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Cellulose microfibrils are para-crystalline arrays of several dozen linear (1—4)-B-p-glucan chains synthesized at the surface of the
cell membrane by large, multimeric complexes of synthase proteins. Recombinant catalytic domains of rice (Oryza sativa) CesA8
cellulose synthase form dimers reversibly as the fundamental scaffold units of architecture in the synthase complex. Specificity of
binding to UDP and UDP-Glc indicates a properly folded protein, and binding kinetics indicate that each monomer independently
synthesizes single glucan chains of cellulose, i.e., two chains per dimer pair. In contrast to structure modeling predictions, solution
x-ray scattering studies demonstrate that the monomer is a two-domain, elongated structure, with the smaller domain coupling
two monomers into a dimer. The catalytic core of the monomer is accommodated only near its center, with the plant-specific
sequences occupying the small domain and an extension distal to the catalytic domain. This configuration is in stark contrast to the
domain organization obtained in predicted structures of plant CesA. The arrangement of the catalytic domain within the CesA
monomer and dimer provides a foundation for constructing structural models of the synthase complex and defining the

relationship between the rosette structure and the cellulose microfibrils they synthesize.

INTRODUCTION

An estimated 2 X 10" tons of cellulose are synthesized annually
(Lieth, 1975), making it the primary substrate for biofuels and
bio-based products. In plants, synthesis of cellulose microfibrils
is performed by a large complex of many synthase (CesA) pro-
teins arranged in six-membered hexagonal arrays called “parti-
cle rosettes” (Giddings et al., 1980; Mueller and Brown, 1980),
with their catalytic domains clustered in 50-nm diameter struc-
tures within the cell (Bowling and Brown, 2008). Information
about the structure of plant CesAs and the synthase complexes
they form is needed to understand the relationship between the
structure of the rosettes, (1—-4)-B-b-glucan synthesized by each
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CesA, and the structure of the para-crystalline cellulose micro-
fibrils extruded by these large complexes.

A bacterial gene encoding cellulose synthase was discovered in
Gluconacetobacter xylinus (syn Acetobacter xylinum) (Wong et al.,
1990; Saxena et al., 1990), and plant CesAs share homology with
four catalytic sequences of bacterial CesA proteins containing D,
DxD, and Q/RxxRW residues essential for substrate binding and
catalysis (Saxena et al., 1995; Pear et al., 1996; Delmer, 1999).
The structure of Rhodobacter sphaeroides cellulose synthase
(BcsA) provided a basis for modeling of CesA structures from
vascular plants (Morgan et al., 2013). Sethaphong et al. (2013)
proposed a complete structure of the catalytic domain of a plant
CesA synthase based on ab initio modeling of the BcsA and
similar synthase structures.

In contrast to bacterial synthases, plant synthase complexes
comprise an estimated two to three dozen CesA polypeptides of
~110 kD each. Plant CesAs have two regions adjacent to their
catalytic domains not present in bacterial CesAs: the plant-
conserved sequence (P-CR) between the first D and the DxD
motif and a domain toward the C terminus of the catalytic do-
main originally termed the “hypervariable region” because so few
consensus sequences were found (Pear et al., 1996). Subsequent
work showed that this region constituted a class-specific region
(CSR) for which high similarity across many species was ob-
served among subclasses of orthologous isoforms (Vergara and
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Carpita, 2001). The cytoplasmic region also includes an
N-terminal RING-finger or zinc-finger (ZnF) domain implicated in
interactions among CesAs. We found that threading of a rice (Oryza
sativa) CesA catalytic domain sequences homologous to the
BcsA synthase gave structures in close agreement with those of
Sethaphong et al. (2013). However, wide disagreement was found
between the ab initio model and our threading with similar gly-
cosyl transferases when the plant-specific P-CR and CSR were
included. For this reason, a soluble 57-kD catalytic domain of rice
CesA8 (Supplemental Figure 1) was expressed recombinantly to
obtain structural information about conformation of plant CesAs,
to gain an understanding of the biochemical mechanism of syn-
thesis, and to determine the possible roles of the P-CR and
CSR domains in assembly of the multimeric synthase complex.
Size-exclusion chromatography and analytical ultracentrifugation
(AUC) showed that the catalytic domains of CesA polypeptides
form dimers as the fundamental units of construction of the
synthase complex. Specificity of binding and saturation stoi-
chiometries with UDP and UDP-Gic indicated a properly folded
protein, and each monomer in the dimer was capable of syn-
thesizing a (1—4)-B-b-glucan chain independently.

Small-angle x-ray scattering (SAXS) has become a valuable tool
for generating solution structures of proteins otherwise inherently
difficult to crystallize or larger than current NMR capabilities
(Svergun and Koch, 2003; Hura et al., 2009; Grant et al., 2011;
Daily et al., 2012). An advantage of solution scattering is its ability
to characterize protein structures and interactions that exist in
multiple states (Konarev et al., 2003; Williamson et al., 2008; Grant
et al., 2011). This makes possible separation of contributions due
to monomers and dimers and estimates of the relative abundances
of distinct species within solutions (Minh and Makowski, 2013).
Examples relevant to plants include the extracellular cellulosome
scaffolding structures plant cell wall digesting bacteria (Linder and
Teeri, 1997; Currie et al., 2013), homo- and heterodimerization
related to metal binding detoxifying proteins (Bilecen et al., 2005),
pectinases-inhibitor binding interactions (Benedetti et al., 2011),
and a plant hormone abscisic acid receptor (Nishimura et al.,
2009). SAXS has also been used to study time-resolved structural
dynamics to illustrate differences between active versus inactive
states of proteins and solution properties that differ from their re-
spective crystal structures (Lamb et al., 2009; Kezuka et al., 2010).

