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Plant cell walls are flexible yet relatively rigid  
polysaccharide-based structures that envelop the majority  
of plant cells. Cell walls influence the development 
and shape of plants, determine mechanical properties 
of plant tissues and organs, and impact cell-specific 
functions. The components of the plant cell wall con-
stitute the most abundant element of plant biomass 
and, as such, offer a renewable source of carbohydrate 
for various industrial processes. However, the molec-
ular architecture of the wall poses a challenge in the 
use of this material in industrial applications. Interac-
tions between different polysaccharides and phenolic 
compounds constituting the cell wall form the basis of 
its molecular architecture. These interactions are fun-
damental to the properties of timber used in building 
construction. It is also important to understand how 
the components of the cell wall interact to develop 
more efficient use of the biomass in the paper, pulp, 
textile, and food industries and also to facilitate im-
provements in production of lignocellulosic biofuels.

Mannans consist of a linear backbone of β-1,4-linked 
residues of either Man or a combination of Glc and 
Man (Scheller and Ulvskov, 2010). Mannans have often 
been studied due to their role as seed storage com-
pounds, but they are found in variable amounts in all 
plant cell walls (Moreira and Filho, 2008). The mannan 

backbone is composed entirely of Man in endosperm 
walls of seeds as storage polysaccharides (Meier and 
Reid, 1982). In the cell wall, structural polysaccharides 
that may interact with cellulose, both Glc and Man 
are found in the mannan backbone (Moreira and Filho, 
2008), and these polysaccharides are consequently 
known as glucomannans. Glucomannans are highly 
abundant in the cell walls of early land plants, such 
as mosses and lycophytes (Moller et al., 2007; Scheller 
and Ulvskov, 2010). Mannan and glucomannan back-
bone Man residues may be substituted at O-6 with a 
single α-Gal or at O-2/O-3 with acetyl groups. The 
presence of substitutions on the mannan backbone 
determines its properties and varies between different  
species and tissues (Timell, 1965; Northcote, 1972).  
Galactosylated glucomannan is known as galactoglu-
comannan (GGM). GGM has high industrial importance, 
as it is the most abundant noncellulosic polysaccharide 
in gymnosperm (softwood) secondary cell walls, con-
stituting up to 20% of the plant dry mass (Willför et al.,  
2008). GGM has also been found in various angiosperm 
plant primary cell walls, such as tobacco (Nicotiana 
plumbaginifolia) cell cultures (Sims et al., 1997), kiwifruit 
(Actinidia deliciosa; Schröder et al., 2001), and tomato 
(Solanum lycopersicum) fruit (Tong and Gross, 1988; 
Seymour et al., 1990).
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The interaction between mannan polysaccharides and cellulose microfibrils contributes to cell wall properties in some vascular 
plants, but the molecular arrangement of mannan in the cell wall and the nature of the molecular bonding between mannan 
and cellulose remain unknown. Previous studies have shown that mannan is important in maintaining Arabidopsis (Arabidopsis 
thaliana) seed mucilage architecture, and that Cellulose Synthase-Like A2 (CSLA2) synthesizes a glucomannan backbone, which 
Mannan α-Galactosyl Transferase1 (MAGT1/GlycosylTransferase-Like6/Mucilage Related10) might decorate with single α-Gal 
branches. Here, we investigated the ratio and sequence of Man and Glc and the arrangement of Gal residues in Arabidopsis 
mucilage mannan using enzyme sequential digestion, carbohydrate gel electrophoresis, and mass spectrometry. We found that 
seed mucilage galactoglucomannan has a backbone consisting of the repeating disaccharide [4)-β-Glc-(1,4)-β-Man-(1,], and most 
of the Man residues in the backbone are substituted by single α-1,6-Gal. CSLA2 is responsible for the synthesis of this patterned 
glucomannan backbone and MAGT1 catalyses the addition of α-Gal. In vitro activity assays revealed that MAGT1 transferred 
α-Gal from UDP-Gal only to Man residues within the CSLA2 patterned glucomannan backbone acceptor. These results indicate 
that CSLAs and galactosyltransferases are able to make precisely defined galactoglucomannan structures. Molecular dynamics 
simulations suggested this patterned galactoglucomannan is able to bind stably to some hydrophilic faces and to hydrophobic 
faces of cellulose microfibrils. A specialization of the biosynthetic machinery to make galactoglucomannan with a patterned 
structure may therefore regulate the mode of binding of this hemicellulose to cellulose fibrils.
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The role of GGM in cell walls is unclear. It may have 
a signaling role in plant development (Goubet et al., 
2003; Benová-Kákosová et al., 2006; Liepman et al., 
2007; Iglesias-Fernández et al., 2011). Like other hemi-
celluloses, it may also coat and crosslink cellulose  
fibrils (Fry, 1986; Iiyama et al., 1994; Obel et al., 2007). 
The molecular basis of GGM binding to cellulose mi-
crofibrils is unknown and may involve hydrogen bond-
ing and stacking interactions (Berglund et al., 2016). It 
has been hypothesized that the conformation of glu-
comannan chains in the cell wall is similar to those 
of cellulose, showing a relatively flat 2-fold screw axis, 
with Gal substitutions also able to interact with the  
cellulose surfaces (Aspinall et al., 1962; Northcote, 1972; 
Whitney et al., 1998; Moreira and Filho, 2008). Con-
sistent with the proposed role in binding to cellulose, 
studies incorporating structurally distinct mannans 
into synthetic composites have shown that glucoman-
nan from konjac (Amorphophallus konjac) and salep 
(Orchis mascula) induces coalescence of cellulose fibrils 
and reduction of cellulose crystallinity (Hackney et al., 
1994; Whitney et al., 1998). Moreover, the extent of as-
sociation of legume seed galactomannan with cellulose 
fibrils was positively correlated with decreased Gal 
content of the galactomannan (Whitney et al., 1998). In 
angiosperms, the dominance of GGM is reduced com-
pared to gymnosperms, and xylan is the main second-
ary cell wall hemicellulose, yet GGM is always present. 
Xylan has recently been shown to interact with the 

hydrophilic surface and perhaps also the hydropho-
bic surface of cellulose microfibrils as a 2-fold helical 
screw (Busse-Wicher et al., 2014; Simmons et al., 2016; 
Grantham et al., 2017). Due to the reported random 
heterogeneous nature of the GGM backbone and the 
presence of acetate and Gal substitutions, it is unclear 
if GGM can interact with the cellulose microfibril in a 
xylan-like fashion.

The glucomannan backbone, synthesized by the 
Cellulose Synthase-Like A (CSLA) family of enzymes, 
is thought to have a random Man and Glc sequence 
(Northcote, 1972; Piro et al., 1993; Liepman et al., 2005). 
In vitro, CSLA enzymes use either or both GDP-Man 
and GDP-Glc to synthesize pure mannan/glucan or 
glucomannan backbones (Dhugga et al., 2004; Liepman 
et al., 2005). Mannan Synthesis-Related proteins may 
also be involved in glucomannan synthesis (Wang  
et al., 2013). Arabidopsis (Arabidopsis thaliana) Trichome 
Birefringence-Like25 and 26 have been hypothesized 
to be involved in the O-acetylation of glucomannan, 
but no experimental evidence has yet been provided  
(Gille et al., 2011). The frequency and distribution 
of the Gal side chains on galactomannan is in part a 
feature of the galactosyltransferase enzyme specific-
ity (Reid et al., 2003). In vitro activity of fenugreek 
(Trigonella foenumgraecum) GalactoMannan Galacto-
sylTransferase (TfGMGT) demonstrated that this en-
zyme can transfer α-Gal from UDP-Gal to β-1,4-linked 
mannan oligosaccharides (Edwards et al., 1999, 2002). 
On the basis of sequence similarity to TfGMGT,  
two enzymes in Arabidopsis, which we now name  
MANNAN α-GALACTOSYL TRANSFERASE1 (MAGT1/ 
GlycosylTransferase-Like6/MUCILAGE-RELATED10 
[MUCI10], At2g22900) and MAGT2 (GlycosylTrans-
ferase 6, At4g37690), are thought to be involved in the 
α-1,6-Gal substitution in Arabidopsis GGM (Faik et al., 
2002; Dunkley et al., 2006; Vuttipongchaikij et al., 2012; 
Voiniciuc et al., 2015), but the activity has not yet been 
conclusively demonstrated and the acceptor specificity 
has not been studied.

