are explained by the ability of PpCESA5 to function 
as a homo-oligomer, whereas the other PpCESAs can only 
form hetero-oligomeric CSCs with a compatible PpCESA 
partner (Li et al. 2022, 2019; Scavuzzo-Duggan et al. 2018; 
Norris et al. 2017). Among many land plant CESAs, only 
PpCESA5 has so far been shown to function in vivo in the 
absence of other CESA isoforms (Li et al. 2022), although 
CESAs from poplar (PttCESA8), cotton (GhCESA7) and 
soybean (GmCESA1, GmCESA3 and GmCESA6) function 
as homotrimers in vitro (Purushotham et al. 2020; Zhang 
et al. 2021; Ho et al. 2025). Together, the two assays enable 
parallel testing of engineered PpCESA5 in homo-oligomeric 
CSCs, where the full effects of mutations can be revealed, 
and hetero-oligomeric CSCs, where the integration of defec-
tive subunits could lead to changes in cellulose microfibril 
properties.

Here, we used Physcomitrium patens for in vivo testing 
of the effects of modifying CESA-glucan interactions. We 
employed an all-atom molecular dynamics (MD) simula-
tion and conducted contact analyses to predict the amino 
acid side chains within the TM channel and on the apoplastic 
tail of PpCESA5 that interact with the nascent glucan chain. 
Since no empirical PpCESA5 structure was available, we 
initially generated a complete homotrimeric model using 
structural information from an active PttCESA8 homotrimer 
(Purushotham et al. 2020); a complete, monomeric model 
of GhCESA1 (Kwansa et al. 2024); and a de novo model 
of the first 29 residues of the longer N-terminal domain of 
PpCESA5. Each amino acid residue strongly implicated by 
MD-based contact analysis was mutated to alanine, which 
eliminates side chain atoms beyond the β-carbon without 
altering overall protein conformation (Cunningham and 

Wells 1989; Weiss et al. 2000), and tested for complemen-
tation of cesaKO mutants. In the cesa5/6/7KO background 
line, where PpCESA5 functions within homo-oligomeric 
CSCs, loss of single predicted glucan-interacting amino 
acid side chains abolished or impaired function, consistent 
with a requirement for a smooth energy profile within the 
TM channel that can be disrupted by loss of a single inter-
action. However, when mutations that abolished function in 
cesa5/6/7KO were tested in the cesa5KO background line, 
the resulting gametophores had cell expansion defects sug-
gesting that cell wall properties were altered by integration 
of defective PpCESA5 subunits into otherwise functional 
CSCs.

Materials and methods

Model generation and contact analysis

Model construction

A full-length 3D model of a PpCESA5 monomer (Fig. 1a) 
was obtained using a combination of: (a) a homology model 
via the SWISS-MODEL web server (Waterhouse et  al. 
2018), based on a full-length model of GhCESA1 (Kwansa 
et al. 2024), and (b) a 29-aa N-terminal fragment (not shared 
with GhCESA1) obtained via the RaptorX-Contact web 
server (Wang et al. 2017). A 3D model of a PpCESA5 homo-
trimer (Fig. 1b) was then assembled based on a 3D struc-
tural alignment of three copies of the PpCESA5 monomer 
onto the cryo-EM structure of PttCESA8 (PDB ID: 6WLB) 
(Purushotham et al. 2020) using Visual Molecular Dynamics 
(VMD) 1.9.3 (Humphrey et al. 1996).

Molecular dynamics (MD) simulation

The PpCESA5 homotrimer system was prepared for the all-
atom MD simulation with the AMBER 2019 software pack-
age (Case et al. 2019) by incorporating additional compo-
nents: three 22-mer glucan (1,4-linked β-d-glucose) chains, 
a heterogeneous phospholipid bilayer representing P. patens 
(Resemann et al. 2019; Grimsley et al. 1981), water, and 
0.15 M KCl (Fig. 1c). The employed force fields included 
ff14SB for proteins (Maier et al. 2015), GLYCAM06 for 
carbohydrates (Kirschner et al. 2008), Lipid17 for lipids 
(Case et al. 2019), TIP3P for water (Jorgensen et al. 1983), 
and the “Joung–Cheatham monovalent ion parameters for 
TIP3P” for ions (Joung and Cheatham 2008). A 10-stage 
explicit solvent simulation protocol was employed (Lee et al. 
2016; Kwansa et al. 2024). The final stage involved 500 ns 
at 300 K and 1 atm with a 1.0-nm cutoff, a 2-fs timestep, 
the SHAKE algorithm (Ryckaert et  al. 1977), periodic 
boundary conditions (PBCs), particle-mesh Ewald (PME) 
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Fig. 1   Three-dimensional PpCESA5 protein modeling, system con-
struction, and post-simulation contact analyses. a A snapshot of 
the initial PpCESA5 monomeric model after merging the SWISS-
MODEL homology model (30–1081 aa) and the RaptorX-Contact 
prediction (1–29 aa). Regions of interest are highlighted as indicated. 
The first 29 residues are indicated with a semi-transparent region at 
the start of the N-terminal domain. b A snapshot of the initial PpC-
ESA5 homotrimeric model after 3D alignment using the cryo-EM 
PttCESA8 6WLB structure as a reference with 22-mer glucan chains 
extended from the original cellopentaoses of 6WLB. c A snapshot of 
the initial PpCESA5 homotrimeric model after the addition of a het-
erogeneous phospholipid bilayer, water, and KCl. The explicit water 
molecules are hidden for clarity. The system components are high-
lighted as indicated in the color key. The lower key elements (PC, 
PG, PE, and PA) represent the lipid polar head groups (phosphatidyl-
choline, phosphatidylglycerol, phosphatidylethanolamine, and phos-
phatidic acid, respectively) used to color the entirety of the lipid mol-
ecules (head and tail). d A schematic of the analysis of protein-glucan 

