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The cotton fiber zinc-binding domain of cellulose
synthase A1 from Gossypium hirsutum displays
rapid turnover in vitro and in vivo
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Little is known about the assembly and turnover of cellulose
synthase complexes commonly called rosettes. Recent work indi-
cates that rosette assembly could involve the dimerization of CesA
(cellulose synthase catalytic subunit) proteins regulated by the
redox state of the CesA zinc-binding domain (ZnBD). Several
studies in the 1980s led to the suggestion that synthase complexes
may have very short half-lives in vivo, but no recent work has
directly addressed this issue. In the present work, we show that the
half-life of cotton fiber GhCesA1 protein is <30 min in vivo, far less
than the average membrane protein. We also show that the
reduced monomer of GhCesA1 ZnBD is rapidly degraded when
exposed to cotton fiber extracts, whereas the oxidized dimer is
resistant to degradation. Low rates of degradation activity were
detected in vitro by using extracts from fibers harvested during
primary cell-wall formation, but activity increased markedly during
transition to secondary cell-wall synthesis. In vitro degradation of
reduced GhCesA1 ZnBD is inhibited by proteosome inhibitor
MG132 and also by E64 and EGTA, suggesting that proteolysis is
initiated by cysteine protease activity rather than the proteosome.
We used a yeast two-hybrid system to identify a putative cotton
fiber metallothionein and to confirm it as a protein that could
interact with the GhCesA1 ZnBD. A model is proposed wherein
active cellulose synthase complexes contain CesA proteins in
dimerized form, and turnover and degradation of the complexes
are mediated through reductive zinc insertion by metallothionein
and subsequent proteolysis involving a cysteine protease.
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otton (Gossypium hirsutum) fibers represent a very useful

model for studying cellulose biosynthesis in plants. Fibers
are differentiated epidermal single cells that arise from the
developing seed. The development of the fiber can be divided
into four phases: initiation, elongation (primary cell-wall syn-
thesis and deposition), secondary cell-wall synthesis, and matu-
ration that is suggested to involve programmed cell death (PCD)
(1, 2). Fibers initiate on the day of anthesis by forming expanded
epidermal cells. Although subject to varietal differences, elon-
gation of fiber cells generally continues for 15-21 days postan-
thesis (DPA) followed by the deposition of the cellulose-rich
secondary cell wall, peaking at 24 DPA, and the maturation
process that begins at ~40 DPA (3).

The transition from primary to secondary cell-wall synthesis is
also characterized by an oxidative burst and induction of small
GTPases of the Rho subfamily (4). In a number of biological
systems, generation and accumulation of reactive oxygen species
induce enzymes from the ubiquitin/proteosome pathway and
other proteolytic enzymes, such as cysteine proteases (5, 6). By
determining protein turnover and controlling protein half-life,
cysteine proteases can serve important functions in cellular
proliferation, differentiation, and PCD. For example, ectopic
expression of cystatin, a cysteine protease inhibitor, reduced
protease activity and blocked PCD in soybean cells (6).

Fiber secondary cell-wall formation is characterized by mas-
sive synthesis of cellulose comprising multiple 1,4-B-glucan
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chains that assemble into microfibrils (7). These chains are
synthesized at the plasma membrane by multisubunit synthase
complexes known as rosettes (8, 9). Substantial evidence sup-
ports the notion that the cellulose synthase catalytic subunit
proteins (CesA proteins) responsible for glucan-chain elonga-
tion within rosettes are encoded by genes referred to as CesA4 (7).
CesA genes were discovered in cotton fibers (8, 10) and comprise
a family of 10—15 genes in all plants investigated to date (11, 12)
(http://cellwall.stanford.edu). In addition to conserved regions
surrounding the active site, all CesA proteins contain plant-
specific regions not found in bacterial CesAs, including two zinc
fingers hereafter referred to as the zinc-binding domain (ZnBD),
located at the cytoplasmic N-terminal region of the proteins (13,
14). This conserved region is cysteine-rich, shows significant
sequence similarity to several soybean putative transcription
factors, and resembles the LIM or RING domains found in a
number of proteins involved in protein—protein interactions
(13-15). The prediction that the CesA ZnBD lies on the cyto-
plasmic side of the plasma membrane suggests that this domain
is likely to be involved in protein—protein interactions. We have
recently reported that CesA proteins are able to homo- and
heterodimerize and that this dimerization occurs through redox-
regulated disulfide bond formation between at least some of the
cysteine residues in their ZnBD and might represent one step in
rosette assembly (14).

