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Cotton fibers consist of almost pure cellulose in the secondary wall stage. 

To isolate a cellulose synthase gene from cotton, the catalytic region of cellulose 

synthase in Aceobacter xylinum was used to search the EST database. The 5’-

RACE was performed to obtain the full-length cellulose synthase gene, 

GhCeSA3, from a cotton cDNA library of the secondary wall stage of cotton 

fibers. The deduced amino acid sequences of the cDNA fragment showed the 

conserved residues (D, D, D) and QXXRW motif indicating that the cDNA 

fragment encodes the catalytic region of cellulose synthase. Its 3.2 kb coding 

region encodes 1067 amino acids with the predicted molecular mass of 119 kDa, 

eight transmembrane helices and seven N-glycosylation sites. The conserved 

domains of the GhCeSA3 include a cysteine rich region at the N-terminus, 
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hypervariable regions, and plant specific and conserved regions. Initial RT-PCR 

results indicate that the GhCeSA3 may be expressed minimally at 7 days of post 

anthesis (DPA), more at 14 and 21 DPA and less again at 28 DPA. Western 

analysis showed the presence of cellulose synthase in cotton fibers, Arabidopsis 

and mung bean. When the solubilized enzyme was incubated with UDP-glucose, 

microfibrils were synthesized in vitro. Specific antibody localization indicated 

that the cellulose synthase remained tightly associated with the cellulose 

microfibrils. The average diameter of microfibrils and cellulose synthase 

aggregates was estimated to be 2.49±0.36 nm and 30±8.02 X 36.88±7.47 nm, 

respectively. 

 Immobilized anti-GhCeSA3 antibodies in a column were able to adsorb β-

glucan synthase activity indicating that the antibodies specifically retained active 

cellulose synthases.  Loading the solubilized enzymes onto the anti-GhCeSA3 

antibody column and supplying with UDP-glucose, cellulose I and II decorated 

with CBH-I gold were observed. The diameter of the in vitro synthesized 

cellulose microfibril aggregate was measured to be 2.05±0.30 nm. The cellulose 

synthesizing protein aggregates were found at the ends of cellulose microfibrils 

which were labeled specifically with the anti-GhCeSA3 antibodies. They were 

observed in different shapes such as doughnuts, globular, and tooth-shaped with 

the estimated diameter of 30.47±7.97 X 38.21±7.70 nm. The estimated diameter 

is larger than the rosette TC found in freeze-fracture replica indicating that the 
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proteins observed were on the cytoplasmic side of the proteins deeply projecting 

into the cytoplasm away from the plasma membrane. No callose synthase was 

found in the anti-GhCeSA3 antibody column.  

Anti-callose synthase antibodies immobilized in a column were also able 

to adsorb β-glucan synthase activity indicating that the antibodies specifically 

retained active callose synthase. Callose synthase and potential associated 

polypeptides were then eluted from the anti-callose synthase antibody-protein A 

beads. Conversely, no cellulose synthase was detected. These results indicated 

that cellulose and callose synthase are definitely different proteins located in 

different enzyme complexes. Identification of the cellulose synthase gene and 

their products specifically retained in the cellulose synthase antibody column have 

greatly advanced our understanding of cellulose biosynthesis in vascular plants.  
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Chapter 1  

1.1. Introduction 
 

Although cellulose is considered to be the most abundant macromolecule 

on earth and about 1011 tons of cellulose are produced each year (Colvin, 1972), 

relatively little is known about the biosynthesis of cellulose. Therefore, the major 

theme of this dissertation is to better understand cellulose biosynthesis in vascular 

plants through biochemical and molecular biology approaches. What genes are 

responsible for cellulose synthesis? Where is the location of cellulose synthase?  

This introductory chapter will introduce background information on cellulose 

biosynthesis and structure, including callose biosynthesis. It is intended to be 

general, and further details will be explained in the following chapters. 

