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Abstract
Recent breakthroughs in structural biology have provided valuable new insights into enzymes involved in plant cell wall 
metabolism. More specifically, the molecular mechanism of synthesis of (1,3;1,4)-β-glucans, which are widespread in cell walls 
of commercially important cereals and grasses, has been the topic of debate and intense research activity for decades. However, 
an inability to purify these integral membrane enzymes or apply transgenic approaches without interpretative problems 
associated with pleiotropic effects has presented barriers to attempts to define their synthetic mechanisms. Following the 
demonstration that some members of the CslF sub-family of GT2 family enzymes mediate (1,3;1,4)-β-glucan synthesis, the 
expression of the corresponding genes in a heterologous system that is free of background complications has now been 
achieved. Biochemical analyses of the (1,3;1,4)-β-glucan synthesized in vitro, combined with 3-dimensional (3D) cryogenic- 
electron microscopy and AlphaFold protein structure predictions, have demonstrated how a single CslF6 enzyme, without 
exogenous primers, can incorporate both (1,3)- and (1,4)-β-linkages into the nascent polysaccharide chain. Similarly, 3D struc
tures of xyloglucan endo-transglycosylases and (1,3;1,4)-β-glucan endo- and exohydrolases have allowed the mechanisms 
of (1,3;1,4)-β-glucan modification and degradation to be defined. X-ray crystallography and multi-scale modeling of a broad 
specificity GH3 β-glucan exohydrolase recently revealed a previously unknown and remarkable molecular mechanism with 
reactant trajectories through which a polysaccharide exohydrolase can act with a processive action pattern. The availability 
of high-quality protein 3D structural predictions should prove invaluable for defining structures, dynamics, and functions 
of other enzymes involved in plant cell wall metabolism in the immediate future.
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Introduction

Structural biology has enabled some of humanity’s most 
momentous discoveries. Crystal structures of proteins (Corey 
and Pauling 1953), DNA (Watson and Crick 1953; Bernal 
1958), and RNA (Cate et al. 1996) have allowed us not only 
to describe the 3-dimensional (3D) structures at the atomic 

level, and hence the functions of these molecules, but have 
also allowed us to develop and describe key metabolic pro
cesses, including ribozyme function and CRISPR gene editing 
(Wang et al. 2022). However, structural biology technologies 
are experimentally difficult, and, as a result, their application 
in plant cell wall biology has been limited. Crystallizing soluble 
enzymes involved in wall metabolism has been achieved 
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relatively rarely, and obtaining 3D data for the integral mem
brane enzymes that mediate the synthesis of many wall poly
saccharides has proved to be particularly challenging. 
Although X-ray crystallography has been the key method in 
the past, the achievement of atomic resolution through 
cryogenic-electron microscopy (cryo-EM) has been a major 
breakthrough for studying membrane-integrated proteins 
and those attached to flexible polymers (Kühlbrandt 2014; 
Bartesaghi et al. 2015; Yip et al. 2020).

Here we review recent advances in our understanding of 3D 
structures of enzymes involved in the synthesis, remodeling, 
and hydrolysis of key cell wall polysaccharides. This knowledge 
advances our understanding of the molecular mechanisms of 
catalysis and the evolutionary dynamics of the corresponding 
genes involved in the synthesis of these polysaccharides. The 
review is focused on the structural biology of enzymes that 
mediate the metabolism of (1,3;1,4)-β-glucans, which are com
monly found in walls of the Poaceae.

The unique structures of (1,3;1,4)-β-glucans
The (1,3;1,4)-β-glucans are widely distributed but not ubiqui
tous in cell walls of the grasses, where they constitute 0.5% to 
2.3% of walls in wheat grains, 2% to 10% in walls of barley, and 
3.8% to 6.1% of walls in oat grains (Fincher and Stone 2004). 
They have also been detected, but not quantitated, in other 
commelinid and noncommelinid species and nonmonocot 
taxa, including the monilophyte genus Equisetum, some 
bryophytes, certain green and red algae, lichens, a fungus, 
and a chromalveolate (Harris and Fincher 2009; Little et al. 
2018).

In the water-soluble (1,3;1,4)-β-glucan from the starchy 
endosperm of barley, there are about 70% (1,4)-linkages 

and 30% (1,3)-linkages between glucosyl residues 
(Woodward et al. 1983). In general, single (1,3)-linkages are 
separated by groups of mainly 2 or three adjacent 
(1,4)-linkages, but with approximately 10% of the polysac
charide comprising blocks of up to 10 or more adjacent 
(1,4)-linkages (Woodward et al. 1983). More than 1 adjacent 
(1,3)-linkage is rarely if ever found (Woodward et al. 1983; 
Buliga et al. 1986). When the polysaccharide is hydrolyzed 
with specific (1,3;1,4)-β-glucan endohydrolases, which only 
hydrolyze (1,4)-linkages on the reducing terminal side of a 
(1,3)-linked β-glucosyl residue, the trisaccharide G4G3Gred 

(DP3) and tetrasaccharide G4G4G3Gred (DP4) are the major 
products (where G represents a glucosyl residue, 3 and 4 are 
the β-linkage types, red denotes the reducing end of the oligo
saccharide, and DP is degree of polymerization) (Woodward 
et al. 1983). Markov chain analyses of the oligosaccharides in 
partial hydrolysates of the polysaccharide showed that these 
tri- and tetrasaccharides are arranged randomly along the 
backbone chain (Staudte et al. 1983). Thus, the polysacchar
ide structure has a random component with respect to the 
arrangement of the tri- and tetrasaccharides but a nonran
dom component insofar as only single (1,3)-linkages are pre
sent. Given that approximately 30% of the polymer consists 
of (1,3)-linked glucosyl residues, if these (1,3)-linkages were 
arranged randomly, one would expect to find multiple re
gions of 2 or more adjacent (1,3)-linkages. The distribution 
patterns of the longer blocks of adjacent (1,4)-linkages 
have not been defined.

While a few other polysaccharides contain different linkage 
types in the main chain, such as the bacterial SIII pneumococ
cal polysaccharide that is composed of a repeating sequence 
of (1,3)-β-linked cellobiuronic acid residues (Anderson and 
Stone 1975) and hyaluronan, which is composed of a repeat
ing disaccharide of N-acetylglucosaminosyl and glucuronosyl 
acid residues that has alternating (1,3)-β- and (1,4)-β-linkages 
(Weigel and DeAngelis 2007; Maloney et al. 2022), both of 
these polysaccharides are characterized by strictly repeating 
disaccharide moieties.

Superimposed on these structural complexities of 
(1,3;1,4)-β-glucans is the high degree of variability in their 
fine structure. The proportions of (1,3)- and (1,4)-linkages 
can vary from species to species and within walls of different 
tissues in a single species, and, as a result, the relative propor
tions of the DP3 and DP4 oligosaccharides will also vary. 
Lazaridou and Biliaderis (2007) used DP3:DP4 ratios to distin
guish between (1,3;1,4)-β-glucans from different sources and 
noted the link between the ratios and polysaccharide solubil
ity. As a result of different spatial and bonding interactions 
between adjacent glucosyl residues, (1,3)-β-glucosyl linkages 
are inherently more flexible than (1,4)-β-glucosyl linkages 
and form a molecular kink between the “cellulosic” oligosac
charides in the (1,3;1,4)-β-glucan backbone chain. Regular 
spacing of (1,3)-linkages would enable the polysaccharides 
to align in solution, and their solubility would thereby be re
duced. The random arrangement of the DP3 and DP4 units 
indicates that the (1,3)-linkages are not evenly spaced along 

ADVANCES BOX  

• 3D structures of participating enzymes provide 
new insights into the molecular mechanisms of 
both (1,3;1,4)-β-glucan synthesis and hydrolysis

