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Phylogenetic analyses of cellulose synthase (CesA) and cellulose synthase-like (Csl) families from the cellulose synthase gene
superfamily were used to reconstruct their evolutionary origins and selection histories. Counterintuitively, genes encoding
primary cell wall CesAs have undergone extensive expansion and diversification following an ancestral duplication from a
secondary cell wall-associated CesA. Selection pressure across entire CesA and Csl clades appears to be low, but this conceals
considerable variation within individual clades. Genes in the CslF clade are of particular interest because some mediate the
synthesis of (1,3;1,4)-b-glucan, a polysaccharide characteristic of the evolutionarily successful grasses that is not widely
distributed elsewhere in the plant kingdom. The phylogeny suggests that duplication of either CslF6 and/or CslF7 produced the
ancestor of a highly conserved cluster of CslF genes that remain located in syntenic regions of all the grass genomes examined.
A CslF6-specific insert encoding approximately 55 amino acid residues has subsequently been incorporated into the gene, or possibly
lost from other CslFs, and the CslF7 clade has undergone a significant long-term shift in selection pressure. Homology modeling and
molecular dynamics of the CslF6 protein were used to define the three-dimensional dispositions of individual amino acids that are
subject to strong ongoing selection, together with the position of the conserved 55-amino acid insert that is known to influence the
amounts and fine structures of (1,3;1,4)-b-glucans synthesized. These wall polysaccharides are attracting renewed interest because of
their central roles as sources of dietary fiber in human health and for the generation of renewable liquid biofuels.

Recent attempts to better understand the chemistry
and biology of plant cell walls have been driven by the
importance of these walls as biomass sources for biofuel
production systems, as sources of dietary fiber that is
increasingly recognized as being highly beneficial for
human health, and as key components of livestock forage
and fodder. Plant cell walls consist predominantly of
polysaccharides and lignin. In addition to cellulose, walls
contain a wide array of complex noncellulosic polysac-
charides that vary across the plant kingdom (Carpita,
1996; Popper and Fry, 2003; Niklas, 2004; Popper and
Tuohy, 2010). In the dicotyledons, pectic polysaccharides
and xyloglucans predominate, although smaller amounts
of heteroxylans and heteromannans are also found. In
evolutionary terms, a major change in noncellulosic wall
composition is observed with the emergence of the
Poaceae family, which contains the grasses and impor-
tant cereal species. In contrast to dicots, walls of the
Poaceae have relatively low levels of pectic polysac-
charides and xyloglucans and correspondingly higher
levels of heteroxylans, which appear to constitute the
core noncellulosic wall polysaccharides in this family. In
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addition, walls of the Poaceae often contain (1,3;1,4)-
b-glucans, which are not widely distributed in dicot-
yledons or other monocotyledons (Carpita, 1996; Fincher,
2009).
Following the identification of the genes that encode

cellulose synthases, which were designated CesA genes
(Pear et al., 1996; Arioli et al., 1998), analyses of EST
databases quickly revealed that the CesA group of
cellulose synthase genes was in fact just one clade of a
much larger superfamily that contained up to about 50
genes in most land plants (Richmond and Somerville,
2000; Hazen et al., 2002). The other members of the
large gene family were designated cellulose synthase-
like genes (Csl), which represent several clades in the
overall phylogeny of the superfamily (Supplemental
Fig. S1). The plant CesA genes were shown to have
both conserved and hypervariable regions (Delmer,
1999; Doblin et al., 2002) and, together with the related
Csl genes, were predicted to be integral membrane
proteins and to have conserved, active-site D,D,D,
QxxRW amino acid sequences. The CesA and Csl genes
are members of the GT2 family of glycosyltransferases
(Cantarel et al., 2009; http://www.cazy.org/).
Several of the Csl genes have now been implicated in

the biosynthesis of noncellulosic wall polysaccharides.
Certain CslA genes mediate mannan and glucomannan
synthesis (Dhugga et al., 2004; Liepman et al., 2005).
Genes in the CslC clade are believed to be involved in
xyloglucan biosynthesis (Cocuron et al., 2007), while
genes from both the CslF and CslH clades mediate
(1,3;1,4)-b-glucan synthesis in the Poaceae (Burton
et al., 2006; Doblin et al., 2009). The CslJ group of en-
zymes is also believed to be involved in (1,3;1,4)-
b-glucan synthesis (Farrokhi et al., 2006; Fincher,
2009), but the phylogeny of this group of genes re-
mains unresolved (Yin et al., 2009). The fact that the
CslF group does not form a clade with the CslH and
CslJ groups on the phylogenetic tree (Supplemental
Fig. S1) led to the suggestion that the genes mediating
(1,3;1,4)-b-glucan synthesis have evolved indepen-
dently on more than one occasion (Doblin et al., 2009;
Fincher, 2009).
Against this background and considering the se-

quence similarities between genes in the cellulose
synthase gene superfamily, we have used Bayesian
phylogenetic analyses of these genes from seven fully
sequenced taxa to reconstruct the evolutionary origins
of the CesA and Csl families in the grasses and, in
particular, to investigate the evolution of the CslF,
CslH, and CslJ genes. The distributions of the genes
across genomes were compared, CslF gene clusters
were analyzed, and the rates of synonymous and
nonsynonymous nucleotide substitution were esti-
mated to assess and compare selection histories of
individual members of clades within the gene su-
perfamily. Finally, we have constructed a refined
model of the barley CslF6 enzyme to observe how
selection on specific residues and regions of the
enzyme has operated in a structural and functional
context.

RESULTS

Distribution of CesA/Csl Genes across the Genome

Distribution mapping using four well-annotated
genome sequences, rice (Oryza sativa; Ouyang et al.,
2007), sorghum (Sorghum bicolor; Paterson et al., 2009),
Brachypodium distachyon (Vogel et al., 2010), and barley
(Hordeum vulgare; Mayer et al., 2012), showed that the
CesA and Csl genes are distributed across the genomes.
The syntenic positions for barley, B. distachyon, and
rice CesA and Csl genes are compared in Figure 1A.
Gene clusters were not commonly detected, with the
exception of a large cluster of CslF genes, some of
which have been shown to direct (1,3;1,4)-b-glucan
synthesis in grasses (Burton et al., 2006). The barley
HvCslF gene family was originally thought to consist
of seven members, which had been mapped to loci that
often corresponded to quantitative trait loci for the
(1,3;1,4)-b-glucan content of barley grain and included
a cluster of genes on chromosome 2H (Burton et al.,
2008). The publication of the barley genome scaffold
sequence (Mayer et al., 2012) revealed the presence of
three additional HvCslF genes, two of which appear to
be functional (Schreiber et al., 2014) and are included
in Figure 1A. The conserved synteny of the CslF gene
clusters in different grass species is demonstrated in
Figure 1B.