 

The Plant cell Wall 

 A plant cell is surrounded by a rigid, complex, fibrous wall which plays a 

crucial role in providing strength and shape to a plant cell (Reiter, 1998). A wall 

also functions as a cell protector from external forces, osmotic pressure, and other 

unfriendly environments such as bacterial attacks (Reiter, 1998). A wall is present 

throughout most stages of development. All vascular plant cell walls are 

composed of a network of cellulose microfibrils embedded in a matrix of non-

cellulosic polymers. The plant cell wall can be differentiated into two stages: 
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primary and secondary walls. In general, in dividing and growing cells, a thin 

primary wall is laid down. After cell growth ceases, a thicker secondary wall is 

deposited. Moreover, the primary and secondary walls also differ in chemical 

composition, structure and physical properties (Gibeaut and Carpita, 1994, and 

Reiter, 1998).  

The primary wall consists of equal percentages of cellulose, hemicellulose 

and pectin. In addition, 1-5% of structural proteins, hydroxyproline-rich 

glycoprotein (extensin), is inserted during primary wall growth (Lamport, 1965). 

Obviously, cellulose plays a major role in providing strength and structure to the 

cell wall. Hemicellulose such as xyloglucan binds to surface of cellulose linking 

cellulose microfibrils together (McCann and Robert, 1991). Pectin forms a gel 

phase in which the cellulose-hemicellulose network is embedded (Cosgrove, 

1997). In 1994, Gibeaut and Carpita proposed that the primary wall in vascular 

plants exists as two distinct types. The type I wall is a network of cellulose 

microfibrils and xyloglucan and can be found in most plant species, including 

monocots and dicots. The type II wall is found only in grasses and their close 

relatives (Gibeaut and Carpita, 1994). In the type II wall, the cellulose microfibril 

also exists as a basic crystalline unit but instead of xyloglucan, 

glucuronoarabinoxylans forms complexes with cellulose microfibrils (Gibeaut 

and Carpita, 1994). In most primary cell walls, the cellulose-xyloglucan network 

contributes 70% of the total strength to primary walls and provides a balance of 
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extensibility (Shedletzky et al., 1992, and Whitney et al., 1999). The cellulose 

microfibrils in the primary wall form an irregular network and are deposited 

transversely (Carpita and Gibeaut, 1993). 

The secondary wall is deposited in layers after the cessation of cell growth 

and contains a high percentage of cellulose (65-85%), a small percentage of 

hemicellulose (5-30%) and lignin. The cellulose microfibrils in the secondary 

wall are oriented parallel, surrounding the cell helically to the longitudinal cell 

axis (Franz and Blaschek, 1990). Certainly, cellulose in secondary wall 

contributes to overall plant strength (Franz and Blaschek, 1990). 

 

Cellulose Structure 

It is in generally agreed that cellulose is composed of linear unbranched β-

1,4-glucan chains in which every other glucose is rotated 180o with respect to its 

neighbor. The result is that cellobiose instead of glucose is the basic repeating unit 

in cellulose (Brown et al., 1996). Glucan chains are held together in the crystalline 

structure by strong intra and interchain hydrogen bonding and Van der Waal 

forces between glucose residues (Cousins and Brown, 1995).  The polymer chains 

are very long and vary from 2000 to 20,000 glucose residues (Brown et al., 1996). 

This length causes the extreme insolubility of cellulose in aqueous solutions. 

Cellulose in nature never exists as solitary glucan chains but instead always 

crystallizes and exists as a rigid threadlike structure called a microfibril which can 
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vary from 1 to 25 nm in width corresponding to 10-250 chains (Colvin, 1972 and 

Ross et al, 1991). The size and shape of microfibrils differ among organisms 

depending on the geometry of their cellulose synthesizing complexes which is 

controlled by the genetic features of organisms (Brown, 1996). Recently, a new 

supermolecular structure of cellulose was produced, called nematic ordered 

cellulose (Kondo et al., 2001). The nematic ordered cellulose has a unique 

character of being a noncrystalline but ordered form. 