contacts based on a distance criterion “d”, which was used to obtain 
contact metrics including mean score, mean lifetime, and total time. 
The snapshot shows the heavy atoms only of a β-d-glucose unit of a 
glucan chain in close proximity to a glutamate residue with a spheri-
cal cutoff distance centered at oxygen atom “O6” of the glucose unit. 
e A schematic of the hydrogen bond analysis based on two criteria (a 
distance and an angle) involving an acceptor heavy atom “A”, a donor 
heavy atom “D”, and a donor hydrogen atom “H”. These criteria were 
used to obtain the hydrogen bond time. The snapshot shows all atoms 
for the same two structures shown in (d). f A schematic of the CH-π 
analysis based on three criteria (two distances and one angle) involv-
ing a glucan carbon “C”, a glucan hydrogen “H”, a centroid of an aro-
matic ring “X”, a vector normal to the aromatic ring “Xn”, and a pro-
jection of the glucan carbon onto the aromatic ring plane “Cp”. These 
criteria were used to obtain the CH-π time. The snapshot shows a β-d-
glucose unit of a glucan chain in close proximity to a phenylalanine 
residue
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(Darden et al. 1993), and Lennard–Jones correction (Case 
et al. 2019).

Structural quality analysis

The ProSA-web server (Wiederstein and Sippl 2007; Sippl 
1993), MolProbity web server (Chen et al. 2010; Williams 
et al. 2018), and ERRAT web server (Colovos and Yeates 
1993) were used to analyze several measures of global struc-
tural quality, including the ProSA-web z-score, the MolPro-
bity score and related metrics, and the ERRAT quality factor.

Contact analysis

Protein–carbohydrate interactions between the PpCESA5 
amino acid side chains and the glucan chains were char-
acterized to obtain mean contact scores, mean contact life-
times, total contact times, and hydrogen bond (H-bond) 
times, using PyContact 1.0.4 with a distance criterion of 
0.5 nm (Scheurer et al. 2018) (Fig. 1d, e). Furthermore, 
carbon–hydrogen-pi (CH-π) contacts were analyzed using 
VMD and an in-house script based on criteria described 
previously (Hudson et al. 2015) (Fig. 1f). Lastly, a linear 
interaction energy (“lie”) analysis using a 1.2-nm cutoff, 
with Cpptraj from the AMBER 2021 software package 
(Case et al. 2021), was performed to obtain contact energy 
metrics. The total contact time was used to suggest amino 
acid residue sites within PpCESA5 that could influence pro-
tein function, thereby guiding the experimental design for 
mutagenesis studies. See the Supplementary Materials and 
Methods for additional details on the computational methods 
described above.

Genetic complementation assays in Physcomitrium 
patens

General approach

In these assays, the gametophore-deficient phenotype of 
cesa5KO or cesa5/6/7KO is rescued by transformation with 
a plasmid vector that integrates at an intergenic locus and 
drives expression of PpCESA5 with a constitutive Act1 pro-
moter (Goss et al. 2012; Li et al. 2022; Scavuzzo-Duggan 
et al. 2015).

Vector construction

Two different methods were used to introduce mutations 
into the PpCESA5 coding sequence. For the PCR fusion 
method (Scavuzzo-Duggan et al. 2015), primers listed in 
Table S4 were used to amplify overlapping fragments from 
a pTHAct1Gate expression clone containing the PpCESA5 
coding sequence (Burris et al. 2021). The fragments were 

fused in a single overlap extension reaction and cloned into 
pDONR 221 P5-P2 (Invitrogen, Grand Island NY USA) as 
described previously (Scavuzzo-Duggan et al. 2015). The 
second method used the Q5 Site-Directed Mutagenesis kit 
according to the manufacturer’s instructions (New England 
BioLabs, Ipswich MA USA). Primers designed with the aid 
of NEBaseChanger (https://​nebas​echan​ger.​neb.​com/) are 
listed in Table S4. A pDONR 221 P5-P2 entry clone con-
taining the coding sequence of PpCESA5 (Burris et al. 2021) 
was used as a template for the amplification reactions. To 
construct complementation vectors, the sequence verified 
entry clones were transferred to the pTHAct1Gate destina-
tion vector, along with an entry clone containing a 3XHA 
tag in pDONR 221 P1-P5r (Scavuzzo-Duggan et al. 2015).

Growing, transforming, and scoring moss lines

Physcomitrium patens mutant lines cesa5/6/7KO-2 (Li et al. 
2022) and cesa5KO-3 (Burris et al. 2021) were sub-cultured 
weekly on basal medium supplemented with ammonium tar-
trate (BCDAT) (Roberts et al. 2011). For the complementa-
tion assays, protoplasts were isolated and transformed with 
mutated or wild-type PpCESA5 expression vectors or an 
empty negative control vector. Stable antibiotic-resistant col-
onies, representing independent transformation events, were 
arrayed, cultured, and scored for complementation of the 
no gametophore mutant phenotype (Scavuzzo-Duggan et al. 
2015). Transformations varied in the number of independent 
lines (= colonies) generated. The number of colonies scored 
per treatment ranged from 39 to 177, pooled from 2 to 3 rep-
licate transformations. Transgene expression was verified by 
western blot analysis (Scavuzzo-Duggan et al. 2015) when 
transformation with a mutated vector did not fully rescue 
the mutant phenotype.

Statistical analysis of phenotypes

The 95% confidence intervals of the proportion (colonies 
with and without gametophores) were calculated using the 
Wilson Score method (Wilson 1927; Newcombe 1998) as 
described previously (Scavuzzo-Duggan et al. 2018). A two-
tailed Fisher’s Exact Test of Independence (Sokal and Rohlf 
1981) was used for statistical hypothesis testing (Scavuzzo-
Duggan et al. 2015).