Beyond the study of Kurek et al. (14), little is known of the
processes of assembly and turnover of cellulose synthase com-
plexes in plants. A number of observations have suggested that
rosettes may have relatively short half-lives: (i) generally, rosettes
are quite labile and difficult to preserve in freeze—fracture (8);
(i) Rudolph et al. (16) found that rosette disassembly occurs
within minutes within the plasma membrane of Funaria hygro-
metrica in the presence of vesicle-transport inhibitors; (iif)
Robinson and Quader (17) concluded that cellulose synthesis in
Oocystis depended on continued protein synthesis, with an
estimated half-life of complexes being <4 h; (iv) the recent
visualization in vivo of moving cell-surface complexes containing
CesA proteins (18) is suggestive of relative short half-lives that,
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Fig. 1. Half-life of GhCesA1 in 24-DPA cultured cotton fibers. Fibers, with

their associated ovules, were incubated for the indicated times in the presence
or absence of 400 uM cycloheximide (CHX). Western blot analysis of total
membrane proteins (5 ug per lane) was carried out by using antibody against
the GhCesA1 ZnBD (Top) and Pm-SuSy (Middle). Total membrane proteins (20
ng per lane) were separated by SDS/PAGE and detected by silver staining
(Bottom).

from more recent studies, are estimated to be ~20 min (C. R.
Somerville, personal communication). The availability of a
specific antibody to the ZnBD of G. hirsutum CesAl (GhCesAl)
has allowed us to address the question of CesA protein half-life
in vivo by using cotton ovules cultured with their associated
fibers. Our results do indeed indicate a high rate of turnover of
GhCesAl in vivo; we also identify a cysteine protease and a
metallothionein (MET) as two candidates that might be involved
in regulation of zinc availability and turnover of CesA proteins.

Results

To estimate the half-life of the GhCesAl protein in vivo, 24-DPA
cultured cotton fibers were incubated in the presence or absence
of 400 uM cycloheximide. By metabolically labeling the cellular
proteins with [**S]methionine, we determined that 400 puM
cycloheximide caused essentially complete inhibition of new
protein synthesis and that after a 4-h incubation in the presence
of the inhibitor, the steady-state level of soluble and membrane
proteins was reduced by only 17 = 4% and 19 = 6%, respectively
(not shown). In addition, a qualitatively similar protein profile
was observed by silver staining SDS/PAGE-separated proteins
throughout the cycloheximide treatment (Fig. 1 Botfom), and
one specific and abundant protein implicated in cellulose syn-
thesis, the plasma membrane sucrose synthase (Pm-SuSy) (19),
was completely stable throughout the 4-h treatment period (Fig.
1 Middle). By marked contrast, after a 30-min treatment with
cycloheximide, the intensity of the GhCesAl band detected by
antibody against GhCesAl ZnBD was less than half that of the
band detected at ¢y, and it completely disappeared after the 4-h
treatment. Thus, the intact GhCesA1l protein appears to have a
half-life of <30 min, a turnover rate far faster than the average
membrane protein.

To obtain insight into the possible mechanism of GhCesAl
degradation, a crude soluble fraction from 24-DPA fibers was
assayed for proteolytic activity by monitoring the breakdown of
the peptide succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcouma-
rin (SLLVY-NH-Mec), which is widely used as a substrate to
measure proteosome activity. High breakdown rates of the
sLLVY-NH-Mec peptide were detected in the control experi-
ment (DMSO) and in the presence of the protease inhibitor

12192 | www.pnas.org/cgi/doi/10.1073/pnas.0605098103
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Fig. 2. Proteolytic activity in cotton fiber extracts monitored by the break-
down of the peptide sLLVY-NH-Mec. (A) Activity detected in the soluble
fraction extracted from 24-DPA fibers in the absence or presence of the
indicated inhibitors. (B) Activity at the indicated age in the absence (gray bars)
and presence (unshaded bars) of MG132.