Thus, five of the nine barley HvCslF genes map to a
single locus on the long arm of chromosome 2H
(Burton et al., 2008; Schreiber et al., 2014). A similar
cluster of tandemly arranged CslF genes can be
detected in conserved syntenic positions in all the
other grass genomes, although different numbers of
CslF genes are found in the clusters of different species
(Fig. 2). Hence, six of the eight OsCslF genes clustered
on rice chromosome 7 within an interval of approxi-
mately 100 kb, while five of eight HvCslF genes of
barley, seven of the 10 SbCslF genes from sorghum,
and five of the seven BdCslF genes from B. distachyon
map to a single locus in syntenic regions of these other
species. Smaller clusters of two to three CslA, CslE, and
CslH genes were detected in conserved syntenic posi-
tions of barley chromosomes 7H, 5H, and 2H, respec-
tively (Fig. 1A).

Reconstructing Phylogeny and Substitution Rates

Figure 3 shows the Bayesian (BEAST; Drummond
et al., 2012) phylogeny reconstructed using 208 PF03552
cellulose synthase PFAM domains from fully se-
quenced grasses. PFAM is a database of protein func-
tional regions storing profile hidden Markov models
built from a large sequence database. As such, it pre-
sents a comprehensive source of homologous, func-
tionally informative amino acids for analysis. PF03552
encompasses CesA, CslB, CslD, CslE, CslF, CslG, CslH,
and CslJ. The CslB and CslG groups are not included
in this analysis because they are not represented in
the grasses. The CslA and CslC families do not contain a
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Figure 1. A, Map of B. distachyon, barley, and rice chromosomes (blue) showing conserved synteny (red lines) of CesA and Csl
gene locations across these species, as visualized in Strudel (Bayer et al., 2011). B, Map of B. distachyon, barley, and rice
chromosomes showing synteny of CslF cluster genes. Taxa labels and locus identifiers are presented in Supplemental Table S1.
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PF03552 domain, which is consistent with earlier sug-
gestions that the CslA and CslC families evolved from a
separate cyanobacterial endosymbiotic event (Yin et al.,
2009), and have also been excluded. Two alternative
molecular clock models were tested: a strict clock that
assumes that nucleotide substitutions accumulate at an
approximately constant rate across all branches in
a phylogeny, and a relaxed uncorrelated log-normal
clock, which allows for differences in substitution
rates among and along branches (Drummond et al.,
2012). In biological terms, the strict clock assumes that
the substitution rate in a particular phylogeny is con-
stant with time. In contrast, the relaxed molecular
clock model allows the inclusion in the analysis of
differences in substitution rates that might arise due to
variation in selection pressures, gene duplications, etc.
Here, the models were compared by running the anal-
yses for 2 3 108 generations and partitioning the align-
ment by the three codon positions.
Clock model comparison using Bayes factors in Tracer

version 1.6 (Rambaut and Drummond, 2007) showed
the relaxed clock to provide a better fit to the data than
the strict clock (21,048 Log likelihood). The relaxed clock
model yielded a tree with highly unequal branch lengths
among terminal lineages. To assess the overall rate het-
erogeneity, we inspected the coefficient of variation us-
ing Tracer version 1.6. A coefficient of variation closer to
0 indicates that the data are clock like, whereas a value
closer to 1 indicates extremely high rate heterogeneity.
Our tree had a coefficient of 0.542 (95% highest posterior
density, 0.483–0.604), which suggests a moderately high
level of heterogeneity in molecular branch rates.
The maximum clade credibility tree topology is con-

sistent with previous studies (Richmond and Somerville,
2000; Burton et al., 2006), supporting two major mono-
phyletic groups. One group includes CesA, CslD, and
CslF, while the other includes CslE, CslH, and CslJ. Within
the CesA clade, the previously undocumented CesA10
is sister to all other CesAs. The second branching CesA
group includes HvCesA4, HvCesA8, OsCesA7, and

OsCesA9. A clade of HvCesA5 and OsCesA4 split next,
followed by two monophyletic groups: (1) HvCesA3,
OsCesA2, HvCesA6/9, and OsCesA1; and (2) HvCesA2,
OsCesA3, OsCesA5, and OsCesA6. The CslD group has
the HvCslD4 and OsCslD4 clade branching first and a
monophyletic group including HvCslD1, HvCslD6,
OsCslD3, and OsCslD5 sister to HvCslD2, HvCslD3,
OsCslD1, and OsCslD2. The CslFs are sister to the CslDs.
The CslF6 gene branches first, followed by CslF7 and
then CslF4, and finally two monophyletic clades, CslF9
and CslF10. Two CslH clades branch before a single CslJ
clade that is sister to two CslE clades (Fig. 3).

The maximum likelihood tree reconstructed in RAxML
(Stamatakis, 2006) showed two minor topological dif-
ferences from the BEAST tree, such that CslF4 is resolved
as sister to CslF8/CslF9 and CesA4 as sister to CesA5/
CesA1/CesA2/CesA3/CesA6. However, these differences
were poorly supported in the maximum likelihood tree,
with bootstrap proportions of less than 60%. They are
indicated in Supplemental Figure S1.

Selection Pressure

Nucleotide substitutions are divided into non-
synonymous substitutions (N), which result in changes of
amino acid residues in the encoded proteins, and syn-
onymous substitutions (S), which do not cause changes in
amino acid residues. Thus, positive selection can be
considered to have occurred if the dN:dS is greater than 1,
where dN is the rate of nonsynonymous nucleotide sub-
stitution and dS is the rate of synonymous nucleotide
substitution, while stationary (stabilizing) or purifying
(negative) selection is indicated by dN:dS values that
approach 0 (Yang and Bielawski, 2000). By way of ex-
ample, positive selection might occur if a gene is involved
in such functions as the plant-pathogen competition,
where it is important that the plant genes evolve new
forms to counter and keep up with new forms of fungal
genes. Similarly, positive selection may occur if there is a

Figure 2. Structure of the conserved CslF gene cluster in the grasses. These clusters are conserved in syntenic regions of grass
genomes (Fig. 1B) but include variable numbers of genes in different orientations. Chr indicates the chromosome number for the
particular species. In some cases, relatively recent duplications are evident, through much higher values for sequence identity.
The orientations of the genes are indicated by the arrows, and recently duplicated genes (sequence identity of about 90% or
more) are shown in the same color in a particular species. No pseudogenes were detected in the clusters.
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competitive advantage to the plant through the evolution
of a new function for a recently duplicated gene (neo-
functionalization), or through enhancing the activity of an
important enzyme, or through the development of novel
gene expression patterns across tissues during normal
growth and development or in response to stress. In
contrast, stationary or purifying selection will occur if the
gene has already attained a function that is crucial for
plant survival, for the synthesis of a critical cellular
component, or for an important response to stress; in this
case, further changes to the gene could have detrimental
consequences for the plant.

