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CesA1 and CesA3 are thought to occupy noninterchangeable sites in the cellulose synthase making primary wall cellulose in
Arabidopsis (Arabidopsis thaliana L. Heynh). With domain swaps and deletions, we show that sites C terminal to transmembrane
domain 2 give CesAs access to their individual sites and, from dominance and recessive behavior, deduce that certain CesA
alleles exclude others from accessing each site. Constructs that swapped or deleted N-terminal domains were stably transformed
into the wild type and into the temperature-sensitive mutants rsw1 (Ala-549Val in CesA1) and rsw5 (Pro-1056Ser in CesA3).
Dominant-positive behavior was assayed as root elongation at the restrictive temperature and dominant-negative effects were
observed at the permissive temperature. A protein with the catalytic and C-terminal domains of CesA1 and the N-terminal
domain of CesA3 promoted growth only in rsw1 consistent with it accessing the CesA1 site even though it contained the CesA3
N-terminal domain. A protein having the CesA3 catalytic and C-terminal domains linked to the CesA1 N-terminal domain
dramatically affected growth, but only in the CesA3 mutant. This is consistent with the operation of the same access rule taking
this chimeric protein to the CesA3 site. In this case, however, the transgene behaved as a genotype-specific dominant negative,
causing a 60% death rate in rsw5, but giving no visible phenotype in wild type or rsw1. We therefore hypothesize that possession
of CesA3WT protects Columbia and rsw1 from the lethal effects of this chimeric protein, whereas the mutant protein (CesA3rsw5)
does not.

Cellulose, a crystalline b-1,4-glucan, forms the mi-
crofibrils prominent in most plant cell walls. Its depo-
sition in primary walls during cell expansion is critical
for determining cell and organ shape (Arioli et al.,
1998), whereas cellulose deposited in secondary walls
after expansion ceases dominates the final mechanical
properties of plant organs (Turner and Somerville,
1997). Cellulose synthesis in higher plants has been
linked to rosette terminal complexes (RTCs; Brown
et al., 1996), structures seen in the plasma membrane
by freeze etch electron microscopy. If each RTC syn-
thesizes one microfibril, it must simultaneously extend
over 30 glucan chains in that microfibril (Newman
et al., 1996). Electron microscopy resolves only six
subunits, suggesting each contains multiple glycosyl-
transferases.

CesA proteins were identified as the likely glyco-
syltransferases for cellulose synthesis by their pres-
ence in cellulose-rich cotton fiber (Pear et al., 1996),
their association with cellulose-deficient mutants
(Arioli et al., 1998; Taylor et al., 1999, 2000, 2003;
Fagard et al., 2000; Burn et al., 2002a; Ellis et al., 2002;
Caño-Delgado et al., 2003), and their location in RTCs
(Kimura et al., 1999). They are encoded by multigene
families in all plants studied to date with 10 members
in Arabidopsis (Arabidopsis thaliana). Their protein
structure is well conserved, with clusters of two and
six predicted transmembrane domains (TMDs) divid-
ing the protein into three major cytoplasmic domains.
The N-terminal domain comprises some 180 to 280
amino acid residues and includes a highly variable
region (HVR1) and a Cys-rich region suggested to
form two zinc-binding RING-finger domains (Kurek
et al., 2002). It self-associates in yeast two-hybrid
assays, and disulfide bonds between some of the Cys
residues dimerize CesA proteins expressed in yeast
(Saccharomyces cerevisiae). TMDs 1 and 2 separate the
N-terminal domain from a central domain of about 600
residues with TMDs 3 to 8 in turn separating the cen-
tral domain from a C-terminal sequence of about 20
residues. The central domain contains the D,D,D,QxxRW
signature characteristic of many glycosyltransferases
(Coutinho et al., 2003) and is accepted to be catalyti-
cally active (Vergara and Carpita, 2001). Its structure is
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highly conserved between CesA paralogs, with the ex-
ception of about 70 residues lying between the second
and third Asp residues of the D,D,D,QxxRW signa-
ture. Here, the sequence differs between paralogs but
is well conserved between orthologs, leading Vergara
and Carpita (2001) to name it the class-specific region
(CSR). Mutations inhibiting cellulose synthesis com-
monly occur in the central catalytic domain, but one
(Chen et al., 2005) occurs among TMDs 3 to 8 where
mutations conferring resistance to the herbicide isox-
aben also occur (Scheible et al., 2001; Desprez et al.,
2002).

The phenotypes of Arabidopsis mutants suggest
that CesAs 1, 3, and 6 make primary wall cellulose
(Arioli et al., 1998; Fagard et al., 2000; Burn et al.,
2002a; Ellis et al., 2002; Caño-Delgado et al., 2003),
whereas CesAs 4, 7, and 8 make secondary wall cel-
lulose (Turner and Somerville, 1997; Taylor et al., 1999,
2000, 2003). The strong phenotypes resulting from
mutating just one CesA gene are readily explained if
three CesAs form a multienzyme complex in which
each CesA has a unique function so that a mutation in
one CesA inhibits the whole complex. The important
studies of Turner and colleagues extended such ge-
netic arguments by showing that CesAs 4, 7, and 8
physically interact (Taylor et al., 2003) and that lack of
one CesA stopped the other two CesAs from reaching
the plasma membrane in vivo (Gardiner et al., 2003).
This is strong evidence that CesAs 4, 7, and 8 must
form a multienzyme complex to make secondary wall
cellulose and that, if any other CesAs are expressed in
the same cells, they cannot replace any of those CesAs
in the complex.