In Arabidopsis, when mature dry seeds are hydrat-
ed, gel-like mucilage is extruded to envelop the entire 
seed. Ruthenium red staining of Arabidopsis seeds re-
veals two different mucilage layers, termed the non-
adherent and the adherent mucilage layers (Western 
et al., 2000). Arabidopsis seed mucilage is an excellent 
model system for understanding cell wall structure and 
biosynthesis (Haughn and Western, 2012). CSLA2 and 
MAGT1/MUCI10 have been demonstrated to partici-
pate in the synthesis of GGM present in mucilage (Yu 
et al., 2014; Voiniciuc et al., 2015). Mutation of either 
CSLA2 or MAGT1 caused smaller and more compact 
mucilage capsules, decreased cellulose crystallinity, 
and changed pectin distribution. This suggests that 
mucilage GGM, synthesized by CSLA2 and MAGT1, 
may interact with cellulose and other cell wall com-
ponents (Voiniciuc et al., 2015). The absence of CSLA2 
resulted in a significant loss of Gal, Glc, and Man res-
idues in mucilage, almost in a 1:1:1 molar ratio (Yu  
et al., 2014). Consistent with its proposed role in GGM 
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galactosylation, the magt1/muci10 mutant also showed 
the reduction of Gal, Glc, and Man residues but with 
significantly greater reductions of Gal compared with 
Glc and Man (Voiniciuc et al., 2015).

Here, we demonstrate that Arabidopsis seed muci-
lage GGM has a defined patterned structure, having 
a backbone consisting of a two-residue repeating unit: 
[4)-β-Glc-(1,4)-β-Man-(1,]. Most Man residues are sub-
stituted with single α-Gal residues. CSLA2 is responsi-
ble for the biosynthesis of the mucilage glucomannan 
backbone, and MAGT1 catalyses the addition of α-Gal 
to mannosyl residues. In vitro activity assays demon-
strated that MAGT1 is highly specific, transferring  
α-Gal from UDP-Gal to Man of glucomannan oligosac-
charides only when the acceptor has sufficient Glc-Man 
disaccharide repeating units. Molecular dynamics sim
ulations suggest that this patterned glucomannan is 
able to interact with certain cellulose fibril faces as a 
2-fold screw, providing a potential explanation for the 
structure of this polysaccharide and suggesting modes 
of interaction of this hemicellulose with cellulose.

RESULTS

Arabidopsis Mucilage Glucomannan Has a Repeating 
Disaccharide [4)-β-Glc-(1,4)-β-Man-(1,] Backbone

The mannan content of Arabidopsis seed mucilage is 
less than 5% (w/w) of total sugars, and the structure is 
unclear. Based on monosaccharide compositional and 
linkage analysis and studies of GGM structure in other 
plants, Voiniciuc et al. (2015) suggested that the muci-
lage GGM has a Man:Glc ratio of 3:1, and one in every 
two Man residues is substituted by a single α-1,6-Gal, 
and one in every six Man might be substituted with 
a β-1,2-Gal-α-1,6-Gal disaccharide. To investigate the 
fine structure of GGM in seed mucilage, we employed 
enzymatic digestion with β-mannanase 26A (Man26A; 
Handford et al., 2003; Gilbert, 2010). Man26A displays 
specificity for Man at the −1 subsite, but can tolerate 
Glc at the +1 subsite and hence can cleave β-Man-
(1,4)-β-Glc, but not β-Glc-(1,4)-β-Man. Substitution of 
Man at the −1 subsite by Gal or acetate is not tolerated 
(Malgas et al., 2015; von Freiesleben et al., 2016). Alcohol  
insoluble residue (AIR) from seed mucilage was in-
cubated with alkali to solubilize and deacetylate the 
hemicelluloses before digestion with Man 26A. The 
released oligosaccharides were labeled with the fluo-
rophore 8-amino-naphthalene-1,3,6-trisulfonic acid 
(ANTS) and separated by electrophoresis (polysaccha-
ride analysis using carbohydrate gel electrophoresis 
[PACE]; Goubet et al., 2002). This procedure yielded 
a notably simple ladder of oligosaccharides from ad-
herent mucilage of wild-type Arabidopsis (Fig. 1A; 
Supplemental Fig. S1). The migration differences sug-
gested the oligosaccharides might differ in degree of 
polymerization (DP) by at least two hexose residues, 
with the smallest oligosaccharide migrating slightly 

slower than mannotetraose (M4). Two oligosaccha-
rides with relatively high abundance were visible, but 
larger oligosaccharides were detected with a lower 
abundance. Similar oligosaccharides were observed 
after nonadherent mucilage digestion (Supplemental 
Fig. S2). In contrast to the wild type, adherent muci-
lage from csla2 yielded no detectable oligosaccharides 
(Fig. 1A), indicating that CSLA2 is necessary for the 
GGM backbone synthesis in seed mucilage, which is 
consistent with previous publications (Yu et al., 2014; 
Voiniciuc et al., 2015). To look for any undigested 
GGM, we first digested wild-type adherent mucilage 
with β-mannanase Man26A and then used 65% etha-
nol to precipitate any resistant GGM from the released 
oligosaccharides. The monosaccharide compositions 
of the Man26A-resistant residue from wild-type mu-
cilage and of csla2 mutant mucilage (lacking the rele-
vant GGM) were compared. This analysis revealed no 
significant difference in sugar composition between 
the two samples (Supplemental Table S1). Thus, we can  
conclude that Man26A is likely digesting all CSLA2- 
synthesized GGM into oligosaccharides.

In order to characterize the backbone structure of the 
adherent mucilage GGM further, Man26A products 
from wild type were digested with α-galactosidase. All 
the released oligosaccharides were sensitive to the ga-
lactosidase (Fig. 1B), indicating the widespread pres-
ence of α-Gal decorations on the backbone. After the 
removal of Gal side chains, the glucomannan oligosac-
charides, named saccharide S1 to S6, were subjected 
to cycles of alternating β-glucosidase and β-mannosi-
dase treatments (Fig. 1B). For example, after incuba-
tion with β-glucosidase, the enzyme was deactivated 
and then β-mannosidase was added. This approach 
enabled us to deduce their Man and Glc sequence. The 
high-intensity band S2, migrating between M5 and M6, 
shows the procedure for structural analysis of all oli-
gosaccharides S1 through to S6. After the first cycle of 
β-glucosidase digestion, S2 changed its migration to a 
position between M4 and M5, indicating the presence 
of Glc on the nonreducing end of S2. This first cycle 
β-glucosidase product of S2 was then treated with 
β-mannosidase, and the released oligosaccharide mi-
grated to the position between M3 and M4. A second  
cycle of β-glucosidase shifted the migration to a position 
between M2 and M3. A second cycle of β-mannosidase 
digestion released the disaccharide β-Glc-(1,4)-Man 
(GM). In summary, the sequence of Man and Glc in S2 
is Glc-Man-Glc-Man-Glc-Man. All other oligosaccharides  
showed the same sensitivities to alternate β-glucosidase  
and β-mannosidase digestion, suggesting that they 
might all be composed of the repeating disaccharide 
[4)-β-Glc-(1,4)-β-Man-(1,].