An investigation of selection patterns across the CesA,
CslD, CslF, CslE, CslJ, and CslH clades using the codeml
branch model (Yang, 2007) revealed relatively low dN:
dS values for most clades (summarized in Fig. 3). Ratios
calculated for each subfamily ranged from 0.07:1 for the
CslD clade and 0.08:1 for the CesA genes to values be-
tween 0.23:1 and 0.4:1 for the CslE, CslJ, and CslH clades.
It is notable that the CslE, CslJ, and CslH clades all have
significantly higher dN:dS values than the other clades.

To examine selective forces within the major sub-
clades, the branch-site model in codeml was used to test

individual amino acid residues of specific lineages. We
inferred duplication events with Notung (Durand et al.,
2005) and tested each branch following a major gene
duplication, both for episodic selection on individual
internal branches and to determine whether they have
undergone a sustained shift in selective constraints (e.g.
across all branches in a clade) following duplication.
Figures 4 to 7 show the pruned subtrees of CslF, CesA,
CslD, and CslE/H/J, respectively.

Within the CesA clade, five branches (CesA1, CesA4,
CesA5, CesA8, and CesA10) were found to have under-
gone episodic positive selection after a gene duplication
event. Figure 5 shows that between one and 89 sites are
under selection for each branch. Two clades, CesA1 and
CesA8, showed a sustained shift in selective pressure,
with dN:dS. 1 across every branch, and two and seven
sites were under selection for CesA1 and CesA8, re-
spectively. Amino acid residues under positive selection
pressure are listed in Supplemental Table S2.

The CslF family shows four branches under epi-
sodic positive selection following major duplication
events: CslF6, CslF7, CslF3, and CslF10. The CslF7
family is shown to have undergone sustained positive

Figure 3. Maximum clade credibility
tree of 208 CesA and Csl genes from
the grasses, using the relaxed clock
model in BEAST. Clades are colored
according to subfamily: CslH (orange),
CslJ (green), CslE (yellow), CesA (blue),
CslF (cyan), and CslD (purple). Node
posterior probabilities greater than 0.6
to 0.85 are shown as red triangles,
those greater than 0.85 to 0.95 are
shown as black triangles, and other-
wise they are greater than 0.95. The
horizontal distance is proportional to
the substitution rate per nucleotide
position, and branch lengths are propor-
tional to substitutions per site. codeml
branch model dN:dS values, which in-
dicate overall evolutionary rates of these
selected CesA and Csl gene families, are
shown in circles for each clade and are
all relatively low.
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selection across each branch, with 12 sites experienc-
ing dN:dS . 1.
The CslD family is notable for the relatively small

number of duplication events. Three CslD major
postduplication branches showed a strong signal of
positive selection: CslD1, CslD2, and CslD4.
Only the two branches leading to CslE and CslJ

within the CslE/H/J clade were found to be under
positive selection. The CslJ branch exceeded the max-
imum sequence divergence of 75% for the HK85 model
and so could not be included in the analysis.

Positions of Amino Acid Residues under
Selection Pressure

Some amino acid residues under positive selection are
located in the class-specific region (CSR), some are in the
core catalytic region, and others are dispersed across the
enzyme (Supplemental Table S2). The CesA10 enzyme is
the only case where positive selection is observed in the
catalytic region; this enzyme has also lost its QxxRW
motif and is highly divergent. In contrast, several amino
acid residues under selection pressure are located in the
CSR, especially in the CesA5 and CesA8 branches
(Supplemental Table S2). These two are members of the
CesA family that have been implicated in secondary cell
wall cellulose biosynthesis (Burton et al., 2004).

Homology Modeling Shows Locations of Residues under
Selection in the CslF6 Enzyme

Given the characteristically high abundance of
(1,3;1,4)-b-glucan in cell walls of the Poaceae, the
grass-specific CslF family is of special interest, as it
appears to be crucial for (1,3;1,4)-b-glucan synthesis

(Burton et al., 2006). This is especially true of CslF6,
which is the most highly transcribed CslF gene in most
tissues (Burton et al., 2011; Taketa et al., 2012). With a
view to defining the spatial disposition of CslF6 residues
under selection, a homology model was built based on
the coordinates for a bacterial cellulose synthase (Morgan
et al., 2013). It should be noted that the structural pre-
diction of the CslF6-specific insert was generated de
novo, rather than through homology modeling. A 50-ns
molecular dynamics (MD) simulation was performed to
refine the homology model and to ensure that it was
energetically sound. An important refinement occurred
with the position of the approximately 55-amino acid
CslF6-specific insert, which is found in all CslF6 enzymes
but is missing from other CslF enzymes, from other Csl
enzymes, and from CesA enzymes (Burton et al., 2008).
By the end of the MD simulation, the position of the
major secondary structural component, an a-helix, was
moved such that it lies at the underside of the plasma
membrane surface, exposed to the cytosol and thus able
to interact with other proteins (Fig. 8).

In Table I, amino acid residues in CslF6 that are un-
der positive selection pressure are listed, together with
their positions in the three-dimensional model of the
enzyme. Figure 9 details where selected residues under
selection are located on the CslF6 model. A spatially
proximate cluster of three hydrophobic amino acid
residues, Ile-416, Ala-510, and Ile-541 (full-length se-
quence coordinates 518, 612, and 643, respectively), are
under positive selection (dN:dS . 1) with a posterior
probability of greater than 0.95. Amino acid residues
Ile-416 and Ala-510 are located on a loop within the
CSR of the Csl proteins (Delmer, 1999). Specifically, they
are within a CslF6 conserved region and flank the
CslF6-specific 55-amino acid insert. The Ile-541 residue
is positioned on the C terminus of the TED helix, a core
catalytic motif.