• A single barley CslF6 gene expressed in insect cells 
synthesizes (1,3;1,4)-β-glucans of DP up to 100 or 
more, without exogenous primers

• Structural biology has demonstrated how (1,3)- 
and (1,4)-β-linkages can be inserted into the 
elongating chain

• Evolutionary changes in the cellulose synthase 
gene super-family that allow this unique specifi
city have been identified

• X-ray crystallographic and multiscale molecular 
modeling analyses of the barley β-glucan exohy
drolase Exo1 explain its broad specificity, its 
reactant trajectories, and a processive action 
pattern previously unrecognized in polysacchar
ide exohydrolase.
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the chain and is responsible, at least in part, for the relative 
solubility of the polysaccharide in water. One can also con
clude that the further the DP3:DP4 ratio deviates from 1.0 
in either direction, the less soluble the polysaccharide is in 
aqueous solution (Burton et al. 2010). As an example of 
the differences in DP3:DP4 ratios between species, the stor
age (1,3;1,4)-β-glucan in the starchy endosperm of 
Brachypodium distachyon has a ratio of about 7:1 (Guillon 
et al. 2012), whereas the (1,3;1,4)-β-glucan from barley grain 
has a ratio of about 3:1 (Trafford et al. 2013).

Given this level of structural complexity and variability, it is 
perhaps not surprising that the molecular mechanism of 
(1,3;1,4)-β-glucan synthesis has intrigued biochemists for 
more than 50 years (e.g. Smith and Stone 1973), but progress 
toward understanding these mechanisms has been slow. 
More specifically, biochemists have addressed questions 
such as whether the (1,3)- and (1,4)-β-linkages are inserted 
into the nascent polysaccharide by a single enzyme or by 
multiple enzymes, how the random and nonrandom arrange
ments of linkage types are achieved, and whether oligosac
charide or other primers are required for the initiation of 
chain elongation. Our inability to purify these integral mem
brane enzymes has frustrated attempts to unequivocally an
swer these questions. The first significant advances were 
therefore achieved through the identification of the genes in
volved in (1,3;1,4)-β-glucan synthesis.

Discovery and characterization of genes 
encoding (1,3;1,4)-β-glucan synthases
Using comparative genomics based on quantitative trait loci 
and EST mapping, Burton et al. (2006) showed that certain 
members of the CslF gene subfamily of barley encoded 
(1,3;1,4)-β-glucan synthases. The CslF subfamily is classified 
within the GT2 family of processive glycosyl transferases, 
which contains a total of close to 50 cellulose synthase 
(CesA) genes and cellulose synthase-like (Csl) genes that medi
ate cell wall polysaccharide biosynthesis in angiosperms 
(Carbohydrate-Active enZymes database; http://www.cazy. 
org/; Drula et al. 2022). The CslF subfamily is monophyletic 
with the CslD subfamily, and it is likely that the CslF subfamily 
evolved relatively recently after the duplication of the CslD/ 
CslF ancestor, which itself was derived from the CesA subfam
ily (Yin et al. 2014; Schwerdt et al. 2015; Dimitroff et al. 2016; 
Little et al. 2018). Thus, the closest relatives of the CslF genes 
are found in the CslD subfamily, which has been implicated in 
the synthesis of single (1,4)-β-glucan (cellulose) chains 
(Doblin et al. 2001; Bernal et al. 2008; Park et al. 2011; Yang 
et al. 2020).

Subsequent transcript profiling in the developing endo
sperm of barley indicated that CslF6 transcripts were the 
most abundant, although there was a substantial peak of 
CslF9 transcription early in grain development (Burton 
et al. 2008). The role of the CslF6 enzyme in 
(1,3;1,4)-β-glucan synthesis in cereal grains has been con
firmed several times using various experimental approaches 

(Nemeth et al. 2010; Burton et al. 2011; Taketa et al. 2011; 
Vega-Sάnchez et al. 2012), but there remains some doubt 
as to whether the CslF9 protein is directly involved in 
(1,3;1,4)-β-glucan synthesis (Garcia-Gimenez et al. 2020). 
For these reasons, the CslF6 enzyme has become the prime 
target in attempts to define the molecular mechanism of 
(1,3;1,4)-β-glucan synthesis. Advances in our understanding 
of this mechanism were provided through in vitro functional 
and structural analyses of the CslF6 enzyme (Purushotham 
et al. 2022).

The 3D structure of the CslF6 
(1,3;1,4)-β-glucan synthase
Defining the 3D structures of integral membrane enzymes 
has proven to be particularly challenging. These membrane- 
spanning enzymes generally lose both their native 3D struc
ture and activity when dissociated from the supporting 
membrane. A major advance in the field came when 
Morgan et al. (2013) published the 3D crystal structure of 
a catalytically active BcsA–BcsB complex of a cellulose syn
thase from the bacterium Rhodobacter sphaeroides, which 
shares sequence similarities with higher plant CesA enzymes. 
The BcsA component of the complex contains 8 transmem
brane (TM) helices that surround a cylindrical channel 
through which the nascent cellulosic chain is extruded 
(Morgan et al. 2016).

The 3D structure of the bacterial BcsA protein agreed well 
with an ab initio predicted model for the catalytic domain of 
a cotton CesA enzyme (Sethaphong et al. 2013). The experi
mental and predicted structures confirmed the presence of 
spatially conserved active site D, D, TED, and QxxRW residues 
that represent invariant motifs across cellulose synthases and 
closely related enzymes (Richmond and Somerville 2000; 
Morgan et al. 2013). It also showed that plant-conserved re
gions and class-specific regions (CSR) (Fig. 1A) are located at 
the edge of the catalytic domain and that these 2 regions 
could be important in the CesA oligomerization that occurs 
in plant cellulose synthase complexes (Scavuzzo-Duggan 
et al. 2018; Purushotham et al. 2020). The GT2 family mem
bers are inverting enzymes that adopt an SN2-like substitu
tion reaction in which the OH group of the nascent 
polysaccharide’s nonreducing terminal glycosyl residue acts 
as the nucleophilic acceptor and catalyzes an attack on the 
C1 carbon of the sugar nucleotide substrate’s donor glycosyl 
residue; a base catalyst deprotonates the acceptor during the 
nucleophilic attack (Lairson et al. 2008; Fig. 1A).

The structures and models of the bacterial and cotton en
zymes subsequently allowed homology modeling of the bar
ley and sorghum CslF6 enzymes; these enzymes were chosen 
because of differences in the DP3:DP4 ratios of their 
(1,3;1,4)-β-glucans (Dimitroff et al. 2016). Heterologous ex
pression of the 2 genes and various mutant variants in 
Nicotiana benthamiana identified several amino acid resi
dues that affected the amount of (1,3;1,4)-β-glucan synthe
sized and the DP3:DP4 ratios. However, the data were 
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interpreted carefully because they were based on a molecular 
model and on heterologous expression in a plant system, 
where pleiotropic effects might distort protein folding 
(Jobling 2015; Dimitroff et al. 2016).

To overcome these limitations, a medium-resolution struc
ture of the barley CslF6 enzyme was determined at an inter
mediate state during (1,3; 1,4)-β-glucan biosynthesis 
(Purushotham et al. 2022; Protein Data Bank [PDB] accession 
8dqk) using cryo-EM coupled with AlphaFold protein struc
ture predictions (Jumper et al. 2021) (Fig. 1B). The CslF6 en
zyme and several mutant forms were expressed in Sf9 insect 
cells, which were expected to have a “cleaner,” nonplant 

background, and polysaccharides synthesized in vitro were 
analyzed (Purushotham et al. 2022).