The mutants linking three CesAs to primary wall
cellulose synthesis suggest that a similar three-CesA
complex could exist, but physical evidence for inter-
action of CesAs is missing. A multienzyme complex
making primary wall cellulose can explain important
features of isoxaben resistance and sensitivity if a few
isoxaben-sensitive (wild-type) subunits of CesAs 3
and 6 allow isoxaben to inhibit the entire complex
(Scheible et al., 2001; Desprez et al., 2002; Robert et al.,
2004). This has led to several detailed models for the
complex, which all envisage CesAs 1 and 3 occupying
separate, noninterchangeable sites. To begin exploring
what equips CesAs 1 and 3 to occupy those separate
sites and so makes them functionally noninterchange-
able, we swapped and deleted their N-terminal do-
mains to look for parts of the proteins that were
essential and parts that could be changed. To test the
activity of these chimeric proteins, we stably trans-
formed them into rsw1 (mutated in CesA1; Arioli et al.,
1998) and rsw5 (mutated in CesA3). The temperature-
sensitive phenotypes allow us to see dominant-
positive effects at the mutants’ restrictive temperature
and dominant-negative effects at the permissive tem-
perature. rsw5 is of interest in its own right because it
carries a mutation in the C-terminal domain of CesA3,
which demonstrates that short domain is important
for cellulose production.

RESULTS

rsw5, a Temperature-Sensitive Allele of CesA3 Mutated
in the C-Terminal Domain

rsw5 was identified as a radial-swelling mutant
using the screen of Baskin et al. (1992). It is strongly
temperature sensitive but, as discussed below, has a
more significant phenotype at the permissive temper-
ature (18�C–20�C) than rsw1. rsw5 was shown (Peng,
1999) to make less cellulose than the wild type at the
restrictive temperature (30�C), but did not accumulate
the readily extracted glucan found in the seedling
shoots of rsw1 (Arioli et al., 1998), rsw2/acw1 (Lane
et al., 2001; Sato et al., 2001), and rsw3 (Burn et al.,
2002b). It was mapped by standard methods to a
200-kb interval on chromosome 5 and the gene encod-
ing AtCesA3 (At5g05170) was sequenced as a candi-
date gene. A single-nucleotide substitution (C . T) at
position 4658 of the genomic coding sequence changed
Pro-1056Ser in the conceptual translation. As de-
scribed below, At5g05170 cDNA and genomic DNA
complement the mutant phenotype, confirming the
link between the phenotype and the mutated gene.

The Pro-1056Ser change in CesA3rsw5 lies in the pre-
dicted C-terminal domain (residues 1044–1065) fol-
lowing TMD8. All previous missense mutations that
inhibit cellulose synthesis occur in the central catalytic
domain or in the region containing TMDs 3 to 8 (Fig.
1A). Other mutations in or between these TMDs confer
isoxaben resistance on CesAs 3 and 6, but do not in-
hibit cellulose synthesis (Heim et al., 1991; Scheible
et al., 2001; Desprez et al., 2002). The C-terminal do-
main is well conserved in CesAs 2, 5, 6, and 9 of Arabi-
dopsis (Desprez et al., 2002), but the other AtCesAs
show only limited sequence similarity. The whole
C-terminal domain is, however, well conserved in
putative orthologs of AtCesA3 (Fig. 1B) defined, fol-
lowing Vergara and Carpita (2001), by having a highly
similar CSR lying between the second and third Asp
residues in the D,D,D,QxxRW signature (Fig. 1A).

The CesA1 Catalytic and C-Terminal Domains Partially
Complement rsw1 Even When Linked to the CesA3
N-Terminal Domain

To explore what makes CesAs 1 and 3 noninter-
changeable, we constructed cDNAs encoding chimeric
proteins in which the N-terminal sequences extending
to just beyond TMD1 (Fig. 1A) were swapped between
CesAs 1 and 3 to give proteins referred to as 3H1T
and 1H3T. In this shorthand, H denotes head (the
N-terminal cytoplasmic domain and TMD1), T de-
notes tail (the remainder of the protein onward from
the start of TMD2), and the number denotes the CesA
from which it is derived. 3H1T has residues 1 to 286 of
CesA3 followed by residues 303 onward of CesA1;
1H3T has residues 1 to 302 of CesA1 followed by
residues 287 onward of CesA3 (Fig. 1C). As expected,
eight TMDs were predicted for both chimeric proteins.
We also made constructs in which the N-terminal
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Figure 1. A, Diagram of the CesA domain structure showing the sites of domain swaps to make 3H1Tand 1H3T, the site of the N
terminus of TL deletion proteins, and the sites of previously reported amino acid substitutions inhibiting cellulose synthesis.
Mutations inhibiting cellulose synthesis (Arioli et al., 1998; Taylor et al., 2000, 2003; Beeckman et al., 2002; Ellis et al., 2002;
Gillmor et al., 2002; Caño-Delgado et al., 2003; Zhong et al., 2003; Chen et al., 2005) are shown by bars and cluster in or
adjacent to the central catalytic domain. The exception is the rsw5 allele of CesA3 located in the short C-terminal sequence
following TMD8. Mutations are drawn from all CesAs and so are placed relative to major protein features rather than by precise
residue numbers. B, Sequence alignments showing that the C-terminal domain is conserved in putative CesA3 orthologs that
share similar CSRs (Vergara and Carpita, 2001). A BLAST search with the CSR of AtCesA3 was used to identify putative orthologs
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domain up to the start of TMD1 was deleted (Fig. 1A)
from CesA1 and CesA3, leaving a long form of the tail
(1TL and 3TL). 1TL had residues 277 onward from
CesA1; 3TL had residues 261 onward from CesA3.
Plants of rsw1, mutated Ala-549Val in CesA1, were
then transformed with a genomic construct covering
the CesA1 coding sequence and promoter region, with
the CesA1 and CesA3 cDNAs, with the two chimeric
cDNAs (3H1T and 1H3T), and with the deletion con-
structs (1TL and 3TL). All transgenes, except for the
genomic constructs, were expressed by the cauliflower
mosaic virus 35S promoter. To estimate transgene func-
tion in vivo, we measured root elongation over 2 d
after T1 seedlings were transferred to the mutant’s re-
strictive temperature, conditions where elongation
was strongly inhibited in the mutant. Inhibited root
elongation is a well-documented accompaniment to
radial swelling (Baskin et al., 1992; Sugimoto et al.,
2001) and is technically much simpler to measure than
swelling. Table I and Figure 2 summarize the results.