Morphometric analysis of moss leaves

Analysis of leaf cell morphology

The P. patens gametophore leaves were photographed with 
polarized light microscopy using identical optical condi-
tions, and measurements were performed as before (Burris 
et al. 2021) with the following modifications: the region of 

https://nebasechanger.neb.com/
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interest (ROI) was placed similarly but reduced to 0.07 mm2 
to allow more leaves (plants) to be measured in approxi-
mately the same time. Only cells that were entirely within 
the ROI were measured. Cells were traced by hand in FIJI 
(https://​imagej.​net/​Fiji) using the ‘polygon selection’ tool, 
which yielded shape descriptors. FIJI defines circularity as 
4π × [Area]/[Perimeter]2 with the range of 1.0 to 0.0 span-
ning a perfect circle to increasingly elongated shapes.

Statistical analysis

Welch’s ANOVA and the Games Howell test were used 
to analyze differences between groups, including Bonfer-
roni correction for multiple comparisons. The software 
was Microsoft Excel supplemented with the Real Statistics 
Resource Pack software (Zaiontz 2019).

Cell wall analysis by grazing incidence wide‑angle 
X‑ray scattering

Substrate preparation

Silicon substrates were prepared by cutting bare silicon test 
grade wafers into ~ 15 × 15 mm squares using a diamond 
scribe. The wafers were scrubbed with soap and water, then 
washed sequentially in acetone, isopropanol, and deionized 
water, dried with an air gun, and then UV-ozone cleaned 
for 20 min.

Mounting moss leaves

Moss gametophores were stored in 2% SDS for 1–2 days 
to remove intracellular contents and rinsed thoroughly 
(15 min × 3) in deionized water. Each sample consisted of 
10 fully-expanded gametophore leaves collected from 3 to 5 
gametophores from an independent culture and laid out flat 
in a single layer near the center of a silicon substrate. Single 
leaves were removed from gametophores under a dissect-
ing microscope using two pairs of forceps, one to hold the 
gametophore at the base and the other to remove the leaf by 
pulling towards the base. For each genotype, two samples 
were prepared from each of three lines selected indepen-
dently from a genetic transformation (n = 3).

X‑ray scattering measurements

GIWAXS and XRD rocking scan measurements were con-
ducted at beamline 7.3.3, Advanced Light Source, Law-
rence Berkeley National Laboratory (Hexemer et al. 2010) 
using a 10 keV X-ray beam. GIWAXS was measured at a 
0.15° incident angle. XRD rocking scans were collected at 
5.67°, 6.44°, and 7.23°, corresponding to the (1 1 0)/(110) 
cellulose Iβ reflection. Samples were carefully positioned 

for XRD rocking scans so that the beam hit all 10 of the 
leaves. All scans had an exposure time of 30 s. Images 
were collected using a Pilatus 2 M detector at two differ-
ent detector heights that were stitched together to remove 
horizontal gridlines. 2D to 1D data reduction was done 
using Nika on Igor Pro (Ilavsky 2012).

Vertical sector analysis and χ‑pole figure reconstruction

GIWAXS vertical cuts, representing the out-of-plane scat-
tering, were obtained by integrating the images at ± 17° 
from the vertical. The cellulose (200) peak was decon-
voluted from the vertical sector cut by fitting the curve 
as a flat background with the (200) peak, a broad amor-
phous peak at q ~ 1.4 Å−1, and in some samples, a small 
starch peak at q ~ 1.45 Å−1 as a Gaussian. The d-spacing 
[d(200)] was calculated as d = 2π/q. The coherence length 
[L(200)] was calculated using the Scherrer equation, 
L = Kλ/βcos(θ), where K is a shape constant assumed to 
be 0.9, λ is the X-ray wavelength, β is the full width at 
half maximum of the peak in radians, and θ is one-half 
of the scattering angle. χ-pole figures were obtained as 
previously described (Ye et al. 2020; Baker et al. 2010). 
Azimuthal intensity profiles of GIWAXS and XRD rock-
ing scans were obtained by integrating over a given q 
range, 1.0 Å−1 < q < 1.3 Å−1, corresponding to the (110)/
(110) cellulose Iβ reflection. For XRD rocking scans, the 
azimuthal intensity profiles collected at incident angles 
of 5.67°, 6.44°, and 7.23° were averaged. The degree of 
preferred cellulose crystal orientation was assessed using 
the full width at half maximum of the χ-pole figure. The 
relative crystalline cellulose content (RCCC) was obtained 
using the relationship RCCC​ ∝ ∫

�

2

0
sin (χ)I(χ)dχ , where χ 

is the azimuthal angle (Baker et al. 1997; Ye et al. 2020). 
Biological replicates (n = 3) were lines selected indepen-
dently from a transformation of cesa5KO with a wild-type 
control or mutated PpCESA5 expression vector. For each 
biological replicate, spectra from two samples (each con-
sisting of 10 leaves from an independent culture) were 
collected and analyzed, and the calculated values were 
averaged prior to statistical analysis. The second sample 
for one biological replicate of S317A was lost, so values 
calculated from one measurement were used for statistical 
analysis.

https://imagej.net/Fiji
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Results

Generation and use of a complete model 
of a PpCESA5 homotrimer to predict 
and characterize glucan‑interacting amino acid 
residues

Homology modeling, 3D structure prediction, and 3D 
alignment were sequentially employed to generate an ini-
tial partial-length 1052-aa PpCESA5 monomeric homol-
ogy model, a full-length 1081-aa PpCESA5 monomeric 
model (Fig. 1a), and a 3 × 1081-aa PpCESA5 homotri-
meric model (Fig. 1b, Online Resource 1). The SWISS-
MODEL web server produced two initial homology mod-
els based on different target-template sequence alignments. 
Model 1 (1052 aa: 30 to 1081) was chosen for subsequent 
use because, compared to Model 2 (1043 aa: 38 to 1080), 
it covered a greater proportion of the sequence alignment 
(0.90 vs 0.88) and had a higher Global Model Quality 
Estimate (GMQE) of 0.56 (vs 0.53), and a more favora-
ble QMEAN z-score of − 5.05 (vs − 5.53). Among 11 
3D structure predictions of the fragment needed to com-
plete the N-terminal domain, RaptorX-Contact Model 
2 was chosen due to its highest mean rank of 1.7 based 
on three structural quality metrics (Table S1), including 
the ERRAT quality factor (ranked 1st, tied), ProSA-web 
z-score (ranked 1st), and QMEAN z-score (ranked 3rd).