Figure 4. Pruned subtree of CslF clade
and codeml branch-site tests. Branch
lengths are proportional to substitu-
tions per site. Postduplication branches
with sites that codeml has identified as
under significant positive selection are
colored blue. Green branches indicate
a sustained shift in selection pressure
across all branches after a major gene
duplication. Predicted gene duplica-
tion events are annotated as red dots.
v denotes dN:dS values. The overall dN:
dS for the CslF clade is 0.17 (Fig. 3).
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DISCUSSION

A Cluster of CslF Genes Is Conserved in the Grasses

In Figure 1, the distribution of the approximately
50 CesA and Csl genes across the genomes of barley,
B. distachyon, and rice is compared. Generally, the genes
are scattered across all chromosomes, but in one case,
there is evidence for clustering of genes. Specifically, a
single cluster of CslF genes is observed in conserved
syntenic regions (Moore et al., 1995) of all the grasses
examined so far (Fig. 2). Within the cluster, individual
CslF genes exhibit 65% to 75% sequence identity at the
nucleotide level and form a well-supported clade on the
tree, which suggests that the cluster itself has been
conserved over a considerable time period while genes
within it have been free to evolve. Indeed, because this
cluster has been observed in all fully sequenced grasses,
it possibly originated when the Poaceae split from the
other Poales. Phylogenetic reconstruction of genes in the
cluster (Fig. 2) showed that the clusters occasionally
contain highly similar (90% sequence similarity) paral-
ogous pairs, such as the rice OsCslF1 and OsCslF2 genes
and the sorghum SbCslF3 and SbCslF13 genes. Given the
likely recent origins of these paralogs, they are probably
explained by unequal crossing over during meiosis
rather than by recombination. Comparison of the syn-
teny map and phylogeny for genes such as HvCslF9 and

BdCslF9 shows that, although they form a monophyletic
clade with other CslFs, they are located elsewhere on the
grass genomes, indicating that these may have escaped
from the cluster through recognizable recombination
and genome duplication events (Moore et al., 1995).

The CslF6 gene is strongly recovered as the earliest
branching lineage within the CslFs, followed by CslF7
and the cluster CslFs. Allowing for local reorganizations
in synteny within the CslF cluster, the phylogeny sug-
gests that a duplication event involving their common
ancestor with CslF6 and/or CslF7 led to the CslF cluster.
The fact that the branch leading to the cluster of CslFs has
the highest amount of substitution of all branches in the
phylogeny indicates a rapid and dynamic period of di-
versification following duplication. Thus, the CslF gene
clusters appear to be taxonomically conserved within the
grasses, but they are nevertheless dynamic insofar as
relatively recent expansions and contractions of cluster
size can be detected. Therefore, one could conclude that
there is some selection pressure on maintaining the CslF
genes in clusters, but genes in the cluster are transcribed
at relatively low levels in most tissues during normal
growth and development (Burton et al., 2008), and pos-
sible functional advantages of keeping the CslF genes in
clusters are not yet demonstrated. One possibility is that
the conservation of the cluster might be attributable to
selection pressure on the grasses to rapidly synthesize

Figure 5. Pruned subtree of CesA clade and codeml branch-site tests. Branch lengths are proportional to substitutions per site.
Postduplication branches with sites that codeml has identified as under significant positive selection are colored blue. Green
branches indicate a sustained shift in selection pressure across all branches after a major gene duplication. Predicted gene
duplication events are annotated as red dots. v denotes dN:dS values. Sites with no differences in nonsynonymous substitutions
yielded the PAML dN:dS ceiling ratio of 999. The overall dN:dS for the CesA clade is 0.08 (Fig. 3).
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(1,3;1,4)-b-glucans during certain stages of development
or in response to environmental stimuli. In this connec-
tion, the barley CslF3 and CslF10 genes of the cluster are
differentially transcribed during cereal cyst nematode
(Heterodera avenae) infection of barley roots, where it is
clear that changing levels of CslF transcripts in response
to nematode infection contribute to differences in cell
wall polysaccharide composition between susceptible
and resistant barley cultivars (Aditya et al., 2015). We
also have preliminary evidence that expression of the
barley cluster genes CslF4 and CslF10 increases dur-
ing the infection of leaves with certain fungal patho-
gens (J. Chowdhury, A. Little, R.A. Burton, and G.B.
Fincher, unpublished data). A second possibility that
might be linked to a need for rapid changes in wall
composition is related to the observations that
(1,3;1,4)-b-glucans in the grasses appear to be de-
posited in walls as a short-term, secondary source of
metabolizable Glc (Roulin et al., 2002; Trafford et al.,

2013), but it is not yet known if any of the clustered
CslF genes are involved in this process.

Evolution of (1,3;1,4)-b-Glucan Synthase Genes Has
Occurred Independently on Multiple Occasions

While the CslH and CslE/CslJ clades are not clus-
tered, it has been shown that a single barley HvCslH
gene can direct (1,3;1,4)-b-glucan synthesis (Doblin
et al., 2009), and the CslJ group of genes is also be-
lieved to be involved in (1,3;1,4)-b-glucan synthesis
(Farrokhi et al., 2006; Fincher, 2009). However, CslH
and CslJ were recovered as independent from the CslFs
but sister to the CslF/CslD/CesA clade, consistent with
previous studies (Fincher, 2009; Yin et al., 2009).
Hence, given that a function for CslE has not been
assigned, and assuming that they are not involved
in (1,3;1,4)-b-glucan synthesis, it would appear that

Figure 6. Pruned subtree of CslD clade and codeml branch-site tests. Branch lengths are proportional to substitutions per site.
Postduplication branches with sites that codeml has identified as under significant positive selection are colored blue. Predicted
gene duplication events are annotated as red dots. v denotes dN:dS values. Sites with no differences in nonsynonymous
substitutions yielded the PAML dN:dS ceiling ratio of 999. The overall dN:dS for the CslD clade is 0.07 (Fig. 3).
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(1,3;1,4)-b-glucan synthase activity has evolved inde-
pendently on three occasions in the Poaceae (Burton
and Fincher, 2009; Popper and Tuohy, 2010).

Primary Cell Wall CesA Genes Evolved via Duplication of
Secondary Cell Wall CesA Ancestors

In contrast to the CslFs, the CesAs are widely distrib-
uted across the genome but form a phylogenetic clade
showing major duplications that increased gene num-
bers, followed by a sharp reduction in branch substitu-
tion rate. This clade comprises six major lineages: the
two earliest branching lineages contain genes implicated
in secondary cell wall synthesis, followed by a nested
clade containing very large numbers of primary cell
wall-associated CesAs (Burton et al., 2004). This suggests
that the genes encoding the primary cell wall CesAs have
undergone extensive expansion and diversification fol-
lowing an original duplication from a secondary cell
wall-associated ancestral CesA. This is consistent with
the observation that the CesA genes from algae are more
closely related to the land plant CesA genes that mediate

cellulose synthesis in secondary cell walls (Popper and
Tuohy, 2010). The subsequent reduction in branch sub-
stitution rate suggests a marked reduction in selection
pressure after the initial duplications, presumably be-
cause cellulose proved to be valuable as a structural
component of cell walls.

