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The cereal cell wall polysaccharide (1-3,1-4)-B-glucan is a linear polymer of glucose containing both B1-3 and p1-4
bonds. The structure of (1-3,1-4)-B-glucan varies between different cereals and during plant growth and develop-
ment, but little is known about how this is controlled. The cellulose synthase-like CsIF6 protein is an integral mem-
brane protein and a major component of the (1-3,1-4)-B-glucan synthase. | show that a single amino acid within the
predicted transmembrane pore domain of CsIF6 controls (1-3,1-4)-B-glucan structure. A new mechanism for the
control of the polysaccharide structure is proposed where membrane pore architecture and the translocation of
the growing polysaccharide across the membrane control how the acceptor glucan is coordinated at the active site
and thus the proportion of $1-3 and B1-4 bonds within the polysaccharide.

INTRODUCTION

Many plant cell wall polysaccharides such as (1-4)-B-glucan (cellulose)
and (1-3,1-4)-B-glucan (also known as mixed linkage glucan or simply
B-glucan), mannans, and xyloglucans are synthesized by large integral
membrane proteins with a cytoplasmic active site and a membrane
pore through which the polysaccharides are transported to exit the cell
(1). The biosynthetic genes belong to the cellulose synthase (CesA) (2)
and cellulose synthase-like (Csl) gene families (3). The CslF6 protein
is a major component of the (1-3,1-4)-B-glucan synthase of cereals be-
cause knockout mutants of this gene have essentially no (1-3,1-4)-B-
glucan (4-6). The (1-3,1-4)-B-glucan is a major cell wall component of
grasses and is important for human nutrition because of the cholesterol-
lowering properties of soluble (1-3,1-4)-B-glucan found at high levels
in oat and barley grains (7, 8). It is a linear polymer of glucose linked
by about 75% B1-4 and 25% B1-3 bonds arranged in an irregular but
nonrandom sequence such that no consecutive p1-3 bonds occur (Fig. 1A)
(9). The structure of (1-3,1-4)-B-glucan can be interrogated by diges-
tion with a bacterial enzyme lichenase (10), which only cleaves a $1-4 bond
if it is preceded by a B1-3 bond, producing a series of oligosaccharides
of degree of polymerization (DP) 3-9, with DP3 and DP4 making up
about 90% of the polymer (Fig. 1, A and B) (9, 10). The irregular ar-
rangement of the glycosidic linkages limits the ability of the polymer
to form aggregates and increases solubility (11). The structure of
(1-3,1-4)-B-glucan as measured by the DP3/DP4 ratio varies between
cereal grains and during plant growth and development (12-15), af-
fecting both the solubility and viscosity of the polymer in solution as
well as the cholesterol-lowering properties (7, 8). Oat grain (1-3,1-4)-
B-glucan has a low DP3/DP4 ratio around 2 or less and is very soluble,
whereas wheat (1-3,1-4)-B-glucan has a higher ratio (>2.8) and is in-
soluble (15). Despite its simple structure, little is known about the bio-
synthesis of (1-3,1-4)-B-glucan other than the involvement of the
cellulose synthase-like CsIF and CsIH protein families (16-18). Recently,
crystal structures of a related protein, the bacterial cellulose synthase
(BcsA and BesB) complex, were determined, showing that cellulose is
synthesized at a single intracellular active site and that transport of the
polymer across the membrane occurs through a pore simultaneously
with elongation of the glucan chain (19, 20). Additionally, it has been
speculated that the transmembrane helices (TMHs) of the membrane
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pore of such polysaccharide synthases may affect enzyme processivity
by holding the glucan receptor in place during catalysis (21). To define
regions of the CsIF6 protein that control the (1-3,1-4)-B-glucan struc-
ture, I created chimeric CsIF6 genes from cereals that produce (1-3,1-4)-
B-glucan with different structures and expressed these in a heterologous
tobacco leaf system, which has no endogenous (1-3,1-4)-B-glucan
background (4, 22).

RESULTS

The structure of (1-3,1-4)-B-glucan is an intrinsic property of
the CsIF6 protein