The homotrimeric model was then assembled from 
three copies of the full-length monomeric model, each 
consisting of residues 1–29 of the predicted N-terminal 
domain fragment and the entirety of the homology model. 
We assessed the structural similarity between this PpC-
ESA5 homotrimer and the PttCESA8 trimeric template 
(PDB ID: 6WLB, (Purushotham et al. 2020)) used for 
the trimer 3D alignment stage by calculating three 720-
aa α-carbon root-mean-square displacements (RMSDs) 
between the PpCESA5 homotrimer and the template using 
corresponding CESA monomers. The mean and stand-
ard deviation of these RMSDs are 3.36 ± 0.16 Å (n = 3 
monomers).

We evaluated the structural quality of the PpCESA5 
homotrimer and analyzed CESA-glucan interactions 
using the MD simulation trajectory (Fig. 1c, Fig. S1). 
Global structural quality metrics for the PpCESA5 homo-
trimer are tabulated along with data from three reference 
structures: two cryo-EM homotrimeric CESA structures 
[PttCESA8, PDB ID: 6WLB (Purushotham et al. 2020) 
and GhCESA7, PDB ID: 7D5K (Zhang et al. 2021)] and 
one monomeric CESA model [GhCESA1 (Kwansa et al. 
2024)]. As mentioned, this PttCESA8 structure served as 
the trimeric template and this GhCESA1 model served 
as the monomeric homology modeling template. Notably, 

the PpCESA5 homotrimer has a ProSA-web z-score of 
− 8.42 ± 0.45, a MolProbity score of 0.96 ± 0.03 (100th 
percentile), and an ERRAT quality factor of 89.89 ± 1.76% 
(Table S2). To provide further context, the average ProSA-
web z-score of the PpCESA5 homotrimer is plotted with 
the ProSA-web z-scores of these three selected reference 
structures and with the full set of X-ray and NMR struc-
tures employed by the ProSA-web server (Fig. S2).

The analyses of protein–carbohydrate interactions 
included contact metrics (mean contact score, mean con-
tact lifetime, and total contact time) (Fig. 1d), hydrogen 
bond time (Fig. 1e), and CH-π time (Fig. 1f). Twenty-three 
amino acid residues had a total contact time of ≥ 80% for 
two or more of the three CESAs—the criteria used to iden-
tify potential experimental mutation sites (Fig. 2, Table S3). 
Among those residues located in TMH1-7, which surround 
the TM channel, and the apoplastic C-terminal domain, 
these ‘high contact’ residues included three cationic, two 
anionic, three polar (uncharged), ten aromatic, and five non-
polar aliphatic residues (Table S3).

Functional testing of mutated PpCESA5 
in the homo‑oligomeric context

To investigate the roles of the predicted glucan-interact-
ing side chains in vivo, we mutated each identified amino 
acid residue to alanine and tested for complementation of 
cesa5/6/7KO, in which the introduced PpCESA5 variant 
functions within a homo-oligomeric CSC (Li et al. 2022). 
Each mutated expression vector was transformed in parallel 
with an unmutated PpCESA5 expression vector (positive 
control) and an empty vector (negative control). Function 
was considered abolished (= no rescue) when the proportion 
of lines with gametophores (vs. all stably transformed lines) 
did not differ from the negative control; impaired (= partial 
rescue) when the proportion of lines with gametophores dif-
fered from both the negative control and the positive control; 
or unaffected (= full rescue) when the proportion of lines 
with gametophores did not differ from the positive control 
(Fisher’s Exact Test, p < 0.05).

The MD simulation identified six polar and charged 
TMH amino acid residues that form hydrogen bonds with 
the glucan chain (Fig. 3a, b, d). PpCESA5 function was 
abolished when the R281 (TMH1), R292 (TMH1), E311 
(TMH2), S317 (TMH2) or S894 (TMH4) side chain was 
mutated and impaired when the D321 (TMH2) side chain 
was mutated (Fig. 3c). Each glucose unit within the TM 
channel is coordinated by one or more of these side chains 
except the acceptor and glucose unit #2 (Fig. 3d), which 
are both coordinated by catalytic domain residues in Ptt-
CESA8 (Purushotham et al. 2020) that are conserved in 
PpCESA5. The N1003A (TMH5) and R1068A (C-termi-
nal) mutations impaired, but did not abolish, PpCESA5 
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Fig. 2   Total contact time for 
all identified contacts. For 
each amino acid residue, up to 
three data points (diamonds) 
represent contacts involving one 
of the three glucan chains of the 
PpCESA5 homotrimer. The red 
boxes indicate the 23 out of 82 
residues for which at least two 
data points met the criterion for 
a strong contact (≥ 80%). The 
blue boxes indicate the 59 out 
of 82 residues for which these 
criteria were not met
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function. The side chains of these two amino acid residues 
project from the apoplastic surface of the trimer and inter-
act with the glucan chains as they emerge from the TM 
channel (Fig. 3b). Confirmation of protein expression by 
western blotting for non-rescuing vectors (Fig. S3) shows 
that failure to rescue is due to defects in protein function, 
not lack of expression.

Ten aromatic TMH amino acid residues were identified 
by the MD simulation as forming hydrogen bonds and/or 
CH-π interactions with the glucan chain within the TM chan-
nel (Fig. 4a, b, d). Mutation of the F314 (TMH2), F1017 
(TMH6) or F1018 (TMH6) side chain abolished PpCESA5 
function, whereas mutation of the F288 (TMH1), W318 
(TMH2), Y861 (TMH3), Y871 (TMH3), F897 (TMH4) or 
F1013 (TMH6) side chain impaired function (Fig. 4c). How-
ever, PpCESA5 function was not affected by mutation of 
the W1021 (TMH6) side chain, which coordinates glucose 
units #6 and #7 along with F288 and Y871 (Fig. 4b, d). 
Protein expression was confirmed by western blotting for 
non-rescuing vectors (Fig. S4).