This evolutionary sequence may indicate that early
plants used the extant group of secondary wall cellulose
synthases to form complexes of CesA enzymes capable
of synthesizing microfibrils in both primary and sec-
ondary walls. Alternatively, cellulose might have been
absent from primary walls in these ancestral plants,
which might have relied on other wall polysaccharides
or proteins for their load-bearing requirements, or the
ancestral primary walls might have contained single
cellulose chains that were synthesized by single CesA
enzymes that did not form a multienzyme complex for
microfibril synthesis. Furthermore, single cellulose
molecules might have been synthesized by related en-
zymes, such as the CslD enzymes that are thought to be
involved in extant cellulose synthesis in tip-growing
cells (Doblin et al., 2001; Favery et al., 2001; Wang et al.,
2001). In either case, the single cellulose chains would

Figure 7. Pruned subtree of CslE, CslJ, and CslH clade and codeml branch-site tests. Branch lengths are proportional to sub-
stitutions per site. Postduplication branches with sites that codeml has identified as under significant positive selection are
colored blue. Predicted gene duplication events are annotated as red dots. The star indicates the branch whose sequence
divergence was greater than 75%. v denotes dN:dS values. Sites with no differences in nonsynonymous substitutions yielded
the PAML dN:dS ceiling ratio of 999. The overall dN:dS values for the CslE, CslJ, and CslH clades are 0.23, 0.4, and 0.25,
respectively (Fig. 3).
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be expected to fold on themselves unless their extended
conformation were stabilized through interactions with
other single cellulose chains or with extended noncel-
lulosic polysaccharides in the wall.
The previously unknown CesA10 clade forms a sister

lineage to all other CesAs. The CesA10 clade appears to
be grass specific: it was not found in a comprehensive
search of other plant taxa, including nongrass mono-
cots. Although little is known about their function,
CesA10 proteins are notable in lacking the QxxRW
catalytic motif that is present in all other GT2 proteins
(Yin et al., 2009; Schreiber et al., 2014). Whether they
have evolved a distinct catalytic activity, or perform an
ancillary rather than a direct catalytic role, remains to be
determined.

Varying Selection Pressure Is Being Exerted on Different
Genes in Individual Clades

The large differences in nucleotide substitution rates
among clades probably, or at least partially, reflects

different constraints imposed by the varied functional
roles and evolutionary origins of these important en-
zymes that mediate cell wall polysaccharide biosynthesis.
Indeed, our codeml analyses revealed marked differences
in the selection dynamics among the major clades. By
using the branch model in codeml to assign rates to the
CesA and each major Csl clade, we explored dN:dS values
of the CesA and Csl gene families in grasses. On average,
the relatively low ratios (Fig. 3) are similar to those cal-
culated by Yin et al. (2009) and are most consistent with
either stationary or purifying selection. Genes with low
dN:dS values presumably encode important enzymes or
mediate the synthesis of polysaccharides that would be
advantageous to the plant and hence would not be sub-
ject to evolutionary pressure to generate further changes
in the gene products. For example, the CesA genes, many
of which encode cellulose synthases, have a clade dN:dS
of 0.08 (Fig. 3). The stationary selection barriers suggested
by such a low dN:dS presumably reflect the utility of
cellulose as a cell wall constituent and suggest that there
is little or no pressure to change it. Indeed, it is likely
that changing cellulose would be highly detrimental to

Figure 8. Homology model (a–d) and final MD structure (e–h) of the barley HvCslF6 protein, which is believed to mediate
(1,3;1,4)-b-glucan synthesis. The structures are shown progressively rotated 90˚ from left to right and colored by the root mean
square fluctuation (RMSF) of each residue (blue = low fluctuation, red = high fluctuation). The homology model is colored by
RMSF calculated over the entire 50-ns simulation, while the MD structure is colored by the final 10 ns only. The CslF6-specific
insert of approximately 55 amino acids is highlighted in the boxes in b and f. The position of the TED/QxxRWmotif of the active
site is indicated with black arrows in c and g.
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survival and that there would be pressure to conserve it
in its present form.

However, the low overall dN:dS values for the various
clades conceal considerable variability for individual lin-
eages within those clades. Figure 5 highlights the selective
forces experienced by the CesA family throughout its
evolution, where there is evidence for rapid CesA gene
duplication and diversification after the ancestral gene
acquired its current enzymatic function. The branch-site
model implemented in codeml was used to explore the
evolutionary dynamics of lineages, specifically testing for
an episodic burst of selection or sustained but more
gradual shifts in selective pressure. As indicated in Figure
5, five CesA lineages have undergone strong episodic
positive selection, with one to 89 sites having a posterior
probability of greater than 0.95, following major gene
duplication events. In such cases, it is not known whether
selection was driving the evolution of a novel function or
fixing a polymorphism or another adaptive mechanism
(Innan and Kondrashov, 2010). In land plants, CesA en-
zymes have been observed to form a six-subunit rosette
structure spanning the plasma membrane called the ter-
minal complex, which may be associated with microtu-
bules (Doblin et al., 2002; Paredez et al., 2006). So named
due to their position at the end of the cellulose microfibril,
terminal complexes are thought to play a critical role in
the pattern of cell expansion (Green, 1962). One possi-
bility, given the rapid CesA diversification, is that the
adaptive advantage of the CesA terminal complex was so
large that positive selection has been driven by the

structural maintenance of its constituent members. In-
deed, our finding that the primary cell wall-associated
CesA1 and the secondary cell wall-associated CesA8
clades have experienced a sustained shift in selection
perhaps indicates similar evolutionary pressures on dif-
ferent complexes.

The CslE, CslJ, and CslH clade comprises a much
smaller radiation of genes compared with the CesAs.
They also have numerous postspeciation duplications
(Yin et al., 2009), the highest nucleotide substitution
rates, and the highest subfamily dN:dS values. Strong
selection leading to the CslE clade could indicate such
evolutionary mechanisms as modified duplication or
neofunctionalization, and perhaps their relatively high
substitution rates in comparison with the CesAs indicate
that less of the protein is under selection, with more of
the gene allowed to accumulate neutral mutations. Such
a hypothesis might suggest that the proteins encoded by
CslH, CslE, and CslJ are not structurally constrained like
the CesAs. That the CslJ genes have such a long branch
following their split from CslE is curious, given the evi-
dence for its involvement in (1,3;1,4)-b-glucan synthesis
(Farrokhi et al., 2006; Fincher, 2009). Thus, a more de-
tailed study of the evolutionary dynamics in this specific
group might become a priority for future study.

