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Extracellular polysaccharides are synthesized by a wide variety of species, from unicellular
bacteria and Archaea to the largest multicellular plants and animals in the biosphere. In
every case, the biosynthesis of these polymers requires transport across a membrane,
from the cytosol to either the lumen of secretory pathway organelles or directly into
the extracellular space. Although some polysaccharide biosynthetic substrates are moved
across the membrane to sites of polysaccharide synthesis by separate transporter proteins
before being incorporated into polymers by glycosyltransferase proteins, many polysaccharide biosynthetic enzymes appear to have both transporter and transferase activities. In
these cases, the biosynthetic enzymes utilize substrate on one side of the membrane and
deposit the polymer product on the other side. This review discusses structural characteristics of plant cell wall glycan synthases that couple synthesis with transport, drawing on
what is known about such dual-function enzymes in other species.
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INTRODUCTION
Extracellular matrices (ECMs) are complex biopolymer mixtures
produced by cells and deposited outside the cell membrane.
Diverse eukaryotic and prokaryotic organisms throughout the
biosphere produce ECMs, making the ECM a common feature
of most living cells. ECMs play an integral role in many essential
processes, from inﬂuencing the growth and development of cellular and organismal morphology to mediating interactions between
cells and their environments.
The speciﬁc composition and structure of the ECM varies
widely depending on species, cell type, developmental stage, and
environmental conditions. Despite these differences, there are
some aspects of ECM composition that are similar throughout
most of biology. One common feature of the ECM produced
by diverse species is the prevalence of polysaccharides as major
structural components. Examples include pectin, hemicellulose,
and cellulose polymers of the plant cell wall, chitin found in
fungal, mollusk, and arthropod ECMs, chondroitin and hyaluronan synthesized by vertebrates, and peptidoglycan of bacterial
cell walls.
Although there is wide variation in composition, structure, and
function of ECM polysaccharides found in nature, there are certain
required steps that must be accomplished during the biosynthesis
of any extracellular polysaccharide. Essential processes include
the synthesis of precursor molecules and polymerization of the
component sugars. Additionally, because the sugar-nucleotide
precursors of ECM polymers are synthesized inside the cell,
transport across a membrane of glycosyltransferase (GT) substrates or polysaccharide products is also required for ECM
polysaccharide synthesis. This transport might occur across the

plasma membrane (PM) directly into the extracellular space, or
across an endomembrane into an intracellular compartment with
the polymer later secreted to the ECM.
Transport across the membrane might occur before, during, or after polysaccharide synthesis. Each of these modes of
transport probably occurs in nature, depending on the polysaccharide. In some cases, different sugar moieties incorporated
into a polysaccharide may be transported across the membrane by different mechanisms. ECM polysaccharides whose
activated sugar precursors are transported before polymerization include the glycan components of extracellular glycoproteins
(Spiro, 2002), plant pectins (Mohnen, 2008), and ECM mannans in plants and fungi (Keegstra and Raikhel, 2001; Latgé,
2007; Reyes and Orellana, 2008). These polymers are synthesized in the lumen of secretory pathway compartments from
sugar-nucleotides imported from the cytosol by transport proteins. ECM polymers transported across a membrane following
at least partial synthesis include bacterial peptidoglycan precursor Lipid II (undecaprenyl-pyrophosphoryl-N -acetylmuramyl(pentapeptide)-N -acetylglucosamine) and hyaluronan synthesized
by “class II” hyaluronan synthases (HSs). These molecules are
transported to the extracellular space by a lipid ﬂippase (FtsW)
and an ABC (ATP-binding cassette) transporter (such as MRP5),
respectively (Schulz et al., 2007; Mohammadi et al., 2011).
In contrast to transport that occurs before or after polymer
synthesis, this review focuses on another mechanism of transport
across the membrane: transport that occurs at the same time as
polymer synthesis and directly involves the biosynthetic enzyme.
Enzymes that appear to processively synthesize ECM polysaccharides while transporting the polymer across a membrane are
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present in bacterial, fungal, animal, and plant systems. Such
enzymes are referred to hereafter as dual-function GTs. Among
the products of dual-function GTs are the some of the most economically and medically important polymers in nature. Included
in this list are cellulose, the glucan backbone of the hemicellulose
xyloglucan, chitin, much of the hyaluronan produced in animals,
and at least two examples of polysaccharides produced by bacterial
human pathogens (DeAngelis, 1999; Oglesby et al., 2008).
Because the structures have not been solved, the idea that some
GTs also participate in polymer transport has not been rigorously
proven. However, the topology of these proteins makes membrane
transport of the polysaccharide by the glycan synthase seem likely.
Dual-function GT proteins are characterized by a similar predicted
topology with multiple transmembrane helices (TMHs) and an
active site facing the cytosol.
In one mechanistic model for dual-function GTs, the TMHs
are arranged to form a pore in the membrane. In this model, the
cytosolic active site adds sugars from cytosolic substrate pools to
an elongating polymer that extends across the membrane through
the pore (Figure 1). Unfortunately, because dual-function GTs
have multiple TMHs and many appear to function in protein
complexes, determining their structures by traditional crystallographic methods is difﬁcult. Nevertheless, evidence conﬁrming
the predicted topology described above continues to mount for
a number of these proteins from different species (Heldermon
et al., 2001; Urbanowicz et al., 2004; Zeng and Keegstra, 2008;
Davis et al., 2010; Merzendorfer, 2011).
Although the group of proteins predicted to be dual-function
GTs spans a large evolutionary distance, structural commonalities are likely considering their functional similarities. Because all
dual-function GTs must accomplish similar processes, applying
what we have learned about even distantly related proteins can
be helpful in better understanding dual-function GTs in plants.
Several plant ECM polysaccharide synthases have the topological requirements to be dual-function GTs. These enzymes include
cellulose synthase (CESA), callose synthase (CalS), xyloglucan glucan synthase (cellulose synthase-like C4-CSLC4), and multiple
related glycan synthases whose products have not been identiﬁed with certainty, including members of CSLD and CSLH clades
(Verma and Hong, 2001; Zeng and Keegstra, 2008; Doblin et al.,
2009; Davis et al., 2010; Carpita, 2011).