Of the five non-polar aliphatic amino acid residues iden-
tified as glucan-interacting residues by the MD simulation 
(Fig. 5a, b, d), only P1064 was required for PpCESA5 func-
tion (Fig. 5c). P1064, along with I1062, interacts with the 
glucan chain on the apoplastic surface, outside of the TM 
channel (Fig. 5b). Protein expression was confirmed by west-
ern blotting for P1064A (Fig. S5).

Functional testing of mutated PpCESA5 
in the hetero‑oligomeric context

To determine how a defective PpCESA5 subunit affects the 
function of a hetero-oligomeric CSC, we tested all muta-
tions that abolished PpCESA5 function in cesa5/6/7KO 
in cesa5KO, in which the engineered PpCESA5 interacts 
with PpCESA6 and PpCESA7 (Li et al. 2019). Four of 
these mutations had no effect on the relative number of res-
cued lines compared to the positive control and two had 
a significant, but small effect (Fig. 6a). However, mutat-
ing S317 (TMH2) or S894 (TMH4) produced a stable 

Fig. 3   Structure and function of glucan contacts with polar and 
charged amino acid residues. a Contacts between glucose rings and 
amino acid side chains lining the TM channel of PpCESA5. Boxes 
are color-coded as red = no rescue or yellow = partial rescue. b PpC-
ESA5 TM channel surrounded by TM helices (gray ribbons) and 
containing a glucan chain (gray stick, numbered starting with the 
acceptor glucose) with close-contact amino acid residues [stick, 
color-coded as in (a)]. c Complementation of cesa5/6/7KO by PpC-

ESA5 expression vectors mutated as indicated. Numbers in paren-
theses indicate the TMH location of the mutations, and “T” indicates 
the apoplastic tail. Brackets indicate significant differences (p < 0.05, 
Fisher’s Exact Test) between the test vector and the positive or nega-
tive control and numbers at the bottom of each column indicate the 
number of independent genetic lines scored. d Properties of amino 
acid-glucan contacts. Column A color-coded as in (a). Glucose unit 
IDs are for each of the three CESAs (chains A–C) in the trimer
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complementation phenotype characterized by defects in 
polarized expansion of the leaf cells and blade (Fig. 6b, c, d). 
Similar to the effects of a gating loop mutation reported pre-
viously (Burris et al. 2021), the gametophores of S317A and 
S894A complementation lines had wider leaves (Fig. 6b) 
composed of cells that were similar in area (Fig. 6c), but less 
elongated (i.e., had higher circularity, Fig. 6d), compared to 
positive control complementation lines (p < 0.001).

The walls of the leaf cells from the S317A and S894A 
complementation lines were birefringent as revealed by 
polarization optics (Fig.  6b), suggesting that cellulose 
content was not substantially reduced. To test for altera-
tion in nanoscale organization of cellulose, we examined 
leaves with grazing incidence wide-angle X-ray scattering 
(GIWAXS) combined with X-ray diffraction (XRD) rock-
ing scans (Rongpipi et al. 2024; Ye et al. 2020; Del Mundo 
et al. 2023). This approach allows us to decouple the scat-
tering along the plane to scattering orthogonal to the cell 
wall. Previous work showed that cellulose microfibrils in 
moss leaves have a preferred crystallographic orientation 
with the (200) and (110)/(110) planes preferentially stacked 

parallel to the cell wall plane (Ye et al. 2020). Scattering in 
the out-of-plane direction for the S317A and S894A leaves 
showed qualitatively different diffraction profiles near the 
cellulose (200) reflection (q = 1.55 Å−1) compared to the 
positive control (Fig. 6e, S6a–c) as reported previously for 
cesa mutants in Arabidopsis (Rongpipi et al. 2024). We 
combined GIWAXS and rocking scan data to create χ-pole 
figures (Ye et al. 2020), and examined the widths of the pole 
figures with polar angle as an indication of the orientational 
organization within the cell wall. The χ-pole figure widths 
[(110)/(110) reflections] were broadened for the S317A and 
S894A leaves (Fig. 6f, S6d), consistent with a loss of pre-
ferred orientation of cellulose crystals. We found no signifi-
cant differences between mutants and the positive controls 
based on the calculated values of relative crystalline cellu-
lose content, d-spacing of the cellulose (200) reflection, and 
coherence length of the cellulose (200) reflection (Fig. S6e).

Most of the mutations had relatively mild effects on PpC-
ESA5 function when tested in cesa5KO (Fig. 6a). However, 
the R292A (TMH1) and E311A (TMH2) mutations abol-
ished PpCESA5 function, even as part of a hetero-oligomeric 

Fig. 4   Structure and function of glucan contacts with aromatic amino 
acid residues. a Contacts between glucose rings and amino acid side 
chains lining the TM channel of PpCESA5. Boxes are color-coded 
as red = no rescue, yellow = partial rescue, or green = full rescue. 
b PpCESA5 TM channel surrounded by TM helices (gray ribbons) 
and containing a glucan chain (gray stick, numbered starting with 
the acceptor glucose) with close-contact amino acid residues [stick, 
color-coded as in (a)]. c Complementation of cesa5/6/7KO by PpC-

ESA5 expression vectors mutated as indicated. Numbers in paren-
theses indicate the TMH location of the mutations. Brackets indicate 
significant differences (p < 0.05, Fisher’s Exact Test) between the test 
vector and the positive or negative control and numbers at the bot-
tom of each column indicate the number of independent genetic lines 
scored. d Properties of amino acid-glucan contacts. Column A color-
coded as in (a). Glucose unit IDs are for each of the three CESAs 
(chains A–C) in the trimer



Plant Molecular Biology (2025) 115:85	 Page 11 of 18  85

CSC with PpCESA6 and PpCESA7 (Fig.  6a). Protein 
expression was confirmed by western blotting for non-res-
cuing vectors (Fig. S7).