The CesA1 genomic construct restored elongation of
rsw1 to levels close to those seen in the wild type,
whereas the CesA1 cDNA supported lower, but still
substantial, elongation (Fig. 2A). CesA3 cDNA and the
1H3T cDNA were completely ineffective, but the 3H1T
construct promoted root elongation in some rsw1
seedlings, indicating its capacity to partially replace
CesA1 in vivo. 1TL did not promote root elongation
(data not shown), confirming that the N-terminal re-
gion from CesA3 was needed to make 3H1T functional
in vivo. rsw1 is very similar to the wild type when
grown at its permissive temperature (Baskin et al.,
1992; Williamson et al., 2001) and all transformants
visually resembled nontransformed plants after growth
to maturity at the permissive temperature, indicating
that none of the constructs acted as a dominant neg-
ative in rsw1 at its permissive temperature. Table I
summarizes the results.

We confirmed expression of chimeric cDNAs
by reverse transcription (RT)-PCR using one primer
drawn from each CesA encoding part of the chimeric
protein. The primer pair amplified a product spanning
the transition site in the chimeric mRNA, but would
not amplify a product from any endogenous gene. The
3H1T primers, for example, amplified no product from
the wild type or rsw1, but amplified the predicted
458-bp fragment from T1 seedlings containing the
3H1T cDNA (Fig. 3). To investigate why transformants
carrying the 3H1T construct showed some variation in
growth response, we conducted semiquantitative RT-
PCR on pooled plants assessed as showing small,
medium, or large growth increments. Expression of

3H1Twas highest in plants showing the largest growth
response and lowest in those showing the smallest
(Fig. 3, rsw1 T1 lanes).

The CesA3 Catalytic and C-Terminal Domains

Linked to the CesA1 N-Terminal Domain Show a
Dominant-Negative Effect But Only in rsw5

The preceding results show that the central cata-
lytic and/or C-terminal domains rather than the
N-terminal domains of CesA1 are essential to provide
a protein able to partially replace CesA1rsw1 (the mu-
tated CesA1 in rsw1) at its restrictive temperature. To
explore whether the same rule applied to making pro-
teins able to replace CesA3rsw5, we transformed rsw5
(Pro-1056Ser in CesA3) with the same cDNAs (original
and chimeric), with the two deletion constructs 1TL
and 3TL, and with a CesA3 genomic construct. The
results (Fig. 2B; Table I) show that only CesA3 (cDNA
and genomic) supported elongation and, in particular,
that the CesA3 catalytic and C-terminal domains did
not promote elongation when linked to the CesA1
N-terminal domain in 1H3T. There were again no
effects of 1TL and 3TL (data not shown). Observing the
subsequent growth of transformants showed that
1H3T in fact had a strong, dominant-negative effect
on plants returned to the permissive temperature and
grown to maturity. This led to high mortality rates
with deaths beginning shortly after seedling exposure
to the restrictive temperature for the root elongation
assay and continuing to occur even in nearly mature
plants. As a result, only about 37% of T1 seedlings set
seed, whereas about 90% was typical in all other T1
populations. Mature T1 plants of rsw5 transformed
with 1H3T showed wide variations in bolt height and

Table I. Summary of the effects of transgenes on wild-type, rsw1,
and rsw5 plants

–, No effect; DP, dominant positive giving partial complementation
at the restrictive temperature; DN, dominant negative detected at the
permissive temperature.

Protein Encoded by Transgene
Genotype Transformed

Wild Type rsw1 rsw5

CesA1 (1H1T) – DP –
CesA3 (3H3T) – – DP
3H1T – DP –
1H3T – – DN
1TL – – –
3TL – – –

Figure 1. (Continued.)
in diverse species (top block). C-terminal sequences of the same proteins were then aligned by a BLAST search (bottom block)
using the 18 C-terminal amino acids of AtCesA3. (Note that the AtCesA3 CSR given in figure 2 of Vergara and Carpita [2001] is
incorrect.) C, Sequences of AtCesA1 and AtCesA3 around the site of the head-tail junction in chimeric proteins showing high
level of conservation. The sequence of the chimeric proteins is shown below with the contributions from CesA1 identified in bold
letters.
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other morphological features (Fig. 4A). In contrast, a
3H1T transgene caused no changes to the morphology
or viability of rsw5 transformants (Fig. 4B). rsw5 with-
out a transgene was noticeably shorter than the wild
type (Fig. 4C), reflecting the persistence of a significant
phenotype at the permissive temperature. Comple-
mentation with CesA3 cDNA produced a clear in-

crease in height (Fig. 4D), although still not equaling
that of the wild type (Fig. 4C, two left-hand pots).