The DP3/DP4 ratio of (1-3,1-4)-B-glucan in grain varies and is char-
acteristic of the different cereal species (table S1). The surveyed cereal
species may be divided into two groups. One group (Brachypodium,
wheat, and barley) has grain (1-3,1-4)-B-glucan with a relatively high
DP3/DP4 ratio, and the CsIF6 genes from this group produce (1-3,1-4)-
B-glucan with a relatively high DP3/DP4 ratio (>1.4) when transiently
expressed in N. benthamiana leaf (Fig. 1C). Conversely, the group
of species (maize, oat, rice, and sorghum) with low DP3/DP4 ratio
(1-3,1-4)-B-glucan in their grain have CsIF6 genes that produce (1-3,1-4)-
B-glucan with a relatively low DP3/DP4 ratio (about 1.0) when ex-
pressed in N. benthamiana leaf (Fig. 1C). The DP3/DP4 ratios of the
(1-3,1-4)-B-glucan produced from each CslF6 protein are very stable
and did not vary over a wide range of (1-3,1-4)-B-glucan concentra-
tions observed in a large number of independent experiments (Fig. 1D
and table S2). Western blotting with a multiepitope antibody against
the HvCslF6 protein showed a broad protein, perhaps doublet
band, of around the expected size in membrane preparations from
N. benthamiana leaf (Fig. 2A, lanes 3 to 5) and that this protein comi-
grated with the HvCslF6 protein from barley leaf tissue (Fig. 2A, lane
1). The cause of the apparent doublet has recently been explained as
incomplete reduction of disulphide bonds during sample denaturation
(23). A band of the expected size for the BACslF6 protein can be seen
in Fig. 2A (lane 5), but this band is very faint because the BACslF6
protein does not react well against the HvCslF6 antibody. The expres-
sion level of each protein, however, can be compared using an antibody
against the T7 epitope tag present on the N terminus of each protein.
The Western blot in Fig. 2B shows that the BACslF6 protein is actually
expressed at higher levels than the TaCslF6 or HvCslF6 proteins but
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Fig. 1. Characterization of (1-3,1-4)-B-glucan structure in Nicotiana
benthamiana leaves. (A) Structure of (1-3,1-4)-3-glucan. Glucose molecules
are represented by black dots with $1-4 linkages (straight lines) or $1-3 linkages
(angled lines). The bacterial enzyme lichenase specifically cleaves (1-3,1-4)-3-
glucan at a B1-4 linkage after a B1-3 linkage as indicated by dashed red lines,
producing short oligosaccharides with a DP from DP3 to DP9. (B) Oligosacchar-
ides released by lichenase digestion of betaglucan were fluorescently labeled
with APTS and separated by capillary electrophoresis. (C) The source of the
CslF6 gene affects the DP3/DP4 ratio of the (1-3,1-4)-B-glucan produced in
N. benthamiana leaves. The CslF6 proteins can be classified into two groups:
those that produce a (1-3,1-4)-B-glucan with a high (>1.3) DP3/DP4 ratio
(Bd, Brachypodum distachyon; Ta, Triticum aestivum; Hv, Hordeum vulgare;
shown in blue) or a low (<1.1) DP3/DP4 ratio (Zm, Zea mays; As, Avena sativum;
Os, Oryza sativa; Sb, Sorghum bicolor; shown in red). T7 is an 11-amino acid
epitope tag at the N terminus of some of the CsIF6 proteins—it has no effect
on the amount or structure of the (1-3,1-4)-B-glucan. Results are averages + SD
from replicate measurements of between 2 and 11 independent experiments
with each gene. (D) The DP3/DP4 ratio of the (1-3,1-4)-B-glucan produced by
the HvCsIF6 or ZmCslF6 proteins is very stable over a wide range of (1-3,1-4)-3-
glucan concentrations in independent experiments. There is no correlation
between the DP3/DP4 ratio and the amount of (1-3,1-4)-B-glucan produced.
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Fig. 2. The CslF proteins are found in the membrane fraction. (A and B)
Proteins from membrane preparations from barley leaf or N. benthamiana
leaf expressing the indicated CsIF protein probed with (A) multiepitope
HvCslF6 antibody or (B) T7 tag antibody. Molecular mass markers (M,) and
the positions of CsIF6 and CsIF4 are shown at the side.

not as high as the HvCslF4 T7-tagged protein (which migrates faster
because of its smaller size, 98 versus 106 kD). Specificity of the anti-
bodies was demonstrated by a lack of reaction in control lanes (Fig.
2A, lane 2, containing an HvCslF4 T7-tagged protein, or Fig. 2B, lane
1, containing proteins extracted from a barley leaf).

The predicted membrane pore region of CslF6 controls
(1-3,1-4)-B-glucan structure

Because the DP3/DP4 ratio of (1-3,1-4)-B-glucan produced in N.
benthamiana leaf appeared to be an intrinsic property of the expressed
CslF6 protein, I hypothesized that it may be possible to determine the
region(s) of the CslF6 protein that controls (1-3,1-4)-B-glucan structure
by expressing chimeric proteins in this transient expression system. I
selected barley (HvCsIF6) and maize (ZmCsIF6-2) genes as represent-
ative from the groups producing (1-3,1-4)-B-glucan with either a high
or a low DP3/DP4 ratio, respectively, to make chimeric constructs based
on conservation of restriction sites within the genes (fig. S1). Reciprocal
chimeras were made using the Bgl II-Eco RI fragments, and other
chimeras were made as restrictions digests allowed. Swapping the cy-
toplasmic active-site domain of ZmCslF6 protein with the HvCslF6
sequence (Sac I to Bgl IT fragment) had no effect on (1-3,1-4)-B-glucan
structure (Fig. 3). In contrast, the C-terminal one-third of the protein
encompassing six predicted TMHs had the majority of control over
the DP3/DP4 ratio because all proteins containing this region from
barley produced (1-3,1-4)-B-glucan with a high ratio (>1.4), whereas
proteins with this region from maize produced (1-3,1-4)-B-glucan
with a low DP3/DP4 ratio (1.1 to 1.2) (Fig. 3). The importance of the
C-terminal domain containing the six predicted TMHs in controlling
the (1-3,1-4)-B-glucan structure was confirmed by swapping this region
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among several different CslF6 proteins. Chimeric proteins containing
this region from BdCslF6 or HvCslF6 produced (1-3,1-4)-B-glucan with
high ratios (>1.4), whereas chimeric proteins containing this region from
AsCslF6 or ZmCslF6 produced (1-3,1-4)-B-glucan with a low DP3/DP4
ratio (1.11 to 1.18) (Fig. 4). All of the chimeric proteins produced large
amounts of (1-3,1-4)-B-glucan, and there was no relationship between
the structure of the (1-3,1-4)-B-glucan and the amount produced, as was
the case for the native proteins (Fig. 4 and table S1).