Solution scattering of the rice CesA catalytic domain provided
an image of the monomer as an elongated two-domain structure
with a large central domain and a cap region distal to the small,
extended domain that coupled into dimers through the smaller
domains. Docking studies indicated that the catalytic core,
modeled on the basis of the BcsA structure without the P-CR and
CSR, must reside near the center of a monomer. In contrast to ab
initio structural predictions by Sethaphong et al. (2013), we find
that the positions of the P-CR and CSR flank the catalytic domain
on opposite sides to one other and implicate the CSR in formation
of the CesA dimers. We propose a model for how the P-CR and
Zn-finger domains couple the CesA dimer scaffold units into the
particles of the rosette complex. Knowledge of this basic unit of
construction of the rosette complex provides insights to geneti-
cally manipulate the structure and organization of plant cell walls
in a way that will produce improved feedstocks for production of
biofuels and bioproducts.
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RESULTS

Structural Similarity to a Bacterial Cellulose Synthase

Structure predictions of a rice CesA8 (LOC_Os07g10770) catalytic
domain (CatD) monomer and dimer were made using a platform of
algorithms at LOMETS (Wu and Zhang, 2007), including MUSTER
(Wu and Zhang, 2008), FUGUE (Shi et al., 2001), HH-Pred (Soding
et al., 2005), SparksX (Yang et al., 2011), Phyre2 (Kelley and
Sternberg, 2009), MUSCLE (Edgar, 2004), and I-TASSER (Roy
et al,, 2010). Threading with FUGUE provided similar structural
information as those obtained with LOMETS or MUSTER. All al-
gorithms gave a consensus template BcsA (Protein Data Bank
[PDB] ID: 4HG6:A), and the structure versus structure alignment
was confirmed by TM-Align (Zhang and Skolnick, 2005) and DALI
consensus (Holm and Rosenstrom, 2010). We used the R.
sphaeroides BcsA protein as the threading target, but the rice
protein sequence was truncated to exclude the P-CR and
CSR before threading through the cognate bacterial BcsA CatD
(Supplemental Figure 2A). Comparison of sequences revealed
strong conservation of the four catalytic motifs essential for binding
to a UDP moiety, the diphosphate of UDP-Glc, and the non-
reducing terminal cellobiosyl unit of the B-p-glucan chain that ex-
tended into the protein, all of which mapped directly to the catalytic
amino acids and other essential motifs integral to the BcsA active
site (Supplemental Figures 2B and 2C and Supplemental Movie 1).
The structure presented a general nucleotide binding fold (Rossmann
et al.,, 1974) found in many of the templates (Supplemental
Table 1). Local global alignment (Zemla, 2003) displayed 155
amino acid residues well coaligned in similarity, mostly in the upper
domain including the first D, DxD, and QxxRW motifs, giving a root
mean square deviation (RMSD) value of 3.12 A.

To determine the degree of similarity of the BcsA catalytic core
to other structurally related glycosyl transferases (Supplemental
Table 1), R. sphaeroides BcsACatD, two catalytic domains of
Escherichia coli chondroitin polymerase, SpsA synthase from
Bacillus subtilis, and an SpsA homolog from Bacteroides fragilis
that crystallizes as a dimer were aligned in pairs using tools on the
UniProt website (UniProt Consortium, 2013). All pairs showed
good consensus when threaded with FUGUE (Shi et al., 2001;
Supplemental Figure 3). The resulting catalytic core sequences
were then extracted from the PDB coordinates of each glycosyl
transferase. All of the TM scores (Zhang and Skolnick, 2005) ex-
ceeded 0.5, and the RMSD values between matched Ca atoms in
the paired proteins varied only between 1.8 and 3.5 A, indicating
that the catalytic cores of all of these proteins adopted the same
variation of the classical nucleotide binding fold (Figure 1).

Structural Modeling Is Problematic after Inclusion of P-CR
and CSR Domains

The rice CatD threaded structure was severely distorted using the
BcsA CatD template when the P-CR and CSR sequences were
included, regardless of the algorithms used. Of all structure tem-
plates surveyed (Supplemental Table 1), the best threaded posi-
tional or conformational fit when the P-CR and CSR sequences
were included was obtained with E. coli chondroitin polymerase
(ChondP), a type 2 UDP-GalNAc transferase (Osawa et al., 2009).
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Figure 1. Structural Comparisons of the Common Catalytic Core Motifs of Rhodobacter sphaeroides BcsA, E. coli ChondP Nucleotide Binding
Domains 1 and 2 (D1 and D2), B. subtilis SpsA Synthase, and B. fragilis SpsA Synthase Homolog.

The catalytic cores of the glycosyl transferases were aligned in pairs with Uniprot (UniProt Consortium, 2013). The secondary structure matching based
on RMSD value calculation and on best equivalent residues of two proteins calculation (TM score) was determined by TM-align (Zhang and Skolnick,
2005), and superimposition was visualized with PyMol (DeLano, 2002). R. sphaeroides cellulose synthase catalytic domain (BcsA CatD), E. coli
chondroitin polymerase (ChondP D1 and D2), B. subtilis SpsA synthase (SpsA), and B. fragilis SpsA like-synthase (Fragilis) are depicted in red, pink,
yellow, blue, and green, respectively.

In contrast to the truncated sequence threaded to BcsA, the rice
CatD had only 18.4% sequence identity to ChondP when the
P-CR and CSR domains were included (Supplemental Figure 4A).
The rice CatD and ChondP shared structural and catalytic features
absent in the BcsA sequence (Supplemental Figures 4A and 4B),

and the native ChondP dimerizes (Supplemental Figure 4C). However,
inclusion of the CSR corrupted the catalytic core structure, indicating
that this particular model was unlikely to represent the rice CatD.
The best fit (30.8% sequence identity to rice CatD) was
obtained when a chimeric model with the BcsA catalytic
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Figure 2. Recombinant CatD Domains Spontaneously Form Dimers
upon Affinity Purification.

Protein model of CesA (rice CesA8) and the design of the ZnF and CatD
affinity purification constructs (A). The CatD domains yield monomers,
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domain integrated with sequences of a maize (Zea mays)
oxidoreductase corresponding to the rice P-CR and CSR
(Supplemental Table 1 and Supplemental Figures 4D and 4E).
However, while these models showed good alignment of the
catalytic core of the structure predicted by ab initio modeling
(Sethaphong et al., 2013) and our threading results (Supplemental
Figure 2C), they varied widely in modeling the P-CR and CSR
domains, giving a large RMSD value of 24.4 A. Clearly, the posi-
tions of the P-CR and CSR could not be unequivocally defined by
computational modeling alone. For this reason, we began studies
to determine the structure of the plant CesA catalytic domain
empirically.