Although it is widely assumed that the CslF genes in
the grasses are involved in (1,3;1,4)-b-glucan synthesis,
not all the genes in the CslF clade have yet been shown
to direct (1,3;1,4)-b-glucan synthesis in heterologous or
transgenic systems (Burton et al., 2006). The CslF6 and

Table I. Amino acid residues under selection pressure in the CslF6 ancestral lineage

Alignment Coordinatea P b Position in Enzymec Variation in Grasses Notes

Ile-295 0.99 Ile in all CslF6s, mostly Trp in other CslFs
Ala-422 0.98 Ala in all CslF6s, except Ser in

B. distachyon, Cys in most other CslFs
Ile-453 0.98 Ile in all CslF6s, Gly/Arg/Lys in other CslFs
Arg-459 0.91 Arg in all CslF6s, Met in most other CslFs
Ile-468 0.90 Substrate-binding cleft Ile in all CslF6s, divergent in others, mostly Arg/Cys Adjacent to the

G660D mutantd

Thr-506 0.95 Thr in all CslF6s, divergent in other CslFs, mostly Arg
Tyr-507 0.92 Tyr in barley/B. distachyon CslF6s, Phe in

other CslF6, Arg in all other CslFs
Tyr-550 0.88 Transmembrane pore Tyr in all F6s, divergent in other CslFs,

mostly Val/Ile
Ser-588 0.87 Transmembrane pore Ser in all CslF6s, also CslF3 and CslF10,

others mostly Arg
Cys-589 0.98 Transmembrane pore Cys in all CslF6s, Thr in all other CslFs,

except divergent in CslF10
Ser-590 0.90 Transmembrane pore Ser in all CslF6s, also CslF3 and CslF10,

others mostly Gly
Cys-597 0.92 Near the gating loop Cys in all CslF6s except rice (Leu),

mostly Leu in other CslFs
Ser-651 0.87 Transmembrane pore Ser in all CslF6s, Ile in most other CslFs,

sometimes Val
Adjacent to mutantse

Lys-681 0.96 Lys in all CslF6s, Leu in all other CslFs
His-687 0.98 His in all CslF6s, Trp in all other CslFs

aAlignments are shown in Supplemental Figure S2. bPosterior probability. cOnly indicated if the amino acid residue is near the active site or in
the transmembrane pore through which the nascent polysaccharide is extruded across the membrane. db-Glucan-less mutant (Taketa et al.,
2012). eWong et al. (2015) and Hu et al. (2014) describe mutations in this position that result in reduced (1,3;1,4)-b-glucan levels in barley grain.
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CslF7 genes do indeed mediate (1,3;1,4)-b-glucan
synthesis, and the CslF6 genes appear to be particularly
important members of the overall CslF clade. As CslF6
and CslF7 are the earliest branching CslFs, one could
argue that (1,3;1,4)-b-glucan synthesis evolved following
the initial duplication of the CslD/CslF ancestor. This
suggestion is supported by our analyses showing that
the CslF6 lineage has experienced strong episodic posi-
tive selection across six sites (Fig. 4). Indeed, as detailed
below, when observed in a structural context, those sites
offer interesting insights into this functional evolution.
Our analyses show CslF7 to have experienced a sus-
tained long-term shift in selection pressure following the
duplication event that produced it and the clustered CslF
genes. The fact that such a strong change in selective
forces is accompanied by a rapid expansion of an evo-
lutionarily conserved gene cluster raises the question of
whether such selection was a response to increase the
resistance of the plant to pathogen attack, to enhance
functional plasticity, or even to shield against deleterious
mutations.
The sister group to the CslFs, the CslD genes, are also

distributed throughout the genome and have not un-
dergone the high level of expansion seen in the CesAs
and CslFs. A definitive function has not yet been
assigned to the CslD proteins, but certain members of
the CslD gene subfamily are involved in pollen tube
and root hair formation (Doblin et al., 2002; Bernal
et al., 2007, 2008; Kim et al., 2007), in cell division
(Hunter et al., 2012; Yoshikawa et al., 2013), and pos-
sibly in cellulose crystallinity (Qi et al., 2013). Thus,

members of the CslD subgroup might be involved in
the synthesis of cellulose or another polymer that is re-
quired for tip growth (Bernal et al., 2008), but the exact
nature of the polysaccharide is not yet known. While the
data of Schweizer and Stein (2011), which implicate the
barley HvCslD2 gene in nonhost resistance, might argue
against the observed low dN:dS (Fig. 8), if the HvCslD2
gene plays a central role in multilayered nonhost resis-
tance (Douchkov et al., 2014), one might predict a sta-
tionary or purifying selection operating on this gene.

Spatial Dispositions in the CslF6 Enzyme of Amino Acids
under Positive Selection

The recently solved three-dimensional structure of a
bacterial CesA enzyme (Morgan et al., 2013) and a
model of a cotton (Gossypium hirsutum) CesA enzyme
(Sethaphong et al., 2013) provided an opportunity to
define the three-dimensional dispositions of the residues
identified to be under strong selection pressure in
HvCslF6 and to locate the CslF6-specific insert (Fig. 9).
As noted earlier, amino acid sequence alignments
revealed that the CslF6 proteins of the grasses can be
distinguished from all other CslF proteins by the pres-
ence of an insertion of approximately 55 amino acid
residues. The sequence of the insert in the CslF6 proteins
is highly conserved across all grass species (Burton et al.,
2008), but in extensive searches, we have been unable to
find related sequences outside the CslF6 genes or their
encoded proteins. The function of the conserved insert is
not known. It is not necessary for (1,3;1,4)-b-glucan
synthesis, because other CslF genes that do not have the
insert are known to mediate the synthesis of this wall
polysaccharide (Burton et al., 2006), but it remains pos-
sible that the insert in some way influences the specific
activity of the enzyme or the fine structure of the poly-
saccharide synthesized (Burton et al., 2011). Sequence
alignments have shown that the insert and its flanking
sequences reside in the CSR of the cellulose synthase
gene superfamily (Delmer, 1999; Doblin et al., 2002). The
CslF6 insert is predicted to be located on the surface of
the protein, and the MD refinement suggests that the
fragment projects away from the surface (Fig. 8). It is
also located a long way from the QxxRW residues of the
active site, but its patches of charged amino acid resi-
dues and its conserved Cys residue might enable it to
interact with other proteins involved in (1,3;1,4)-b-glucan
synthesis (Burton et al., 2011).