Structural characteristics of the CslF6 
(1,3;1,4)-β-glucan synthase
Several important enzymic characteristics were revealed in 
this study (Purushotham et al. 2022). Firstly, it was confirmed 
that the CslF6 enzyme adopts a CesA-like conformation, in 
which 7 transmembrane α-helices form a TM tunnel through 
which the nascent (1,3;1,4)-β-glucan is extruded across the 
membrane from the active site (Fig. 1B, left and middle 
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Figure 1. Catalytic mechanisms and 3D structures of the barley CslF6 (1,3:1,4)-β-glucan synthase and the hybrid aspen CesA8 cellulose synthase. A) 
Catalytic mechanism of GT2 enzymes where the catalytic base mediates transfer of a monosaccharide species from the nucleotide-sugar donor to 
acceptors, with the inversion of anomeric stereochemistry through an SN2-like substitution reaction. The red arrow indicates where the new glyco
sidic linkage is formed. B) Left panel: Cartoon representation of the barley CslF6 enzyme (Purushotham et al. 2022). The structure is overlaid with 
cellopentaose-containing (cyan sticks) to illustrate the cellulose secretion path. The section of the IF3 helix representing the MTASCSAY switch is 
shown in yellow. The plant-conserved region α-helices (brown) and CSR (purple) regions are also specified. Middle panel: Position of conserved 
active site residues of CslF6 with D431 and D433 of the DxD motif, D634 (of the TED motif, catalytic base), Q672, R675, and W676 of the 
QxxRW, and Y787 residues of the switch motif (cpk sticks). The C6-OH groups of the acceptor substrate (cpk cyan sticks), the C3-OH and 
C4-OH groups of the terminal glucoside moiety (cpk cyan sticks and space fill representations), and the C1 atom of the UDP-Glc analogue in 
BcsA (PDB accession 5eiy) (cpk sticks) are labelled. Proposed interactions between the C6-OH group of the second and third Glc moieties 
(cyan) and the hydroxyl group of Y787 (cpk yellow sticks) are indicated in black dashes. Interface 2 (IF2) and IF3 α-helices (cyan) delineate the cyto
plasmic boundary. The corresponding D462, D464, D676, Q714, R717, and W718 residues (green cpk lines) of CesA8 catalytic machinery are indi
cated (CslF6 and CesA8 superpose with an root-mean-square-deviation value of 1.76 Å). Right panels: Nearest interactions of the MTASCSAYL 
switch motif in barley CslF6, and of the corresponding VIGGVSAHL motif in CesA8 (Purushotham et al. 2020), with 4 residues (cpk spheres) sur
rounding Y787 (stick cpk magenta in CslF6; top) and H832 (stick cpk cyan in CesA8; bottom).
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panels). Secondly, it was demonstrated that a single barley 
CslF6 enzyme was sufficient to synthesize a (1,3;1,4)-β-glucan 
with the same chemical properties as the (1,3;1,4)-β-glucan 
extracted from barley starchy endosperm. While it has 
been proposed that additional enzymes, such as (1,3)-β- 
glucan synthases or xyloglucan endo-transglycosylases 
(XETs) might be required for the insertion of the 
(1,3)-linkages into the elongating chain (Burton and 
Fincher 2009), Buckeridge et al. (2001) had correctly pre
dicted that only 1 enzyme was necessary for the synthesis 
of (1,3;1,4)-β-glucans. It is important to note that during 
the expression of CslF6 and its variants in Sf9 cells, polysac
charide chains of DP 25 to more than DP 100 were synthe
sized within 3 hours (Purushotham et al. 2022), without 
added primers. It is likely that the CslF6 enzyme initially hy
drolyzes UDP-Glc and that the released glucose (Glc) acts as 
a self-priming acceptor for the initiation of (1,3;1,4)-β-glucan 
chain elongation, as demonstrated for hyaluronan and chitin 
synthases (Orlean and Funai 2019; Maloney et al. 2022). 
Thirdly, Purushotham et al. (2022) concluded that the 
CslF6 enzyme acted as a monomer in contrast to the trimeric 
and other oligomeric structures that form in higher plant 
CesA complexes (Purushotham et al. 2016, 2020; Jarvis 
2018). Although CslF6 can be computationally assembled 
into similar homotrimeric complex, as observed for CesA, it 
is currently unclear why these complexes are not observed 
in vitro (Purushotham et al. 2022).

The CslF6 enzymes can be distinguished from other mem
bers of the CslF subfamily by the presence of a 40- to 
50-amino acid residue insertion (Burton et al. 2008); the pre
dicted length of this sequence varies according to the align
ment programs used. Its approximate position on the lateral 
surface of the catalytic domain is indicated in Fig. 1B, but it 
appears to be flexible and unstructured and is part of the 
CSR of the enzyme. It is particularly rich in positively and 
negatively charged amino acid residues and might be in
volved in interactions with other proteins or phospholipids. 
Detailed knowledge of the 3D structure of the CslF6 enzyme 
subsequently allowed the definition of the enzyme’s catalytic 
mechanism, through which both (1,3)- and (1,4)-linked glu
cosyl residues are incorporated into the elongating 
(1,3;1,4)-β-glucan chain.

Catalytic mechanism of the CslF6 
(1,3;1,4)-β-glucan synthase
The 3D structure of the CslF6 enzyme revealed that its cata
lytic pocket is almost identical to the active site of the hybrid 
aspen CesA8 enzyme (PDB accession 6wlb) (Fig. 1B, middle 
panel; Purushotham et al. 2022). More specifically, strictly 
conserved residues implicated in binding the UDP-Glc 
substrate and coordinating the associated Mg2+ cation are 
positioned as observed in the CesA8 catalytic pocket 
(Fig. 1B, middle panel). The inevitable conclusion is that 
the UDP-Glc substrate is bound in the same position in 

both enzymes, relative to the acceptor. It follows that the po
sitioning of the acceptor must account for the formation of 
(1,3)- and (1,4)-β-linkages by CslF6. Specifically, in the CesA8 
enzyme, the C4-OH acceptor group on the nonreducing ter
minal of the nascent cellulosic chain is always in the same 
position relative to the catalytic base. However, in the 
CslF6 enzyme, the nonreducing terminal glucosyl residue of 
the polysaccharide chain acceptor is likely to be sufficiently 
mobile to allow the presentation of either the C3-OH or 
the C4-OH to the catalytic base and the C1 atom of the 
bound UDP-Glc.

In the case of the CesA8 enzyme, consecutive glucosyl re
sidues of the nascent cellulosic chain are inverted by about 
180° relative to each other so that the position of consecutive 
C4-OH groups in the active site is approximately the same 
relative to the substrate. Further, the nascent cellulose poly
mer translocates into the TM channel through a tube-like 
pore that constrains its movement, in particular at its ter
minal C4-OH. In contrast, (1,3)-β-glucans form a helical 
structure (Gidley and Nishinari 2009), and the 180° inversion 
observed between adjacent (1,4)-linked glucosyl residues 
does not occur between adjacent (1,3)- and (1,4)-linked resi
dues. Thus, and as stated above, the 3D disposition of the 
elongating (1,3;1,4)-β-glucan chain’s nonreducing end ac
ceptor would need to be flexible enough to allow the 
addition of the incoming glucosyl residue to either the 
C3-OH or the C4-OH, which will be approximately 2 Å apart. 
The increased space required for this flexibility during 
(1,3;1,4)-β-glucan synthesis would likely involve relaxation 
of the putative CesA acceptor binding constraints and at 
the same time might allow an increase in the diameter of 
the pore leading from the active site into the TM channel.