Further chimeric constructs were made within the C-terminal
region containing the six predicted TMHs to narrow down the region
controlling (1-3,1-4)-B-glucan structure. Using synthetic DNA blocks,
an Xba I site was introduced into both the ZmCslF6 and HvCslF6
genes at a conserved Leu-Asp codon pair between predicted TMH6
and TMH7 without changing the amino acid sequence of the CslF6
proteins (Fig. 5A). Using this new Xba I site, reciprocal swaps of the
two halves of this region were made, and expression of these genes in
N. benthamiana leaf showed that the region encoding the predicted
TMH3 to TMHS6 controlled the (1-3,1-4)-B-glucan structure (Fig. 5B).
Within this region, there are 13 amino acid differences between the
maize and barley proteins (Fig. 5C and fig. S2). Further synthetic DNA
Bgl II-Xba I fragments were synthesized, and expression of the chi-
meric proteins in N. benthamiana leaf demonstrated that it was the
N-terminal half of this region with six amino acid differences that
controlled the (1-3,1-4)-B-glucan structure (Fig. 5C). A further chi-
meric construct exchanging the Pst I-Eco RI fragment between the
maize and barley proteins showed that the two amino acid differences
N-terminal of the predicted TMH3 had no effect on the (1-3,1-4)-B-
glucan structure, indicating that it was the four amino acid differences
in predicted TMH4 that controlled the (1-3,1-4)-B-glucan structure
(Fig. 5C).

DP3/DP4 ratio

Hind Il Sac | Apa IBglll EcoR |
ENETCSEERNENI | 140 v/-0020m12
| ZmCsIF6 | 110 +/-0.05n=9
[ ] 112 +/-004n=7
N | 112 +-0010=2

| I 152 +/-0.07n=7
[ 148 +/-0.02n=4
| I 162 +/-0.02n=4

| [ | 123 +/-0.04n=6

Fig. 3. The effect of chimeric HvCsIF6/ZmCsIF6 genes on (1-3,1-4)-f-
glucan structure. Restriction sites used in cloning are shown as vertical
lines. The HvCsIF6 gene is represented by blue rectangle, and the
ZmGslF6-2 gene as a yellow rectangle. (Right) DP3/DP4 ratio of the liche-
nase digested (1-3,1-4)-B-glucan averaged from the indicated number of
independent transformation experiments with SDs shown.
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A single amino acid change in predicted TMH4 controls the
(1-3,1-4)-B-glucan structure
Each of the single amino acid differences in the HvCsIF6 protein was
then individually changed to the corresponding amino acid of the
ZmCslF6 protein, and the effect on the (1-3,1-4)-B-glucan structure
was assessed (Fig. 6). Two amino acid changes had no effect on the
(1-3,1-4)-B-glucan structure, but when I’ of the HvCslF6 protein
was changed to leucine (HvCslF67°"), the structure of the (1-3,1-4)-
B-glucan produced was indistinguishable from that produced from the
ZmGslF6 protein, whereas that of HvCsIF6*"*> showed a DP3/DP4
ratio intermediate between the two species. All single amino acid var-
iants were active and produced at least as much (1-3,1-4)-B-glucan as
did the native CslF6 protein (Fig. 6). A reciprocal experiment was then
performed where the equivalent amino acid of the ZmCslF6 protein
was changed from leucine to isoleucine (ZmCslF6Y°"Y), and this
increased the DP3/DP4 ratio of the (1-3,1-4)-B-glucan produced sig-
nificantly, such that it was similar to that produced from the native
HvCslF6 protein (fig. S3). Similarly, the single amino acid change in
the ZmCslF6 protein did not affect the amount of (1-3,1-4)-B-glucan
produced (fig. S3).

Further evidence for the role of these two amino acids (Ile”>” and
Ser’??) in controlling the (1-3,1-4)-B-glucan structure was obtained by
making the same isoleucine for leucine change in the Brachypodium

757

CslF6  DP3/DP4 % BG

Bglll EcoR 1 gene ratio  (w/w)

Bd 1.74 4.06

I v 140 162
| B  zw/Bd 146 1.83
| I  As/Bd 154 2.31
| I As/Hv 144 1.50
| I zv/Hv 148 0.84
| | zm 1.07 1.59
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Fig. 4. The Bgl lI-Eco Rl fragment of CsIF6 genes controls (1-3,1-4)-B-
glucan structure. Restriction sites used in cloning are shown as vertical
lines. The blue or red rectangles represent the CsIF6 genes that produce
(1-3,1-4)-B-glucan with a high DP3/DP4 ratio, and the yellow or gray rec-
tangles represent those that produce a (1-3,1-4)-f-glucan with a low DP3/
DP4 ratio as indicated on the right. All chimeric constructs show a high
(>1.4) or a low (<1.2) DP3/DP4 ratio depending on the source of the Bgl
II-Eco Rl fragment. SDs were less than 0.014 for all samples. The amount of
(1-3,1-4)-B-glucan (BG) produced by each construct is shown in the last col-
umn as a percentage of dry weight of the freeze-dried leaf.
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Fig. 5. The predicted TMH4 of CsIF6 controls (1-3,1-4)--glucan
structure. (A) Diagrammatic representation of the full-length CsIF6 pro-
tein sequence (gray rectangle; 1 to 947 amino acids; numbers refer to
the HvCsIF6 protein), with predicted TMHs shown as thin dark barrels
and the approximate positions of the conserved amino acids of the
active site in single-letter code. Red lines indicate approximate positions
of restriction sites used in construction of chimeric genes shown below
as blue or yellow rectangles (representing barley HvCsIF6 and maize
ZmCslF6, respectively). The numbers within the rectangles are the
DP3/DP4 ratios of the (1-3,1-4)-B-glucan produced by the corresponding
chimeric proteins in N. benthamiana leaf, and the boxed area indicates
the region controlling this ratio (that is, blue area has a high and yellow
area has a low DP3/DP4 ratio). Genes were fused at the Bgl Il site. (B) The
region controlling (1-3,1-4)-B-glucan structure was further defined to be
between the Bgl Il and Xba | sites encompassing TMH3 to TMH6 of the
CslF6 protein. (C) Expanded view of this region with the protein shown
as a gray rectangle; numbers refer to the boundaries of the predicted
TMHs of the HvCsIF6 protein; and the positions of the Bgl Il, Pst I, and
Xba | sites are shown on top. The hash marks (#) represent the position
of the 13 amino acid differences between the HvCsIF6 and ZmCslF6 pro-
teins in this region. By comparing the four Bgl ll-Xba | chimeras and the
single Pst | chimera, the region controlling the DP3/DP4 ratio is further
limited to the four amino acid differences in TMH4 of the CsIF6 protein.