Reversible Dimerization of the Catalytic Domains of
Rice CesA8

An Arabidopsis thaliana CesA1 (At4g32410) ZnF and the rice
CatD, excluding the membrane spans, were expressed in a high-
efficiency prokaryotic expression system using a 6xHis fusion for
affinity purification and a tobacco etch virus protease cleavage
site to remove the His fusion sequence postpurification (Figure
2A). Consistent with the observations of Kurek et al. (2002), size-
exclusion chromatography (SEC) showed that the ZnF domains
spontaneously dimerized as they were purified directly from Ni*-
affinity matrices but separated to monomers in 10 mM DTT
(Supplemental Figures 5A and 5B). Both monomer and dimer of
the rice CatD were observed upon separation by SEC after puri-
fication from the Ni*-affinity matrix (Figure 2B). When 10 mM DTT
was included in the protein extraction buffer, little dimerization
was observed (Figure 2C). However, when the monomer was
isolated and DTT concentration diluted or the proteins concen-
trated on size-exclusion membrane filters, dimers spontaneously
reformed and no higher molecular mass components were ob-
served (Figures 2D to 2I).

Substrate Binding Stoichiometry

We tested whether the catalytic domains were properly folded
by their specificity of binding of uridinyl substrates. Reactions at
10°C prolonged the stability of the recombinant monomer and
dimer proteins for at least three days. The UDP and UDP-Gic
were stable in the presence or absence of CatD protein, and
radiolabel in UDP-Glc bound to CatD proteins remained in the
nucleotide sugar. Binding assays with radiolabeled UDP-Glc
and UDP showed that molar equivalents of each are bound per
milligram of total protein for both monomer and dimer (Figure
3A). Curiously, binding stoichiometry at saturation for UDP-
[6-3H]-Glc indicated two substrate binding sites per monomer,
i.e., four sites per dimer, whereas molar binding ratios were only
1:1 for [5,6-3H]-UDP and monomer equivalents (Figure 3B). The

dimers, and higher order aggregates upon affinity purification (B), but
only monomers in the presence of 10 mM DTT (C). Dilution and removal
of the DTT ([D] to [F]) or concentration of the protein in the presence of
10 mM DTT ([G] to [I]) results in reformation of the dimers.

[See online article for color version of this figure.]
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CatD monomer and dimer forms each bound UDP-[6-3H]-Glc in
a Mg?*-dependent manner (Figures 3C and 3D). Binding of UDP-
[6-2H]-Glc was blocked strongly, but not completely, by UDP and
to a certain extent by Glc-1-P, but not by GDP-Glc, ADP-GIc, or
UDP-Xyl (Figures 3C and 3D).

Solution X-Ray Scattering and Analytical Ultracentrifugation

Solution x-ray scattering generated low-resolution images of their
molecular shapes, and AUC gave the axial ratios of CatD monomer
and dimer. We confirmed by AUC the dependency of dimer for-
mation on thiol reductant concentration. Analysis of experimental
sedimentation coefficients (Sy,) and calculated frictional ratios
(/£ nin = Sma/S) indicated moderately elongated structures (Erickson,
2009): S, ax monomer’Soow = 1-44 and S, gimer’S20,w = 1-59, for the
57-kD monomer and 114-kD dimer, respectively (Figure 4, Table 1).

Analysis of solution scattering curves corresponding to soluble
CatD monomers gave a radius of gyration (Ry) of 36.2 A, which
deviated 1.4-fold from the 25 A predicted for a 57-kD globular
protein. Analysis of data corresponding to the CatD dimer gave an
R, of 58.8 A, a 1.8-fold deviation from the 33 A predicted for
a 114-kD globular protein. As was the case for the AUC data, the
solution scattering results indicated a more extended structure for
the dimer compared with the monomer (Figures 5A to 5C). Kratky
plots of the scattering data showed characteristic peaks and
troughs expected for monomers and dimers that were both well-
folded and exhibited a similar degree of flexibility (Figure 5B). The
peak for the dimer fell at lower g than the monomer, indicating
that the spatial extent of the dimer was substantially larger than
that of the monomer. A pair distribution function showed the in-
teratomic distances for the two forms, with the dimer containing
four times the number of interatomic vectors compared with the
monomer, as reflected in the relative magnitude of the curves
(Figure 5C). In contrast to the solution scattering patterns of the
CatDs, those of the ZnF domains indicated that the proteins were
largely unfolded in solution, precluding the possibility of carrying
out reconstructions of their molecular envelope (Supplemental
Figure 5C).

Structure reconstruction methods (Svergun et al., 2001) were
used to determine low-resolution molecular envelopes for both
the CatD monomer and dimer from the x-ray solution scattering
data. Reconstruction of the three-dimensional molecular en-
velope for the monomer revealed two domains (Figure 5D;
Supplemental Movie 2). A small domain protruded at a modest
angle from the plane of a flattened saucer-shaped large domain.
The larger domain contained a wide central region with dimen-
sions adequate to accommodate the catalytic core predicted by
modeling from the BcsA catalytic domain, but with an additional
capping extension.

Solution scattering data for the CatD protein collected under
conditions leading to dimerization were initially fit by a three-
dimensional ellipsoid with the program SASHA (Svergun et al.,
1996), indicating an elongated shape of ~162 A in length. Three-
dimensional reconstruction methods (Svergun et al., 2001) applied
to these data provided a molecular envelope with a longest di-
mension that was consistent with this determination. The enve-
lope had a particularly narrow cross section in the central section
near the 2-fold symmetry axis and displayed a slight curvature

along the principal axis (Figure 5E). A monomer pair generated by
a 2-fold symmetry operation was fit into the dimer envelope to
compare the shapes of the two reconstructions. Paired monomers
must be placed with their small domains in side-by-side positions
about the dimer 2-fold symmetry axis to accurately match the
length of the dimer (Figure 5E, inset). The monomer and dimer
reconstructions were performed independently, and the level of
agreement between the shapes of paired monomers related by
a 2-fold symmetry axis and the shape of the reconstructed sym-
metric dimer supported the integrity of both reconstructions. In
particular, the monomer reconstruction was necessarily relatively
elongated in order to match the long dimension of the dimer re-
construction and this elongation was not an artifact of the re-
construction algorithms.

Model-Based Interpretation of the CatD Reconstruction

Identification of a conserved catalytic core across several
functionally related structures motivated adoption of atomic
coordinate data from BcsA as a partial homology model for
the catalytic core of CatD. The volume of the small domain in the
SAXS reconstruction was 1.7 x 104 A3, which was similar to the
calculated volume for the full length of either the CSR or P-CR
sequence. This volume constraint, together with the shape of
the catalytic core, required placement of the catalytic core in the
central part of the SAXS-derived reconstruction envelope,
leaving the small domain and a distal part of the large domain to
be accounted for by the CSR and P-CR (Figures 6A to 6D).