Purushotham et al. (2022) therefore compared sequences 
of CesA, CslD, and CslF6 enzymes in this pore region and 
found that a conserved VIGGVSAHLF sequence in CesA en
zymes (including the hybrid aspen CesA8 enzyme) and CslD 
enzymes was replaced by an MTASCSAYLA sequence in the 
CslF6 enzyme (Fig. 1B, left and middle panels). The CslF6 se
quence was denoted the “switch” motif because of its prob
able role in the switch of substrate specificities between the 2 
enzymes. The motif is highly conserved in CslF6 genes from 
other species (Purushotham et al. 2022), but it is not well 
conserved in other barley CslF enzymes. Nevertheless, the 
Y787 residue is always present. The H787Y mutation under
lined in the motifs above appeared to be crucial for the for
mation of (1,3)-linkages by the CslF6 enzyme. Replacement 
of Y787 in CslF6 with a His residue (as found in the CesA 
sequence at that position; Fig. 1B, right panel) substantially 
reduced the number of (1,3)-linkages in the resultant poly
saccharide; similar results were obtained if the entire switch 
motif of the CslF6 enzymes were replaced with the CesA8 
motif. However, the reciprocal introduction of Y787 or the 
entire CslF6 motif into the CesA8 enzyme did not result in 
the formation of (1,3)-linkages (Purushotham et al. 2022). 
This suggests that while the switch motif is essential for 
(1,3)-linkage formation, additional structural adaptations 
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occurred during the evolution of CslF6 specificity, perhaps 
within the TM channel.

Despite these uncertainties, Purushotham et al. (2022)
were able to propose a model for (1,3;1,4)-β-glucan synthesis 
in which it is assumed that CslF6 positions the accepting glu
cosyl unit similarly to that of CesA8 to favor glucosyl transfer 
to its C4-OH. However, interactions of the C6-OH of the se
cond or third glucosyl residue from the nonreducing ter
minus of the elongating polysaccharide chain with switch 
motif’s Y787 are proposed to reposition the acceptor to favor 
transfer to its C3-OH instead of the C4-OH. The precise me
chanisms for controlling the insertion of single (1,3)-linkages, 
overall DP3:DP4 ratios, and the insertion of the longer blocks 
of adjacent (1,4)-linkages remain to be defined. In the latter 
case, the frequency of these longer blocks decreases with 
their DP (Woodward et al. 1983). Thus, as the length of ad
jacent (1,4)-linkages increases during synthesis, the chance 
of a (1,3)-linkage insertion increases. A higher-resolution 
3D structure of the CslF6 enzyme and mutant variants, in 
complex with various donor and acceptor molecules, will en
able these outstanding questions to be addressed.

Subcellular location of (1,3;1,4)-β-glucan 
synthesis
There are apparently conflicting data as to the subcellular 
site of (1,3; 1,4)-β-glucan synthesis. In angiosperms, it is gen
erally accepted that noncellulosic wall polysaccharides are 
synthesized in the Golgi and subsequently transported to 
the plasma membrane and deposited in the wall (Carpita 
and McCann 2010; Dhugga 2012; Pauly et al. 2013). Carpita 
and McCann (2010) detected (1,3;1,4)-β-glucan in both cell 
walls and the Golgi in maize coleoptiles, and CslF proteins 
have been detected in highly enriched Golgi membranes 
from maize (Okekeogbu et al. 2019). Furthermore, live cell 
imaging and immuno-electron microscopy studies using a 
tagged CslF6 protein fusion from B. distachyon showed 
that, in yeast and tobacco heterologous expression systems, 
the enzyme was located in the Golgi apparatus, where 
(1,3;1,4)-β-glucan synthesis was also observed (Kim et al. 
2015).

However, during a series of in situ immunocytochemical 
studies on cell cultures, developing endosperm and coleop
tiles from barley, where (1,3;1,4)-β-glucan was abundant in 
cell walls, no (1,3;1,4)-β-glucan could be detected in the 
Golgi. This suggested that (1,3;1,4)-β-glucan synthesis was oc
curring at the plasma membrane in these tissues (Wilson 
et al. 2015), and it might be argued that the evolution of 
the CslF enzymes from CslD and CesA cellulose synthases 
(Yin et al. 2014; Schwerdt et al. 2015) would be consistent 
with this suggestion. However, there remain uncertainties as
sociated with the interpretation of heterologous expression 
experiments, the difficulties experienced with the isolation 
of completely pure subcellular membrane preparations, the 
possibility that plasma membrane enzymes might be 

activated by cell disruption, and the question as to whether 
enzymes en route to the plasma membrane might also be ac
tive in the Golgi (Wightman and Turner 2008; Okekeogbu 
et al. 2019). Bulone et al. (2023) raised the possibility that 
(1,3;1,4)-β-glucans might be synthesized at either the plasma 
membrane or the Golgi, depending on the species, the tissue, 
the particular (1,3;1,4)-β-glucan synthase isoenzyme in
volved, and the developmental stage of the cell. In situ meth
ods will be essential in future investigations of these variables. 
Emerging confocal, super-high resolution, and atomic force 
microscopy technologies (van de Meene et al. 2021) will un
doubtedly allow these questions to be addressed.

Remodeling of (1,3;1,4)-β-glucans: Are 
xyloglucan endotransglycosylases (XETs) 
involved?
Despite the fact that cell walls in the Poaceae usually contain 
little or no xyloglucan, up to 40 XET and related xyloglucan 
hydrolase (XEH) genes of the GH16 family of glycoside hydro
lases (Drula et al. 2022) are found in the barley genome 
(Stratilová et al. 2020; Akdemir et al. 2022), and high levels 
of XET transcripts are detected in tissues where wall compo
nents are being synthesized. These observations raise ques
tions as to the biological role of the encoded enzymes in 
grass species (Burton and Fincher 2009). Hrmova et al. 
(2007) showed that a highly purified barley XET5 isoenzyme 
catalyzed the formation of covalent linkages between xylo
glucans and either (1,3;1,4)-β-glucans or cellulosic polysac
charides in vitro. Hetero-transglycosylation reactions 
involving a (1,3;1,4)-β-glucan donor and various acceptors 
have also been observed in XETs from Arabidopsis, wheat, 
and B. distachyon XETs (Seven et al. 2021). Barley XET5 
(Fig. 2A) has been allocated to the GH16_20 subfamily 
(Eklöf and Brumer 2010; Viborg et al. 2019), while a Vitis vini
fera endoglucanase, which hydrolyzes both xyloglucan and 
(1,3;1,4)-β-glucan, represents a “specificity” intermediate be
tween plant XTHs and bacterial lichenases of the GH16_21 
subfamily; these intermediate forms are commonly found 
in the Poales (McGregor et al. 2017; Behar et al. 2018; 
Stratilová et al. 2020; Akdemir et al. 2022).

The obvious question then became whether the hetero- 
transglycosylation reactions catalyzed by the barley XET5 
enzyme actually occurred in vivo or could simply be mech
anistic when reactants were forced together in the in vitro 
assays. Stratilová et al. (2020) subsequently infiltrated young 
barley apical root segments with fluorescently labelled oligo
saccharide probes to demonstrate that the barley XET en
zymes were capable of in vivo hetero-transglycosylation 
involving a number of donor and acceptor molecules 
(Fig. 2B).