Jobling Sci. Adv. 2015;1:¢1500069 12 June 2015

(BACslF6) and oat (AsCslF6) proteins (see fig. S1 for an alignment of
this region in all the CsIF6 proteins), as well as combining the two
single amino acid changes in the HvCslF6 protein. When expressed
in tobacco leaf, the BACslF6 protein produces a (1-3,1-4)-B-glucan with
the highest DP3/DP4 ratio among all CslF6 proteins (1.72), whereas the
BdACslF6""'" substitution reduces this ratio substantially down to 1.39
(Fig. 7). In contrast, the AsCslF6 protein produces a (1-3,1-4)-B-glucan
with a low DP3/DP4 ratio of 1.01, and this ratio was further decreased
to 0.89 when the modified AsCsIF6"”**" protein was expressed. In the
double substitution protein HvCslF6>>*7>"% a further decrease in
the DP3/DP4 ratio from 1.14 to 1.05 was noted. The position of
HvCslF6 Tle”” in relation to the bacterial and plant cellulose synthase
and CsID proteins is shown in fig. S4 for comparison.

The isoleucine-to-leucine change alters the fine structure of
the (1-3,1-4)-f-glucan

Calculations from the complete chain length distribution (DP3-DP9,
table S2) show that the proportion of B1-4 bonds is increased in the
(1-3,1-4)-B-glucan produced from those CslF6 proteins that have the
isoleucine-to-leucine change in TMH4 (Fig. 8A, compare dark blue
and red bars), approaching the proportion of 31-4 bonds in the (1-3,1-4)-
B-glucan produced from those CslF6 proteins that have a native leu-
cine in the equivalent position (Fig. 8A, light blue bars). An additional
difference in the (1-3,1-4)-B-glucan structure produced from those
CslF6 proteins with a native isoleucine is the higher level of short
DP3 and DP4 oligosaccharides (>~92% of the total DP3-DP9;
Fig. 8B, dark blue bars) compared to those CslF6 proteins with a
leucine at the same position in TMH4 (Fig. 8B, red and light blue
bars). These differences can largely be explained by the lower propor-
tion of DP5 and DP6 in the (1-3,1-4)-B-glucan produced from those
CslF6 proteins with an isoleucine in TMH4 (Fig. 8C).

DISCUSSION

The wide occurrence of (1-3,1-4)-B-glucan in vegetative tissues and
grain of the Poaceae grasses suggests an important function for this
linear glucan polymer perhaps related to the heterogeneous nature
of the arrangement of the f1-3 and B1-4 bonds and the consequent

Pst| 743 # # ## 765 Xbal ...
TMH4

DP3DP4  SD % (wiw)

FYVYLGIVLSTLLVIALVEVKWAG 1.37 . o0r 095

FYVYLAIVLGTLLILALVEVKWAG 1.12 -0 1.40

A 1.41| +-o00 1.00

G 1.27 +-000 1.20

I 1.9 +-001 1.36

L 1.14 +-003 147

Fig. 6. Single amino acid differences in the predicted TMH4 of CsIF6
control (1-3,1-4)-B-glucan structure. The amino acid sequence of the
TMH4 region of HvCsIF6 and ZmCsIF6 proteins is shown. Each of the four
different single amino acids (underlined) in the HvCsIF6 protein was changed
to the corresponding ZmCslF6 amino acid, and the effect on the DP3/DP4
ratio and the amount (% dry weight of leaf) of the (1-3,1-4)-B-glucan are
shown at the right. Results are means + SD from replicates of at least two
transformation experiments.
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effects on biophysical properties (11). Recent work has highlighted the
importance of the CslF6 protein in (1-3,1-4)-B-glucan biosynthesis;
however, how or if this protein contributes to the heterogeneity is not
known. I have addressed this question by isolating the CsIF6 gene from a
wide range of grasses and by expressing them individually and as chi-
meras in a heterologous plant system that has no endogenous (1-3,1-4)-
B-glucan background.