The BcsA catalytic core was docked into the SAXS-derived
monomer envelope obtained from solution scattering data by
rotation through a set of three Euler angles, followed by a trans-
lation search to obtain the best fit to the envelope for each rotation
setting. Evaluations were performed with both the Ca trace of the
entire BcsA catalytic core and with a model restricted to the two
longer and most homologous regions. This search indicated that
the position of the catalytic core was constrained to central region
of the reconstruction—the only volume where the cross section
was wide enough to accommodate the atomic coordinates rep-
resenting the catalytic core (Figure 6D; Supplemental Movie 3).

Of the top 16 fits to the reconstruction envelope, three solutions
placed attachment points for the CSR close to a large unfilled
volume. In calculations where the scoring was performed using
the more restricted definition of the catalytic core, these topo-
logically most plausible solutions included the best fit (Figure 6D)
and second best fit (Supplemental Figure 6A) of the core into the
reconstructed envelope. The third ranked solution (Supplemental
Figure 6B) was a less optimal fit at a small subsidiary minimum
~60° from the orientation of the best solution. The ChondP model
(Supplemental Figure 4B), the composite model (Supplemental
Figure 4E), and the ab initio model of the cotton (Gossypium
hirsutum) CesA catalytic domain (Sethaphong et al., 2013), which
include the P-CR and CSR, were inconsistent with the CatD
protein envelope derived from our solution scattering data
(Supplemental Figures 7A to 7C). In all of those models, the small
domain volume was incompletely occupied, and significant re-
gions of protein model were outside the reconstruction envelope.
These results underscored the need to rationalize modeling
strategies with the actual solution structural envelope.
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Figure 3. The Monomer and Dimer CatDs Bind Specifically UDP and UDP-Gic.

(A) Example of an incubation of purified monomer and dimer with UDP-[6-3H]-glucose and [5,6-3H]-UDP for up to 3 d at 10°C showing stabilized binding
to both monomer and dimer in a concentration-dependent manner. Binding was near completion after 18 h and stable for the subsequent time
measured. Radioactivity associated with each was quantified, and nanomoles were determined by ratio of the cpm of UDP-[6-3H]-Glc bound and

unbound and the concentration of the UDP-Glc in the reaction mixture.

(B) Stoichiometry combined from several binding experiments at concentrations of UDP-Glc up to 120 mM and UDP up to 160 mM. Error bars show sb

of at least three samples.

(C) Stoichiometric binding of radiolabeled 2 mM UDP-Glc in the presence or absence of equimolar MgCl, and competitors at 5 mM.
(D) Stoichiometric binding of radiolabeled 20 mM UDP-Gic in the presence or absence of equimolar MgCl, and UDP at 20 mM or 100 mM with

equimolar MgCl,.

DISCUSSION

Solving the crystal structure of the BscA cellulose synthase
(Morgan et al., 2013) was a seminal advance in understanding
the structure of plant cellulose synthases. The homologous se-
quences between the bacterial and plant CesA catalytic domains
are conserved in a variant of the classical nucleotide binding fold
(Figure 1; Rossmann et al., 1974). This finding strongly indicates
that the plant domain of catalysis conforms to this structure.
However, when the plant-unique sequences corresponding to the
P-CR and CSR are included in modeling algorithms, the signifi-
cant differences in structures generated by ab initio modeling
(Sethaphong et al., 2013) and our own threading (Supplemental

Figure 4) prompted us to determine empirically how the P-CR and
CSR are incorporated in a plant CesA CatD.

The Catalytic Domains of Plant CesAs Dimerize

Our results indicated that fusion of the catalytic domains into
dimers constitutes the basic scaffolding unit of construction. This
finding is in contrast to all reported studies to date, which propose
that single CesA catalytic units occupy discrete locations within
each particle of the rosette complex. While homodimers of dif-
ferent CesA isoforms might be recruited into the synthase com-
plex, certain heterodimer combinations of the coexpressed
isoforms might be favored over homodimers of the same isoform.
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Figure 4. Determination by Analytical Centrifugation of the Sedimenta-
tion Coefficient Distributions of the CesA CatD in the Presence and
Absence of 10 mM DTT.

A c(S) distribution is a representation of a particle’s hydrodynamic
properties, such a diffusion, sedimentation coefficient, buoyant molar
mass, and shape (Schuck, 2000). CatD forms a significant amount of
dimer when DTT is not present; however, the distribution shifts to mostly
monomer in the presence of DTT.

Future work can be done to determine in vitro the relative in-
teraction potential of different isoforms of CesA CatDs into dimers.

The best fit of the BcsA CatD into the SAXS-derived envelope
places its connection to the membrane-spanning domains lateral
to the long axis, with the P-CR and CSR flanking the CatD within
the cytoplasm. This model also predicts the CSR to fill the small
domain of the CesA CatD in a position where it will contribute to
coupling of monomers into dimers. The range of flexibility of this
interaction domain is unknown, so we are unable to predict if the
large domains fold together and are locked into place by the P-CR
domain, if they exist as flattened structures in vivo, or if mono-
mers are free to “saucer” into flattened structures because of the
absence of the trans-membrane domains (Figures 5D and
5E). Many of the target proteins that form dimers, including
ChondP, give evidence of flexible interaction domains, or “hinges”
(Gerstein et al., 1994), that fold the catalytic domains into a tight
structure (Supplemental Table 1). When crystallized as mono-
mers, the inherent flexibility often results in the inability to obtain
high structural resolution in crystallography. Such is the case
with the SpsA synthase, where the interaction domain near the
C terminus is unassigned in crystals of monomers (Charnock
and Davies, 1999), whereas the B. fragilis homolog crystallizes
as a dimer, revealing the structures (Palani et al., 2011).