Suspecting that death and stunting seen at the
permissive temperature of rsw5 containing 1H3T prob-
ably reflected impaired cellulose synthesis, we looked
for dominant-negative effects of 1H3T on seedling root
growth at the permissive temperature and, in particular,

Figure 2. Histograms showing root elongation incre-
ments in T1 seedlings of rsw1 and rsw5 that had been
transformed with genomic and cDNA constructs
encoding wild-type and chimeric proteins. The posi-
tion of the tip of the longest root on each seedling was
marked immediately before transfer from permissive
to restrictive temperature and elongation measured
2 d later. The graphs plot the percentage of the total
population (n . 30) that showed various ranges of
elongation. Genomic constructs support greater
elongation than cDNA constructs and, of the combi-
nations where the transgene is not an allele of the
mutated gene, only 3H1T in rsw1 is active.
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whether this would cause root radial swelling, a
readily visible consequence of impaired cellulose syn-
thesis and normally only seen at the restrictive tem-
perature. We plated approximately 100 seeds collected
from each of eight different T1 plants and grew them
without kanamycin selection on agar plates at the
permissive temperature. Abnormalities were mild, but
some seedlings showed localized root swelling with
signs of swollen root hair bases (Fig. 5), traits associ-
ated with reduced cellulose synthesis. A random se-
lection of the T2 seedlings grown to maturity at the
permissive temperature again showed a high mortal-
ity rate (data not shown) even though, by necessity,
they were the progeny of the minority of T1 plants that
survived to maturity.

Effects of Transgenes on Wild-Type Plants

Wild-type Columbia plants were also transformed
with all constructs. By visual inspection, T1 plants
showed no growth or morphological abnormalities
indicative of dominant-negative or any other effects.

DISCUSSION

We describe a temperature-sensitive allele (rsw5)
of CesA3 that shows the importance of the short
C-terminal domain for cellulose production by CesA
proteins. We used this CesA3 mutant and our CesA1
mutant (rsw1) to investigate the requirements for CesA
function. Swapping or deleting the N-terminal do-
mains of CesA1 and CesA3 produced proteins that, by
visual phenotype, were functional, nonfunctional, or
showed dominant-negative properties in rsw1 and
rsw5. In contrast, all transgene proteins appeared non-
functional in the wild type. In analyzing those trans-
gene experiments, we will argue that the mutant
proteins CesA1rsw1 and CesA3rsw5, but not wild-type
proteins, open the CesA1 and CesA3 sites, respec-
tively, in the cellulose synthase complex to transgene
proteins. Only certain transgene proteins can occupy
each of those sites, and we interpret our data to
indicate that it is the source of the catalytic and/or
C-terminal domains rather than the source of the
N-terminal domain that allows a chimeric CesA to
occupy either the CesA1 or the CesA3 site.

The C-Terminal Domain of CesA3 Is Important
for Cellulose Production

The short C-terminal domain lying beyond TMD8
has not figured prominently in previous discussions of
CesA structure and function. The properties of the
rsw5 mutant show that a Pro-1056Ser change in the
C-terminal domain of CesA3 reduces cellulose pro-
duction. The C-terminal domain is therefore func-
tionally important in cellulose production and the
N-terminal domain (comprising more than 20% of
CesA amino acid sequences) is conspicuous for cur-
rently lacking any mutations that inhibit cellulose
synthesis. Sequence analysis of the C-terminal domain
shows substantial differences between some CesA
paralogs in Arabidopsis, although CesAs 2, 5, 6, and
9 show considerable similarity (see the alignment in
Desprez et al., 2002). These C-terminal similarities of
CesAs 2, 5, 6, and 9 are in keeping with the position of
these CesAs in dendrograms showing relatedness for
the entire sequence (Robert et al., 2004). We show that
CesA3 orthologs, defined by possessing similar CSRs
in the central catalytic domain (Vergara and Carpita,
2001), also possess similar C-terminal sequences. Con-
servation of the C-terminal sequence in CesA3 ortho-
logs in both monocot and dicot plants suggests that the
properties of this region have an ancient origin and is
consistent with a conserved function in cellulose syn-
thesis.