The CslF6 proteins fall into two groups: one group (Brachypodium,
wheat, and barley) produces a (1-3,1-4)-B-glucan in N. benthamiana
leaf with a high DP3/DP4 ratio, and the other (oat, maize, rice, and
sorghum) produces a (1-3,1-4)-B-glucan with a low DP3/DP4 ratio,
reflecting the structure of the (1-3,1-4)-B-glucan found in the respective
grains. The structure of the (1-3,1-4)-B-glucan appears to be an intrin-
sic property of the CslF6 protein, whereas the amount of (1-3,1-4)-B-
glucan produced varies between experiments wherein the DP3/DP4
ratio is remarkably controlled for each protein. All of the chimeric
proteins are active and produce high levels of (1-3,1-4)-B-glucan,
sometimes exceeding that of the native CslF6 proteins, suggesting that
the CslF6 protein is a robust enzyme and can tolerate changes to the
amino acid sequence while still maintaining enzyme activity. Swap-
ping the cytoplasmic active site between the HvCslF6 and ZmCslF6
proteins showed that this region alone had little control over the (1-3,1-4)-
B-glucan structure. A series of further chimeras narrowed down the
region controlling the (1-3,1-4)-B-glucan structure to the predicted
transmembrane pore region and specifically to one of the eight pre-
dicted TMHs—TMH4. Within the predicted TMH4, one of the four
amino acid differences (Ile”” of HvCslF6) exerted the majority of the
control because changing this to leucine (as found in the ZmCslF6
protein) produced a (1-3,1-4)-B-glucan with a DP3/DP4 ratio very simi-
lar to that produced by the ZmCslF6 protein. This same single amino
acid change in the BACslF6 and AsCslF6 proteins also reduced the
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Fig. 7. The effect of amino acid changes in predicted TMIH4 on (1-3,1-4)-
B-glucan structure across species. The DP3/DP4 ratio of (1-3,1-4)-B-glucan
produced in N. benthamiana leaf from wild-type CsIF6 proteins with an iso-
leucine in predicted TMH4 is shown as black bars. When the indicated iso-
leucine is changed to a leucine, the DP3/DP4 ratio of the (1-3,1-4)-B-glucan
is decreased (light gray bars). A further decrease in the DP3/DP4 ratio is
observed when a second amino acid substitution is made in the HvCsIF6
TMH4 region (HvCsIF6°7>2%"75Y), Shown are averages and SDs of replicates
from at least two transformation experiments. The amount of (1-3,1-4)--
glucan produced for the respective constructs was 1.8, 2.2, 0.4, 0.6, 1.8, 2.4,
and 1.8% of the dry weight of the freeze-dried leaf tissue.

Jobling Sci. Adv. 2015;1:e1500069 12 June 2015

A 0.725 -
0.720 -

w)

el

c

o

0

S 0715 |

—

(=N

c

o

£ 0.710

o

Q

3]

® 0.705 |
0.700 -

\ N~
€ € € €
ANV P N
RO S CHR S S i IR I O LY

5§ X0 X
N &
¥
B 94
=
o
2
8
<
a
[a]
+
[ag]
a
a
C s,

7 P gl ]
£ el Sse” -8 DP6
50 e DP7
(c: LRI - - DP8
<3 - %= DP9
c A
g, w7
=] - “w
g p---B---m---0- e

19 o eeedecsofioe s wae= e T L T

o © o o \% % N © ©
y« & q,©‘§ & & & & S °<§<
X« AR &

Fig. 8. The isoleucine-to-leucine change alters the fine structure of
(1-3,1-4)--glucan. (A) Changing the native isoleucine in TMH4 of CsIF6
protein (dark blue bars) to a leucine (red bars) increases the proportion
of B1-4 bonds in (1-3,1-4)-B-glucan, similar to that produced from those
native CslIF6 proteins that have a leucine at the same position (light blue
bars). (B) The increase in B1-4 bond frequency changes the (1-3,1-4)-3-
glucan structure, decreasing the proportion of DP3 and DP4 oligosacchar-
ides. (C) The increase in longer-chain oligosaccharides is largely explained
by an increase in DP5 and DP6. Dashed lines are shown to indicate the
trends in change of oligosaccharide profiles between the independent ex-
perimental measurements. Error bars from duplicate measurements are
indicated.
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DP3/DP4 ratio of the (1-3,1-4)-B-glucan significantly, and changing the
leucine of the ZmCslF6 protein into isoleucine produced a reciprocal
change in the (1-3,1-4)-B-glucan structure, indicating the general nature
of this mechanism controlling the (1-3,1-4)-B-glucan structure.

Although Tle”” of HvCsIF6 exerts the majority of control over the
(1-3,1-4)-B-glucan structure, a comparison of the sequences from all
of the CslF6 proteins (figs. S2 and S4) and the results from other chi-
meras suggests that other regions of the protein can also have some
effects. For instance, the amino acid sequences of predicted TMH4 of
BdCslF6 and two of the AsCslF6 proteins are identical (including the
Ile, fig. S2), whereas the structure of the (1-3,1-4)-B-glucan produced
by these proteins is very different. The AsCslF6 protein has many dif-
ferences compared to the other CsIF6 proteins, especially in the pre-
dicted TMH5 and TMH6 domains, and this may be the reason for the
differences in the (1-3,1-4)-B-glucan structure; however, this needs to
be experimentally determined. Also, some of the HvCslF6/ZmCslF6
chimeras produced (1-3,1-4)-B-glucans, with DP3/DP4 ratios signifi-
cantly higher than that produced by the native HvCslF6 protein (Fig. 3),
whereas swapping the C-terminal region (containing TMH3 to TMHS)
of the AsCslF6 and ZmCslF6 proteins with that of BACslF6 increased
the DP3/DP4 ratio of the (1-3,1-4)-B-glucan, but it was not as high as
that produced from the native BACslF6 protein (Fig. 4). This suggests
interactions between the predicted TMH domains of the transmem-
brane pore and other regions of the CslF6 protein, and to understand
what these may be and how they might control (1-3,1-4)-B-glucan
structure, a three-dimensional structure of the CslF6 protein or closely
related protein is needed.