Whereas the prediction of potential mutation sites 
focused on the total contact time, additional metrics were 
used to gain further insights (Fig. S8), including the mean 
contact score, mean contact lifetime, hydrogen bond time, 
CH-π time, and contact interaction energies (Coulombic, 
Lennard–Jones, and total). Among these additional metrics, 
a high hydrogen bond time and a high total contact interac-
tion energy were the best predictors of the strength of the 
mutant phenotype (Fig. S9).

Discussion

MD simulation combined with genetic 
complementation assays enables functional testing 
of predicted mutations

The PpCESA5 homotrimeric model shows good agree-
ment with the cryo-EM PttCESA8 homotrimeric structure 

(Purushotham et al. 2020). Quantitatively, the α-carbon 
RMSD between the PpCESA5 model and the PttCESA8 
homotrimeric structure (3.36 ± 0.16  Å) is reasonable, 
given that the initial PpCESA5 homology model was based 
on a GhCESA1 model (derived partly from the cryo-EM 
PttCESA8 structure) that had undergone an MD simula-
tion and post-MD energy minimization. It also compares 
well with the 3.19-Å α-carbon RMSD between this GhC-
ESA1 monomer and the first monomer of this PttCESA8 
structure (Kwansa et al. 2024). In the PttCESA8 and GhC-
ESA7 cryo-EM structures, TMH7 from an adjacent CESA 
contributes to the TM channel (Purushotham et al. 2020; 
Zhang et al. 2021), and this positioning of TMH7 has also 
been reported for PpCESA5 from initial cryo-EM results 
(Massenburg et al. 2024). In contrast, the TM channel is 
partially exposed to the lipid bilayer in the recent cryo-EM 
structures of GmCESA1 and GmCESA6 (Ho et al. 2025). 
This suggests that, for different CESA isoforms, the lipid 
environment may interact directly and/or indirectly with 
the product as shown for other transmembrane synthase 
proteins (Corradi et al. 2018).

Fig. 5   Structure and function of glucan contacts with non-polar ali-
phatic amino acid residues. a Contacts between glucose rings and 
amino acid side chains lining the TM channel of PpCESA5. Boxes 
are color-coded as red = no rescue or green = full rescue. b PpCESA5 
TM channel surrounded by TM helices (gray ribbons) and contain-
ing a glucan chain (gray stick, numbered starting with the acceptor 
glucose) with close-contact amino acid residues [stick, color-coded as 
in (a)]. c Complementation of cesa5/6/7KO by PpCESA5 expression 

vectors mutated as indicated. Numbers in parentheses indicate the 
TMH location of the mutations. Brackets indicate significant differ-
ences (p < 0.05, Fisher’s Exact Test) between the test vector and the 
positive or negative control and numbers at the bottom of each col-
umn indicate the number of independent genetic lines scored. d Prop-
erties of amino acid-glucan contacts. Column A color-coded as in (a). 
Glucose unit IDs are for each of the three CESAs (chains A–C) in the 
trimer
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Several metrics support the global structural quality of 
the PpCESA5 trimer model. The ProSA-web z-score of 
the PpCESA5 model is 0.25 to 0.43 lower than the three 
reference results, as expected given that the ProSA-web 
z-score generally decreases as a function of protein length 
(Fig. S2, Table S2). The value for the PpCESA5 model 
(− 8.42 ± 0.45) is close to proteins of a similar size, which 
are underrepresented in the Protein Data Bank compared 
to smaller proteins (Fig. S2). The MolProbity score of the 
PpCESA5 model is comparable to the GhCESA1 reference 
model and lower than those of the two reference cryo-EM 
structures (Table S2) due to differences in their clashscores 

(number of atom–atom overlaps per 1000 atoms). The clash-
score is zero for the two simulation-based models, which is 
not unexpected due to the structural geometry optimization 
and refinement of these models. However, the percentages of 
poor rotamers, favored rotamers, phi-psi outliers, and phi-psi 
favored are improved for the cryo-EM structures, with some 
overlap for phi-psi favored (Table S2). The Ramachandran 
distribution z-scores are all under the target value (|z|< 2) 
for the three reference structures and the PpCESA5 model, 
indicating reasonable backbone dihedral angles (phi and psi) 
compared to reference proteins from the Protein Data Bank 
(Hooft et al. 1997). Lastly, the ERRAT quality factor of the 

Fig. 6   Function of glucan contacts in the P. patens cesa5KO back-
ground. a Complementation of cesa5KO by PpCESA5 expression 
vectors mutated as indicated. Numbers in parentheses indicate the 
TMH location of the mutations, and “T” indicates the apoplastic tail. 
Brackets indicate significant differences (p < 0.05, Fisher’s Exact 
Test) between the test vector and the positive or negative controls 
and numbers at the bottom of each column indicate the number of 
independent genetic lines scored. b Gametophore morphology (top 
panels) and leaf structure imaged by polarization microscopy (bot-
tom panels) for cesa5KO complemented with wild-type control 
or mutated PpCESA5 expression vectors. Scale bar for upper pan-
els = 1 mm and scale bar for lower panels = 200 µm. c Leaf cell area 
distributions for control and mutants overlapped, although the mean 
for S894A was significantly different from the control (p = 0.017). d 
Leaf cell circularity was higher for mutants compared to the control 
(p < 0.001). e GIWAXS intensity versus out-of-plane scattering vec-
tor qz obtained from vertical sector averages (− 17° to 17°) showed 
qualitative changes to diffraction near the cellulose (200) reflec-
tion for S317A and S894A when compared to the control. f Full 