The amino acid residues identified to be under se-
lection within the CslF6 lineage sit on either side of the
CslF6 extra region. The three amino acid residues, Ile-518,
Ala-612 and Ile-643, that could be mapped onto the
model are all hydrophobic and spatially proximate
within the CSR. Thus, these residues might contrib-
ute to a single adaptation. One possibility is that they
have evolved to provide specific dynamics for sugar
transfer into the active site, as Ile-643 is positioned on
the C terminus of the conserved finger helix where
the highly conserved TED motif is hypothesized to

Figure 9. Model of the barley CslF6 enzyme, showing the positions of
the residues under selection (in a van der Waals representation). The
CSR is colored red, while the helix that contains the QxxRW motif and
sits above the active site is colored blue.
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contact the acceptor glycosyl residue of the polysac-
charide chain (Morgan et al., 2014).

Several of the residues under positive selection in the
CslF6 enzyme are located near regions involved in ca-
talysis and in the extrusion of the nascent polysaccha-
ride chain across the membrane, through the enzyme’s
transmembrane pore. Thus, Ile-468 and Cys-597 are
within the substrate-binding cleft and near the gating loop,
respectively (Table I), while Tyr-550, Ser-588, Cys-589,
Ser-590, and Ser-651 are located immediately adjacent
to or actually within the transmembrane pore of the
enzyme (Table I). The Ile-468 residue is immediately adja-
cent to a mutated Gly residue that results in a b-glucan-
less mutant (Taketa et al., 2012). Similarly, mutation of
the Ser-651 residue results in barley grain with greatly
reduced levels of (1,3;1,4)-b-glucan (Hu et al., 2014;
Wong et al., 2015; Table I). These examples go part of the
way toward the validation of the selection pressure
analyses, but it will now be possible to investigate the
relative importance of the residues under positive selec-
tion pressure with respect to their influence on enzyme
activity and on the fine structure of the polysaccharide
product of enzymic action.

Evolutionary Data Raise Questions of Extant Functions

In any case, the analyses described here have raised a
number of central biological questions. First, did cellu-
lose microfibrils of the type found in land plants first
appear in secondary cell walls and only later in primary
walls? Second, what adaptive advantage might be re-
sponsible for the conserved clustering of CslF genes
across grass genomes? Currently, we are investigating
indications that clustering might be advantageous for
the rapid expression of multiple genes in response to
pathogen attack or for the short-term storage of excess
photosynthate. The third question is related to the clear
importance of the CslF6 enzyme in (1,3;1,4)-b-glucan
synthesis. Did an ancient duplication event involving
the immediate ancestor of the CslF6/F7 gene add a
crucial protein fragment that greatly improved the
function of the CslF6 enzyme? Also embodied in this
question is the role and origin of the CslF6-specific
insert of about 55 amino acids that appears to be an
important determinant of the fine structure of the
(1,3;1,4)-b-glucan synthesized by the CslF6 enzyme. The
phylogenetic hypotheses generated here, in combina-
tion with the three-dimensional model of the CslF6
enzyme, will now be used to guide domain and single
amino acid swaps within the CslF enzymes, with a view
to defining the evolution and mechanisms of enzymic
action and substrate specificity at the molecular and
three-dimensional structural levels. Finally, the data
raise the question of why some CslF genes are under
positive selection pressure while other members of the
same clade are apparently constrained by selection
barriers. Here, the effects of abiotic and biotic stress on
the transcription of CslF genes that show high rates of
nucleotide substitution and appear to be under positive

selection pressure will be defined, and we will investi-
gate possible links between the selective conservation of
the CslF gene cluster and selection pressure on indi-
vidual CslF genes within the cluster.

MATERIALS AND METHODS

Multiple Sequence Alignment

Cellulose synthase superfamily sequences from rice (Oryza sativa), sorghum
(Sorghum bicolor), Brachypodium distachyon, Setaria italica, maize (Zea mays), and
Pannicum virgatum were retrieved from Phytozome (Goodstein et al., 2012)
using BioMart with queries limited to the PF03552 PFAM and verified using
BLAST (Altschul et al., 1990). Barley (Hordeum vulgare) sequence data were
sourced from the Morex assembly (Mayer et al., 2012). Candidate sequence
gene models were assessed for accuracy with an FGENESH+ (Solovyev, 2002)
perl pipeline using a local database of well-characterized PF03552 sequences
as templates. The hmmalign program within the HMMER (Finn et al., 2011)
package was used to assign the residues to the PF03552 PFAM hidden Markov
model profile. Codon sequences were mapped to the protein alignment using
PAL2NAL (Suyama et al., 2006), and sites with a posterior probability of less than
0.6 were manually removed from the alignment using Jalview (Waterhouse et al.,
2009).

Phylogenetic Analyses

Phylogenies for the CesA and Csl superfamily were reconstructed using the
Bayesian MCMC package BEAST version 1.8.0 (Drummond et al., 2012). Input
alignments were partitioned into the three separate codon positions with
unlinked substitution models that included rate heterogeneity parameters,
stationary base frequencies, and transitions/transversion frequencies. Each
analysis was run with a relaxed clock (log-normal distribution with uncorre-
lated branch rate variation) and repeated with a strict clock prior. Bayes fac-
tors calculated in TRACER version 1.5 (Rambaut and Drummond, 2007) were
used to test whether the relaxed clock provided a better fit to the data than the
strict clock. The GTR+I+G substitution model, as selected by jModelTest
(Posada, 2008), and a Yule tree prior were used for all analyses. Convergence
was monitored in TRACER version 1.5 by assessing the effective sample size
values, trace plots, and posterior probabilities of the estimated parameters.
Each analysis was run for at least 200,000,000 generations, or until effective
sample size values were over 200, sampling every 1,000 states.

Maximum likelihood phylogenies were also reconstructed. RAxML
(Stamatakis, 2006) was run using the GTRGAMMA substitution model on a
codon position partitioned data set with 1,000 bootstraps. Putative duplication
events were identified by reconciling a grass species tree to the CesA/Csl gene tree
using Notung (Durand et al., 2005).

Taxa labels of phylogenetic trees and their associated locus identifiers are
shown in Supplemental Table S1.

dN:dS Estimation

The codeml program of the PAML 4.7 (Yang, 2007) package and a spe-
cifically optimized version of codeml, slimcodeml (Schabauer et al., 2012),
were used to estimate dN:dS. codeml and slimcodeml were used with the
branch and branch-site models, respectively.