In general, cellulose exists in four allomorphs which are cellulose I, II, III 

and IV (Franz and Blaschek, 1990).  Their glucan chains are arranged differently 

and produce characteristic x-ray or electron diffraction patterns. The predominant 

allomorph in nature is cellulose I which can convert to cellulose II after strong 

alkali treatment. In 1984, the NMR technique provided important evidence that 

cellulose I exists in two different suballomorphs, Iα and Iβ (Atalla and 

Vanderhart, 1984). The Iα suballomorph is predominant in bacteria and certain 

algae such as Microdictyon tenuius (Sugiyama et al., 1991) while the pure Iβ 

suballomorph is found in the tunicates (Sugiyama et al., 1991). The silver labeling 

technique provided the important information for native cellulose I orientation 

which led the authors to conclude that native cellulose I is arranged in a parallel 

manner (Hieta et al., 1984, and Kuga and Brown, 1988).  Interestingly, the first 

synthetic cellulose I was also achieved only by a polymerization of a β-

cellobiosyl fluoride using a partially purified cellulase (endoglucanase) in 
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acetonitrile /acetate buffer ratio of 2:1 (Lee et al., 1994). On the other hand, 

cellulose II is rarely found in nature. However, it can be synthesized from an 

Acetobacter mutant and the cellulose occurs as a folded-chain antiparallel 

structure (Kuga et al., 1993). Cellulose has been synthesized in vitro by 

cytoplasmic membrane fraction of Acetobacter xylinum (Bureau and Brown, 

1987).  

Cell wall embedded cellulose can be degraded by the action of three 

enzymes consisting of an endoglucanase with high affinity toward cellulose (endo 

I), a xyloglucanase (endo IV) and a cellobiohydrolase (CBH) (Vincken et al., 

1994). The removal of xyloglucans by endo IV is important for an efficient 

cellulose degradation (Vincken et al., 1994). A commercial cellulase, celluclast, 

isolated from fungus Trichoderma reesei is a complete cellulase and used to study 

digestion of cellulose microfibrils in Acetobacter xylinum. During a digestion, the 

crystalline structures of cellulose microfibrils changed into relaxed conformation 

causing the rotation of cellulose in a right-handed 360o manner (Bowling et al., 

2001).   

 

Degree of polymerization (DP) 

The molecular weight of cellulose can vary from 5x104 to 2.5x106 

depending on its origin (Franz and Blaschek, 1990). The degree of polymerization 

is obtained by dividing the molecular weight by the molecular weight of one 
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repeating unit (160 daltons). In general, the DP of cellulose from algae and 

secondary walls of vascular plants is about 8,000-10,000. The secondary wall 

cellulose in cotton has been shown to have a high DP of 14,000 to 15,000 (Goring 

and Timell, 1962). However, the DP from Acetobacter xylinum and primary walls 

of vascular plants varies from 1000-4000 (Franz and Blaschek, 1990). 

Interestingly, the weight-average and number- average DP of the purified in vitro 

product from Acetobacter xylinum was 4820 and 5270, respectively (Bureau and 

Brown, 1987, and Kuga and Brown, 1991).  

 

Alteration of cellulose microfibril formation 

In general, cellulose microfibril formation is divided into two steps: 1) 

polymerization of glucose into glucan chains followed by; 2) crystallization of 

these glucan chains into a microfibril. The first step is inhibited by specific 

compounds such as isoxaben (Heim et al., 1990), phthoxazolin (Omura et al., 

1990), and triazenofenamide (Heim et al., 1998). The second step is inhibited by 

some agents such as a thiatriazine-based herbicide,CGA 325’615 (Peng et al., 

2001), a brightening agent, Tinopal LPW, (Itoh et al., 1984), and 2,6-

dichlorobenzonitrile (DCB) (Delmer, 1987).  

One of the most extensive studies showed that DCB is an effective and 

specific inhibitor of cellulose synthesis was performed in algae and vascular 

plants (Delmer, 1987).  There were no side effects when applied DCB at 
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micromolar concentrations and short term treatments (Delmer, 1987). 