Differences between cDNA and Genomic Constructs
in Promoting Root Elongation

We used a root growth assay to assess in vivo CesA
function, an approach directly comparable to Fagard
et al.’s use of a hypocotyl elongation assay to compare

Figure 3. Demonstration that 3H1T chimeric cDNA is expressed only
in T1 seedlings carrying the transgene and that the level of expression
broadly correlates with the observed root elongation. Multiple RT-PCR
incubations were set up using primers amplifying a 458-bp fragment
from the chimeric 3H1T mRNA and tubes withdrawn after varying
numbers of cycles to ensure amplification was not saturating. The top
and middle panels show there is no 3H1T expression in wild-type and
rsw1 seedlings unless they have been transformed with the chimeric
cDNA (rsw1 T1 and wild-type T1 lanes). rsw1 transformants were
pooled according to whether they showed high, medium, or low growth
in the root elongation assay and used to show that, after 19 cycles, the
level of 3H1T expression broadly correlates with their observed growth
increment. Differences are lost by saturation after 21 cycles. A 400-bp
fragment of 18S rRNA (third image) provides a loading control and,
given that loading is highest in the low-growth rsw1 transformants,
emphasizes the low expression of 3H1T in those seedlings.
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the strength of CesA6 alleles (Fagard et al., 2000). The
first result of applying the growth assay to assess
transgene function was an appreciation that cDNAs
expressed behind the 35S promoter were less effective
than genomic constructs in promoting root elongation.
The variability in growth of individual T1 seedlings
carrying a cDNA correlates in broad terms with dif-
ferences in transgene mRNA levels. Variation in trans-
gene expression between different transgenic lines has
been noted previously (Swinburne et al., 1992) and
could result from the transgene insertion occurring at
a different site in the genome for each T1 seedling
(Bechtold et al., 2003). The 35S promoter expresses
indicator genes, such as green fluorescent protein, in
root cells of the elongation and meristematic zones
(Ridge et al., 1999), where mutations in CesAs 1 and 3
initiate radial swelling. Our results suggest that ex-
pression levels from cDNA constructs are lower than
from genomic constructs in those cells that are critical
for the growth phenotype.

Interpreting the Effects of Chimeric and

Deletion Constructs in Terms of a Multisubunit
Cellulose Synthase

We seek a framework to interpret our results that
covers both dominant-positive and dominant-negative
effects, accounts for the specificity regarding genotype

seen with the dominant-negative effect, and is consis-
tent with the interpretation of other relevant data, such
as the number of glucan chains in microfibrils and the
genetics of isoxaben resistance. Consider first the com-
mon basis for dominant-negative effects and how they
relate to some likely properties of cellulose synthase.

Dominant-negative proteins are impaired function
variants that also inhibit active proteins when the two
coexist in the same cell. They commonly do this by
entering and inactivating a multisubunit complex that
may also contain the active (usually, but not invariably,
the wild-type) protein (Gilbert, 2000; Alberts et al.,
2001). A multisubunit cellulose synthase with specific
sites for CesA1 and CesA3 is seemingly required to
account for the noninterchangeability of CesA1 and
CesA3, to provide enough glycosyltransferases to elon-
gate microfibrils with .30 glucan chains, and to ac-
count for isoxaben resistance (see introduction). Such
a complex therefore offers a plausible site of action for
a dominant-negative CesA. Finer details of the cellu-
lose synthase complex envisaged in several models
(Scheible et al., 2001; Desprez et al., 2002; Robert et al.,
2004) are not relevant to these experiments.

We hypothesize only two further properties for the
cellulose synthase complex to interpret our results: (1)
particular domains within the tails of CesAs 1 and 3
are required to access the CesA1 and CesA3 site; and
(2) entry of a particular protein to each site may be
restricted if other proteins preferentially occupy it. The
latter would be seen as an aspect of the dominant/
recessive effects familiar in genetics. Consider the two
postulates in turn.

Figure 4. Dominant-negative effects of 1H3T in rsw5 plants. T1 seed-
lings were returned to the permissive temperature after measuring
seedling root elongation at the restrictive temperature, planted four
per pot, and photographed at maturity. A, rsw5 transformed with 1H3T
showing that many deaths had reduced the number of survivors and that
their sizes were highly variable. B, rsw5 transformed with 3H1T ap-
pearing indistinguishable from rsw5 plants without the transgene shown
on the right in C. C, Wild type (left) and rsw5 (right) without transgenes
showing the significant phenotype of rsw5 at the permissive tempera-
ture. D, rsw5 transformed with CesA3 cDNA has a height that is inter-
mediatebetween rsw5 without the transgene and the wild type seen in C.

Figure 5. Dominant-negative effects of 1H3T on rsw5 seedling roots at
the permissive temperature and seen in the T2 generation. A to C,
Seedling roots of wild type (A), rsw5 transformed with 1H3T (B), and
rsw5 with no transgene (C). All were grown without kanamycin
selection on agar plates at the permissive temperature. Note the
swollen region of the root (bracket) of rsw5 transformed with 1H3T,
indicative of a dominant-negative effect. In B and C, the more closely
spaced root hairs and the shorter elongation zone before the root hairs
begin to emerge and reflect the reduced growth rate in rsw5 that is seen
even at the permissive temperature.
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Particular Domains within the Tails of CesAs 1 and 3 Are
Required to Access Each CesA Site

The chimeric protein 3H1T can partially replace
CesA1 in the root growth assay using rsw1 at its
restrictive temperature. This provides strong evidence
that, like the more effective CesA1 itself, 3H1T must
occupy the CesA1 site in cellulose synthase to partially
complement the rsw1 root phenotype. Therefore, the
domains fitting 3H1T to enter the CesA1 site will lie in
those parts of the chimeric protein derived from
CesA1 (i.e. the tail, comprising TMD2 onward). At
first sight, the dominant-negative effect of 1H3T is less
easily interpreted. However, we believe it can be
interpreted within exactly the same framework if we
recall that 1H3T only shows its massive dominant-
negative effect (60% mortality) with rsw5 (the CesA3
mutant) and shows no visual phenotype with rsw1 or
the wild type. In exactly the way that 3H1T depended
on a CesA1 mutation to show dominant-positive ac-
tivity (and so allowed us to infer that it enters the
CesA1 site), we argue that 1H3T’s dependence on a
CesA3 mutation to show its dominant-negative activ-
ity supports the view that 1H3T is occupying the
CesA3 site when it produces its dominant-negative
effects. This is, of course, wholly consistent with the
conclusion drawn from 3H1T that the residues deter-
mining the site occupied are in the tail that, in the case
of 1H3T, comes from CesA3.