To confirm the size of the Man26A oligosaccharide 
products and the linkage of the backbone residues, 
they were digested with α-galactosidase, labeled with 
2-aminobenzamide (2-AB) and then analyzed by  
matrix-assisted laser-desorption ionization time of 
flight (MALDI-TOF) mass spectrometry (MS) and tan-
dem mass spectrometry (MS/MS). The MS revealed 
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two main peaks with mass corresponding to hexose4 
((Hex)4; m/z 809.3, [M+Na]+) and (Hex)6 (m/z 1133.4, 
[M+Na]+), corresponding to oligosaccharides S1 and 
S2, respectively (Fig. 2A). MS/MS indicated that S1 
is a linear oligosaccharide of four hexoses (indicated  
by Y1–3 and 1,5X1–3 ion series) linked by 1,4 linkages  
(indicated by 3,5A2–3 and G1–3 ions; Fig. 2B). S2 is a  
linear oligosaccharide of six hexoses (indicated by 
Y1–5 and 1,5X1–5 ion series) linked by 1,4-linkages (indi-
cated by 3,5A2–5 and G1–5 ions; Fig. 2C). Taken togeth-
er, the enzyme sensitivities revealed by PACE and 
the MS fragmentation show that S1 has a structure of 
[4)-β-Glc-(1,4)-β-Man-(1,]2 and that S2 has a structure 
of [4)-β-Glc-(1,4)-β-Man-(1,]3. Given their similar en-
zyme sensitivities and the product mobilities, we can 
deduce that the other oligosaccharides, S3 to S6, also 
have a backbone with the [4)-β-Glc-(1,4)-β-Man-(1,]n 
structure.

The Majority of the Glc-Man Backbone Disaccharide 
Units Have an α-Gal Decoration on the Man Residue

To determine the position of the α-Gal side chains 
on the backbone of mucilage GGM, Man26A digestion 

products without α-galactosidase digestion were labeled 
with 2-AB and analyzed with MS. The MS spectra re-
vealed two main peaks of mass corresponding to (Hex)5 
(m/z 971.3 [M+Na]+) and (Hex)8 (m/z 1457.3 [M+Na]+; 
Fig. 3A), suggesting S1 is substituted by a single Gal 
and S2 by two Gal residues. MS/MS of (Hex)5 revealed 
a branched oligosaccharide (Fig. 3B). The 324 D mass 
difference between Y2 and Y3 ions suggests that the 
first Man from the nonreducing end is modified with 
the Gal. The presence of the V3 elimination ions (m/z 
599.2) and 3,5A2 cross ring fragment (m/z 583.1) indicate 
that a single Gal is linked at the O6 of the first Man 
residue from the nonreducing end of the S1 backbone.

MS/MS spectra of (Hex)8 (m/z 1457.3) confirmed the 
S2 oligosaccharide (Fig. 3C), [4)-β-Glc-(1,4)-β-Man-(1,]3, 
as the backbone with α-1,6-linked Gal on the first and 
second Man from the nonreducing end. These results 
are consistent with the reported positions of α-Gal 
decorations solely on Man residues of GGM (Aspinall 
et al., 1962; Northcote, 1972). Taken together with the 
α-galactosidase sensitivity of the hexose branches, this 
MS analysis indicates the presence of a single α-Gal 
substitution on each Man except the reducing-end 
Man of the oligosaccharide. The absence of Gal  

Figure 1.  Mannan backbone structure in 
adherent mucilage. A, PACE gel of man-
nanase (Man26A)-digested deacetylated 
hemicellulose from adherent mucilage 
of wild type (WT), csla2, and two magt1 
mutant lines. B, Characterization of Ma-
n26A-digested products by PACE, using 
α-galactosidase (α-Gal), β-glucosidase 
(β-Glc), and/or β-mannosidase (β-Man) 
enzymes. Mannan oligosaccharides, 
M1–M6. On the right of B, interpreted 
oligosaccharides structures with G, Glc, 
and M, Man. Arrows with the same col-
or follow the oligosaccharides through 
sequential digestion. Asterisks show 
mannan oligosaccharides in adherent 
mucilage from two magt1 mutant lines 
after Man26A digestion. Hash shows the 
background bands.
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Figure 2.  Man26A- and then α-galactosidase-digested products of wild-type adherent mucilage AIR were confirmed as linear. 
A, Man26A- and then α-galactosidase-digested products of adherent mucilage AIR were labeled with 2-AB and analyzed by 
MALDI-TOF MS. B and C, (Hex)4 and (Hex)6 in A were identified to be linear by MS/MS. Glc and Man assignments are based 
on the PACE results.
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Figure 3.  All mannosyl residues on the glucomannan backbone except that on the reducing end were substituted by single 
α-Gal at C-6. A, Man26A-digested products of adherent mucilage AIR were labeled with 2-AB and analyzed by MALDI-TOF-
MS. B and C, (Hex)5 and (Hex)8 in A were analyzed by high-energy MALDI-CID.
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substitution of the reducing-end Man residue is con-
sistent with known requirements of mannanases.

To evaluate the ratio of Man:Glc:Gal in the GGM, 
Man26A products of wild-type adherent mucilage 
were extracted with 65% ethanol, and the monosaccha-
ride composition was analyzed. The results showed 
that the ratio of Man:Glc:Gal in the Man26A products 
of wild-type adherent mucilage digestion was approx-
imately 3:3:2.2 (Supplemental Table S1).

No Acetyl Groups Were Detected on Seed Mucilage GGM

To determine if the GGM in seed mucilage is acetyl-
ated, adherent mucilage AIR was digested with Man26A 
without further pretreatment, labeled with 2-anthranilic 
acid (2-AA) and then analyzed by MS. The MS spectra 
show two main peaks of mass corresponding to (Hex)5 
(m/z 972.3) and (Hex)8 (m/z 1458.3; Supplemental Fig. 
S3), without evidence of acetylation and similar to the 
alkaline extracted GGM. This result demonstrated that 
seed mucilage GGM is not acetylated.

MAGT1 Is Responsible for the Addition of α-Gal to the 
Glucomannan Backbone in Seed Mucilage

MAGT1/MUCI10/GlycosylTransferase-Like6 from 
Arabidopsis is a Golgi-localized putative glycosyltrans-
ferase in CAZy family GT34 (Coutinho et al., 2003), and a 
homolog of the TfGMGT from fenugreek endosperm, 
suggesting it might be a GGM α-galactosyltransferase  
(Faik et al., 2002; Dunkley et al., 2006; Voiniciuc et al., 
2015). In addition, the Gal content was significantly 
decreased in seed mucilage of the magt1/muci10 mutant 
(Voiniciuc et al., 2015). To determine whether MAGT1 
is responsible for α-Gal substitutions to the CSLA2 glu-
comannan, we analyzed the GGM in two magt1 T-DNA 
insertion lines by PACE. Man26A digestion of magt1-1 
mucilage AIR released low-abundance oligosaccha-
rides that comigrated with S1 and β-Glc-(1,4)-Man 
(Fig. 1A). Further digestion with alternate β-gluco-
sidase and β-mannosidase confirmed magt1-1 oligo-
saccharides were identical to S1 and β-Glc-(1,4)-Man 
(Fig. 4). Interestingly, these two oligosaccharides were 
much less abundant than the oligosaccharides released 
from wild type, confirming that digestible glucomannan 
content is decreased in magt1 mucilage.