PMSF (Fig. 24). The cysteine protease inhibitor E64 (5) reduced
peptide breakdown by only 15 * 4%, whereas the proteosome
inhibitor MG132 resulted in complete inhibition of activity,
suggesting that 24-DPA fibers have a high potential for ubiq-
uitin-mediated degradation. Activity was also analyzed during
cotton fiber development. During the phase of primary cell-wall
synthesis (10 and 17 DPA), low MG132-sensitive activity was
detected that rose markedly during the transition from primary
to secondary cell-wall formation (21 DPA) and continued to be
high at the peak of secondary cell-wall cellulose synthesis (24
DPA) (Fig. 2B).

To analyze the effect of the redox state of the GhCesAl ZnBD
on susceptibility to degradation, the reduced and oxidized forms
of the recombinant Hise-tagged CesAl ZnBD [referred to as
Alznpa by Kurek et al. (14)] were incubated in the presence of
24-DPA cotton fiber extract. Consistent with the data of Fig. 24,
total proteolytic activity was extremely sensitive to MG132, and
the presence of added recombinant reduced and oxidized ZnBD
did not alter the pattern of overall proteolysis (Fig. 3 Upper).
Western blot analysis with antibodies to recombinant ZnBD
revealed similar levels of recombinant ZnBD in the absence of
the 24-DPA extract at 0 and 30 min, indicating that the protein
itself is stable in the absence of cotton extract (Fig. 3 Lower).
Substantial degradation of the reduced ZnBD was detected in
the presence of the extract, and this activity was insensitive to
PMSF but completely inhibited by either MG132 or E64. MG132
completely inhibits proteosome activity, but it can also affect
cysteine protease activity, whereas E64 inhibits specifically cys-
teine protease activity (5). Therefore, these results suggest that
initiation of the degradation of ZnBD by cotton extracts involves

Jacob-Wilk et al.
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Fig. 3. Effect of redox state on the sensitivity of GhCesA1 ZnBD to proteol-
ysis. (Upper) Proteolytic activity of a crude soluble extract from 24-DPA fibers
incubated in the absence (unshaded bars) or presence of reduced (black bars)
or oxidized (gray bars) GhCesA1 ZnBD as affected by various protease inhib-
itors. (Lower) Western blot analysis of the samples described above using
antibodies to monitor the proteolysis of GhCesA1 ZnBD.

a cysteine protease activity and not the ubiquitin pathway. It is
quite striking that in the absence of protease inhibitors, the
reduced monomeric form of ZnBD is quite susceptible to
degradation but that the oxidized dimer is much more resistant.

Because cysteine proteases are stimulated by Ca*, we studied
the effect of the Ca?* chelator EGTA on the proteolytic activity.
In the presence of EGTA only, the 8-kDa recombinant, reduced
ZnBD remained intact for 30 min (Fig. 4, lanes 2 and 3; ¢y and
30 min, respectively). After a 30-min incubation with extract, a
faint amount of an ~5-kDa truncated version of ZnBD re-
mained, a conversion that was completely inhibited by E64 (Fig.
4, lanes 6 and 7). The addition of 5 and 10 mM EGTA to the
reduced ZnBD in the presence of cell extract resulted in partial
inhibition of the proteolysis with low levels of both the intact and
the 5-kDa truncated variant detected (Fig. 4, lanes 4 and 5). The
partial inhibition by EGTA further supports the notion that the
reduced ZnBD is targeted for proteolysis by a Ca?*-stimulated