A requirement in both arguments (and one to which
we return below) is that wild-type CesA1 and CesA3
proteins are dominant over mutant or chimeric CesAs.
In the case of 3H1T, dominance means CesA1WT oc-
cupies the CesA1 site and effectively excludes 3H1T.
(If it did not, we might expect to see a weak dominant-
negative effect in the wild type because 3H1T only
partially complements rsw1 at the restrictive temper-
ature.) In the case of 1H3T, wild-type CesA3 occupies
the CesA3 site and excludes 1H3T so that we see no
dominant-negative effects in the wild type or rsw1 but
massive effects in rsw5, where CesA3rsw5 does not
exclude 1H3T from the complex.

An alternative to this view of the divergent effects of
1H3T in rsw5, rsw1, and the wild type is that 1H3T
magnifies the permissive temperature phenotype of
rsw5 by a double-mutant effect, but does not act sim-
ilarly on rsw1 because it lacks a permissive tempera-
ture phenotype (or, at most, shows a very weak one
under certain illumination conditions). We reject this
hypothesis because there is no intrinsic obstacle to
rsw1 showing a permissive temperature phenotype in
a double-mutant situation. Moreover, it can do so even
when the second mutant lacks its own permissive
temperature phenotype. This can be illustrated with
rsw3, a cellulose-deficient mutant defective in gluco-
sidase II, an enzyme of the endoplasmic reticulum
quality control pathway (Burn et al., 2002b). The
rsw1rsw3 double mutant shows a permissive temper-
ature phenotype for stem growth rate and cell length, a
phenotype that neither rsw1 nor rsw3 shows as single

mutant (Burn et al., 2002b; Table I). The likely basis for
this phenotype in the double mutant is the subthresh-
old effect present in each single mutant combining to
generate an above-threshold effect in the double mu-
tant. We suggest, therefore, that there is nothing in the
properties of permissive temperature phenotypes of
rsw1 and rsw5 that provide an a priori reason why
1H3T should produce such different effects in them
and so return to our hypothesis to explain the differ-
ences.

That hypothesis is, of course, a double-mutant hy-
pothesis, but one that provides a very specific mech-
anism to explain how mutant CesA proteins (missense
or chimeric) interact to produce either a massive
phenotype (60% lethal) or one so mild as to be visually
undetectable. To reiterate, we hypothesize that the
effect seen with 1H3T reflects the chimeric protein
potentially occupying the CesA3 site and CesA3WT

protecting that site in a way that CesA3rsw5 cannot.
As a result, the double-mutant 1H3T in rsw5 shows a
frequently lethal phenotype, whereas both the other
double mutant (3H1T in rsw1) and the single mutant
(1H3T in the wild type) enjoy the protective effect of
CesA3WT at the CesA3 site and so show no visible
phenotype. We do not believe it is important that we
may have missed a mild 1H3T phenotype in the wild
type or rsw1. The phenotype of rsw1rsw3 shows that
single-mutant phenotypes are not essential to see
double-mutant phenotypes and any single-mutant
phenotypes discovered would be readily accom-
modated within our existing model by hypothesizing
that the protection afforded by CesA3WT was incom-
plete (but still much greater than that afforded by
CesA3rsw5). This would allow some 1H3T to enter the
CesA3 site and produce a mild phenotype.

We found no evidence from positive or negative
changes to growth to suggest that either 1TL or 3TL
enters the cellulose synthase complex. This suggests
that entry requires a head domain, although the activ-
ity of chimeric proteins suggests that the head’s source
is not decisive for entry to the complex. It is striking
that head interchanges can occur even though the head
domains of CesAs 1 and 3 show only moderate se-
quence similarity. CesA1 has a 21-residue extension at
the N terminus that CesA3 lacks. From there onward,
56% of residues are conserved, but levels of conserva-
tion are particularly low in the HVR1 region (Fig. 1A),
which is flanked by regions showing higher conserva-
tion. Consider now the second postulate in our hy-
pothesis.

Entry of a Particular Protein to Each Site May Be
Restricted If Other Proteins Preferentially Occupy It

The proposed order for the CesA1 site is:

CesA1WT
$ PTCesA1rsw1

. 3H1T . RTCesA1rsw1
. 1H3T;

where . denotes ‘‘is dominant to’’ and subscripts PT
and RT refer to the mutant’s permissive and restrictive
temperatures, respectively. It is based on the following
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observations: (1) Wild-type CesA1 is always domi-
nant; (2) rsw1 at its permissive temperature is little dif-
ferent from the wild type (CesA1WT $ PTCesA1rsw1)
and is unaffected by 3H1T (PTCesA1rsw1 . 3H1T); (3)
3H1T partially complements rsw1 grown at its restric-
tive temperature (3H1T . RTCesA1rsw1); and (4) 1H3T
does not complement rsw1 grown at its restrictive
temperature (RTCesA1rsw1 . 1H3T).