STRUCTURAL CHARACTERISTICS OF DUAL-FUNCTION
GLYCOSYLTRANSFERASES
Although we are just beginning to understand the ﬁne structure
of these proteins, we can identify some factors that are likely to be
necessary for any dual-function GT. One strategy to accomplish
this is to attempt to predict speciﬁc structural constraints based on
how these proteins function. Another useful approach is to draw
upon observations about diverse dual-function GTs to identify
common features. These are important initial steps to generate
realistic models and to design experimental approaches that are
more likely to succeed.
For a GT to transport its product across a membrane, the transmembrane regions of the protein or proteins comprising the active
complex must create a pore large enough to accommodate the
polysaccharide. An unsubstituted β-(1 → 4)-linked polymer of

FIGURE 1 | A model for dual-function GT transport mechanism. The
TMHs of the enzyme are depicted as cylinders connected by curved lines
representing the extra-membrane regions of the protein. A polymer is
shown being transported through a pore formed by the TMHs, from the
cytosolic active site where sugars are added, across the membrane to the
extracellular space or lumen of the secretory pathway.

glucose (cellulose) is approximately 1 nm across in its widest axis.
Because of the relatively high energy cost of partitioning glucose
to a hydrophobic environment (Ha et al., 1991; Kollman, 1993;
Mazzobre et al., 2005), it is likely that a glucose polymer remains
hydrated as it moves across the membrane. Therefore, the absolute minimum diameter for a GT transmembrane pore would be
about 1.8 nm, allowing for water molecules associated with the
polysaccharide. Assuming the outer diameters of standard alpha
helices range from 1 to 1.4 nm, the minimum number of TMHs
required to form a pore larger than 1.8 nm is between 10 and 18
helices.
Although useful as a starting point for modeling the number of
TMHs required for a dual-function GT, the calculations above are
necessarily based on assumptions about the minimum diameter
of a polysaccharide transport pore and the diameter of TMHs. In
addition, this estimate assumes that TMHs are oriented perpendicular to the plane of the membrane. In reality, it is likely that
some pore-forming TMHs of a dual-function GT span the membrane at an angle, creating a larger pore. For example, one bacterial
HS has ﬁve to six membrane domains, functions as a monomer,
and transports a polysaccharide with a wider diameter than the β(1 → 4)-linked glucan described above (Tlapak-Simmons et al.,
1998). This is possible in part because one or more of the
membrane domains of this bacterial HS appear to be reentrant
loops, occupying more space parallel to the plane of the membrane than a TMH inserted perpendicular to the membrane plane
(Heldermon et al., 2001).
Another likely structural requirement for a pore-forming membrane protein is the ability to restrict free diffusion of water and
other small molecules across the membrane. If a pore large enough
to accommodate a hydrated polysaccharide were to remain open in
the absence of a polymer occupying the pore, the electrochemical
potential of the membrane would be compromised. Therefore,
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it is likely that dual-function GTs have a mechanism for pore
gating. Gating could be mediated by the presence of an accessory protein, as occurs with the Sec61 translocon complex and
the Hsp70 chaperone BiP (Alder et al., 2005). Alternatively, GT
pore gating could be controlled by conformational changes in the
GT itself. This might be accomplished through substrate binding or post-translational modiﬁcation such as phosphorylation.
Precedent for these mechanisms can be found in ligand-gated ion
channels (Keramidasa et al., 2004) and the regulation of aquaporins by phosphorylation (Chaumont et al., 2005). In addition to
the general requirement of cells to maintain membrane potential, this can be important for the function of dual-function GTs
themselves, as evidenced by the ion potential requirement for the
activity of CESA in plants and bacteria (Bacic and Delmer, 1981;
Delmer et al., 1982).
There is a third possibility for how organisms with dualfunction GTs might prevent compromise of the membrane gradient. By the time a dual-function GT protein is mature and
competent to form a pore, it could be localized to a specialized
vesicular compartment where free diffusion across the membrane