1 23 45 6 17
' MJ Extract proteins
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Fig. 4. Effect of EGTA on the proteolysis of recombinant GhCesA1 ZnBD by
cotton fiber extracts. Cotton fiber extracts (lane 1) were incubated with ZnBD
for 30 min in the presence of 5 and 10 mM EGTA (lanes 4 and 5, respectively)
and the absence of EGTA (lanes 6 and 7). The stability of ZnBD incubated for
0 and 30 min in the absence (lanes 2 and 3, respectively) and the presence of
cotton fiber extracts and E64 for 30 min (lanes 6 and 7, respectively) is shown.
After incubation, proteins were separated by SDS/15% PAGE, and the pro-
teins were detected by silver staining.
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Table 1. Specificity of interaction between GhCesA1 ZnBD
and MET

pAD Growth Growth

Prey pBD Bait SD -L-T SD -L-T-H Lac Z
MET e - - -

MET pBD-WT + -

MET pBD-MUT + -

MET pLamin C + — e
MET pBD-GAL4 Cam + =

MET CesA1-ZnBD + + =

Yeast cells transformed with plasmids containing the GAL4-binding do-
main (pBD bait control sequences or CesA1 ZnBD) and the GAL4-activating
domain (pAD prey for a clone encoding the MET sequence) were grown on SD
medium lacking lysine, tryptophan, and histidine (—L-T-H) or only lysine and
tryptophan (—L-T); B-galactosidase assays (LacZ) were carried out on individ-
ual yeast colonies. pBD-WT, wild-type fragment of C A cl repressor, specific
interaction control; pBD-MUT, E233K mutant fragment of A cl repressor,
specific interaction control; pLamin C, human lamin C, negative control.
pBD-GAL4 Cam, specific interaction control.

protease, although the oxidized form is much more resistant to
proteolysis.

In our search for proteins that might regulate the transition of
the GhCesAl ZnBD between oxidized and reduced forms, we
have used the yeast two-hybrid system to search for cotton fiber
proteins that might interact with this domain of GhCesAl. An
initial screen was performed employing the GhCesAl ZnBD as
bait and a 17-DPA cotton fiber library as prey. Among the
yeast transformants that grew on appropriate selective me-
dium and were B-galactosidase-positive, a clone that appeared
two or more times in each of at least two independent library
screens was determined by sequencing and BLAST search to
encode a MET."

Interaction of the MET-activating domain (MET-AD) fusion
protein with ZnBD was confirmed by performing a secondary
yeast two-hybrid assay (Table 1). MET-AD induced the his and
lacZ reporter genes, allowing colony growth in the absence of
histidine and expression of B-galactosidase. A plasmid encoding
MET was then isolated and retransformed back into yeast either
alone or in combination with control plasmids. MET alone failed
to induce the reporter genes alone or in combination with
control plasmids, but it did so when combined with ZnBD.

Previous work showed that the ZnBD does not self-activate in
the two-hybrid system and that it cannot form heterodimers with
the pGAL4-BD (14). This domain is known to contain a
C,H,-type zinc finger, which by itself can form dimers and binds
DNA (20). These data therefore suggest that the interactions
between ZnBD and MET are specific. Although Kurek ez al. (14)
have shown that ZnBD can interact with itself to dimerize under
oxidizing conditions, in the case of the two-hybrid system,
interactions in yeast occur in the nucleus, so it is not likely that
we would have detected any interaction of ZnBD with itself
because the native form of GhCesAl would have been targeted
to the plasma membrane.

Complete sequence analysis of the MET clones found to
interact with ZnBD showed 61% identity and 83% similarity to
a MET-like protein type 2 from kiwifruit (GenBank accession
no. L27813) (21) and to several other plant MET-like genes. The
reconstructed cotton fiber gene, homologous to higher-plant
MET-like genes, is designated GhMet-1, and it has been sub-
mitted to the GenBank database with accession no. AY667624.
GhMet-1 cDNA contains the entire coding region for a predicted