The crystal structure of a hybrid aspen XET has also been 
solved (PDB accession 1 μmz and 1 un1; Johansson et al. 
2004). Here we used the AlphaFold protein structure model 
of the barley XET4 isoenzyme and docked the xyloglucan 
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hepta-saccharide (XXXG) donor/tetra-saccharide G4G4G3G 
acceptor/substrate pair in the active site. Although the barley 
XET4 and XET5 enzymes belong to separate evolutionary 
lineages, both are able to use (1,3;1,4)-β-oligoglucosides as 
substrates (Hrmova et al. 2007; Stratilová et al. 2020). This 
simulation showed that the docked XXXG/G4G4G3G sub
strate pair can be favorably accommodated in the active 
site of barley XET4 isoenzyme (Fig. 2B), which explained 
why the barley XET4 catalyzes this hetero-transglycosylation 
reaction (Stratilová et al. 2020). It should be noted that we 
still do not know the biological significance or extent of these 
reactions involving (1,3;1,4)-β-glucan synthesis or remodeling 
during normal plant growth and development, which repre
sents the next experimental target.

Hydrolysis of (1,3;1,4)-β-glucans: 3D folds, 
evolution, and enzymic mechanisms of 
β-glucan endohydrolases
The solubility and relatively small molecular sizes of many 
β-glucan endohydrolases have made them an easier target 

for X-ray crystallographic analyses than the membrane- 
bound β-glucan synthases. Varghese et al. (1994) solved the 
3D structures of a barley (1,3)-β-glucan endohydrolase (iso
enzyme GII) (PDB accession 1ghs) and a barley 
(1,3;1,4)-β-glucan endohydrolase (isoenzyme EII) (PDB acces
sion 1ghr) to 2.2 Å and 2.3 Å resolution, respectively. The 
(1,3)-β-glucan endohydrolase hydrolyzes internal (1,3)- 
β-glucosyl linkages in (1,3)-β-glucans but has no action on 
(1,3;1,4)-β-glucans, which lack the adjacent (1,3)-β-glucosyl 
linkages necessary for hydrolysis by this enzyme. 
Conversely, the (1,3;1,4)-β-glucan endohydrolase only hydro
lyzes (1,4)-linkages that are located toward the polysacchar
ide’s reducing terminus of a (1,3)-linkage, as described above 
under (1,3;1,4)-β-glucan structure. The (1,3;1,4)-β-glucan en
dohydrolase has no activity on (1,3)-β-glucans or on 
(1,4)-β-glucans (Woodward et al. 1983).

Both enzymes are classified in the GH17 family of glycoside 
hydrolases (Drula et al. 2022), which use an acidic proton do
nor and a nucleophile/base to catalyze hydrolysis of the 
glycosidic linkage, using a double displacement mechanism 
with retention of anomeric configuration (Sinnott 1990; 
Namchuk and Withers 1995; Lairson et al. 2008; Fig. 3A). 
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Figure 2. The catalytic mechanism and the 3D model of barley xyloglucan endotransglycosylase, isoenzyme XET4. A) Top panel: Catalytic mech
anism of GH16 xyloglucan endotransglycosylases. The barley XET4 isoenzyme, with the assistance of E86 (nucleophile) and E90 (acid/base), mediates 
the transfer of saccharide substrates onto saccharide acceptors with the retention of stereochemistry through a double-displacement reaction 
(Johansson et al. 2004). B) Left panel: 3D model of barley XET4 isoenzyme (cyan) in complex with the docked XXXG hepta-saccharide donor (yellow 
cpk sticks)/tetra-saccharide G4G4G3Gred acceptor (cpk sticks) substrate pair. Residues (cpk sticks) are within 2.6 to 3.4 Å separations (dashed lines) 
from the G4G4G3Gred acceptor. Right panel: Hetero-transglycosylation reaction is catalyzed by barley XET3, XET4, and XET6 isoenzymes with xy
loglucan donor/(1,3;1,4)-β-D-glucan acceptor/substrate and other pairs (Hrmova et al. 2009; Stratilová et al. 2020).
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The X-ray crystal structures showed that both the 
(1,3)-β-glucanase and the (1,3;1,4)-β-glucanase adopt (α/β)8 

barrel conformations, with deep substrate-binding clefts 
about 40 Å long extending across the surfaces of the enzymes 
(Varghese et al. 1994; Fig. 3B). This is consistent with the en
zymes’ endo-acting action patterns, whereby internal lin
kages of the polysaccharides can be hydrolyzed essentially 
at random, depending on the position of substrate binding 
across the cleft. The catalytic acid residues are E93 and E94 
and the catalytic nucleophiles are E231 and E232 for the 
(1,3)-β-glucanase and the (1,3;1,4)-β-glucanase, respectively 
(Henrissat et al. 1995; Jenkins et al. 1995; Fig. 3B).

Superposition of the polypeptide backbones of the barley 
(1,3)-β-glucanase isoenzyme GII and the (1,3;1,4)-β-glucanase 
isoenzyme EII showed a very high level of correspondence in 
the 3D dispositions of the Cα backbones of the 2 enzymes. 
The root-mean-square-deviation value in Cα positions was 
0.65 Å over 278 amino acid residues (out of a total of 306 
residues) (Varghese et al. 1994). This indicated a close evolu
tionary relationship between the 2 enzymes. (1,3;1,4)- 
β-Glucanases most likely evolved from the (1,3)-β-glucanases, 
because (1,3)-β-glucanases are much more widely distributed 

across the plant kingdom and mediate in multiple plant 
functions. Consistent with the more recent evolution of 
the (1,3;1,4)-β-glucanases, there are only 2 known (1,3;1,4)- 
β-glucanase genes in the barley genome (Woodward and 
Fincher 1982; Mascher et al. 2017), whereas the (1,3)-β- 
glucanase gene families across plants are relatively large, 
with up to 70 members in some plant genomes (Drula 
et al. 2022). It is noteworthy that the (1,3;1,4)-β-glucan 
synthases of the CslF subfamily evolved from the CesA and 
CslD (1,4)-β-glucan synthases, whereas the (1,3;1,4)-β-glucan 
endohydrolases evolved from the (1,3)-β-glucan 
endohydrolases.

Hydrolysis of (1,3;1,4)-β-glucans: The 
remarkable enzymic mechanism of a barley 
β-glucan exohydrolase and trajectories of the 
reactants
Polysaccharide exohydrolases and enzymes classified as 
glycosidases, usually in concert with endoglucanases, are 
important in depolymerization processes in which a 
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(1;3,1;4)-β-D-glucanase EII, with the assistance of E232 (nucleophile) and E93 (acid/base) (Chen et al. 1993; Henrissat et al. 1995; Jenkins et al. 
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A

B

Figure 4. Substrate-product-assisted processivity of the barley β-D-glucan glucohydrolase, isoenzyme Exo1. A) Displacement pathway of the Glc 
product (Streltsov et al. 2019). Top panels: Four steps along the Glc displacement route (cpk yellow spheres) released from laminaribiose (cpk sticks). 
Surfaces of β-D-glucan glucohydrolase are coloured by electrostatic potentials (white, neutral; blue; +5 kT·e−1; red, −5 kT·e−1, respectively). Steps 1 
to 4: Glc is in the −1 subsite; step 2: movements of R158, D285, and E491 (cpk sticks; distances in dashes) allow Glc to traverse into the transient 
lateral cavity; step 3: Glc in the cavity is partly exposed to the bulk solvent; step 4: Glc is fully exposed to the bulk solvent and leaves through the 
solvent-exposed aperture of the transient lateral cavity (black dotted ellipsoid with arrow). Middle panels: Mechanism of Glc exit path from lami
naribiose. After the disaccharide (empty blue and filled grey squares) enters through the W286 and W434 clamp (curved arrow), it binds in the −1 
and +1 subsites (step 1) and is hydrolyzed with an aglycon diffusing away (step 2). Glc (yellow square) remains non-covalently trapped through 
multiple hydrogen bonds. After a new substrate binds (large arrow) and advances to the catalytic site (step 3), Glc modifies its binding patterns                                                                                                                                                                                            

(continued) 
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polysaccharide is completely hydrolyzed to its constituent 
monosaccharides. One group of β-glucan exohydrolases puri
fied from young barley seedlings has been shown to exhibit a 
broad substrate specificity that enables the hydrolytic re
moval of single Glc molecules from the nonreducing termini 
of a range of polysaccharides and oligosaccharides, including 
(1,3)-β-glucans, (1,6)-β-glucans, (1,3;1,4)-β-glucans, (1,3;1,6)- 
β-glucans, and (1,2)-, (1,3)-, (1,4)-, and (1,6)-β-glucosyl oligo
saccharides and aryl glucosides (Hrmova et al. 1996; Hrmova 
and Fincher 1998, 2007). The functions of the enzymes in 
young barley seedlings are likely to include the turnover of 
(1,3;1,4)-β-glucans during normal growth and development 
and during light/dark growth periods and the hydrolysis of 
fungal cell wall (1,3)-β-glucans, (1,6)-β-glucans, and 
(1,3;1,6)-β-glucans following pathogenic attack (Roulin 
et al. 1997, 2002).