Proposed Role for Dimers in Particle Rosette Assembly

The formation of dimers of CesA catalytic units demonstrates that
the organization of plant synthases is different from that of bac-
terial systems. Our finding that CesA CatD polypeptides dimerize
to form catalytic units is fully consistent with many studies that
show that different isoforms interact to form cellulose synthase

complexes (Saxena et al., 2001; Taylor et al., 2004; Taylor, 2008;
Guerriero et al., 2010). Close interactions of three distinct CesA
polypeptides occur in vivo as imaged by bimolecular fluorescence
complementation (Desprez et al., 2007). Mutations in any one of
the three coexpressed isoforms result in impaired cellulose syn-
thase activity (Taylor et al., 2004; Taylor, 2008), and lack of one
isoform of CesA prevents incorporation of the other two into the
plasma membrane (Gardiner et al., 2003). The principal differ-
ences in sequence structures among the different isoforms occur
in the CSR (Vergara and Carpita, 2001), the structures we infer
from SAXS modeling to participate in the dimerization of CesA
monomers (Figures 5D and 5E).

Direct evidence for an interaction of different isoforms comes
from copurification of CesAs after solubilization from isolated
membranes (Taylor et al., 2003; Taylor, 2008; Wang et al., 2008).
Consistent with these observations, Triton X-100-soluble micro-
somal preparations subjected to native PAGE gave an appar-
ent 840-kD complex, whereas null mutants, but not missense
mutations, gave smaller 420-kD complexes (Wang et al., 2008).
Atanassov et al. (2009) affinity-trapped several isoforms of CesA
corresponding to a hexameric 730-kD complex that, in the pres-
ence of DTT, separates into tetrameric, dimeric, and monomeric
units, but not odd-numbered oligomers. These data give strong
complementary evidence that CesA dimers are the fundamental
scaffold unit of construction, with up to three dimers per particle.
Kurek et al. (2002) demonstrated that the ZnF domains of CesA
couple in a redox-dependent manner to link CesAs—linkages
likely to couple dimers into the larger complex. On the basis
of ab initio structure modeling the catalytic domain structure,
Sethaphong et al. (2013) suggested that the monomers form a
symmetrical hexamer that involves coupling of the CSR and P-CR
regions. However, a symmetrical model does not account for how
the ZnF domains can function to couple the CesAs together. By
contrast, the SAXS-derived solution structure dimerized through
the small domains (Figure 5E, inset; Supplemental Movie 1). This
type of dimerization of the full-length CesAs places the ZnF do-
mains on opposite sides of the dimer, providing a means to couple
one or two additional dimers to form one particle of the six-
membered particle rosette. Consistent with data of Atanassov
et al. (2009) and given the width constraints of a rosette, no more
than a triad of dimers could constitute one particle of the rosette.
Given the maximum microfibril size of 36 chains, the suggestion

Table 1. DTT-Dependent Dimerization as Determined by Analytical
Ultracentrifugation

SpeCieS S20.w monomer SZO.w dimer Smax Smax/S20,w
CesA8 CatD (+DTT) 3.6 5.6 5.2  1.44 (monomer)
CesA8 CatD (-DTT) 3.7 5.2 8.3  1.59 (dimer)

For the calculations of S ratio, the value for S,y nonomer Was taken from
the average of the +DTT and -DTT analytical ultracentrifugation studies.
Because of concerns regarding possible reversible equilibria between
species examined in the +DTT experiment, the Sy, 4ime, Value was taken
from the -DTT experiment. Values for S ., nonomer @3N Spay dimer WEre
calculated using the known molecular masses of 56.8 and 113.6 kD,
respectively.
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Figure 5. Solution X-Ray Scattering Experiments and Determination of 3-D Surface Contour Structure.
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(A) Solution x-ray scattering curves from CesA monomers (green) and dimers (blue).

(B) Kratky plots of the data shown in (A).

(C) P(R), the pair distribution function, for intensity data corresponding to monomer (green) and dimer (blue) as calculated by GNOM (Svergun, 1992).
(D) and (E) Three-dimensional molecular envelopes for monomer (D) and dimer (E) reconstructed from the solution scattering data using the ATSAS
software package (Konarev et al., 2006) with GASBOR for the reconstruction runs (Svergun et al., 2001). Molecular surfaces generated from the grid
objects that were obtained by averaging multiple reconstruction runs were rendered with Chimera (Pettersen et al., 2004). Inset: Delineation of each

monomer in the dimer structure. For 3D view, see Supplemental Movie 2.

by Carpita (2011) that dimers act cooperatively to make a single
(1-4)-B-p-glucan chain is not supported by these size restrictions.
Binding stoichiometries (Figure 3) and the solution structure of the
CatD dimers (Figure 5) argue that each monomer synthesizes
a glucan chain independently. How the particles assemble into the
hexagonal rosette is not understood, but domain-swap experi-
ments implicate the C-terminal domains of CesAs in these inter-
actions (Wang et al., 2006).

The formation of dimers appears to produce a common
scaffolding feature among the synthases of other (1—4)-B3-b-
glycans besides CesAs (Carpita, 2011). With the exception
of some members of the CsID group, other Csls that encode
synthases for other (1—4)-glycans, such as mannans, xylo-
glucan, and mixed-linkage (1-3),(1—-4)-B-p-glucans, lack ZnF
domains and form complexes that synthesize single chain
backbones. Of the Csl-associated synthases, the (1-3),
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Figure 6. Interpretation of Reconstruction from Solution Scattering Data.

(A) A global search for feasible docking solutions for the catalytic core from BcsA into the envelope determined from solution scattering data was
performed by systematically calculating models rotated over the full range of orientation angles and performing a local translation search to maximize fit
to the envelope at each orientation. Solutions were scored with a function that minimized the sum of minimum distances from the set of Ca atoms in the
model to grid points that define the volume contained within the reconstruction envelope, similar to that used in SUPCOMB (Kozin and Svergun, 2001).
(B) One section of a color-coded contour map of the target function, with the orientation that resulted in the highest overlap as the bright yellow area set
at the center [(0,0,0)] position.

(C) Docked poses for sixteen other local maxima in this function, scattered across the search space and marked by red and blue dots positions were
evaluated (Supplemental Movie 3). Only two of these secondary solutions (blue dots) appeared plausible in terms of placement of attachment points for
the CSR and P-CR near to unfilled protein volumes. Both of these secondary solutions would also predict that the CSR corresponds to the small
domain.

(D) Three nearly orthogonal views of the best solution within the low-resolution protein envelope determined from the solution scattering data.