TExtensive screening also revealed two other putative interacting proteins, an a-tubulin
and a lipid-transfer protein, but analysis of these interactions is still incomplete.
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Fig.5. Invitro analysis of the interaction of GhCesA1ZnBD with MET. (A Upper) Hisg-tagged MET and GST (control) were expressed in E. coli, purified, subjected
to SDS/PAGE, and electroblotted. Membranes were overlaid with purified recombinant ZnBD, washed, and detected by using anti-ZnBD antibodies as described
in Materials and Methods. (A Lower) Membranes were treated as previously but without recombinant ZnBD in the overlay solution (control antibodies alone).
Lanes 1-5: 10, 50, 100, 200, and 400 ng of MET, respectively. Lanes 6-9: 150, 300, 600, and 1,500 ng of GST, respectively. (B) Whole-cell lysates of MET-expressing
E. coli before (T0) and after a 3-h incubation with (+) and without () isopropyl B-b-thiogalactoside (IPTG) induction were subjected to SDS/PAGE and
electroblotted. Membrane treatments were the same as for A. (Ba) No ZnBD in overlay solution. (Bb) Overlay with recombinant ZnBD. (Bc) Ponceau staining of

total protein.

polypeptide of 82 amino acids with a calculated molecular mass
of 8.7 kDa.

METs and MET-like proteins have been identified in diverse
organisms, and they have been shown to associate with several
metal ions, most commonly Zn?* and Cu* (22); they could
therefore play some role in the provision of zinc to ZnBDs during
the cycling between oxidized and reduced states. In view of this
potential role, we further verified CesA interactions with MET
by using an in vitro assay. Recombinant Hise-tagged MET fusion
protein was expressed in Escherichia coli and purified. Increasing
amounts of purified recombinant MET (or recombinant GST as
a control) were subjected to SDS/PAGE and electroblotted onto
nitrocellulose membranes. The proteins were allowed to rena-
ture in PBS overnight, and they were then overlaid with purified
recombinant ZnBD. After extensive washing, the membranes
were incubated with anti-ZnBD antibodies. Duplicate mem-
branes were subjected to the same treatment and incubated with
anti-ZnBD antibodies and secondary antibodies without recom-
binant ZnBD in the overlay solution as a control for antibody
cross-reactivity. The ZnBD was shown to interact with MET in
vitro in a concentration-dependent manner but not with the
control protein, GST (Fig. 54 Upper). These interactions were
shown to be specific and not caused by antibody cross-reactivity
(Fig. 54 Lower). Similar specific interactions between ZnBD and
MET were obtained by using whole-cell lysates of E. coli after
induction, whereas no interaction was detected with uninduced
E. coli whole-cell lysates (Fig. 5B). These results are therefore
consistent with the results from the two-hybrid screen and
further support the notion of a specific interaction between the
ZnBD of GhCesAl and MET.

Levels of expression of the GhMet-1 gene, monitored in
developing cotton fibers by semiquantitative RT-PCR, indicate
that high levels are present at all stages of fiber development (not
shown). Because GhCesAlI is highly expressed at the onset and
throughout secondary cell-wall formation (10), both GhCesA1l
and MET would clearly be present at the same stage of devel-
opment and available for potential interactions.

Discussion

Our data provide additional support for the suggestions of
Rudolph et al. (16) and Robinson and Quader (17) that synthase
complexes may undergo rapid turnover in the plasma membrane.
By using antibodies directed against the GhCesAl ZnBD, we
showed that in the presence of cycloheximide, the full-length
GhCesAl protein disappeared with a half-life of <30 min, and

12194 | www.pnas.org/cgi/doi/10.1073/pnas.0605098103

it was not detected at all after 4 h (Fig. 1). Under these same
conditions, general total membrane protein profiles of the most
abundant proteins visualized through silver staining after SDS/
PAGE showed no obvious differences with or without cyclohex-
imide, total membrane protein levels were reduced by only
~20%, and Pm-SuSy levels remained unchanged even after 4 h
of cycloheximide treatment. These results certainly indicate that
the CesA protein, a major component of the synthase complex,
is subject to much more rapid turnover than the average mem-
brane protein.