Although no crystal structure is available for a full-length plant cel-
lulose synthase-related protein, the cytoplasmic domain of the cotton
CesA and rice CesA8 proteins has been modeled (24, 25). These mod-
els include the interfacial domain 2 (IF2; containing the conserved
QxxRW motif), which forms part of the base of the transmembrane
pore. TMH3 and TMH4 immediately follow this domain (fig. S2), and
these are equivalent to TMHS5 and TMHS6 of the BcsA crystal struc-
ture, which form the core of the membrane pore (fig. $4) (20). The new-
ly synthesized cellulose chain crosses the membrane parallel to TMH5
and TMHS6 of BesA, making contact with the amino acid side chains
of these helices (20). A recent x-ray structure of the BcsA-BesB in com-
plex with either the bacterial activator cyclic di guanosine monophos-
phate (c-di-GMP) or competitive inhibitor uridine diphosphate has
identified sequence motifs such as the small loop and finger helix pre-
ceding IF2 and the gating loop between IF3 and TMH?7, which are
important for catalysis and membrane transport of cellulose (19). Crit-
ical amino acids within these motifs are essentially invariant among
bacterial and eukaryotic cellulose synthase enzymes (20), suggesting that
the overall topology/architecture in this region is the same. These amino
acids are also conserved in the related CsID and CslF6 proteins (fig. S4);
thus, it is likely that TMH3 and TMH4 of HvCslFé6 also form part of
the membrane pore and that some of the side chains may also interact
with (1-3,1-4)-B-glucan and affect its translocation through the mem-
brane pore.

The single amino acid difference (isoleucine or leucine) in TMH4
of CslF6 has a major and reproducible impact on the structure of
(1-3,1-4)-B-glucan, demonstrating that small changes to the mem-
brane pore architecture can strongly affect (1-3,1-4)-B-glucan biosyn-
thesis. It is difficult to predict with certainty the corresponding position
of Tle” within the BcsA crystal structure because of the limited ho-
mology within the TMHs. However, when the alignment includes the

Jobling Sci. Adv. 2015;1:¢1500069 12 June 2015

CsID proteins, which are intermediate between CesA and CslF proteins,
there is a strong indication that Ile”” of HvCsIF6 is equivalent to GIn**®
of BesA toward the base of the membrane pore (fig. S4) (19, 20). In the
c-di-GMP-bound BcsA structure (19), the adjacent region just inside
the entrance to the transmembrane channel is involved with the co-
ordination of the acceptor glucan chain along with the Trp®®® of the
QxxRW motif, so it is conceivable that Ile”” of HvCslF6 could affect
movement of the growing B-glucan chain within the membrane chan-
nel, as well as glucan acceptor coordination and consequently the fre-
quency of B1-3 or B1-4 bond formation during (1-3,1-4)-B-glucan
biosynthesis. Although the single amino acid Ile/Leu”’ position has
the largest effect on the (1-3,1-4)-B-glucan structure, it is important
to stress that it is probably the overall shape of the membrane pore
that is important (that is, the membrane pore architecture) and that
this will be affected by other regions of the protein that make up the
membrane pore. Previously, it had been speculated that the TMHs of
the membrane pore of a polysaccharide synthase may affect enzyme
processivity by holding the glucan receptor in place during catalysis
(21), but the results presented here are the first experimental evidence
that this mechanism may also affect the type of bond incorporated at
the active site.

Recently, a mutation in the predicted TMH4 region of an Arabidopsis
thaliana CesA protein (CESA1°**Y) was shown to affect the polym-
erization rate of the CesA protein and cellulose microfibril crystallinity
(26), and this mutant is equivalent to Leu”>> of HvCsIF6 only two
amino acids away from Ile”’ (fig. S4). The predicted TMH4 region
of the CesA protein is much more variable than the equivalent region
of the CslF6 protein (12 of 21 variant amino acids in CesA versus 4 of
21 in CslF6), suggesting that this region in CslF6 is under stronger evo-
lutionary constraint, perhaps not only by controlling the translocation
of the growing polymer but also with the added function of controlling
B1-3 or B1-4 bond formation at the active site.

At present, there are two models for (1-3,1-4)-B-glucan bio-
synthesis: one where the CslF6 protein can introduce both B1-3 and
B1-4 bonds and the other (a two-stage model) where the CsIF6 protein
only makes short f1-4 glucans, and an additional protein at the plas-
ma membrane links these short chains with a B1-3 bond to create the
final (1-3,1-4)-B-glucan polymer at the extracellular surface. This latter
model was proposed to explain the discrepancy that (1-3,1-4)-B-
glucan could only be detected in the cell wall and not at the Golgi
apparatus, the expected site of synthesis. Several lines of evidence
now suggest that the control of (1-3,1-4)-B-glucan structure is an in-
trinsic property of the CsIF6 protein—first, each CsIF6 protein produces
a (1-3,1-4)-B-glucan of defined structure, and second, these DP3/DP4
ratios are very stable across all experiments with a wide range of
(1-3,1-4)-B-glucan levels. If (1-3,1-4)-B-glucan biosynthesis relies on a
component supplied by the host plant (here N. benthamiana), which
could vary in different physiological states or growing conditions, then
it is difficult to see how this stability in the (1-3,1-4)-B-glucan structure
would be maintained. A recent study also found that CsIF6 expression
in Pichia yeast produced (1-3,1-4)-B-glucan, suggesting that the CslF6
protein alone can make (1-3,1-4)-B-glucan (27). The large structural
changes in (1-3,1-4)-B-glucan as a result of a single amino acid change
in a transmembrane helix of the CsIF6 protein are also highly sug-
gestive that the CslF6 protein can make both f1-3 and p1-4 bonds.
The two-stage model is unnecessarily complex in that a stop-start
mechanism would be needed for making the individual short B1-4
linked oligosaccharides; there is no mechanism to explain what
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would control the proportion of the oligosaccharides [and hence the
structure of the (1-3,1-4)-B-glucan], and it is difficult to envisage what
the energy source would be for driving the short oligosaccharides
through the membrane pore. The two-stage model has no direct ex-
perimental evidence, and a further difficulty, given the results
presented here, is that there would be no physical connection between
the acceptor glucan at the active site and the glucan interacting with
the amino acid residues identified in predicted TMH4 as controlling
the (1-3,1-4)-B-glucan structure. I conclude along with Kim et al. (27)
that the CslF6 protein can make both B1-3 and B1-4 linkages, and
further propose that it is the translocation of the (1-3,1-4)-B-glucan
across the membrane and associated coordination of the acceptor glu-
can at the active site that controls the proportion of B1-3 and p1-4
bonds in (1-3,1-4)-B-glucan and that this is governed largely by the
membrane pore architecture.