(1—4)-B-p-glucans are synthesized synergistically by heter-
ologously coexpressed CslIF and CslH in Arabidopsis (Doblin
et al., 2009), suggesting the two distinct isoforms interact to form
an integral catalytic complex. No Csl appears to be involved
directly in (1-4)-B-p-xylan synthesis, but two nonredundant
glycosyl transferases are required for proper chain elongation
(Lee et al., 2012). Although a UDP-galacturonsyl transferase1

(GAUT1) synthesizes homogalacturonan oligomers in vitro,
coupling GAUT1 to a catalytically inactive isoform GAUT7 is
required for pectin synthesis in vivo (Atmodjo et al., 2011).
Together, these data indicate an emerging theme that di-
merization into structural scaffolds or membrane anchors is
a common feature of synthase complexes for cellulose and
noncellulosic polysaccharides.
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METHODS

3D Structure Prediction and Modeling of the CatD Monomer
and Dimer

BcsA (Morgan et al., 2013) and 18 additional templates were selected to
query the full-length rice (Oryza sativa) CatD (containing the P-CR and CSR)
based on sequence identity, secondary structure comparison, protein
family structure, and good query coverage (Supplemental Table 1). Tertiary
structures were generated with Modeller 9v11 (Sali and Blundell, 1993) and
visualized and labeled with the PyMol software (DeLano, 2002). The ho-
mology models of monomer or dimer models threaded with 2287 and built
with Modeller were refined using a modified CABS ab initio modeling
program (Kolinski, 2004; Kolinski and Bujnicki, 2005). All the predicted
quality models were evaluated by three protein model quality assessment
methods, TM-align (Zhang and Skolnick, 2005), Protein Quality Predictor
server (Wallner and Elofsson, 2006), ProQ, Model Quality Assessment
Server (McGuffin, 2007), and QMEANscore6 (Benkert et al., 2009). The
protein quality prediction of CatD was generally improved after refinement.
The best model was selected based on the overall structure, the secondary
structure, and position of the important motifs of the catalytic site.

CatD and ZnF Cloning

A pBluescript SKII vector (Stratagene) containing the rice CELLULOSE
SYNTHASES cDNA, OsCesA8 (LOC_0s07g10770, formerly called OsCe-
sA13), was used as a template to clone the catalytic site of OsCesA8 (CatD)
using the primer pair 5'-TCTACGCTCGAGGTATGACAGAGAAGGTGA-3’
(forward) and 5'-CAAACCGCTCGAGTTACTAAAGACGTCCTCCATAGC-3'
(reverse). The 1525-bp CatD fragment was ligated into a modified
pETM11 (EMBL) vector, which contained an N-terminal 6x His-tag and
a tobacco etch virus (TEV) protease cleavage site [ENLYF(Q/G)A], thus
generating a fusion protein HIS-TEV-CatD. The native pETM11 plasmid was
obtained from EMBL (http://www.embl-heidelberg.de). The RING-finger
(ZnF) domain consisted of 807-bp fragment spanning from Glu-2 to Arg-270
of AtCesA1 (locus At4g32410) was generated using the primer pair
5’'-TAAACTAGTGAGGCCAGTGC-3' (forward) and 5'-TAACTCGAGGCGA-
GAAGATGGGATAGG-3' (reverse) and ligated into a modified pETM11
vector, generating a fusion protein HIS-TEV-ZnF.

Transformation and Expression of CatD and ZnF Polypeptides

Plasmid constructs were transformed by heat shock into competent
Escherichia coli [Rosetta2 (DE3); Novagen]. The 500-mL cultures in Luria-
Bertani media were initiated with 5-mL overnight cultures, grown to ODg,
of 0.6 to 0.8 (~4 h), and cooled to 16°C, and recombinant protein pro-
duction was induced with 0.2 mM isopropyl B-p-1-thiogalactopyranoside
(IB02100; IBI Scientific) for 13 h before harvesting.

Isolation and Purification of Protein

Frozen cells suspended in homogenization buffer were burst by sonication.
Cell debris was pelleted, and a suspension of Ni* 6-Fast Flow resin mi-
crobeads (GE Healthcare) was added to supernatant liquids. After a 1-h
incubation, the suspension was microfuged to collect resins with bound
protein. After washes in low-imidazole buffer, the proteins were eluted in
0.5-mL batches a buffer containing 300 mM imidazole. In some experi-
ments, the His-tag was excised from CatD by the TEV protease. Proteins in
10 mM DTT eluted from the Ni* column (~0.6 mg mL™") were digested with
30 units of ACTEV protease itself tagged with Hisx6 (Invitrogen) at ambient
temperature for 6 h with gentle rocking. The Hisx6 tag had no influence on
dimerization or UDP-Glc binding.

Proteins were separated on a column of Superdex 200, 10/300GL (GE
Healthcare). Protein elution was monitored by absorbance at 280 nm, and
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0.5-mL fractions were collected. In experiments to reduce DTT, fractions of
protein from the column in 10 mM DTT were diluted to 5 mM DTT and 2 mM
DTT and concentrated to ~0.5 mg mL~" and rechromatographed in buffer
supplemented with the respective DTT concentrations. For 0 mM DTT,
protein was separated by SEC in buffer without DTT. Protein-containing
fractions of dimer and monomer were concentrated using Amicon Ultra
Centrifugal Filters with 30K membranes (Millipore; UFC503024).

UDP-Glc and UDP Binding Assays

UDP-[6-3H]-glucose [20 Ci mmol-'] was from American Radiolabeled
Chemicals, and [5,6-3H]-UTP [36 Ci mmol-'] was from Perkin-Elmer. The
labeled UTP was converted to UDP by action of 5'-nucleoside kinase
(Sigma-Aldrich) with 10 mM ADP and 10 mM MgCl,, and the labeled
nucleotides were separated by anion-exchange HPLC in a gradient of 8 to
1.2 M potassium phosphate, pH 7.5. UDP-Glc, UTP, UDP, UDP-Xyl, GDP-
glucose, ADP-glucose, and glucose-1-phosphate were from Sigma-
Aldrich Chemical Co. Stock solutions of UDP-Glc and other nucleotides and
other competitors were made in reaction buffer containing equivalent
concentrations of MgCl,. Stock reaction mixes (200 pL) were initiated by
addition of 50 p.L of reaction buffer containing 1.5 to 5.4 mg mL~" (26.4 to
95.1 nmole mL™") of the 56.8-kD protein. Relative milligrams of protein
was determined by a bicinchoninic acid assay (Sigma-Aldrich) using BSA
as standard. Samples were withdrawn daily and chromatographed by
SEC; radioactivity in 0.5-mL fractions representing monomer, dimer, and
unbound UDP-Glc or UDP was determined by liquid scintillation counting.
Equilibrium binding was achieved by 2 d reaction, and nanomoles bound
were determined by the ratio of label bound to total label and the reaction
concentration of nucleotide.