Furthermore, an 18 kDa polypeptide of the crude cotton fiber extract was 

identified as a DCB-binding polypeptide (Delmer et al, 1987). Later in 1992, the 

effects of DCB were clearly demonstrated in the xanthophycean alga, Vaucheria 

hamata (Mizuta and Brown, 1992). According to this experiment, 10 µm DCB 

inhibited nascent fibril formation from the cellulose synthesizing complexes 

(terminal complexes, TCs). During 20 min treatment, the overall shape of the 

rectangular TCs remained intact but after 60 min, the arrangement of TC subunits 

became disordered and dissociated from each other as a doublet (Mizuta and 

Brown, 1992). This work implied that the DCB was disrupting the crystallization 

of glucan chains into a microfibril. 

The isoxaben-resistant mutants named ixr1 and ixr2 were isolated a few 

years ago (Heim et al, 1989 and 1990). Another herbicide, thiazolidinone, was 

also found to have similar effects on plants to isoxaben (Scheible et al., 2001). 

Recently, the IXR1 gene was isolated and revealed that it is actually a member of 

the CeSA multigene family (Scheible et al., 2001). The ixr1 mutant was caused by 

amino acid substitutions leading to resistance to isoxaben and thiazolidinone 

(Scheible et al., 2001). 

In the second step of cellulose biogenesis, a fluorescent brightening agent, 

Calcofluor White ST (equivalent to Tinopal LPW) has been shown to alter 

cellulose assembly in the alga Oocystic apiculata (Robert, et al., 1982). It binds to 
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the glucan chains polymerized by the cellulose synthesizing enzymes as they are 

produced, resulting in glucan chains that are prevented from normal co-

crystallization to form microfibrils. However, after removal of Calcofluor, the 

normal wall can resume (Robert et al., 1982). Moreover, the effect of Tinopal on 

cell wall regeneration of Boergesenia forbesii protoplasts was investigated (Itoh et 

al., 1984). After a short period of treatment, TCs disappeared. If the incubation 

time is prolonged, microfibril impressions also disappeared. The wall regenerated 

from Tinopal treated protoplasts has few microfibrils in random dimensions 

embedded in an amorphous matrix (Itoh et al., 1984). The Tinopal treatment in 

Vaucheria hamata also showed that the TC integrity was destroyed resulting in 

subunits that were reduced into small fragments or particle aggregates (Mizuta 

and Brown, 1992).  

Recently, another herbicide, CGA 325’615 was reported to inhibit 

crystalline cellulose and cause concomitant accumulation of non-crystalline β-

1,4-glucan associated with CeSA protein (Peng et al., 2001). In addition, the 

CeSA protein and a membrane-associated cellulase were accumulated in the 

membrane fraction of cotton fibers (Peng et al., 2001). This work indicated that 

the CGA 325’615 was disrupting the crystallization of glucan chains into a 

microfibril. 

In the presence of Tinopal, Acetobacter xylinum synthesizes non-

crystalline (but ordered) glucan dye sheets (Cousins and Brown, 1997). Their 
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surfaces are coated with dye molecules. Upon photoisomerization or acid 

washing, dye molecules are removed inducing cellulose crystallization (Cousins 

and Brown, 1997). 

 

The role of microtubules in cellulose deposition 

Little is known about the control of microfibril orientation except that the 

direction of microfibril deposit may be guided by microtublues adjacent to the 

membrane (Cosgrove, 1997). When cortical microtubules are disrupted with anti-

microtubule agents, ordered cellulose deposition does not occur and the cell does 

not elongate properly (Morejohn, 1991). Another related experiment was reported 

by Hirai et al (1998). They provided a clever technique to examine synthesis of β-

glucan as a fiber with a two dimensional structure. First, isolated plasma 

membrane sheets with cortical microtubules attached were prepared. After 

incubation with UDP-glucose, the newly formed β-glucan microfibrils were found 

to be arranged closely parallel to the cortical microtubules. When microtubules 

were disrupted by propyzamide, β-glucan microfibrils were deposited in masses 

on the plasma membrane sheets indicating that the arrayed cortical microtubules 

are required for the orientation of microfibrils on the membrane sheet but are not 

required for β-glucan synthesis (Hirai et al., 1998). Another 

microtubule/microfibril relationship experiment was with isoxaben treated 

tobacco cells (Fisher and Cyr, 1998). Isoxaben is known as a cellulose synthesis 
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inhibitor (Heim et al., 1990). It was revealed that not only the synthesis of 

cellulose microfibrils was inhibited, but also the cells failed to elongate, and the 

cortical micortubules failed to become organized suggesting that cellulose 

microfibrils and cell elongation affected the cortical microtubule organization. 