The proposed order for the CesA3 site:

CesA3WT
. RTCesA3rsw5

. 1H3T . PTCesA3rsw5
. 3H1T

transposes the positions of the two chimeric genes and
places 1H3T above PTCesA3rsw5. This order is consis-
tent with observations that (1) the wild type is always
dominant; (2) 1H3T does not complement rsw5 at its
restrictive temperature (RTCesA3rsw5 . 1H3T) but is a
dominant negative with rsw5 at its permissive tem-
perature (1H3T . PTCesA3rsw5); and (3) 3H1T has no
effect in the presence of any of these proteins.

Why Is 3H1T a Dominant Positive When 1H3T
Is a Dominant Negative?

We have taken dominant effects, whether positive or
negative, as evidence that the transgene-encoded pro-
tein must have entered and affected the cellulose
synthase complex, but the issue arises as to why one
chimeric protein (3H1T) is a dominant positive and the
other (1H3T) is a dominant negative. As noted earlier,
transgene effects depend on a particular combination
of CesA proteins encoded by the endogenous genes
and by the transgenes, either or both of which could
contribute to the differences we see between 1H3T and
3H1T. First, differences in the capacities of the head
regions could cause differences in the properties of the
two chimeric genes. Specifically, 3H could meet the
requirements for 3H1T to replace CesA1rsw1 at the re-
strictive temperature (dominant positive), whereas
1H may be unable to meet the functional requirements
to allow 1H3T to replace CesA3rsw5 at the restrictive
temperature. Its impaired functionality then shows up
as a dominant negative at the permissive temperature.
However, we cannot discount a second possibility, that
properties specific to CesA1rsw1 and CesA3rsw5 influ-
ence the way the chimeric proteins perform, because
we argue that the chimeric proteins can only enter the
synthase sites when the mutant proteins allow them
to. For example, disassembly of RTCs in rsw1 at its re-
strictive temperature (Arioli et al., 1998) might dis-
sociate CesA3WT from CesA1rsw1, thus maximizing the
chances of 3H1T interacting with CesA3WT and show-
ing its partial functionality. The assembly state of the
RTCs in rsw5 is unknown and if, for example, it is not
as severe as in rsw1, 1H3T may not be offered such a
good opportunity to interact with CesA1WT if CesA1WT

and CesA3rsw5 do not fully dissociate at the restrictive
temperature. Further understanding will require ei-
ther additional temperature-conditional rsw alleles to
see if the effects of the chimeric proteins depend on the

particular rsw allele used or physicochemical charac-
terization of the CesA protein complexes themselves.

In conclusion, the site of the amino acid substitution
in rsw5 provides evidence that the small C-terminal
domain of AtCesA3 performs an essential function in
cellulose synthesis, a conclusion reinforced by the
conservation of amino acid sequence we detected in
putative AtCesA3 orthologs. Studies of chimeric CesA
proteins point to the identity of the catalytic and/or
C-terminal domains being most important for deter-
mining which of the noninterchangeable CesA1 and
CesA3 sites a protein can access. Our interpretation of
these results rests on specific hypotheses about the
existence and properties of CesA complexes making
primary wall cellulose, and our current work is di-
rected to testing those predictions by isolating CesA
complexes from wild-type, mutant, and transformed
plants.

MATERIALS AND METHODS

Plant Material

rsw1 and rsw5 were isolated during a screen for temperature-sensitive

radial-swelling mutants (Baskin et al., 1992). rsw1 is mutated in At4g32410 so

that there is an Ala-549Val substitution in CesA1 (Arioli et al., 1998). In all

experiments using mutants, the permissive temperature was 18�C to 20�C and

the restrictive temperature was 30�C.

General Molecular Methods

Basic molecular biology procedures were performed essentially as de-

scribed (Sambrook and Russell, 2001). TMDs were the consensus values given

at Aramemnon, the plant membrane protein database (http://aramemnon.

botanik.uni-koeln.de/index.ep). Consensus values are given after the protein

is analyzed by 16 different TMD prediction programs. Sequence analysis of

CSR and C-terminal domains was carried out using the BLAST facility at the

National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.

nih.gov/BLAST).

Molecular Analysis of rsw5

The fast DNA kit and protocol (Q-BIOgene) were used to isolate DNA from

pooled plants in a F2-mapping population from crossing rsw5 (in the

Arabidopsis [Arabidopsis thaliana] Columbia ecotype) with Landsberg erecta.

This was probed with a series of cleaved-amplified polymorphic sequence

markers (Konieczny and Ausubel, 1993; Lukowitz et al., 2000) to place the

mutant gene on chromosome 5. Fine mapping with cleaved-amplified poly-

morphic sequence markers accessed from The Arabidopsis Information

Resource (TAIR) database (http://www.arabidopsis.org) restricted the gene

to about 200 kb between SNP13521 and SNP13537. At5g05170 encoding CesA3

was the obvious candidate gene. It was amplified by PCR from the mutant line

and several products sequenced to verify the mutation.