Analytical Ultracentrifugation

Sedimentation velocity experiments were conducted using both the
Beckman-Coulter XLA and XLI analytical ultracentrifuges. The samples
were centrifuged at 45,000 rpm using two-sector 1.2-cm path length
carbon-filled epon centerpieces. The experiments were run on an An-50 Ti
rotor at 20°C. The density and relative viscosity were calculated using
SEDNTERP version 1.09, 1.0227 g mL~", and 0.01081 Poise (http://
sednterp.unh.edu/). The partial specific volume (vbar) of the protein was
also calculated from the protein sequence using SEDNTERP (0.734 mL g™').
The samples were monitored at 655 nm (Rayleigh Interference) with a
4-min delay and 150 scans. The c(s) distributions were analyzed using
SEDFIT version 12.43 (Schuck, 2000), with the buffer mismatch model to
compensate for the oxidation of DTT in the cell.

SAXS Data Collection and Processing

SAXS data were collected using the undulator-based beam line X9 at the
National Synchrotron Light Source at Brookhaven National Laboratory
using two detectors to collect both SAXS and WAXS data simultaneously,
to collect scattered intensity in the range of 0.006 < q < 2.0 A (Allaire and
Yang, 2011), where q is the momentum transfer [q = 47 sin(®)/\], 20 is the
scattering angle, and \ is the wavelength of the incident x-rays. Data were
collected at an x-ray wavelength of 0.9184 A. A Photonic Science CCD
detector operated as the WAXS detector and a Mar 165 CCD as the SAXS
detector. The SAXS detector was located 3.4 m from the sample. Samples
were loaded into a 96-well plate and aspirated into the 1.5-mm diameter,
thin-walled sample tube using an automated system previously described
(Allaire and Yang, 2011). The protein concentration for the sample treated
with DTT was 4.9 mg/mL and 7.1 mg/mL for the untreated sample. All data
were collected at 10°C. Preliminary data processing was performed using
the X9 software package to produce circularly averaged intensity profiles
combining data from the two detectors and extending over the entire q
range.


http://www.plantcell.org/cgi/content/full/tpc.114.126862/DC1
http://www.embl-heidelberg.de
http://sednterp.unh.edu/
http://sednterp.unh.edu/

3006 The Plant Cell

Analysis of Solution Scattering Patterns

X-ray scattering patterns were checked, manipulated, and plotted for
analysis using programs from the ATSAS suite (Konarev et al., 2006).
SASPLOT was used to generate plots of log(l) versus log(q) (Figure 5A)
and the 1(g).g? versus q (the Kratky plot) (Figure 5B). The radii of gyration,
Rg, corresponding to the data used to reconstruct molecular envelopes,
were obtained with GNOM (Svergun, 1992) using standard settings with
P(r) constrained to zero at the origin and at r,,.

Separation of Scattering of Dimers from Monomers

WAXS studies were with CatD prepared with and without 10 mM DTT to
generate monomers and dimers, respectively, and each were purified
subsequently by SEC. The SEC separations indicated monomer samples
predominated the DTT-treated sample (~85%) and dimers more abun-
dant (~88%) in the untreated sample. Respective monomer and dimer
fractions from chromatography were pooled and concentrated on spin
filters. WAXS patterns from the two samples were considered to be linear
combinations of WAXS patterns from monomers and dimers with

S=aD+(1—-aM
T=bD+(1-bM

where S and T are measured intensity and D and M are intensities from dimers
and monomers, respectively. Assuming that we know a, the proportion of dimer
in sample 1, and b, the proportion of dimer in sample 2, these equations can be
solved for D and M according to

D =[S(1—-b)-T(1-a)]/(a—b) and
M = [aT — bS]/(a— b).

However, a and b are unknowns making the problem indeterminant. A strategy
for overcoming this problem is to solve for D and M for all possible combi-
nations of a and b and evaluate the physical plausibility of the answers. In
particular, the zero angle scattering from a dimer will be 4 times the scattering
from the monomer and combinations of D and M that do not satisfy this
constraint can be eliminated from consideration. To determine the values of
a and b consistent with this constraint, two programs, “separate” and “sep-
arate-grid,” were written. These programs solved the system of linear equa-
tions specified above and evaluated the ratio of D and M as q approached 0.

When this separation was performed for the scattering patterns from
CesA, it was found that a very limited range of solutions was consistent with
this constraint. The allowed values for a and b were a linear function of one
another, with the allowed values centered on a = 0.880 and b = 0.145,
indicating that dimers made up ~88% of the scattering particles in the
untreated sample, and only ~14.5% of the particles in the treated sample,
consistent with the estimation from UV monitoring of SEC. Using deviation
from the expected ratio of zero angle scattering as a guide, these numbers
were accurate to within =5% (i.e.,a=0.88 * 0.05; b = 0.145 = 0.05). Within
the allowed range, use of different values of a and b led to only small
changes in D and M making possible a good estimate of the scattering
intensity from monomers and from dimers. Visually, the scattering curves
corresponding to D and M are almost indistinguishable from the scattering
curves measured from untreated and treated samples and, due to the
dominating effect of an individual component in each of the two samples,
represent only a small quantitative correction to the data.

When this separation was performed for the scattering patterns from
CesA, only a very limited range of solutions were consistent with this
constraint. The allowed values for a and b were a linear function of one
another, with the allowed values centered on a = 0.880 and b = 0.145,
indicating that dimers made up ~88% of the scattering particles in the
“dimer” sample, and only ~14.5% of the particles in the “monomer”
sample, consistent with the estimation from UV monitoring of SEC. Using
deviation from the expected ratio of zero angle scattering as a guide, these
numbers were accurate to within =5% (i.e., a = 0.88 + 0.05; b = 0.145 =
0.05). Within the allowed range, use of different values of a and b led to only

small changes in D and M making possible a good estimate of the scattering
intensity from monomers and from dimers. Visually, the scattering curves
corresponding to D and M were almost indistinguishable from the scattering
curves measured from untreated and treated samples and, due to the
dominating effect of an individual component in each of the two samples,
represented only a small quantitative correction to the data.