In Vitro MAGT1 Is Active Only on Glucomannan 
Acceptor Composed of the Repeating Glc-Man 
Disaccharide

To investigate the biochemical activity of MAGT1, 
we transiently expressed a MAGT1-Myc fusion protein 
by infiltration of Nicotiana benthamiana leaves with 
Agrobacterium tumefaciens carrying the appropriate con
struct. We also expressed a Picea glauca Xylan GlucUro-
nylTransferase (PgGUX) enzyme (Lyczakowski et al., 
2017) as a control to ensure that the activity observed 
was not associated with expression of a Golgi-localized 
glycosyltransferase. Immunoblot analysis confirmed 

that microsomes isolated from N. benthamiana leaves 
contained Myc-tagged proteins with sizes correspond-
ing to monomers and dimers of MAGT1 and monomers 
of spruce PgGUX (Supplemental Fig. S4). Microsomes 
extracted from the infiltrated plants were used directly 
for the galactosyltransferase activity assays.

MAGT1 acts on the (Glc-Man)n-patterned glucoman-
nan backbone in mucilage biosynthesis. Therefore, to act  
as an appropriate acceptor for the in vitro activity assays, 
a mixture mainly of (Glc-Man)2 (S1) and (Glc-Man)3  
(S2) oligosaccharides lacking Gal was prepared by 
mannanase and galactosidase sequential digestion of 
wild-type adherent mucilage (Fig. 5A). The acceptor 
was labeled with the ANTS fluorophore for visualiza-
tion. After 5 h reaction with microsomes and UDP-Gal, 

Figure 4.  magt1-1 glucomannan structure analyzed by PACE. magt1-1 
adherent mucilage AIR was digested with Man26A and then digested 
with β-glucosidase (β-Glc) and β-mannosidase (β-Man) alternative-
ly. All the products were then labeled with ANTS and analyzed with 
PACE. Mannan oligosaccharides, M1–M6; G, Glc; M, Man. Arrows with 
the same color show the band flow direction after sequential digestion.
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the products were analyzed by PACE (Fig. 5A). In the 
reaction containing MAGT1, UDP-Gal as a donor and  
(Glc-Man)n oligosaccharides as an acceptor, the (Glc-Man)3  
DP6 oligosaccharide disappeared, and a new band 
with slower migration appeared, putatively due to Gal 
substitution of this oligosaccharide. This shift in mo-
bility was not seen in the absence of UDP-Gal or when 
microsomes containing PgGUX were used. Digestion 
of the MAGT1 products with α-galactosidase caused 
the oligosaccharides to migrate as before the reaction, 
confirming that MAGT1 has α-galactosyltransferase 
activity onto glucomannan. The activity was seen only 
with acceptors with a DP6 backbone or longer.

To determine whether MAGT1 can use a range of 
mannan and glucomannan acceptors, several other 
acceptors in a mixture of GGM oligosaccharides from 
spruce wood (see preparation procedure in Supplemen-
tal Fig. S5), and Man6 were tested. The spruce wood 
galactoglucomannan oligo sample contained three oli-
gosaccharides: Glc-Glc-Man-Glc-Man-Man (structure 
“a”), Man-(Gal)Man-Glc-Man-Man (structure “b”), and  
Man-(Gal)Man-(Gal)Man-Man (structure “c”). With 
MAGT1 microsomes and UDP-Gal, the intensity of 
these three oligosaccharides from spruce wood did not 
substantially change, indicating they are less favorable 
substrates compared to the mucilage glucomannan 
oligosaccharides (Fig. 5B). One very weak oligosac-
charide, migrating slightly slower than structure “a,” 
appeared in the reaction products. This suggested that 
MAGT1 had very weak activity with one or more of 
these three oligosaccharides. Oligosaccharide “a” con-
tains a Glc-Man-Glc-Man tetrasaccharide within its 
structure and was likely the poor acceptor. MAGT1 
also could not use mannohexaose as the acceptor (Fig. 
5B) as described before (Voiniciuc et al., 2015). These  

results indicate that MAGT1 shows activity specific 
to the patterned (Glc-Man) backbone synthesized by 
CSLA2. The effective oligosaccharides were DP6 or 
longer.

Molecular Dynamics Simulations Suggest Modes of GGM 
Binding to Cellulose

The precise patterning of the GGM from Arabidop-
sis seed mucilage, with a two-residue periodic repeat, 
suggested the structure might have an ability to align 
and interact with cellulose fibrils. We performed mo-
lecular dynamics (MD) simulations to investigate the 
interaction between the patterned GGM and cellulose. 
We built a patterned GGM model in which the back-
bone consisted of the repeating disaccharide Glc-Man, 
where Glc and Man appeared in every odd and even 
position, respectively. The DP of the GGM model chain 
was 24 with a backbone of 16 residues and eight side-
chain Gal residues. All Man residues were α-1,6 linked 
to Gal (Fig. 6A). We considered 36-chain and 18-chain 
crystalline cellulose fibrils (Ding and Himmel, 2006; 
Thomas et al., 2013), both of them with DP 24 glucan 
chains (Fig. 6, B and C). GGM chains were initially 
placed on the 36-chain fibril in parallel with cellulose 
chains on the hydrophilic (1-10), (110), and hydropho-
bic (200) faces and also in antiparallel alignment on the 
(110), (1-10), and (100) faces (Fig. 6B). For the 18-chain 
cellulose fibril, glucomannan chains were aligned par-
allel to cellulose on hydrophilic (010) and hydrophobic 
(200) faces and antiparallel on (020) and (100) surfaces 
(Fig. 6C).

To study the stability of the interaction, we per-
formed three independent simulations of each system 

Figure 5.  Activity of recombinant 
MAGT1 protein. A, MAGT1 ac-
tivities using Glc-Man repeating 
oligosaccharides as the acceptor. 
B, MAGT1 activities using spruce 
oligosaccharides and Man6 as the 
acceptors. Arrows with the same 
color show the band flow direc-
tion after each reaction. Black ar-
row shows the very weak product 
of MAGT1. Mannan oligosaccha-
rides, M4–M6; G, Glc; M, Man.
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and left out of the subsequent analysis the two first and 
last residues. Figure 7, C–L, shows the time evolution 
of the root mean squared deviation (rmsd) for each 
GGM chain relative to its initial position at the start of 
each run. The patterned GGM remained stably bound 
to all cellulose faces, with rmsd values less than 3 Å, 
except for the parallel configuration on face (110) and 
antiparallel on (1-10), as shown in Figure 7, G and H. 
Randomly picked snapshots are depicted in Figure 7, 
A and B, for visualization. Because Man differs from 
Glc by an axial, instead of equatorial, hydroxyl group 
at C-2 position, the GGM chains in parallel to cellu-
lose on face (110) and antiparallel on face (1-10) expe-
rienced unfavorable steric contacts with cellulose via 
the axial hydroxyl groups from Man (Fig. 6B), which, 
in turn, rendered GGM chains more mobile on these 
particular cellulose surfaces. Similar steric effects were 
also present on faces (010) and (020) of the 18-chain cel-
lulose fibril, but in this case, stabilizing GGM-cellulose 
interactions due to the existence of grooves in the fibril  
prevented dissociation of GGM from the cellulose 
surface (Fig. 7, I–L).