After isoxaben was removed, cells resumed elongation and cortical microtubules 

reorganized (Fisher and Cyr, 1998). Precisely how this happened is unclear, but 

perhaps the microtubules guide the movement of the terminal complexes in the 

plasma membrane as they form microfibrils.  If this is true, the direction of 

orientation of the microfibrils can be controlled by the direction of movement of 

the terminal complexes during cellulose polymerization. 

 

Cellulose synthesizing complex (Terminal complex) 
 

Synthesis of cellulose microfibrils involves three almost simultaneous 

processes: assembly, polymerization and crystallization (Brett, 2000).  It was 

predicted that an enzyme complex at the tip of the growing microfibril was 

responsible for these processes (Roelofen, 1958 and 1965). Later, Preston (1964) 

observed the files of granular bodies lying in bands either parallel to or 

perpendicular to the microfubrils in Chaetomorpha. These small (20-30nm) 

granules were arranged in an orderly manner external to the plasma membrane. 

Therefore, the ordered granule hypothesis was proposed to account for the 

assembly and orientation of cellulose microfibril (Preston, 1964, and Robinson 
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and Preston, 1972). No direct proof for the involvement of these granules was 

given. With the application of the freeze-fracture technique, Brown and 

Montezinos (1976) offered the first direct evidence for organized macromolecule 

complexes associated with the growing tips of microfibrils in Oocystis apiculata. 

This complex was named “the terminal complex (TC)” because it was found at 

the end of a cellulose microfibril (Brown and Montezinos, 1976).   The TC of 

Oocystis consists of three rows, each with about 30 particles located at the 

fracture face of the outer layer leaflet of the plasma membrane (EF). In addition, 

granular bands consisting of strings of approximate eight particles, which occur in 

pairs is aligned side by side to form rows. These were found associated with the 

recently assembled microfibrils. The rows were organized directly behind TCs. In 

contrast to Robinson and Preston’s hypothesis, TCs instead were the cellulose 

synthesizing complexes in Oocystis while the granule bands and associated ridges 

appear to control the orientation of microfibrils after polymerization and 

crystallization (Robinson and Preston, 1972; Brown and Montezinos, 1976).  

Since then, numerous of TCs have been observed from Acetobacter (Brown et al., 

1976), algae (Mizuta et al., 1989, Tsekos and Reiss, 1992, Itoh and Brown, 1984) 

and plants (Mueller et al., 1976).  Generally, the arrangement of TCs can be 

divided into two types: linear or rosette.  
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Linear terminal cellulose-synthesizing complexes (linear TCs) 

 As described above, the first TC observed appeared to have multiple linear 

of rows of subunits (Brown and Montezinos, 1976). Later, different arrangements 

of subunits into multiple rows and single rows were found. The following section 

will describe some of the unique linear TC arrangements. 

Acetobacter xylinum 

 Acetobacter xylinum produces cellulose in the form of a twisted ribbon 

along its longitudinal axis (Brown et al., 1976). The ribbon is attached to the cell 

and elongates at the end associated with the cell. It has been estimated that the 

ribbon consists of 46 microfibrils (Brown et al., 1976). The fibril has a thickness 

of 1.6 nm and a width of 5.8 nm. Using the freeze-etching technique, 

approximately 50 individually distinctive particles organized in a linear row along 

the longitudinal axis were revealed on both the protoplasmic fracture (PF) face 

and the exoplasmic (EF) face of the outer lipopolysaccharide membrane (Brown 

et al., 1976). Later, pore structures were observed on the lipopolysaccharide 

membrane corresponding with the location of particles on the PF face (Zaar, 

1979). The cellulose synthesizing site consists of the linearly arranged TC triplets 

with 16 catalytic sites in each TC subunit (Brown, 1996).  