Because changes in only one or a few amino acids can profoundly
affect the (1-3,1-4)-B-glucan structure, it may be possible, using new gene
editing technologies, to alter the solubility of (1-3,1-4)-B-glucan and thus
perhaps generate wheats with cholesterol-lowering properties or with
altered cell wall digestibility for biofuel applications. Finally, the findings
described here may also have implications for the large number of other
CesA or Csl proteins and the polysaccharides they synthesize.

MATERIALS AND METHODS

Cloning of CsIF6 genes

Full-length CsIF6 complementary DNAs (cDNAs) were isolated from
barley, wheat, Brachypodium, oat, rice, maize, and sorghum as follows.
RNA was isolated from frozen tissue (about 100 mg of 1-week-old
seedlings) using a NucleoSpin RNA Plant extraction kit as per the manu-
facturer’s instructions (Macherey-Nagel). Five micrograms of RNA
(without deoxyribonuclease treatment) was reverse-transcribed for 1 hour
at 50°C in a 20-pl reaction using 5 pmol of the RoRidT17 primer and
SuperScript III as per the manufacturer’s instructions (Invitrogen). The
reaction was diluted with trissEDTA (pH 8.0) to 200 ul and heat-
inactivated at 70°C for 15 min. Two microliters of this diluted seedling
cDNA was amplified with gene-specific primers (table S3) using Phusion
Hot Start polymerase [New England Biolabs (NEB)] in a 20-ul polymer-
ase chain reaction (PCR) including 7 to 10% (w/v) dimethyl sulfoxide
according to the manufacturer’s instructions with cycling conditions
of 98°C for 30 s, followed by 36 cycles of 98°C for 7 s, 15 s at 62°C,
and 72°C for 90 s with a final 5-min extension at 72°C. PCR products
around 3 kb in size were separated on a 1.0% tris-borate-EDTA agar-
ose gel, purified using an illustra kit (GE Healthcare), A-tailed with a
nonproofreading Taq polymerase, and ligated into Xcm I-cut pCXSN
vector as described using NEB blunt-T/A ligase (28). Inserts were
screened for orientation and fully sequenced. The forward primers
were either in the 5" untranslated region or around the ATG start co-
don. Primer SJ116 anneals to barley, wheat, oat, and Brachypodium
genes, and the equivalent primer SJ277 has an 11-amino acid T7 ep-
itope tag before the initiating methionine. The reverse primers were
generally gene-specific. Maize (Z. mays) has two CsIF6 genes here de-
signated as CsIF6-1 and CsIF6-2.

Chimeric gene constructs
The unique Hind IIT and Eco RI sites upstream of the CaMV 35
promoter and downstream of the NOS polyA in the pCXSN vector were
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used in conjunction with internal restriction sites to swap regions of the
HvCslF6 and ZmCslF6-2 genes (fig. S1). The Bgl IT site is conserved in all
CslF6 genes. The Pst I site upstream of the CaMV 35 promoter was de-
stroyed by cutting with Sbf I and repairing the ends with T4 DNA
polymerase, leaving the Pst I site within the CsIF6 gene as unique.
An Xba I site was introduced into the CsIF6 cDNA sequence (TCTCGA
changed to TCTAGA) as a Bgl II-Afl II gBlock fragment (IDT
Technologies) at the conserved Leu-Asp codon pair between TMH6
and TMH?7 without changing the amino acid sequence. This enabled
the creation of HvCslF6 and ZmCslF6 chimeras at the Xba I site.
Further chimeras were created by using Bgl II-Xba I gBlocks fused
within the conserved TMH5 domain. The two amino acid differences
between the Bgl II and Pst I sites were shown not to affect the (1-3,1-4)-
B-glucan structure by swapping the Pst I-Eco RI fragment of the two
genes. Last, synthetic gBlock fragments with single amino acid changes
in TMH4 were cloned as Pst I-Xba I fragments into the HvCsIF6
cDNA. Similarly, Pst I and Xba I sites were introduced into the BACsIF6
gene as a Bgl II-Afl II gBlock fragment (IDT Technologies) without
changing the amino acid sequence.

The C-terminal region of the CsIF6 protein was swapped between
all CsIF6 genes using the Bgl II-Eco RI restriction sites. Subsequent
amino acid changes in TMH4 of CslF6 were created using synthetic
Pst I-Xba I gBlock fragments. All plant transformation vectors were
transferred into Agrobacterium tumefaciens AGLI by electroporation
and selection on kanamycin (50 mg/liter) and rifampicin (25 mg/liter).