width at half maximum of χ-pole figures [(1 1 0)/(110) reflections] 
showed broadening of χ-pole figures (p = 0.0495) for mutants com-
pared to controls. The pole figure width was similar between S317A 
and S894A complementation lines (p = 0.62) as contrasted with their 
differences from controls (p = 0.067 or 0.068). Replication and analy-
sis for C–F were as follows. Biological replicates (n = 3) were lines 
selected independently from a transformation of cesa5KO with a 
wild-type control or mutated PpCESA5 expression vector. For (c) and 
(d), an average of 25.6 cells were measured to obtain mean cell cir-
cularity and cell area values for each leaf and values from 7–8 leaves 
were averaged for each biological replicate. For (d), spectra collected 
from six samples, two each from three biological replicates (a sample 
was 10 leaves from an independent culture), were averaged for each 
genotype. For (f), values calculated from two samples [as in (d)] were 
averaged for each biological replicate. Welch’s ANOVA followed 
by the Games Howell test was used to test significant differences 
between groups: for (c), F(2, 43.7) = 4.21; for (d), F(2, 42.0) = 75.17; and, 
for (f), F(2, 3.9) = 7.19. Statistically significant differences indicated by 
different letters on the graphs
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PpCESA5 model (89.89 ± 1.76%) is only about 4% lower 
than the GhCESA1 reference model and within about 6% of 
a recommended 95% threshold for high-resolution protein 
structures (Colovos and Yeates 1993).

The present computational and experimental approach 
suggests that residues in TMHs 1, 2, and 6 have the strong-
est effects on function among 23 residues that we function-
ally tested in P. patens mutant complementation assays. 
Amino acid residues with polar and aromatic side chains 
were over-represented among these 23 residues, as observed 
for glucan-containing RsBcsA, PttCESA8, and GhCESA7 
X-ray and cryo-EM structures (Purushotham et al. 2020; 
Zhang et al. 2021; Morgan et al. 2016, 2013; Knott et al. 
2016) and the binding domains of other classes of proteins 
that interact with carbohydrates (Hudson et al. 2015). Of 
the 21 PpCESA5 glucan-interacting residues within the TM 
channel that were predicted (Table S3, Fig. 2, Fig. S10), 
12 align with putative glucan-interacting residues identified 
in PttCESA8 (Purushotham et al. 2020), and 10 align with 
residues identified in GhCESA7 (Zhang et al. 2021) (Fig. 
S10). Eight residues that align across sequences of cellulose 
synthases in RsBcsA and plants (Fig. S10) also provide evi-
dence of broad evolutionary conservation of the transloca-
tion mechanism. These include Y861 (TMH3), which aligns 
with F416 in RsBcsA. Both form CH-π stacking contacts 
with glucose unit #3 (Fig. 4a, d), and F416 has been shown 
to force the glucan chain into a planar conformation as it 
enters the RsBcsA TM channel (Knott et al. 2016). Other 
residues conserved across RsBcsA and plants include Y871 
(TMH3, aligns with RsBcsA F426) and F1018 (TMH6, 
aligns with RsBcsA Y558), which interact with glucose 
units #6 and #7, respectively, in RsBcsA (Knott et al. 2016) 
and P. patens (Fig. 4a, d).

Loss of single polar, charged, or aromatic 
channel‑lining side chains can have strong 
deleterious effects on a processive, dual‑function 
glycosyltransferase in vivo

In cesa5/6/7KO, the engineered CESA must function within 
homo-oligomeric CSCs in the absence of class B partners 
(Li et  al. 2022). Complementation of the cesa5/6/7KO 
gametophore-deficient phenotype (Figs. 3 and 4), which is 
associated with reduced cellulose content in gametophore 
buds (Goss et al. 2012), is inhibited or abolished by loss of 
single polar, charged, or aromatic side chains, suggesting 
that multiple side chains collectively facilitate glucan trans-
location. This provides empirical support for the ‘greasy 
slide’ hypothesis, originally proposed based on structural 
and energetic analysis of the maltoporin TM channel (Meyer 
and Schulz 1997; Schirmer et al. 1995) and later extended 
theoretically to translocation in cellulose synthases (Zim-
mer 2019). In the maltoporin TM channel, which facilitates 

maltodextrin uptake in bacteria, the energy maxima and 
minima of the CH-π stacking and the hydrogen bonding 
interactions with maltotriose are offset by a distance equal 
to one half of a glucose unit, resulting in a smooth energy 
profile that minimizes the barriers to translocation (Meyer 
and Schulz 1997). In this scenario, glucan-interacting side 
chains collectively facilitate translocation, and the loss of 
even one required participant can cause strong deleterious 
effects due to disruption of a smooth energy profile within 
the PpCESA5 TM channel.

An alternative explanation of the mutagenesis results is 
that interactions that position the acceptor glucan for effi-
cient glucosyl transfer and prevent premature release of the 
product are weakened by loss of polar, charged, or aromatic 
channel-lining side chains. However, potential of mean 
force calculations for the translocation of glucans through 
the RsBcsA TM channel showed an energy barrier of only 
3.1 kcal/mol, indicating that translocation is not a rate-lim-
iting step for cellulose biosynthesis (Knott et al. 2016). The 
product is most tightly bound through the terminal glucose 
within the receptor site (Morgan et al. 2014), consistent with 
reduced energy barriers within the TM channel (McNamara 
et al. 2015; Knott et al. 2016; Zimmer 2019). The pulling 
force required to dislodge the cellulose product from an 
RsBcsAB complex was recently measured with optical twee-
zers to be greater than 100 pN. The authors suggested that 
this strong binding force may result from disruption of the 
lubricating effects of CH-π stacking and hydrogen bonding 
interactions due to deformation of either the protein or the 
product (Hilton et al. 2022). Binding energies associated 
with CH-π contacts (~ 4–8 kcal/mol) and hydrogen bonds 
(~ 5–6 kcal/mol) have been reported through experimental 
techniques and electronic structure calculations (Sheu et al. 
2003; Houser et al. 2020). Furthermore, such energies can 
vary depending on the specific atoms involved and the local 
environment, for example, being lower in a high-dielectric 
medium such as water due to electrostatic shielding (Sheu 
et al. 2003). Our MD simulation showed partial hydration of 
the TM channel, which would be expected to further reduce 
the CESA-glucan binding energy and potentially facilitate 
glucan translocation. Taken together, these observations sug-
gest that cellulose is not tightly bound within the TM chan-
nel under native conditions.