Genomic and cDNA Constructs of CesA1 and CesA3

A genomic CesA3 clone containing the coding sequence and 1,050 bp of

upstream sequence was constructed by PCR using the primers 5#-GTC-

GGCTAGCGAAGAGAAAGTG-3# and 5#-AAGAGCTAGCGAGGATGATT-

GAAGATG-3# to amplify from Columbia DNA. This was digested with

NheI and ligated into the XbaI site of the binary vector pOCA28, a spectomycin-

resistant derivative of pOCA18 (Olszewski et al., 1988). The cauliflower

mosaic virus 35S-driven CesA3 cDNA clone was constructed by cleaving

a pUNI 51 clone of the cDNA (GenBank BT002335; stock C104938 at

the Arabidopsis Biological Resource Center [ABRC]) with SfiI, blunting the

fragment prior to ligation into the SmaI site of pART7, and then ligating the
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NotI fragment into pART27 (Gleave, 1992). The CesA1 genomic clone has been

described (Arioli et al., 1998). The CesA1 cDNA (Burn et al., 2002a) was cloned

into the XhoI site of pART7 and thence into the NotI site of pART27. All steps

involving PCR were performed with either high-fidelity Taq DNA polymerase

(Invitrogen) or Vent Taq DNA polymerase (New England BioLabs).

Chimeric and Truncated Genes

Chimeric genes were made from CesA1 and CesA3 cDNAs by overlapping

extension PCR (Horton et al., 1989). Briefly, fragments from the genes that are

to be recombined are generated separately by PCR using primers designed so

that the ends of the products contain complementary sequences where they

are to be joined. When these PCR products are mixed, denatured, and

reannealed, the strands having the matching sequences at their 3# ends

overlap and act as primers for each other. Extension of this overlap by DNA

polymerase produces a full-length molecule in which the original sequences

originating from the different cDNAs are spliced together. Finally, this novel

fusion molecule is amplified by conventional primers matching the sequences

at its ends. Primer pairs used to amplify the two products to form 3H1T were

5#-ATGGAATCCGAAGGAGAAACC-3# and 5#-CAACCACAAAGCAAAG-

GCATTTGGCACTGG-3# to amplify 3H and 5#-AAATGCCTTTGCTTTGTG-

GTTGACCTCGGTTATC-3# and 5#-CCGGTTCACTGGGGTTTGATG-3# to

amplify 1T. Primer pairs used to amplify the two products to form 1H3T

were 5#-TCTCTGTGTGTCGGTGGCTGCGAT-3# and 5#-CAGCCATAGAGG-

ATATGCATTTTTCACAGG-3# to amplify 1H and 5#-TGCATATCCTCTATG-

GCTGGTCTCTGTGA-3# and 5#-TAGTCGACGGCCCATGAGG-3# to amplify

3T. For each chimeric construct, the first of the primers used to amplify the

head and the second of the primers used to amplify the tail were used in the

final PCR step. The molecules were cloned into pART7 and then into pART27.

Constructs encoding the truncated CesA proteins 1TL and 3TL that lacked

residues from the N terminus to the start of TMD1 (Fig. 1A) were made by

PCR amplification from the appropriate cDNAs with one primer designed to

incorporate the normal C-terminal stop codon and the second to create a novel

start codon just before the bases encoding the amino acids forming TMD1.

Primers used with CesA1 to make 1TL were 5#-ATGGTGATTATTCTCCGG-

CTTATC-3#and 5#-CCGGTTCACTGGGGTTTGATG-3#, whereas the primers

used with CesA3 to make 3TL were 5#-ATGGTTATTATGCTGCGGCTTGT-

TATC-3# and 5#- TAGTCGACGGCCCATGAGG-3#.

Semiquantitative RT-PCR Detection of Chimeric
Gene Expression

To assay expression of chimeric mRNA, we selected primer pairs that

would amplify across the point where the sequence changed from one CesA to

the other. 3H1T message was detected with forward 5#-GTTATTATGCT-

GCGGCTTGTTATC-3# and reverse 5#-ATTCTTTGCAAACTCTGCGG-3#;

1H3T message was detected with forward 5#-GTGATTATTCTCCGGCTT-

ATC-3# and reverse 5#-TGGTGCACGAGGCTCTATGC-3#. A product from

18S rRNA provided a loading control after amplification with forward

5#-TTGTGTTGGCTTCGGGATCGGAGTAAT-3# and reverse 5#-TGCACCAC-

CACCCATAGAATCAAGAA-3#. Total RNAs were extracted with total RNA

isolation reagent (Advanced Biotechnology) and RT-PCRs were carried out by

a SuperScript one-step RT-PCR system with platinum Taq DNA polymerase

(Invitrogen). Conditions for RT were 20 min at 48�C and 2 min at 94�C.

Conditions for PCR were 15 s at 94�C; 30 s at 55�C; 30 s at 68�C; run PCR for

required number of cycles plus an extra 7 min at 72�C.

Transformation, Selection, and Root Elongation Assay

All constructs were fully sequenced before plants were transformed by

floral dipping (Clough and Bent, 1998). Kanamycin selection was conducted

on horizontal agar plates grown at the permissive temperature with 16-h days.

Twelve-day-old seedlings were transferred to vertical, nonselective agar

plates for 2 d at the same temperature, after which the position of the tip on

the longest root on each seedling was marked on the outside of the dish. After

2 d at the restrictive temperature, the agar plates were scanned and growth

over the 2 d measured on the scanned image. Sample sizes were a minimum of

30 plants. Plates were returned to permissive temperature for 2 d before

seedlings were transferred to soil and grown to seed set at the same tem-

perature. Maturing plants were observed for developmental abnormalities

and death rates and were photographed at maturity.
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