Figure 8 shows the two-dimensional distribution  
of GGM backbone configurations, defined by the min-
imum distance of glucomannan residues from the 
cellulose surface and by the sum of glycosidic torsion 

angles φ + ψ. Minimum distances lower than 3 Å indi-
cate that the chain is tightly bound to cellulose. The re-
sult shows that only the chain placed in parallel on the 
(110) face visited configurations with distances greater 
than 3 Å (Fig. 8E). The sum φ + ψ indicates the degree 
of helicity, where φ + ψ = 120°, φ + ψ = 190°, and φ + ψ = 
50° characterize 2-fold (21), left-handed 3-fold (31), and 
right-handed 31 screw conformations, respectively. The 
chains adsorbed in parallel on faces (200) adopt mostly 21  
screw conformation, with φ + ψ = 120° (Fig. 8, A and G). 
The φ + ψ distributions for chains adsorbed in antipar-
allel on face (100), parallel on face (1-10), antiparallel 
on face (110), parallel on face (010), and antiparallel on 
face (020) exhibit two local maxima at approximately 
90° and 150° (Fig. 8, B–D, I, and J), with an average φ + 
ψ value of 120°, indicating 21 screw-like conformation, 
as previously observed for xylan adsorption on cellu-
lose (Busse-Wicher et al., 2016). The decrease of intra-
molecular hydrogen bonds increases chain flexibility 
relative to cellulose chains. In patterned GGM chains, 
the Man axial hydroxyl groups (O-2) are not in position 
to hydrogen bond to the O-6 from neighboring Glc, 
and α-1,6-Gal branches restrict the O-6 conformations 
and decrease the hydrogen bond frequency between 
Man residues and O-3 from Glc (Fig. 8K). Therefore, 
the glucomannan backbone adopts a 21 screw-like  

Figure 6.  Molecular models built to perform molecular dynamics simulations. A Arabidopsis seed mucilage patterned galac-
toglucomannan model. B and C, Complexes of galactoglucomannan and cellulose fibrils. The axial C-2 hydroxyls from Man 
residues are highlighted by van der Waals spheres. The reducing ends of the parallel galactoglucomannan chains are at the 
reducing ends of the glucan chains of the cellulose microfibril, while the reducing ends of the antiparallel galactoglucomannan 
chains are at the nonreducing ends of the glucan chains of the cellulose fibril.
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conformation instead of the ideal 21 screw confor-
mation. Similarly, the antiparallel chain on the (100) 
surface is displaced from the ideal 21 screw to accom-
modate the Gal branches (Fig. 8H).

DISCUSSION

Aside from the steric role of α-galactosyl side chains, 
any importance of the GGM fine structure for inter
actions with other polymers in plant cell walls is poorly 

understood. Here, we show that the Arabidopsis seed 
mucilage GGM backbone has a strictly alternating 
structure of a glucosyl residue and a mannosyl resi-
due. Moreover, we demonstrate that a little more than  
two in three of the mannosyl residues are substituted  
with an α-galactosyl branch. CSLA2 and MAGT1 are re-
quired for the biosynthesis of this GGM. This precisely  
repetitive structure may enable GGM synthesized by 
CSLA2 and MAGT1 to bind hydrophobic surfaces of 
cellulose fibrils and also perhaps some hydrophilic 
surfaces.

Figure 7.  Binding analysis of patterned galactoglucomannan on cellulose surfaces. A and B, Snapshots illustrating the systems 
after 250 ns of molecular dynamics simulation. C to H, Root mean squared deviation (rmsd) of galactoglucomannan chains 
from its initial position on 36-chain cellulose surfaces. I to L, Rmsd of galactoglucomannan chains from its initial position on 
18-chain cellulose surfaces. The different colors represent different independent simulations.
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GGM is generally thought to have a random arrange-
ment of Glc and Man and occasional Gal substitution 
and acetylation on the mannosyl residues (Piro et al., 
1993; Scheller and Ulvskov, 2010; Voiniciuc et al., 2015). 
Here, we studied GGM oligosaccharides using specif-
ic enzymatic digestion and gel electrophoresis (PACE) 
and were able to separate oligosaccharides with iden-
tical mass, but different composition or order of Glc 
and Man residues (Goubet et al., 2002; Handford et al., 
2003). We found that Arabidopsis seed mucilage GGM 
has a backbone consisting of a repeating disaccharide 
[4)-β-Glc-(1,4)-β-Man-(1,]. We did not detect acetyla-
tion of this patterned GGM. Many of the Man residues 
in the backbone are substituted by single α-1,6-Gal, 
yielding a polymer with the ratio of Glc:Man:Gal of  
approximately 3:3:2.2. Since alternate backbone res-
idues are Man carrying a Gal substitution, these Gal 

substitutions are evenly spaced along the backbone. 
GGMs with similar backbone structures have been iso-
lated from tobacco (Nicotiana plumbaginifolia) cell cul-
tures and kiwifruits, but these GGMs show less α-Gal 
substitution of the Man and also have β-Gal-(1,2)-α-
Gal- side chains (Sims et al., 1997; Schröder et al., 2001). 
It will be interesting to determine how widespread this 
strictly patterned GGM is in plant tissues.

CSLA2 and MAGT1 Synthesize Patterned GGM

We observed that CSLA2 is exclusively responsible 
for the patterned GGM backbone synthesis in Arabi-
dopsis seed mucilage, leading to the complete loss of 
detectable GGM in csla2 mucilage. It has been reported 
by monosaccharide composition analysis that csla2 
mucilage still has some Man remaining (Yu et al., 2014; 

Figure 8.  Patterned galactoglucomanann backbone conformations on cellulose surfaces. A to F, Two-dimensional distribution 
of the minimum distance of galactoglucomanann residues from 36-chain cellulose surface and sum of glycosidic torsion angles 
φ + ψ. G to J, Two-dimensional distribution of the minimum distance of galactoglucomanann residues from 18-chain cellulose 
surface and sum of glycosidic torsion angles φ + ψ. K, Snapshot illustrating the intramolecular hydrogen bonds from galacto-
glucomannan. The axial hydroxyl from Man residues are highlighted by van der Waals spheres.
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Voiniciuc et al., 2015), but it is possible that Man de-
tected in these studies is derived from glycans attached 
to glycosylated proteins in mucilage or Man26A does 
not have access to a remaining population of mucilage 
mannan. The finding that CSLA2 produces GGM  
with a repeating disaccharide [4)-β-Glc-(1,4)-β-Man- 
(1,] backbone is consistent with earlier monosaccha-
ride composition analysis, which demonstrated that 
Man and Glc decreased by the same amount in csla2 
mucilage compared to wild-type mucilage (Yu et al., 
2014; Voiniciuc et al., 2015). Earlier studies on gluco-
mannan structure in Arabidopsis stems, which is syn-
thesized mostly by CSLA9, suggested the arrangement 
of Glc and Man is random in the backbone (Handford 
et al., 2003; Goubet et al., 2009). It appears therefore 
that CSLA2 has an unexpected precision in gluco-
mannan biosynthesis in mucilage-producing cells. It 
is conceivable that the GT2 CSLA2 enzyme is able to 
incorporate the sugars alternately from GDP-Glc and 
GDP-Man into the growing polysaccharide chain, even 
though it is likely to have a single active site (Stone 
et al., 2010). This implies that the presence of terminal 
Man on the acceptor could favor binding of GDP-Glc 
to the donor site in the enzyme, and likewise terminal 
Glc might favor binding of GDP-Man. The production 
of a polysaccharide backbone with alternating sugars 
by other GT2 β-glycan polysaccharide synthases has 
been previously reported. For example, the prokary-
otic hyaluronan synthases incorporate both GlcA and 
GlcNAc alternately (DeAngelis and Weigel, 1994). In 
plants, both CSLF and CSLH enzymes are able to make 
β-Glc-(1,4)- and β-Glc-(1,3)- linkages in the backbone, 
with a nonrandom distribution (Stone et al., 2010), 
further suggesting the acceptor can influence the cat-
alytic site activity of GT2 enzymes. On the other hand, 
Liepman et al. (2005) demonstrated that the recombi-
nant CSLA2 expressed in insect cells can use GDP-Man 
and/or GDP-Glc to synthesize homomannan or glu-
comannan, but the enzyme had higher activity when 
GDP-Man was supplied. Perhaps, in mucilage-producing  
cells the supply of sugar nucleotides or interaction with 
other Golgi proteins might influence the CSLA2 activity 
to enable a strict alternation in substrates.