The barley β-glucan exohydrolases are classified in the 
large GH3 family of glycoside hydrolases, which catalyze exo
hydrolysis of a range of substrates, with retention of anome
ric configuration (Fig. 4A; Hrmova et al. 1996; Drula et al. 
2022). There are up to 12 β-glucan exohydrolase genes in 
the barley genome (M. Hrmova, unpublished data). 
Comparative specific activities of the barley Exo1 isoenzyme 
for barley (1,3;1,4)-β-glucan, 4-nitrophenyl β-glucoside, cello
pentaose, and laminarin are 1.0 : 1.3 : 2.3 : 16.3 units/mg, re
spectively (Hrmova et al. 1996).

A high-resolution 3D structure of the barley β-glucan exo
hydrolase isoenzyme Exo1 was determined to 2.2-Å reso
lution by X-ray crystallography by Varghese et al. (1999)
(PDB accession 1ex1). The enzyme is a globular protein of 
605 amino acid residues that has an (α/β)8 barrel domain 
and a 6-stranded (α/β)6 sandwich domain; 602 amino acid re
sidues are represented in the 3D structure. The 6-stranded 
(α/β)6 sandwich domain consists of a β-sheet of 5 parallel 
β-strands and 1 antiparallel β-strand, with 3 α-helices on ei
ther side of the sheet (Varghese et al. 1999). The active site 
forms an enclosed, dead-end pocket about 13 Å deep at 
the interface of the 2 domains. The pocket includes 2 
glucosyl-binding subsites (−1 and +1) (Hrmova et al. 2002), 
together with the E491 catalytic acid/base and the D285 
catalytic nucleophile (Varghese et al. 1999; Hrmova et al. 
2001). In an another study it was established that the barley 
β-glucan exohydrolase proceeds through the 4E (envelope) 

transition state (Hrmova et al. 2004, 2005) (PDB accession 
1lq2). To determine the conformational landscape and the 
dynamic behavior of the saccharide moiety-binding modes, 
molecular dynamics (MD) simulation analyses of positionally 
isomeric disaccharides (PDB accessions 3wlp, 6jg1, 6jg2, 6jg7) 
showed that HvExo1 hydrolyzing laminaribiose exhibits a 
2-fold hydrolytic itinerary, which starts either from a dis
torted 4H3/4E/4H5 region or from an undistorted 4C1 

β-D-glucopyranosyl ring, which would evolve toward a tran
sition state with a 4H3/4E conformation in both cases (Luang 
et al. 2022).

The broad specificity of the enzyme and hence its potential 
role in diverse functions during plant growth and develop
ment is explained by the presence of 2 Trp residues (W286 
and W434) at the entrance to the active site pocket. The en
trance has the appearance of a coin slot that is bound by 
W286 from domain 1 on 1 side and by W434 from domain 
2 on the other side. Two glucosyl residues of the nonreducing 
end of the polysaccharide occupy the active site pocket, 
while the remainder of the polysaccharide substrate pro
trudes from the active site in a disordered state. The nonre
ducing terminal glucosyl residue is at the bottom of the 
pocket and is tightly bound through extensive hydrogen 
bonding in substrate-binding subsite −1 (Hrmova et al. 
2002). The penultimate glucosyl residue is clamped in subsite 
+1 between the 2 Trp residues at the mouth of the pocket. 
The relatively broad area of the heterocyclic indole moieties 
of the Trp residues and the fact that they constrain the pen
ultimate glucosyl less tightly than the terminal glucosyl resi
due is bound means that the third and subsequent residues 
away from the mouth of the coin slot are free to project in 
various directions from the enzyme’s surface (Hrmova et al. 
2002). It is this relative freedom of orientation permitted 
by the W286/W434 aromatic clamp at subsite +1 that allows 
different types of glycosidic linkages to be bound in the active 
site of the enzyme (Luang et al. 2022).

Based on the shape of the substrate-binding pocket and 
the bound glucose that is eventually released from the sub
strate at the bottom of the pocket, one would expect that 
the polysaccharide substrate would need to dissociate 
from the enzyme’s surface after each hydrolytic event to al
low the released Glc to diffuse out of the active site pocket. 
The polysaccharide chain would re-associate with the 

Figure 4. (Continued)  
and exits (side arrow) via the lateral cavity (drawn as a cylinder) formed near the catalytic site (step 4). Bottom panels: Mechanism of Glc displace

ment pathway from a polysaccharide. After nonreducing (blue square) and penultimate (filled square) residues bind in a productive mode at the −1 
and +1 subsites (step 1), the nonreducing Glc (yellow square) is cleaved off, with the remainder of the substrate attached (step 2). Glc (yellow 
square) modifies its binding patterns and is released (large arrow) via the lateral cavity (cylinder, step 3). The next hydrolytic cycle proceeds 
with the same polysaccharide, where the substrate is short of 1 Glc residue, continues sliding into the active site after uninterrupted binding. B) 
The Glc egress trajectory (Luang et al. 2022), illustrated on the top of the enzyme’s surface, is colored by an electrostatic potential with bound 
Glc (cpk yellow sticks) and laminaribiose (cpk sticks). The trajectory (yellow spheres) represents frames that correspond to consecutive stages 
of Glc egress with conforming coordinates for Glc in each frame. Multi-scale molecular modelling of nanoscale reactant movements was conducted 
using docking and MD simulations (Jones et al. 1997), GaudiMM (Rodríguez-Guerra Pedregal et al. 2017), PELE (Borrelli et al. 2005), and GPathFinder 
(Sánchez-Aparicio et al. 2019).
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enzyme before the second hydrolytic event. However, the ob
servation that a Glc glucose molecule remained trapped in 
subsite −1 at the bottom of the pocket until an incoming 
substrate bound to the enzyme raised the question as to 
why this product of the reaction had not diffused away 
(Hrmova et al. 2002).

In addressing this knowledge gap on the importance of 
substrate association pathways onto the enzyme and prod
uct dissociation pathways away from the enzyme, Streltsov 
et al. (2019) discovered a previously unknown and remark
able enzymic mechanism for this polysaccharide exohydro
lase, which they coined “substrate-product assisted 

Table 1. 3D structures of plant enzymes, deposited in the protein data bank (PDB; April 28, 2023), involved in synthesis, re-modelling, and hydrolysis 
of plant cell wall polysaccharides

Enzyme/source Description/EC number PDB accession Reference

Glycoside hydrolases
(1,3)-β-Glucanase isoenzyme GII/ 

Hordeum vulgare L.
(1,3)-β-D-Glucan 

endohydrolase/EC 3.2.1.39
1ghs Varghese et al. (1994)

(1,3;1,4)-β-Glucanase isoenzyme 
EII/Hordeum vulgare L.