To explore how selection has operated on each of the majorCesA/Csl clades,
we used a branch model (model = 2, NSsites = 0) to estimate dN:dS values for
CesA, CslD, CslE, CslF, CslH, and CslJ. The branches of each major clade were
set to foreground, with the remaining branches of the full gene tree assigned to
the background and dN:dS values estimated using fix_omega = 0, omega = 1 (re-
peating with omega = 2 and omega = 4).

Additionally, a branch model was used to estimate rates for the CslE/CslH/
CslJ and CesA/CslD/CslF clades separately to compare levels of selection
pressure in these groups.

To test whether the major ancestral gene duplications (red nodes in Figs. 4—7)
were followed by a strong shift in selective constraints, we set these nodes as the
foreground branches in a branch model analysis (model = 2, NSsites = 0), with all
remaining branches in the full gene tree set as background.

To determine which amino acid sites have had a shift in selective pressures
throughout the evolution of the family, we conducted x branch-site tests.
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Subtrees of the major CesA/Csl divisions were extracted using nw_utils (Junier
and Zdobnov, 2010). Subsequent branch-site model analyses were performed
with the branches following ancestral gene duplications (and leading to the
major clades within the CesA/Csl subtrees) set as foreground, with the
remaining subtree branches as background. The branch-site model (model = 2,
NSsites = 2), with a dN:dS value allowed to vary (fix_omega = 0, omega = 1),
was used to calculate the likelihood of positive selection at each site along the
branch. To explore the likelihood landscape, the initial dN:dS value was varied
and all analyses were repeated (dN:dS = 2, 4, and 6).

Furthermore, to test whether postduplication selection represented a sus-
tained shift in selective pressure or a burst of functional differentiation, we
repeated the branch-site (model = 2, NSsites = 2) analyses including all branches
following the duplication event within the foreground.

CslJ was problematic in that the genetic distance between the CslJ branches
and CslE and CslH is greater than 75%. This exceeded the limits of the NG86
model used by codeml.

Amino Acid Site Mapping

The amino acid sites identified in the slimcodeml branch-site analyses were
mapped onto the CslF6 homology model using Pymol (version 1.5.0.4,
Schrödinger).

Homology Modeling and MD Simulations

The GT2 PFAMdomain (PF00535) and two transmembrane helices on either
side of it were taken from the BcsA crystal structure (Morgan et al., 2013),
manually aligned to homologous regions of the HvCSLF6 amino acid se-
quence, and assessed using hydrophobic cluster analysis. The structures of
gap regions of greater than 11 amino acids were solved de novo using the
I-TASSER server (Zhang, 2008; Roy et al., 2010) and RaptorX (CNFsearch,
CNFalign; Källberg et al., 2012) and along with the BcsA structure used as
templates for modeler (Sali and Blundell, 1993). Candidate models were
assessed using internal DOPE functions of modeler, ProSA, and Procheck.
Top-scoring models were taken through a loop-refining script for modeler,
with a final model selected based on modeler DOPE, modeler GA32, ProSA,
and Procheck outputs.

As noted above, the model was first generated including transmembrane
helices TMH1 through TMH4 of CslF6, which were modeled corresponding to
TMH3 to TMH6 of the bacterial RsBcsA (Morgan et al., 2013). Based on
structural and biochemical data from the bacterial enzyme, TMH5 of CslF6,
which is predicted to form a transmembrane helix, more likely forms an
amphipathic interface helix that runs along the cytoplasmic side of the
membrane in juxtaposition with a conserved gating loop that is implicated in
substrate binding (Morgan et al., 2014). Thus, the CslF6 TMH5 was modeled
as a cytosolic interface helix, corresponding to interface helix 3 of the bacterial
RsBcsA structure (Morgan et al., 2014). TMH6 and TMH7 of CslF6 were again
modeled based on RsBcsA’s TMH7 and TMH8. The last C-terminal CslF6 helix
is not constantly predicted to be a transmembrane helix by different prediction
algorithms and therefore was omitted from the final model.

The homology model of CslF6 was embedded in a preequilibrated POPE
bilayer using the membrane plugin of VMD 1.9.1 (http://www.ks.uiuc.edu/
research/vmd; Humphrey et al., 1996). Lipid and water molecules that
overlapped the protein were removed, and the system was fully solvated in a
116- 3 116- 3 140-Å box of transferable intermolecular potential with three
points water. Na+ and Cl2 ions were added to neutralize the system and gave
a final ionic concentration of 0.15 M, consistent with standard MD simulations
(Hille, 2001).

MD simulations were performed using NAMD 2.9 (http://www.ks.uiuc.edu/
Research/namd; Phillips et al., 2005) on 32 nodes of the IBM Blue Gene/Q
supercomputer (Avoca) at the Victorian Life Sciences Computation Initiative.
A nonbonded cutoff of 12 Å was used with a smoothing function applied at 10
Å. Pair lists were updated every 20 steps for van der Waals interactions and
every 40 steps for electrostatic interactions, at distances of 14 Å. These inter-
actions were calculated every one and two steps, respectively, with the elec-
trostatics calculated using the particle-mesh Ewald method (Darden et al.,
1993). Charmm27 parameters with CMAP corrections (Mackerell et al., 2004)
were used for all protein parameters, while lipid parameters were defined by
the lipid c36 parameters (Klauda et al., 2010). Periodic boundary conditions
were utilized with all atoms wrapped when exiting the periodic boundary. The
SHAKE algorithm was applied to restrain hydrogen-heavy atom-bonded dis-
tances for water molecules in optimization simulations and to all hydrogen-

heavy atom bonds in the equilibration and production phase simulations
allowing for a 2-fs time step.

A four-step MD protocol was followed with temperature and pressure
maintained at 300 K and 1 atm, respectively, using Langevin dynamics and
piston (Martyna et al., 1994; Feller et al., 1995). The positions of lipid tails were
initially optimized by performing a 0.1-ns constant pressure, constant tem-
perature (NPT) simulation where all atoms except those in the lipid tails were
fixed. A further 0.1-ns NPT simulation was performed to optimize the position
of all lipid and water atoms by placing 5 kcal mol21 Å22 restraints on protein
atoms. The entire system was equilibrated with a 10-ns NPT simulation after
all restraints had been removed. Finally, a 50-ns simulation was performed
with the x-y area of the system held at constant pressure, constant area, and
constant temperature.

RMSF values were calculated on a per residue basis, averaged over all atoms
of each residue. All images from the MD simulations were created with VMD.
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