We showed that MAGT1 is a specific glucoman-
nan galactosyltransferase required for the addition of 
α-Gal on the patterned CSLA2 glucomannan backbone. 
Previous work showed that MAGT1/MUCI10 likely 
decorates the glucomannan synthesized by CSLA2 
in Arabidopsis seed mucilage (Voiniciuc et al., 2015). 
We confirm here that the mucilage glucomannan from 
magt1 mutants completely lacks the Gal substitution, 
and the glucomannan backbone can be digested into 
disaccharide β-Glc-(1,4)-β-Man, and tetrasaccharide 
β-Glc-(1,4)-β-Man-(1,4)-β-Glc-(1,4)-β-Man. Previous at-
tempts to carry out in vitro galactosyltransferase activ-
ity assays of this Arabidopsis GT34 enzyme have had 
little success (Vuttipongchaikij et al., 2012; Voiniciuc  
et al., 2015). Our in vitro assay showed that MAGT1 has 
effective galactosyltransferase activity, but only when 
the patterned CSLA2 glucomannan is supplied as the 

acceptor. MAGT1 appears to require at least three  
(Glc-Man) disaccharide repeating units for maximal 
galactosylation activity in vitro. No or little activity 
toward other tested glucomannan acceptors, such as 
Man6, was detected, confirming that MAGT1 selectively  
galactosylates GGM backbones. The strong preference 
of MAGT1 for the correct patterned acceptor may ex-
plain why previous attempts to assay this galactosyl-
transferase activity have been unsuccessful.

In magt1 mutants, the amount of CSLA2 synthesized 
GGM backbone was strongly reduced. Gal substitu-
tion is likely to improve the solubility of GGM (Timell, 
1965; Northcote, 1972). In magt1, without the addition 
of α-Gal, newly synthesized glucomannan polysaccha-
rides may precipitate, affecting the further elongation 
of the backbone. In addition, magt1 seed mucilage is 
very sticky, so the poorly soluble glucomannan lacking 
α-Gal may be lost during the sample preparation. An 
alternative hypothesis is that CSLA2 and MAGT1 form 
a protein complex. Therefore, the absence of MAGT1 
may affect the CSLA2 protein stability, targeting,  
or function, as has been suggested for CSLC in the  
absence of xyloglucan xylosyltransferase enzymes 
(Cocuron et al., 2007).

Patterned GGM May Interact with Cellulose Fibrils with a 
2-Fold Screw Conformation

What could be the function of such a precisely pat-
terned GGM made by CSLA2 and MAGT1? It is now 
well established that the even periodic spacing of glu-
curonosyl, arabinosyl, and acetate residues on xylan 
facilitates its alignment along and stable interaction 
with hydrophilic surfaces of cellulose fibers as a 2-fold 
helical screw (Busse-Wicher et al., 2014, 2016; Simmons 
et al., 2016; Grantham et al., 2017). The disaccharide 
repeating unit in this GGM is suggestive of a role in the 
alignment with cellulose, because like cellulose-bound 
xylan, this GGM has an even periodic repeat. Here, we 
showed using MD simulations that the GGM chains 
can effectively bind to different faces of two distinct 
models of cellulose fibrils by adopting 2-fold helical 
screw or 2-fold screw-like conformations. The binding 
can occur on certain hydrophilic faces and also on the 
hydrophobic faces, as seen with xylan (Busse-Wicher 
et al., 2014; Martínez-Abad et al., 2017). In the case of 
xylan, the even substitution pattern allows binding 
to cellulose by avoiding steric clashes on hydrophilic 
faces. Our modeling suggests that the even spacing of 
Man residues in the patterned GGM provides a par-
ticular advantage for binding to hydrophobic cellulose 
faces because steric hindrance between cellulose and 
both the mannosyl C-2 hydroxyl groups and the α-Gal 
substitutions is avoided.

Previous studies of structurally distinct storage glu-
comannans and galactomannans incorporated into 
mannan-cellulose synthetic composites suggested that 
the structural differences in Glc and Man are not crit-
ical for mannan binding to cellulose (Hackney et al., 
1994; Whitney et al., 1998). However, it was not possible 
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to distinguish with which microfibril surfaces these 
storage mannans interacted. Our simulation results 
showed that the patterned GGM structure may have a 
particular advantage for binding the hydrophobic face 
of the cellulose microfibril. This binding is facilitated 
by a lack of steric hindrance between the mannosyl res-
idues of glucomannan and Glc of cellulose because all 
the mannosyl C-2 hydroxyl groups face away from the 
fibril (Fig. 7). However, this C-2 hydroxyl group inhib-
its the binding of glucomannan to certain hydrophil-
ic faces of the fibril (Fig. 7, G and H). This modeling 
therefore indicates that mannosyl C-2 hydroxyl groups 
could be important for modulating the GGM and  
cellulose interaction.

Association of seed storage galactomannan with  
cellulose fibrils, agarose, and xanthan was reported to 
be positively correlated with decreasing Gal substitution 
(Dea et al., 1986; Hackney et al., 1994; Whitney et al., 
1998). The Gal substitutions sterically inhibited self- 
association of the galactomannan and the binding to  
cellulose. The GGM described in this study is different  
to the galactomannan used for these in vitro mannan- 
cellulose interaction assays, because the arrangement of 
the Gal substitutions in mucilage GGM is not random 
(Dea et al., 1986; Hackney et al., 1994; Whitney et al., 
1998). The modeling suggests the Gal substitution of 
the patterned GGM may have less of a steric influence 
on binding to cellulose. When bound to cellulose fibrils 
in the 2-fold screw conformation, all the Gal side chains 
of the patterned GGM project away from the cellulose 
surface. The Gal side chains of the GGM bound to 
cellulose may play a role in preventing aggregation of 
cellulose in the “cellulose rays” of mucilage, because 
the lack of GGM causes the cellulose fibrils to aggregate 
in csla2 or magt1 mucilage.

It will be important to determine if similar cellulose- 
compatible, patterned, GGM structures exist in cell 
types beyond Arabidopsis mucilage, such as in soft-
woods from conifers where acetylated GGM is the main 
hemicellulose that interacts with the cellulose.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma-Aldrich unless otherwise  
described.

Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants were of Col-0 ecotype. T-DNA 
insertion line csla2 (SALK_065083) has been described previously (Goubet 
et al., 2009). T-DNA insertion lines magt1-1 (SALK_061576) and magt1-2 
(SALK_002556) were selected from the Nottingham Arabidopsis Stock Centre. 
All the primers used are shown on Supplemental Table S2. Arabidopsis seeds 
were surface sterilized, sown on Murashige and Skoog medium, stratified in 
darkness for 48 h at 4°C and then germinated at 21°C under 16-h light/8-h 
dark conditions. After 1 to 2 weeks, the seedlings were transferred to soil and 
grown in growth chambers under the same conditions.

Nicotiana benthamiana plants were grown in the same conditions as Arabi-
dopsis. Leaves of 4-week old N. benthamiana were used for infiltration.

Seed Mucilage Extraction

Two grams of clean seeds were incubated in 20 mL of deionized water with 
gentle shaking for 2 h at room temperature. The resulting suspension was cen-
trifuged at 1,000 rpm for 1 min. The supernatant was collected, and the seeds 
were washed twice with deionized water. Three batches of supernatants were 
pooled and freeze-dried to get nonadherent mucilage. After water extraction, 
seeds were taken to the ball-mill tube and 20 mL of deionized water was added. The 
seed-containing tubes were shaken for 30 min at 30 Hz in a Retsch MM400 ball 
mill using two adaptors. The seed suspension was centrifuged at 1,000 rpm for 
1 min. The supernatant was collected and the seeds were washed twice with 
deionized water. Three batches of supernatant were collected and freeze-dried 
to get adherent mucilage.

Preparation of Mucilage Hemicelluloses

Freeze-dried mucilage was washed twice with 65% ethanol (v/v), twice 
with 80% ethanol (v/v), and twice with 100% ethanol (v/v). The pellet was 
then air-dried to obtain mucilage AIR. To release mannan for digestion, 80 mg  
of mucilage AIR was treated with 2.5 mL of 4 m NaOH at room temperature for 
1 h and centrifuged at 4,000 rpm for 15 min. In order to neutralize the NaOH, 
prior to enzymatic digestion, the supernatants were loaded onto a PD-10  
desalting column (GE Life Science) and eluted with 50 mm ammonium acetate 
(pH 6.0) according to the manufacturer’s instructions. The eluent contained 
the majority of the deacetylated hemicelluloses and was aliquoted into 10 tubes 
for 10 reactions.

Enzyme Digestion of Mannans

The eluted hemicelluloses fraction was digested with an excess of Cellvibrio 
japonicus Man26A in 50 mm ammonium acetate (pH 6.0) at 37°C overnight 
and then deactivated. Man26A products were then digested overnight with 
Cellvibrio mixtus GH27 α-galactosidase in 50 mm sodium acetate (pH 6.0) at 
37°C to remove the α-Gal side chains. For sequential digestion, enzymes used 
were Aspergillus niger GH3 β-glucosidase and C. mixtus GH5 β-mannosidase. 
The digestion conditions were 50 mm ammonium acetate (pH 6.0) at 37°C for 
3 h with excess enzymes to complete digestion. After each reaction, samples 
were boiled at 100°C for 10 min to denature the enzyme. Samples were then 
dried at 60°C in vacuo.

Adherent mucilage can also be digested directly with Man26A in 50 mm 
ammonium acetate (pH 6.0) at 37°C overnight and then heat deactivated. The 
sample was then dried at 60°C in vacuo. One mL of 65% ethanol was added 
to the dry sample, which was then centrifuged at 10,000 rpm for 10 min. The 
supernatants were then dried at 60°C in vacuo and analyzed by MALDI-TOF 
MS.

Preparation of Samples for Monosaccharide Composition 
Analysis

The eluted hemicelluloses fraction was digested with Man26A as above 
and then heat deactivated. The sample was then dried at 60°C in vacuo. One 
mL of 65% ethanol was added to the dry sample, which was then centrifuged 
at 10,000 rpm for 30 min. The supernatants and pellets were then dried at 60°C 
in vacuo and hydrolyzed with 2 m trifluoroacetic acid (TFA).

TFA Hydrolysis and Monosaccharide Composition 
Analysis

Adherent mucilage after different treatments was hydrolyzed with 2 m TFA 
at 121°C for 1 h. Following TFA evaporation under vacuum, the samples were 
resuspended in 200 mL of water, and the monosaccharide sugars were separated  
using protocols adapted from Currie and Perry (2006) on a Dionex ICS3000 
system equipped with a PA20 column, a PA20 guard column, and a borate trap 
(Dionex; Tryfona et al., 2012).

Mannan Fingerprint Analysis by PACE

Samples and M1–6 standards (Megazyme) were derivatized with ANTS  
(Invitrogen) as described previously (Goubet et al., 2002). After drying, the 
samples were resuspended in 100 μL of 3 m urea, of which 2 μL was loaded onto 
the PACE gels. The samples were run and visualized using a G-box equipped 
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with a transilluminator with long-wavelength light tubes (365 nm) and a short 
pass filter (500–600 nm) as described previously (Goubet et al., 2002). All anal-
yses of GGM were repeated a minimum of three times.

Preparation of Oligosaccharides for MS

Following the enzyme digestion, released peptides and enzymes were 
removed using reverse-phase Sep-Pak C18 cartridges (waters) as previously 
described. The GGM oligos were reductively aminated with 2-AB or 2-AA, 
using optimized labeling conditions as previously described. The labeled sam-
ples were then purified from reductive amination regents using a GlycoClean 
S cartridge (Prozyme) as described previously (Tryfona et al., 2010).

Hydrophilic Interaction Liquid Chromatography 
(HILIC)

Capillary HILIC was carried out using an LC-Packings Ultimate system 
(Dionex), which was used to generate the gradient that flowed at 3 mL min−1. 
Solvent A was 50 mm ammonium formate adjusted to pH 4.4 with formic acid. 
Solvent B was 5% solvent A in acetonitrile. The labeled oligosaccharides dis-
solved in 95% acetonitrile were loaded onto an amide-80 column (300 mm ×  
325 cm, 3 mm particle size; Dionex) and eluted with increasing aqueous con-
centrations as described previously (Tryfona et al., 2012). The following gradi-
ent conditions were applied: 0 min, 5% solvent A, 95% solvent B; 6 min, 25% 
solvent A, 75% solvent B; 86 min, 45% solvent A, 55% solvent B. The column 
eluent passed through a capillary UV detector (set at 254 nm) to the MAL-
DI sample spotter. For HILIC-MALDI-TOF/TOF-MS/MS, a Probot sample 
fraction system (Dionex) was employed for automated spotting of the HPLC  
eluent onto a MALDI target at 20-s intervals. After air drying, the sample  
spots were overlaid with 2,5-dihydroxybenzoic acid matrix and analyzed by 
MALDI-TOF/TOF-MS/MS as described above (Tryfona et al., 2012).

Preparation and Structural Determination of Spruce 
Oligosaccharides for in Vitro Assay

AIR from Norway spruce (Picea abies) sawdust was prepared as described 
previously (Bromley et al., 2013). Spruce AIR was treated with 4 m NaOH for 
1 h, neutralized with 2 m acetic acid, dialyzed against distilled water, and then 
freeze-dried to get deacetylated hemicellulose.

Deacetylated hemicellulose was dissolved in 50 mm ammonium acetate 
and digested with excess Man26A at 37°C overnight. Man26A products were 
then separated by size-exclusion chromatography on a gravity-driven Bio-Gel 
P2 column (2.5 × 90 cm; Bio-Rad) and eluted with 50 mm ammonium acetate. 
Fractions (2 mL) were collected and analyzed by PACE as described as above. 
Fraction A with mannan oligosaccharides migrated around M6 was combined.