(1,3;1,4)-β-D-Glucan 
endohydrolase/EC 3.2.1.73

1ghr 
1aq0

Varghese et al. (1994) Müller 
et al. (1998)

β-Glucan exohydrolase isoenzyme 
Exo1/Hordeum vulgare L.

β-D-Glucan exohydrolase/EC 
3.2.1.-

1ex1, 1ieq, 1iev, 1iew, 1iex, 1jv8, 1lq2, 1 × 38, 1 × 39, 
3wlh, 2wli, 3wlj, 3wlk, 3wlm, 3wln, 3wlo, 3wlp, 3wlq, 
3wlr, 3wls, 3wlt, 6jg1, 6jg2, 6jg6, 6jg7, 6jga, 6jgb, 6jgc, 
6jgd, 6jge, 6jgg, 6jgk, 6jgl, 6jgn, 6jgo, 6jgp, 6jgq, 6jgr, 
6jgs, 6jgt, 6k6v, 6kuf, 6l1j, 6lbb, 6lbv, 6lc5, 6md6, 6mi1 
—in complex with substrate analogues and mimics

Hrmova et al. (1998)
Varghese et al. (1999)
Hrmova et al. (2001)
Hrmova et al. (2002)
Hrmova et al. (2004)
Hrmova et al. (2005)
Luang et al. (2022)

PttXET16A/Populus tremulus x 
tremuloides L.

Xyloglucan xyloglucosyl 
transferase/EC 2.4.1.207

1un1 
1 μmz—in complex with xyloglucan hexa-saccharide Johansson et al. (2004)

NXG1/NXG1/NXG1-delta-YNII/ 
NXG2/Tropaeolum majus L.

Endo-xyloglucanase/EC 
3.2.1.151

2uwa 
2vh9—in complex with xyloglucan nona-saccharide 
2uwb 
2uwc

Baumann et al. (2007)

Endo-1,4-β-xylanase/Scadoxus 
multiflorus

(1,4)-β-D-Xylan 
endohydrolase/EC 3.2.1.8

3m7s—in complex with cellobiose Kumar et al. (2010)

VvEG16/Vitis vinifera L. Xyloglucan-specific 
endo-β-D-1,4-glucanase 
EC 3.2.1.151

5dze—in complex with glucose and tetra-saccharide 
5dzf—in complex with glucose, tetra-saccharide and 
octa-saccharide 
5dzg—in complex with xyloglucan hepta- and 
tetradeca-saccharide 
5sv8—in complex with xyloglucan hexa-saccharide

McGregor et al. (2017)

Polygalacturonase/Arabidopsis 
thaliana (L.) Heynh.

Endo-polygalacturonase/EC 
3.2.1.15

7b7a 
7b8b

Safran et al. (2022)
(unpublished)

Carbohydrate esterases
Pectin methylesterase/Daucus 

carota L.
Pectin methyl esterase 

EC 3.1.1.11
1gq8 Johansson et al. (2002)

Pectin methylesterase/ 
Lycopersicon esculentum L.

Pectin methyl esterase 
EC 3.1.1.11

1xg2—in complex with a pectinesterase inhibitor Di Matteo et al. (2005)

Glycosyl transferases
AtFUT1/Arabidopsis thaliana (L.) 

Heynh.
Xyloglucan fucosyltransferase/ 

EC 2.4.1.69
5kop—in complex with Cl− 

5kor—in complex with Cl−, GDP and xyloglucan 
nona-saccharide

Rocha et al. (2016a, 2016b)

AtXXT1/Arabidopsis thaliana (L.) 
Heynh.

Xyloglucan xylosyltransferase/ 
EC 2.4.2.39

6bsu—in complex with Mn2+ Culbertson et al. (2018)

Cellulose synthase isoform 
8/Populus tremulus x 
tremuloides L.

Cellulose synthase/EC 2.4.1.12 6wlb—in complex with cello-pentaose 
8g27—in complex with UDP, Mg2+ ions and 
cellopentaose 
8g2j—in complex with UDP-Glc, Mg2+ and 
cello-pentaose

Purushotham et al. (2020)
Verma et al. (2023)

Cellulose synthase isoform 7/ 
Gossypium hirsutum L.

Cellulose synthase/EC 2.4.1.12 7d5k—in complex with cellobiose Zhang et al. (2021b)

Cellulose synthase A3 catalytic 
domain/Arabidopsis thaliana 
(L.) Heynh.

Cellulose synthase/EC 2.4.1.12 7ck3 
7ck2—in complex with Mn2+ and UDP-Glc 
7ck1—in complex with Mn2+

Qiao et al. (2021)

CslF6/Hordeum vulgare L. (1,3;1,4)-β-Glucan synthase/ 
EC 2.4.1.-

8dqk Purushotham et al. (2022)

GalS1/Populus trichocarpa L. (1,4)-β-Galactan synthase/EC 
2.4.1.-

8d3t 
8d3z—in complex with Mn2+

Prabhakar et al. (2023)
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processive catalysis,” using high-resolution X-ray crystallog
raphy of thio-glucoside enzyme complexes (PDB accessions 
3wlo, 3wlr, 6md6, 6mi1) and MD simulations. Following hy
drolysis of the nonreducing terminal glycosidic linkage, the 
polysaccharide remains bound to the enzyme, and the re
leased Glc, which occupies substrate-binding subsite −1, is 
ejected from the active site through a “side door.” The 
“side door” opens into a lateral tunnel that acts as a conduit 
for egress of the Glc product when the polysaccharide sub
strate binds to the enzyme. Opening occurs through rota
tions and backbone movements of several amino acid 
residues within the active site pocket, including D285, 
E491, and R158 (Streltsov et al. 2019; Fig. 4, A and B). As 
the released Glc exits, the substrate, which remains bound 
by the W286/W434 aromatic clamp at original substrate- 
binding subsite +1, is pulled into the active site pocket 
through dispersive forces and the hydrolytic events are re
peated. This processive catalysis mechanism applies only to 
the hydrolysis of (1,3)-β-glucans. Hydrolysis of the other sub
strates, including the (1,3;1,4)-β-glucans, involves dissoci
ation and re-association of the substrate following each 
hydrolytic event (Streltsov et al. 2019; Luang et al. 2022). 
Removing the need for the polysaccharide substrate to dif
fuse away from and subsequently re-bind to the enzyme after 
each hydrolytic event results in the much higher catalytic 
rate and specific activity for this enzyme with 
(1,3)-β-glucan substrates, as noted above. This study sug
gested that processive catalysis might be prevalent amongst 
other exohydrolases of the GH3 family of enzymes.

Luang et al. (2022) used high-resolution X-ray crystallog
raphy (PDB accessions 3wli, 3wlo, 6jg1, and 6jg2) and multi
scale molecular modeling of wild-type and a mutant barley 
β-glucan exohydrolase isoenzyme Exo1 to define the precise 
molecular mechanism and the trajectories of the reactants 
and products in nanoscale time and space. This demon
strated the coordination of substrate binding, hydrolysis, 
and Glc product egress through the transient “side door” 
(Fig. 4B) and further showed that processivity was sensitive 
to specific alterations of the W286/W434 tryptophan clamp. 
Additional phylogenomic analyses of GH3 hydrolases re
vealed the evolutionary advantage of the Trp clamp, which 
confers broad specificity, high catalytic efficiency, and pro
cessivity in selected groups of GH3 exohydrolase (Luang 
et al. 2022; Hrmova and Schwerdt 2023).