has little consequence. Fusion of such vesicles to the appropriate membrane where polysaccharide biosynthesis occurs would
be coupled with activation of the GT, followed by removal of
the GT from the diffusion-sensitive membrane when synthesis
is complete. If such a mechanism exists, it could provide a partial
explanation for atypical vesicles observed in chitin (chitosomes)
and cellulose biosynthesis (MASCs), and might relate to why CESA
proteins spend such a short time at the PM (Bartnicki-Garcia,
2006; Crowell et al., 2010; Wightman and Turner, 2010).
Many dual-function GTs function in enzyme complexes, so
proteins other than the glycan synthase may participate in the
formation of a pore. Cocuron et al. (2007) found that Pichia
pastoris expressing both the xyloglucan glucan synthase CSLC4
and the xyloglucan xylosyltransferase XXT1 accumulated insoluble, unsubstituted β-(1 → 4)-linked glucan. Much lower levels
of this polymer accumulated in both wild-type Pichia and lines
expressing only CSLC4, which produced shorter, soluble oligoglucans that were absent in dual-expressing and wild-type lines. In
other words, CSLC4 functions as an active glucan synthase in both
transgenic yeast cell lines, but produces a product with a much
higher degree of polymerization when co-expressed with XXT1.
Interestingly, Pichia does not synthesize UDP-xylose, the substrate
of XXT1, and the β-(1 → 4)-linked glucan produced is unsubstituted. One explanation for this observation could be that XXT1
(a type II membrane protein) participates in the formation of a
pore with CSLC4.
At least some dual-function GTs may be dependent on nonprotein membrane components. A major advance in our understanding of plant CESA biochemistry has been the development
of techniques to measure cellulose and callose synthesis in vitro
(for a review, see Harris et al., 2010). This is accomplished
through the isolation of detergent-resistant membranes (DRMs)
and subsequent incubation of these membrane fractions with
UDP-glucose. To date, there have been no successful attempts to
solubilize active CESA away from DRMs.
Known as lipid “rafts” or membrane microdomains, the biological structures from which DRMs are derived have speciﬁc

lipid and protein compositions that are distinct from the rest
of the PM (Mongrand et al., 2010). A requirement for a speciﬁc
lipid or sterol environment for active cellulose synthase complexes
(CSCs) is consistent with these lipids playing a structural role
in the complex, perhaps in allowing the formation of a transport pore(s). In support of this idea, a monomeric bacterial
HS from Streptococcus requires multiple cardiolipin molecules for
activity. It has been suggested that a speciﬁc number of cardiolipin
molecules are associated with each active HS, playing a structural
role to form a pore sufﬁcient to accommodate the polymer product
(Tlapak-Simmons et al., 1998).
One plant sterol in particular, sitosterol-β-glucoside (SG), has
been implicated in cellulose biosynthesis. It has been suggested
that this molecule may serve as a primer for initiation of cellulose synthesis (Peng et al., 2002). However, Arabidopsis plants
with T-DNA insertions in two UDP-glucose:sterol glucosyltransferases are deﬁcient in SG synthesis but not affected in cellulose
accumulation (DeBolt et al., 2009). This observation is not consistent with SG functioning as a primer for cellulose, though
the possibility that residual levels of SG in these plants is sufﬁcient cannot be completely ruled out. An alternative explanation
is that SG plays a structural role in the CSC, perhaps functioning in a manner similar to the putative role of cardiolipin
in bacterial HS. If SG functions to promote proper folding of
CESA proteins in the membrane, such a role might be more
readily ﬁlled by unglycosylated sitosterol compared to the theoretical priming function. It is important to note that these
two alternative functions for SG are not necessarily mutually
exclusive.
Enzymes that are able to synthesize a polymer while extruding
it across the membrane have a number of common structural
features required for function, some of which are discussed
above. Accomplishing membrane transport of a polymer product coupled with synthesis requires a certain level of complexity
and imposes speciﬁc structural and compositional constraints on
the enzyme and its lipid environment. It is perhaps surprising,
then, that dual-function GTs are so widely distributed in diverse
biological systems.