For the unsubstituted glucomannan in fraction A, sequential digestion 
with β-glucosidase and β-mannosidase was performed as above. For the 
Gal-substituted oligosaccharides, fraction A was treated with a combination of 
β-glucosidase and β-mannosidase first to remove unsubstituted glucomannan, 
then with α-galactosidase to remove Gal side chains, and finally sequentially 
digested with β-glucosidase and β-mannosidase to determine the backbone.

Preparation of Acceptors for the in Vitro 
α-Galactosyltransferase Assay

Three types of oligosaccharides were used as the substrate for the MAGT1 
assay. (Glc-Man)n oligosaccharides were prepared by digestion of WT adherent 
mucilage hemicelluloses with Man26A and then α-galactosidase. A mixture of 
galactoglucomannan oligosaccharides (fraction A) was purified from spruce 
wood. The third oligosaccharide is mannohexaose (Megazyme). Oligosaccharides 
for reactions were derivatized with ANTS as described above. Nonderivat-
ized fluorophores were removed using a GlycoClean S cartridge as described 
above and the labeled acceptors were dried at 30°C in vacuo.

Preparation of Overexpression Vectors and N. 
benthamiana Infiltration

3×Myc-tagged MAGT1 (At2g22900) and Spruce PgGUX coding sequences 
were PCR amplified from previously described constructs (Lyczakowski et al., 
2017) using primers described in Supplemental Table S2. The coding sequence 

(CDS) was blunt end ligated into a NruI-digested pEAQ-HT vector (Sainsbury 
et al., 2009). The construct was transformed into competent AGL-1 Agrobac-
terium tumefaciens using a freeze-thaw method. On the day of infiltration,  
5 mL of an overnight AGL-1 culture was used to inoculate 20 mL of Lysogeny 
broth supplemented with ampicillin (100 µg/mL) and kanamycin (50 µg/mL). 
Following 8 h of incubation at 30°C, 200 rpm, the culture reached OD600 0.6 and 
was ready for infiltration into N. benthamiana leaves. The infiltration of leaves 
with AGL-1 was performed as previously described (Sparkes et al., 2006).

Microsome Preparation and Immunoblot Analysis

Entire infiltrated leaves were harvested on day 3 after infiltration. All mi-
crosome preparation steps took place at 4°C. N. benthamiana leaf tissue was 
ground in homogenization buffer (50 mm HEPES-KOH, pH 6.8, 0.4 m Suc, 1% 
PVPP, 1 µm PMSF, and 1 complete protease inhibitor tablet [Roche]/50 mL buffer), 
strained through a nitrocellulose mesh and centrifuged at 3,000 rpm for 10 min 
to remove cellular debris. The supernatant was centrifuged at 15,000 rpm for  
1 h at 4°C. The resulting pellets were combined and concentrated at 15,000 rpm 
for 30 min. Microsomes were used immediately or frozen in liquid nitrogen 
and stored at −80°C.

Microsomal protein concentration was quantified using a modified Bradford 
assay according to the manufacture’s instruction (Expedeon). For immuno-
blot analysis, 5 µg protein were resolved by SDS-PAGE on 4% to 15% gradient 
gels (Bio-Rad) and blotted onto nitrocellulose membranes (GE Healthcare) 
using iBlot system (GE Life Sciences). Blots were probed with 1:1,000 dilu-
tion of mouse anti-Myc antibody (Santa-Cruz Biotech, A14), followed with a 
1:10,000 dilution of goat anti-mouse antibody conjugated to horseradish per-
oxidize (Bio-Rad, 170-6515). Blots were visualized using an Amersham ECL 
Prime western Blotting Detection Reagent and Amersham Hyperfilm (GE Life 
Sciences).

α-Galactosyltransferase Assay

The 30-μL reaction mixture consisting of UDP-Gal (5 mM; Promega), DTT 
(0.25 mM), MnCl2 (5 mM), MgCl2 (5 mM), and Triton X-100 (1% v/v) was 
added to a tube containing dried acceptor. For negative controls, the reac-
tions were stopped by heating at 100°C for 10 min. The reaction mixture was 
amended with 30 μL of microsome. Samples were incubated at room tempera-
ture for 5 h with shaking. The reaction was stopped by heating at 100°C for  
10 min. To remove lipids, the sample was subjected to the chloroform-methanol 
phase separation method as previously described (Bligh and Dyer, 1959). The 
aqueous phase was collected and dried at 30°C in vacuo. To further confirm 
if the acceptor was substituted by α-Gal, products were digested with excess 
of α-galactosidase in 50 mm ammonium acetate (pH 6.0) at 37°C for 6 h and 
then the reaction was stopped by heating at 100°C for 10 min and dried at 
30°C in vacuo. All the products were resuspended in 20 μL of 3 m urea and 
separated using the PACE method as described above. All transferase assays 
were repeated at least twice.

Molecular Dynamics Simulations

The cellulose models of 36-chain and 18-chain elementary fibrils were ob-
tained by Cellulose-Builder (Gomes and Skaf, 2012), considering the Iβ poly-
morph (Nishiyama et al., 2002) and degree of polymerization of 24. Glucan 
chains with degree of polymerization 24 were placed in parallel with cellu-
lose chains on (1-10), (200), and (110), in antiparallel on (110), (100), and (1-10) 
faces on 36-chain cellulose fibril, in parallel on faces (010) and (200), and in 
antiparallel on (020) and (100) faces from 18-chain cellulose fibril. To obtain 
patterned galactoglucomannan chains, the equatorial hydroxyl groups from 
the even residues were removed and axial hydroxyl groups added to generate 
Man units. Subsequently, α-1,6 Gal branches were added to all Man residues. 
The axial hydroxyl groups and Gal branches were added using CHARMM36 
force-field internal coordinates (Guvench et al., 2009; Raman et al., 2010). The 
systems of 36-chain and 18-chain fibril in complex with glucomannan chains 
were immersed in a box of water, such that the solvent layer was 16 Å thick 
around the cellulose-glucomannan complex.

Simulations were performed using NAMD (Phillips et al., 2005), with the 
CHARMM36 force field for carbohydrates (Guvench et al., 2009; Raman et al., 
2010) and the TIP3P water model (Jorgensen et al., 1983). Simulations were 
carried out under periodic boundary conditions. Electrostatic interactions 
were treated via particle mesh Ewald (Darden et al., 1993), and short-range 
interactions were cutoff at 12 Å. The temperature was kept at 300 K with Langevin 
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thermostat, and pressure was controlled at 1 bar with a Langevin piston (Phillips 
et al., 2005). A time step of 2 fs was used to solve the equations of motion. 
Chemical bonds involving hydrogen atoms were constrained at their equilib-
rium lengths.

The systems were submitted to the following steps: (1) 100 steps of energy 
minimization and 500 ps of MD with only the solvent and Gal atoms free to 
move; (2) same as (1), but with cellulose atoms C-1, C-2, C-3, C-4, C-5, and O-5 
harmonically restrained to prevent distortions, with a force constant of 50 kcal 
mol−1 Å−2. (3) 250 ns of MD were generated in triplicate for each system with 
only cellulose atoms restrained, as in (2). Subsequent analyses were performed 
over these trajectories using in-house codes and VMD (Humphrey et al., 1996).

Accession Numbers

Sequence data for the genes employed in this study are as follows: MAGT1, 
At2g22900; CSLA2, At5g22740.
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