Developmental regulation via the ubiquitin/proteosome path-
way has been described for a large number of plant genes/gene
products involved in different pathways such as hormone-
regulated events, cell cycle, circadian rhythms, pathogen re-
sponses, photomorphogenesis, and senescence (23, 24). Al-
though GhCesAl contains a putative RING motif under
reduced conditions similar to others shown to act as E3 ligases
and promote their own degradation (25), and despite the high
presumed proteosome activity sensitive to MG132 that was
detected in 21- to 24-DPA cotton fibers, our data suggest that the
initiation of proteolysis of GhCesAl more likely involves the
activity of a cysteine protease(s). We deduce this possibility for
several reasons. First, this activity is quite sensitive to E64, a
specific cysteine protease inhibitor (5). Second, SDS/PAGE
analysis (Fig. 4) indicates that at least the first stage of proteolysis
is limited to cleavage at a specific site, something that is typical
of cysteine proteases (26). In this regard, it may be that such a
cysteine protease only initiates a degradation process that is
completed through the action of yet other proteases. We note
that we saw no evidence of the truncated product in our in vivo
experiments, and it appears to be transient as well in our in vitro
experiments. Finally, partial inhibition of the proteolysis by
EGTA is indicative of a calcium-stimulated cysteine protease
activity such as the maize DEK1, which belongs to the calpain
family (27). DEK1 is a membrane-bound protein that contains
a calpain catalytic triad, and it displays high structure homology
in domains II and III to the animal small opticlobes (SOL), and
SOHL (small homolog from human) calpains (28). In contrast to
the animal calpains, DEK1 exhibits strong proteolytic activity in
the absence of calcium that increases further in the presence of
Ca?*, similar to what we observed in this study (Fig. 4). A search
for plant calpain sequences and comparison with three different
human calpain members revealed a cotton calpain partial cDNA
sequence from immature fiber (29) as well as a papain-like

Jacob-Wilk et al.
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sequence expressed in fibers (GenBank accession no.
AAQ18731).

The involvement of cysteine proteases in senescence and PCD
is widely documented (5, 30). Inhibition of PCD by protease
inhibitors such as YVAD-aldehyde, DEVD-CHO, E64, 4-(2-
aminomethyl)benezenesulfonyl fluoride (AEBSF), and tosyl-L-
lysine chloromethyl ketone indicates that plant cell death is
regulated by caspases and cysteine and serine proteases. Al-
though low doses of reactive oxygen species induce antioxidant
enzymes, accumulation of reactive oxygen species above a
certain level induces PCD in plants (31). In this respect, Potikha
et al. (4) demonstrated high rates of HO; production in 24-DPA
cotton fibers coinciding with secondary cell-wall cellulose syn-
thesis, and they proposed a model in which the small GTPase
Rac regulates the oxidative burst that initiates secondary cell-
wall formation and ultimately leads to PCD in fibers. The high
proteosome and cysteine protease activity we detected during
secondary cell-wall formation is consistent with this hypothesis.
Activation of cysteine proteases in plants has been demonstrated
by applying H,O, at a concentration shown to induce PCD in
soybean suspension-cultured cells (6), and strong inhibition of
PCD was detected after ectopic expression of the cysteine
protease inhibitor Sbcys cystatin.