Reconstruction of Molecular Envelopes

Three-dimensional molecular envelopes for CatD monomers and dimers
were determined using programs from the ATSAS suite (Konarev et al., 2006)
for the analysis of solution x-ray scattering data. The reconstruction of the
protein monomer employed data from the DTT-treated sample after cor-
rection to remove the minor scattering contribution from the dimer. The
GNOM program (Svergun, 1992) was used to calculate a particle distance
distribution function, P(r) from x-ray scattering data in the range 0.007 < g <
1.0 A~ with r,,, = 120 A. The GASBOR program (Svergun et al., 2001) was
used to generate three-dimensional models of connected beads to fit this
data, with the number of beads set approximately equal to the number of
amino acids in the CatD construct. To assess the level of uniqueness and
accuracy of these solutions 40 bead models were generated and the final
corrected x? values for all of these solutions were in the range 0.96 to 1.10.
Additional calculations were performed to show that reducing the value of
lax IN the calculation of P() to 100 A, as would be the case for a more
compact protein, results in significantly poorer x2 scores for the bead models
generated by GASBOR.

Reconstruction averages were obtained by taking four subsets of 10-
bead models and aligning them with DAMSEL and SUPCOMB (Kozin and
Svergun, 2001), using the most representative model within each subset
as reference. These averaged reconstructions were transformed into grid
objects with volumes equal to the partial specific volume calculated from
the CatD amino acid sequence. The grid objects were generated on
a cubic 4-A grid by counting the number of beads within 8A of each grid
point and choosing thresholds to give the required partial specific volume.
Occupied grid points were represented by pseudo-atoms in PDB format
to allow for convenient manipulation and display in molecular graphics
software. Comparisons of the molecular envelopes represented by these
four grid objects showed reproducible features that included a division of
the protein volume into a large somewhat flattened domain, with some
suggestion of a central depression, and a distinct small domain.

The molecular envelopes represented by these grid objects were
aligned and averaged to create an improved low-resolution image of the
protein for subsequent docking and display with the MIFit, PyMol
(DeLano, 2002), and Chimera (Pettersen et al., 2004) molecular graphics
programs. The reproducibility of the position of the protein surfaces were
on the order of ~1 to 2 grid points (4 to 8 A) and the average differences
between these grid objects, as measured by the NSD score output by the
SUPCOMB program, is comparable to this grid spacing.

For the three-dimensional reconstruction of the CatD dimer, scattering
data in the range 0.022 < q < 1.0 A" from the sample untreated with DTT
were used. The particle distance distribution function calculated with the
program GNOM used r,.,. = 180 A, and the bead models obtained with the
GASBOR program were generated with P2 symmetry using approximately
the number of amino acids in the CatD sequence. In this case, 20-bead
models were generated and the final reduced x2 values for these models were
in the range 1.21 to 1.32. These bead models were aligned subject to the
constraint that the axes defining the 2-fold symmetry of the models should
overlap so as to preserving the twofold symmetry in the aggregate model.
Thus, the alignment procedure required only a rotation search about this
symmetry axis together with checks to evaluate inverted and enantiomorphic
solutions. Using the same procedure that was used for the monomer re-
construction, the set of 20 aligned bead models was then transformed so as
to occupy contiguous points on a cubic grid with a volume set to twice the
partial specific volume estimated from the CatD amino acid sequence.



Docking of the Model for the Conserved Catalytic Core into the
Solution Scattering Reconstruction

Interactive docking of the chain trace for catalytic core regions of BcsA,
identified as homologous to CatD, was performed with the molecular
graphics program, MIFit (http://code.google.com/p/mifit/), and fits were
also scored by a local standalone program incorporating a similar scoring
function to that used by SUPCOMB (Kozin and Svergun, 2001). The chain
trace atoms used for docking included amino acids 129 to 182, 216 to
329, and 333 to 408 from the BcsA coordinates set (PDB ID: 4HG6).
Although this catalytic core region contains only ~48% of the total
number of amino acids in the CatD construct, the range of feasible
docking models is highly constrained by (1) the shape of the partial model
and (2) the requirement that proximate, unoccupied volumes of the re-
construction are available for the introduction atoms corresponding to the
sequences of the CSR and the P-CR. In particular, the positions where the
CSR sequence joins the catalytic core are well defined in this partial
homology model as between amino acids 329 and 333, indicating that
a volume representing a distinct CSR domain in the reconstruction should
be available at this position in the docked model.

Accession Numbers

Sequence data from this article can be found in the PDB databases under
the following accession numbers: Rhodobacter sphaeroides BcsACatD
(PDB ID:4HG6:A), two catalytic domains of E. coli chondroitin polymerase,
ChondP D1 and ChondP D2 (PDB ID:2Z87), Bacillus subtilis SpsA syn-
thase (PDB ID:1QGS), and Bacteroides fragilis SpsA homolog (Fragilis;
PDB ID:3BCV). A complete list of the target sequences and PDB ac-
cession numbers is provided in Supplemental Table 1.
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The following materials are available in the online version of this article.

Supplemental Figure 1. The Amino Acid Sequence of the Rice (Oryza
sativa) CesA8 Catalytic Domain.

Supplemental Figure 2. Modeling Comparisons of the Rice CesA8 CatD
and the Rhodobacter sphaeroides BcsA Catalytic Domain (BcsA CatD).
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Polymerase (ChondP) and a Composite Sequence-Structure Alignment
and Model of the Rice CesA8 CatD with Rhodobacter sphaeroides BcsA
Catalytic Domain (BcsA CatD) and the P-CR and CSR Domains with Zea
mays Oxidoreductase (1B5Q).

Supplemental Figure 5. Recombinant ZnF Domains Spontaneously
Form Dimers in a Redox-Dependent Manner but Do Not Fold Properly.

Supplemental Figure 6. Alternative Docking Models of the BcsA
Catalytic Core into the Solution Scattering Envelope.

Supplemental Figure 7. Lack of Fit of CesA Theoretical Models into
the Solution Scattering Envelope.

Supplemental Table 1. Templates Used for Threading.

Supplemental Movie 1. Predicted Structure of the Rice CesA8 CatD
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