3D structures of other enzymes involved in 
plant cell wall metabolism
As noted above, defining the 3D structures of integral mem
brane enzymes is technically challenging. In addition to the 
solved structures of the GT2 subfamily CesA8 and CslF6 en
zymes, further insights into the structure and function of in
tegral membrane proteins have recently been expanded 
through the structures of non-plant enzymes, namely an 
oomycete and a fungal chitin synthase (Chen et al. 2022; 

Ren et al. 2022) and a yeast (1,3)-β-glucan synthase (Hu 
et al. 2023). These belong to the GT2 and GT48 enzyme fam
ilies, respectively.

Returning to higher plant enzymes that are involved in wall 
synthesis, the following structures have been solved: a solubi
lized (transmembrane anchor removed) Arabidopsis family 
GT37 xyloglucan fucosyltransferase (AtFUT1; Protein Data 
Bank-PDB-accession 5kop) (Rocha et al. 2016a, 2016b; 
Urbanowicz et al. 2017), an Arabidopsis family GT34 xyloglu
can xylosyltransferase (AtXXT1; PDB accession 6bsu) 
(Culbertson et al. 2018), and a Populus trichocarpa family 
GT92 (1,4)-β-galactan synthase (GalS1; PDB accession 8d3t) 
(Prabhakar et al. 2023). These structures have provided valu
able insights into the mechanisms of xyloglucan and pectic 
polysaccharide synthesis. However, the FUT1, XXT1, and 
GalS1 enzymes are nonprocessive and catalyze the addition 
of monosaccharide moieties (or single glycosyl residues of 
side chains) to nascent xyloglucans and pectic polysacchar
ides. Because (1,3;1,4)-β-glucans are linear, unbranched, un
substituted polysaccharides they do not require these 
classes of glycosyl transferases for their synthesis. The 
FUT1, XXT1, and GalS1 enzymes are peripheral membrane 
proteins that retain their 3D structures and hence their activ
ity when displaced from membranes with mild detergent 
treatment. These enzymes can also be expressed in heterol
ogous systems in an active, soluble form if the membrane an
chor coding region is removed.

Similarly, the enzymes that catalyze the depolymerization 
and remodeling of wall polysaccharides are generally soluble 
proteins that are amenable to crystallization and hence 3D 
structural analysis. In Table 1, we have listed the current 
PDB database-registered 3D structures of enzymes involved 
in plant cell wall synthesis, remodeling, and hydrolysis. It 
shows that 3D structures have been determined for fewer 
than 20 enzymes involved in these processes in plants. One 
can argue that this is a relatively modest number considering 
the total number of enzymes involved (Zhang et al. 2021a; 
Yokoyama 2020; McFarlane 2023) and the functional, evolu
tionary, and mechanistic insights that can be revealed 
through these structures.

Future opportunities
Cell walls of barley and oat grains contain relatively high levels 
of (1,3;1,4)-β-glucans. These polysaccharides are not digested 
in the human small intestine and therefore represent import
ant components of dietary fiber, which reduces the risk of ser
ious diseases, including type II diabetes (Jacobs and Gallaher 
2004; Dikeman and Fahey 2006), colorectal cancer (Bingham 
et al. 2003), and cardiovascular disease (Jacobs and Gallaher 
2004; Collins et al. 2010). The beneficial effects of these poly
saccharides may, in part at least, be attributable to alterations 
in the bacterial microbiome of the large intestine induced by 
(1,3;1,4)-β-glucans in the diet (Gorham et al. 2017). Human gut 
metagenomes confirm the importance of specific gut bacteria 
in the metabolism of (1,3;1,4)-β-glucans in human diets 
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(Martens et al. 2011; Tamura et al. 2017; Déjean et al. 2020; 
Singh et al. 2023).

Burton et al. (2011) showed that overexpression of the CslF6 
gene in transgenic barley increased levels of grain 
(1,3;1,4)-β-glucan by up to 80% (w/w) or more in grain and 
leaves of the transgenic lines and that overexpression of the 
CslF genes led to statistically validated (P < 0.05) changes of 
up to 25% in the DP3:DP4 ratios of grain (1,3;1,4)-β-glucan of 
transgenic lines, depending on the CslF gene used. As described 
above, DP3:DP4 ratios are related to (1,3;1,4)-β-glucan solu
bility and although the mechanisms that control DP3:DP4 ra
tios have not yet been defined, the results of Burton et al. 
(2011) indicate that within barley there is a genetic basis 
for the control of the ratio and hence for the solubility of 
the polysaccharide. The cryo-EM structure of the CslF6 en
zyme and the definition of the mechanism for (1,3)-linkage 
insertion (Purushotham et al. 2022) is an important first 
step toward understanding how the variations in DP3:DP4 
ratios are regulated. Generating a higher resolution 3D struc
ture for the CslF6 enzyme in complex with reactants or 
their homologues is considered an important next step in 
defining how the fine structure of the polysaccharide is 
controlled. This, in turn, would allow the design of high 
(1,3;1,4)-β-glucan grain for the production of health foods 
and beverages with high levels of soluble dietary fiber. This 
approach could be equally applied for designer production 
of synthases of other polysaccharides that have health bene
fits or are used in industrial processes, including thickeners in 
foods and liquids, malting and brewing, bioethanol produc
tion, and related bioconversion processes for renewable en
ergy production. The same applications will also benefit 
from 3D structural analyses and attendant advances in our 

understanding of (1,3;1,4)-β-glucanases, XETs and other 
hydrolytic enzymes that mediate the metabolism of cell 
wall polysaccharides.

In a more general sense, the development and public re
lease of the AlphaFold artificial intelligence program by 
Deep Mind and an associated AlphaFill algorithm have pro
vided extraordinary opportunities for the international plant 
cell wall community (Callaway 2020; Jumper et al. 2021; 
Hekkelman et al. 2022). The ability to rapidly and accurately 
predict a protein’s 3D shape from its amino acid sequence, 
coupled with substrate docking and MD programs, will en
able the functions of genes and enzymes known or suspected 
to be involved in wall synthesis, degradation, or modification 
to be identified and subsequently tested. Nevertheless, X-ray 
crystallography and cryo-EM will remain as highly useful ex
perimental approaches for the solving and confirmation of 
3D structures (Terwilliger et al. 2022, 2023). In this review, 
we have shown how the 3D structure of the barley CslF6 
(1,3;1,4)-β-glucan synthase, determined by cryo-EM and re
fined using the AlphaFold-predicted model, can lead not 
only to a description of the enzyme’s mechanism of action 
but can also reveal potential routes for the improvement 
or adaption of the enzyme for a variety of novel functional 
objectives. In another hypothetical example, the 3D structure 
of an undefined member of say the CslE subfamily of GT2 en
zymes could be predicted by AlphaFold and a range of poten
tial sugar nucleotide substrates could be modeled into its 
putative active site using AlphaFill and other algorithms, 
thereby providing a testable hypothesis on the function of 
the enzyme. Given the very large number of enzymes and 
proteins that participate in plant cell wall metabolism, fascin
ating opportunities are presented by these new experimental 
and theoretical structural biology approaches.
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Note added in proof
After this manuscript was accepted for publication, we 
became aware of a paper describing the synthesis of 
(1,3;1,4)-β-D-glucan in bacteria (Lee J, Hollingsworth RI 
Oligosaccharide β-glucans with unusual linkages from 
Sarcina ventriculi. Carbohydr Res 1997:304:133–141), which 
was recently confirmed by Chang et al. (Chang SC, Kao 
MR, Saldivar RK, Díaz-Moreno SM, Xing X, Furlanetto V, 
Yayo J, Divne C, Vilaplana F, Abbott DW, Hsieh YSY The 
Gram-positive bacterium Romboutsia ilealis harbors a poly
saccharide synthase that can produce (1,3;1,4)-β-D-glucans. 
Nat Commun 2023:14:4526, doi: 10.1038/s41467-023- 
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