From the results presented along with those from the work of
Kurek et al. (14), suggesting that dimerization in the Golgi or
plasma membrane and degradation in the plasma membrane of
GhCesAl or GhCesA?2 are regulated by the redox state of the
ZnBD, one might propose a plausible scenario for the assembly
and turnover of cellulose synthase complexes. Because the onset
of synthesis of GhCesA1l and GhCesA2 coincides with the onset
of H,O, production and secondary cell-wall deposition, one
might propose that GhCesA1l and GhCesA?2 could quickly form
homo- or heterodimers under such oxidative conditions, that
they could be regulated by enzymes such as protein disulfide
isomerases, and that this event is one of the early steps in rosette
assembly that could occur in the secretory system of the endo-
plasmic reticulum or Golgi before delivery to the plasma mem-
brane. These dimerized forms are resistant to proteolysis, and
such oxidized dimers would represent the active form of GhCesA
proteins within fully assembled complexes. The rate of GhCesA/
rosette turnover might be controlled by the extent of the
interaction the ZnBDs have with MET in the cell wall, and this
interaction might promote the formation of CesA monomers and
thus initiate degradation by means of a cysteine protease. With
MET operating as part of the metallothionein/thionein (MT/T)
system (32), an interaction of the ZnBD with MET could well
reflect its involvement in either insertion or removal of zinc from
this domain, something that must occur when this domain cycles
between reduced and oxidized states. In fact, MET has been
shown to transfer zinc atoms to zinc-depleted sorbitol dehydro-
genase in a redox-dependent manner (33). It has also been
proposed that the MT/T system serves as both a cellular
reservoir for zinc and a controlled system that can supply
different amounts of zinc to apoproteins according to demand
(34, 35). The biological specificity of this system seems to be
embedded not in the recognition between MET and apopro-
teins, but rather in signals effecting a change of the cellular redox
state (33, 34, 36, 37). Thus, MET is a redox protein, and it could
be involved in the regulation of CesA complex formation,
activation, or deactivation by release or binding of zinc ions to
the ZnBD of GhCesA proteins.

These data do not offer any insights into the reason why CesA
proteins might need to have very short half-lives in vivo. Esti-
mates for the time it takes to synthesize one glucan chain are on
the order of a few minutes (38), and it is possible that this time
is tied to the time for turnover of an individual CesA protein; yet,
it must also be noted that it appears that glucan chains are
initiated and terminated many times during the synthesis of a

Jacob-Wilk et al.

microfibril. Clearly, further studies on rates and reasons for rapid
turnover in a variety of systems are warranted. It is important
also to note that the model suggested may only be relevant for
the control of assembly and turnover of complexes involved in
secondary cell-wall cellulose synthesis. Because the CesA pro-
teins involved and the redox state are different during primary
cell-wall synthesis, additional studies are needed for this differ-
ent stage of cell-wall synthesis, although the recent work that
visualizes complexes moving in Arabidopsis suggests that a
similar phenomenon may also apply to expanding hypocotyls
(18). It is our hope that the results presented here will stimulate
additional research on the role of redox regulation and prote-
olysis in the assembly and turnover of cellulose synthase com-
plexes during development in a range of plant species.

Materials and Methods

GhCesA Stability in Cultured Cotton Fibers. Preliminary experiments
using [¥S]methionine indicated that 400 uM cycloheximide was
sufficient to inhibit completely the incorporation of methionine
into proteins (data not shown). To measure the effects of
cycloheximide on longer-term levels of total protein, 20-DPA
cotton cultured fibers (39) were incubated in the absence and
presence of 30 wuCi/ml [*S]methionine by using EasyTag
EXPRESS®S protein-labeling mix (PerkinElmer) in the pres-
ence or absence of 400 uM cycloheximide. All samples, including
controls, contained 0.01% DMSO. Treated cultured cotton
fibers with their associated ovules were washed twice with
culture medium, and detached fibers were frozen in liquid No.
Fiber protein was prepared as described in ref. 39 with the
following modification: the crude extract was centrifuged at
15,000 X g for 20 min at 4°C, and the supernatant was then
centrifuged at 400,000 X g for 90 min at 4°C. The membrane
pellet was resuspended and analyzed by Western blotting using
anti-GhCesA1l ZnBD, as described in ref. 14. To determine the
effects on total protein synthesis, 5 ul of radiolabeled membrane
pellet was resuspended in extraction buffer (39), loaded onto a
glass fiber GFA filter (Millipore), and washed with 10 ml of
ice-cold 10% (vol/vol) trichloroacetic acid. [*S]Methionine
incorporation was quantified and normalized to the total mem-
brane protein concentration as determined by the assay of
Bradford (40).