Transient expression in N. benthamiana leaves

Transient expression in N. benthamiana leaves was performed as de-
scribed in (4, 22) using Agrobacterium cultures containing the CsIF6
expression vector at an optical density (OD) of 0.4 along with the P19
viral suppressor at 0.2 OD. The top three leaves of 5- to 6-week-old
plants were used for infiltration. There is a slight effect of leaf age on
the amount and structure of (1-3,1-4)-B-glucan produced, so to mini-
mize this effect, each Agrobacterium was infiltrated into a minimum of
six half leaves, which were combined in further analysis. Four or 5 days
later, leaves were harvested, the midrib was removed, and leaves were
combined before freeze-drying them for 24 hours. Samples were then
ball-milled to a fine powder. It was noted that the AsCsIF6 gene always
gave the lowest and the SbCsIF6 gene the highest level of (1-3,1-4)-B-
glucan compared to the other genes. The expression of the CsIF6 genes
was consistent between experiments and generally resulted in visible
chlorosis of the leaf tissue, which was more severe in the younger
leaves.

Membrane preparation

Fresh plant material (1.5 g) was ground in liquid nitrogen and resus-
pended in 6 ml of extraction buffer [25 mM tris-HCI (pH 7.5), 0.25 M
sucrose, 2 mM EDTA, 20 mM KCl, 10 mM dithiothreitol (DTT), and
10% glycerol containing protease inhibitor mix (4 ul/ml) (Sigma) added
just before use], filtered through Miracloth, and clarified by centrifuga-
tion for 10 min at 8000g at 4°C. Membranes were pelleted from the
supernatant by centrifugation for 1 hour at 100,000g at 4°C, and the
pellet was resuspended in 0.1 ml of extraction buffer.

Western blotting

Proteins from the membrane preparation were solubilized in sam-
ple buffer [0.125 M tris-HCI (pH 6.8), 15% glycerol, 3% SDS, 0.2 M
DTT, 0.05% bromophenol blue] at 40°C for 1 hour, and about 20 pg
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of protein was run on a Novex (Life Technologies) 4 to 12% poly-
acrylamide gel, blotted onto nitrocellulose (Pall), and used in Western
blots with either a T7 epitope tag antibody (Novagen, 1:10,000 dilu-
tion) or an HvCslF6 antibody (1:1000 dilution) and chemi-
luminescence detection (ECL Amersham). The rabbit polyclonal
HvCslF6 antibody (Life Research) was raised against a multiepitope
HvCslF6 antigen expressed in Escherichia coli and His tag—purified
(GRVRSNEPVA SLDMDIVAMG QIGAVNDESW ESGAAVDDRP
PRLAGLFAKT KYEKPGLEMT PKKTYGKSDA) corresponding to
amino acids 9 to 18, 52 to 61, 62 to 71, 84 to 93, 526 to 535, 536 to
545, and 566 to 575 of the full-length HvCslF6 protein. Note that there
is at least one amino acid mismatch in each of the homologous seven
10-mer epitopes in the BACsIF6 protein.

Quantification and analysis of (1-3,1-4)-8-glucan structure
The (1-3,1-4)-B-glucan content of the leaves was assayed as described
(4). Briefly, a crude cell wall preparation was made from 20 mg of
ground leaf material by heating for 30 min at 80°C in 1.8 ml of 80%
ethanol in a 2-ml Eppendorf tube with mixing. The supernatant was
removed after centrifugation at 10,000 rpm for 5 min, and the residue
was reextracted in the same volume of 80% ethanol at 80°C for 10 min.
After centrifugation, the pellet was washed at room temperature for
10 min in 50% ethanol with a final 5-min wash in 20 mM sodium
phosphate buffer (pH 6.5). The pellet was resuspended in 0.5 ml of
the same buffer, and the material was solubilized by heating at 90°C
for 30 min with mixing. The sample was cooled to 50°C, and (1-3,1-4)-
B-glucan was assayed with a Megazyme kit. Briefly, the sample was in-
cubated for 2 hours with 20 pl (1 U) of lichenase (Megazyme) to digest
the (1-3,1-4)-B-glucan into oligosaccharides of DP3-DP9 and centri-
fuged at 10,000 rpm for 5 min; triplicate 10-pl samples were removed
for (1-3,1-4)-B-glucan assay by further digestion with B-glucosidase;
and the glucose released was measured spectrophotometrically against
glucose standards as described in the Megazyme kit protocol. To de-
termine the structure of (1-3,1-4)-B-glucan, an additional 50 pl of
sample of the lichenase digestion was dried in a SpeedVac and the
oligosaccharides were fluorescently labeled by reductive amination with
8-amino-1,3,6-pyrenetrisulfonic acid (APTS) and then separated by
fluorophore-assisted capillary electrophoresis (FACE) with laser-
induced fluorescence detection as described (29). The advantage of
this method is that each oligosaccharide has a single fluorophore at-
tached, and the signal response from the detector will be independent
of the oligosaccharide length, unlike in high-performance anion ex-
change chromatography methods with a pulsed amperometric detector
where each oligosaccharide has a different response factor depending
on the length. The area under each peak was calculated and expressed
either as a DP3/DP4 ratio or as a percentage of the total DP3-DP9
area for each peak.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/5/e1500069/DC1

Fig. S1. Plasmid map of the Agrobacterium transformation vector pSJ226 and pSJ195 used for
transient expression studies in N. benthamiana.

Fig. S2. Amino acid sequence alignment of the C-terminal region of the CsIF6 proteins.

Fig. S3. The Leu-lle amino acid change in ZmCsIF6 TMH4 increases DP3/DP4 ratio.

Fig. S4. Sequence alignment of the C-terminal region of Rhodobacter sphaeroides BcsA and
Hordeum vulgare CsIF6 with Oryza sativa CesA and CsID proteins.
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Table S1. Comparison of (1-3,1-4)-B-glucan abundance and structure in N. benthamiana leaf
and in cereal wholegrain.

Table S2. Abundance of DP3-DP9 from Fig. 8.
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