WHY DID DUAL-FUNCTION GTs EVOLVE?
With the prevalence of putative dual-function GTs in ECM
polysaccharide biosynthesis from diverse species, it seems likely
that the dual-function mechanism provides an evolutionary
advantage. One possibility is that dual-function GTs allow greater
control over enzyme function from within the cell. For example, the predicted topology of CESA proteins places over 90% of
the hydrophilic regions of these proteins facing the cytosol. This
presents large surfaces of CESA proteins to the cytosolic milieu,
providing ample opportunity for interactions with cytosolic
factors.
Multiple phosphorylation sites have been identiﬁed on CESA
proteins using mass spectrometry-based approaches (Nühse et al.,
2004; Taylor, 2007). Work by Taylor (2007) connected CESA7 protein phosphorylation at sites near the protein’s amino terminus
with proteasome-dependent degradation. This study opens many
potential avenues of exploration. For instance, under what circumstances is CESA7 targeted for phosphorylation, and which proteins

June 2012 | Volume 3 | Article 138 | 3

www.frontiersin.org

“fpls-03-00138” — 2012/6/20 — 17:50 — page 3 — #3

Davis

Dual-function glycosyltransferases

control the phosphorylation status? Does phosphorylation target CESA7 for proteasome degradation directly? Alternatively,
might phosphorylation regulate another process such as CSC
assembly or motility, which subsequently results in proteasome
degradation?
Chen et al. (2010) investigated potential physiological roles
of multiple phosphorylation sites on CESA1. The researchers
expressed versions of CESA1 with mutations designed to eliminate
or mimic protein phosphorylation at several sites. Depending on
the phosphorylation site and modiﬁcation, some transgenic plants
exhibited altered cell expansion anisotropy. In the plants with
altered cell expansion, movement of CSCs along microtubules
was also affected. Though the molecular mechanisms are not
understood, this work indicates that CESA phosphorylation can
inﬂuence microtubule-directed translation of actively synthesizing
CSCs, potentially through interactions with proteins connecting
the CSC to microtubule “tracks.”
Recently, Gu et al. (2010) identiﬁed a protein that appears to
be involved with physically connecting CSCs to cortical microtubules, highlighting another important interaction between the
dual-function GT CESA proteins and cytosolic factors. Through a
yeast two-hybrid approach, Gu et al. (2010) identiﬁed an armadillo
repeat protein they termed cellulose synthase-interactive protein 1 (CSI1). Plants with disrupted CSI1 have reduced CSC
motility and less uniformity of cellulose microﬁbril orientation
(Gu et al., 2010). The CSI1 gene was later shown to be allelic
with a previously identiﬁed cell expansion mutant POM-POM2
(Hauser et al., 1995) and further characterized by Bringmann et al.
(2012). This work convincingly demonstrates that POM2/CSI1
protein is important for CESA protein association with microtubules (Bringmann et al., 2012). Considering the results of Chen
et al. (2010) and the recent work on CSI1, it will be interesting to see whether CESA phosphorylation is related to CSI1
function.
In addition to controlling motility and degradation of CESA,
another potential advantage of a cytosolic active site involves substrate availability. As mentioned above, the activated sugars that
are substrates for polysaccharide synthesis are made primarily in
the cytosol. So cytosolic active sites allow GTs to access substrate
without requiring an independent transport protein. This might
be of particular advantage for PM-localized dual-function GTs,
where relatively labile activated sugars might degrade or diffuse
away from sites of synthesis if exported before polymer synthesis. Taking this idea a step further, a cytosolic active site might

allow the development of protein interactions for metabolite channeling. Indeed, sucrose synthase (SUS), which converts sucrose
into fructose and UDP-glucose, the substrate for cellulose biosynthesis, has been observed at the PM (Amor et al., 1995) directly
associated with sites of cellulose synthesis and structures isolated
from membranes that appear to be CSCs (Salnikov et al., 2000;
Fujii et al., 2010).
Another potentially advantageous structural property of dualfunction GTs involves the TMHs. If the model shown in Figure 1
is representative of the true structures of these proteins, the acceptor substrate (elongating polysaccharide) is situated among the
TMHs during elongation. These regions may have other functions in addition to forming a pore for polymer transport across
the membrane. It is possible that the TMHs could affect enzyme
processivity by holding the product/acceptor substrate in place
during catalysis. Recent work by Harris et al. (2012) showed that
mutations within a TMH of a CESA protein can reduce cellulose microﬁbril crystallinity and alter the speed of CSC movement
on the PM. The authors present evidence that the TMHs of
dual-function GTs may have a role in promoting appropriate interactions between the polymer product and other molecules in the
extracellular space. For example, the TMHs might participate in
orienting the polysaccharide as it is extruded across the membrane,
which could in turn affect cellulose crystallinity.
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