Assays for Proteolytic Activities. Fresh cotton fibers were homog-
enized in ice-cold extraction buffer (50 mM Hepes/KOH, pH
7.2/2 mM DTT/0.25 M sucrose) and centrifuged at 15,000 X g
for 10 min at 4°C. The soluble protein fraction was then diluted
to a final concentration of 1 mg/ml in extraction buffer, and
100-ug aliquots were incubated at 30°C for 5 min in proteolysis
buffer containing 100 mM Hepes/KOH (pH 7.8), 5 mM MgCl,,
10 mM KCI, and 2 mM ATP. To initiate the reaction, 2 mM
peptide sSLLVY-NH-Mec (Sigma) in DMSO was added. The
breakdown of the peptide was monitored as described in refs. 41
and 42. Twenty micrograms of treated proteins was analyzed by
SDS/15% PAGE developed by silver staining or immunode-
tected with anti-GhCesAl ZnBD antibodies as described in
ref. 14.

Cotton Fiber Two-Hybrid Library Construction. G. hirsutum cv. Coker
130 was grown in a greenhouse, and bolls were collected at 17
DPA, as described in ref. 19. Total RNA was isolated as
described by Wan and Wilkins (43), and poly(A)* RNA was
further purified by using the PolyATract isolation system III
(Promega). Approximately 6 pg of poly(A)* RNA was used for
cDNA synthesis according to the protocol of the HybriZAP 2.1
two-hybrid cDNA synthesis kit (Stratagene). cDNAs ranging
from 0.5 to 4 kb were directionally cloned into the A HybriZAP
2.1 vector as EcoRI-Xhol fragments. The primary library
contained 1 X 107 pfu; it was amplified (3 X 10' pfu) and
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converted to plasmid form by mass in vivo excision according to
the manufacturer’s protocol. The GhCesA1l N-terminal region
(Met-1 to Ile-88) (ZnBD) was PCR-cloned into the pBD-GAL4
vector (Stratagene) as bait. All clones were sequenced to verify
the correct reading frame.

Library Screening and Interaction Assay. All media, buffers, and
methods for the yeast two-hybrid work were adopted from the A
HybriZAP 2.1 system protocol. Saccharomyces cerevisiae YRG2
cells were first transformed with the bait pPBDGhCesAl (ZnBD)
and subsequently transformed with cDNA library plasmid DNA by
the lithium acetate method. Transformants were plated onto SD
medium lacking leucine, tryptophan, and histidine (SD —L-T-H).
Colonies that grew on selection media were restreaked onto SD
—L-T-H, transferred to nitrocellulose membranes, and assayed for
B-galactosidase (LacZ) activity by the X-Gal filter assay. LacZ-
positive colonies growing on SD —L-T-H medium were considered
putative positive clones. Plasmids were recovered from these yeast
colonies, transformed, and amplified in the E. coli XL1-Blue strain.
The recovered plasmids were then transformed back into YRG2
cells either alone or in combination with control plasmids. Those
able to elicit expression of the two reporter genes only in the
presence of pBDGhCesA1l bait, but not alone or in combination
with control plasmids, were considered true positives.

In Vitro Protein Overlay Assay. The ZnBD (Met-1 to Val-66) was
PCR-cloned into the Hiss-tagged expression vector pQE30
(Qiagen, Valencia, CA), expressed in E. coli BL21 cells, affinity-
purified according to the protocols supplied by the manufac-
turer, and dialyzed against 20 mM Hepes (pH 7.4). Similarly,
full-length MET (Met-1 to Lys-82) was PCR-cloned into pQE30
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lysates were boiled for 5 min in lysis buffer and run on an
SDS/15% polyacrylamide gel according to the procedure of
Laemmli (44) and blotted onto nitrocellulose membranes, and
the membranes were incubated overnight in PBS at 4°C. Mem-
branes were then blocked in 1X PBS/5% milk powder/0.1%
Tween 20 for 1 h and overlaid with 10 ml of purified His¢-tagged
0.2 wg/ml ZnBD for 2 h at room temperature with shaking, after
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coupled to horseradish peroxidase (Sigma) at a 1:10,000 dilution
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blots were detected by ECL (GE Healthcare), with SuperSignal
West Pico substrate (Pierce), as described by the manufacturer.
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