Incorporation of a mutated subunit 
into a hetero‑oligomeric complex alters cellulose 
preferred orientation with respect to the cell wall 
plane

Physcomitrium patens provides the unique opportunity to 
test how mutated CESAs function in homo-oligomeric CSCs 
with all subunits equally impaired compared to hetero-oli-
gomeric CSCs in which mutated CESAs function together 
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with wild-type CESAs, potentially leading to synthesis 
of fewer glucan chains (if only the wild-type CESAs are 
active) or the same number of glucan chains, but at different 
rates (if the mutated CESAs synthesize glucan chains more 
slowly). When mutations that abolished complementation of 
cesa5/6/7KO were tested in cesa5KO, gametophore develop-
ment was partially restored in most cases. Presumably, this 
occurred through the assembly of partially functional CSCs 
in which PpCESA6 and PpCESA7 synthesized microfibrils 
alone or with some contribution of the mutated CESAs. The 
leaf cells were isodiametrically expanded in the S317A and 
S894A complementation lines, similar to when cesa5KO 
was rescued by a PpCESA5 gating loop mutant as reported 
previously along with evidence that the analogous mutation 
in Arabidopsis partially inhibited the synthesis of crystal-
line cellulose (Burris et al. 2021). Isodiametric cell expan-
sion is common in cellulose-deficient mutants, including 
radial swelling1, the first CESA mutant described (Arioli 
et al. 1998). However, the similar birefringence of leaf cell 
walls in the S317A, S894A and control complementation 
lines (Fig. 6b) is consistent with similar crystalline cellulose 
content, leading to further investigation of cellulose prop-
erties. Recently, GIWAXS has revealed for the first time 
that cellulose microfibrils in the cell walls of plant tissues, 
including P. patens leaves, have a preferred orientation with 
their (200) and (110)/(110) crystallographic planes preferen-
tially stacked parallel to the cell wall plane (Ye et al. 2020). 
The reduction in preferred orientation in S317A and S894A 
complementation lines compared to controls (Fig.  6f, S6d) 
is similar to the cesa3je5 mutant in Arabidopsis (Rongpipi 
et al. 2024). Loss of preferred cellulose crystal orientation 
relative to the cell wall plane was correlated with reduced 
cell elongation in Arabidopsis hypocotyls (Rongpipi et al. 
2024) as observed here for moss leaf cells. Taken together, 
the reductions in polarized leaf cell expansion and preferred 
cellulose crystallographic orientation, when CESAs with 
translocation pore mutations are incorporated into CSCs 
along with fully functional CESAs, highlight the linkage 
between glucan chain translocation and normal microfibril 
assembly.

Although we observed qualitative differences in GIWAXS 
profiles between the S317A and S894A complementa-
tion lines and controls near the (200) cellulose reflection 
(Fig. 6e), there were no significant differences in calculated 
values for d-spacing or coherence length of this reflection or 
for relative crystalline cellulose content. Previously reported 
differences between Arabidopsis genotypes were small for 
primary cell walls (Rongpipi et al. 2024), and our sample 
size was limited. Thus, these data do not rule out the pos-
sibility that these parameters are subtly altered by incor-
poration of PpCESA5 with translocation pore mutations 
into hetero-oligomeric CSCs. Indeed, it was suggested that 
expansion of the cellulose (200) plane d-spacing observed 

in the Arabidopsis cesa3je5 mutant could result from incor-
poration of defective CESA subunits into hetero-oligomeric 
CSCs (Rongpipi et al. 2024).

Some previously reported CESA mutations may 
impact glucan translocation

Some of the mutations we designed and tested in P. patens 
are homologous to previously characterized cesa mutations 
in Arabidopsis, and the phenotypes observed in this seed 
plant may also be related to altered glucan translocation. 
These include eli1-1 (S301F in AtCESA3, corresponding 
to S317 in PpCESA5), a cellulose-deficient mutant that also 
exhibits ectopic lignification (Caño-Delgado et al. 2000, 
2003), likely as a response to changes in cell wall integrity 
(Anderson and Kieber 2020). Four others confer herbicide 
resistance in Arabidopsis, including L286F in AtCESA6 
(Huang et al. 2020); ixr1-5, R276H in AtCESA3 (Shim 
et al. 2018); S892N in AtCESA1 (Hu et al. 2016); and ixr1-
1, G998D in AtCESA3 or fxr2-1, G1013R/E in AtCESA1 
(Scheible et al. 2001; Shim et al. 2018). These four distinct 
mutation sites correspond to PpCESA5 L285, R292, S894, 
and G1014, respectively. Several of these are cellulose defi-
cient in the absence of herbicides (ixr1-1, ixr1-5, fxr2-1; 
Shim et al. 2018), consistent with functional conservation 
between P. patens and Arabidopsis. Interestingly, the aegeus 
mutation (A903V in AtCESA1; Harris et al. 2012), which 
confers quinoxyphen resistance and alters cellulose micro-
fibril crystallinity, was identified as the ortholog of glucan-
interacting residue Y455 in RsBcsA using sequence-based 
alignments (Morgan et al. 2013; Slabaugh et al. 2014; Li 
et al. 2014). However, in structure-based alignments (Puru-
shotham et al. 2020; Fig. S10), Y455 aligns with L900 in 
PpCESA5, which is homologous to L898 in AtCESA1. 
Although implicated by MD as a glucan-interacting resi-
due, mutating L900 did not impair PpCESA5 function in our 
assay, and the orthologous residues in PttCESA8 (L795) and 
GhCESA7 (L861) were not implicated in glucan interaction 
(Purushotham et al. 2020; Zhang et al. 2021). Notably, her-
bicide resistance mutations are found in all regions of CESA 
proteins (Larson and McFarlane 2021), so it is unknown 
whether they affect cellulose polymerization, translocation, 
or other undefined processes required for cellulose synthesis.
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