Vaucheria 
 
 The microfibril structure of Vaucheria is flat and ribbon-like, similar to 

that of Acetobacter (Mizuta and Brown, 1992). The ribbon-like structure is very 
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thin with a thickness of 1.5-2 nm and a variable width of 2-45 nm.  The 

microfibril consists of subfibrils. The linear TCs in Vaucheria are unique because, 

instead of a single row, they consist of many diagonal rows of subunits located on 

the inner leaflet of the plasma membrane (PF).  It is assumed that each subunit has 

only a single catalytic subunit. The average number of diagonal rows is 14±4, 

which corresponds to the number of subfibrils in the microfibril suggesting that 

each row in the TC contributes to form individual subfibrils in the microfibril.  

Each subfibril contains 12-20 glucan chains and the number of subunits in each 

TC row is 12-18. Taken together, it is plausible that each subunit contributes to 

form a single (or very few) glucan chains, and that glucan chains from one row 

associate to form the subfibril (Mizuta et al., 1989, and Mizuta and Brown, 1992). 

Erythrocladia 
 
 Cellulose microfibril structure of the red alga, Erythrocladia is also thin, 

ribbon-like, similar to that of Acetobacter and Vaucheria with a constant 

thickness of 1-1.5 nm and variable width of 10-33 nm (Okuda et al., 1994).  The 

linear TC consists of many particle subunits located on the PF face of the plasma 

membrane associated with the ends of microfibril impressions. The outstanding 

character of the TC in Erythrocladia is the periodic arrangement of the four TC 

subunits in transverse rows to the longitudinal axis of the entire TC. The number 

of transverse rows varied among TCs, with a range from 8 to 26, corresponding 

with the difference in the length of the TCs and the width of the microfibril. It has 
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been suggested that a single linear TC synthesizes the ribbon-like cellulose fibril 

and a single subunit synthesizes three glucan chains which stack together leading 

to form the crystalline microfibril (Tsekos and Reiss, 1992, Okuda et al., 1994, 

and Tsekos et al., 1996). 

Valonia 
 
 The cellulose microfibril of the Siphonocladalean alga, Valonia, is very 

large and highly crystalline in contrast to that of Acetobacter, Vaucheria, and 

Erythrocladia with a diameter of 12-21 nm and more than 1200 glucan chains 

(Sugiyama et al., 1985). A thin primary wall contains randomly ordered 

microfibrils while highly ordered giant microfibrils are assembled in the 

secondary wall. Linear TCs were observed in both the EF face and the PF face of 

the plama membrane associated with the ends of microfibril impressions (Itoh and 

Brown, 1984). The linear TCs on both the EF and the PF faces have three 

transverse rows, and each row on the PF face contains 30-40 particle subunits. 

Therefore, the TC complex contains about 90-120 TC subunits with about 350nm 

in length. Each TC may have 10-12 catalytic subunits indicating that at least 30 

glucan chains are produced per one transverse row (three TC subunits) (Brown, 

1996). The stacking of these glucan chains from several rows forms the 

microfibril (Itoh and Brown, 1984). 

Boergesenia 
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Like Valonia, the cellulose microfibrils in the Siphonocladalean alga, 

Boergesenia synthesized during the primary wall stage are randomly ordered, but 

become highly ordered during secondary wall development with an average 

diameter of 30 nm (Itoh et al., 1984). The TCs were found in both the EF and the 

PF faces of the plasma membrane, with the average length of 510nm and a width 

of 30 nm suggesting that the TC consists of transmembrane protein subunits. The 

TC is organized in three transverse rows, with each row containing approximate 

50 particle subunits. Each subunit has a diameter of 9-11.5 nm (Itoh et al., 1984).  

During synthesis of randomly ordered microfibrils in the primary wall stage, TCs 

grow in their length up until the synthesis of highly ordered microfibrils in the 

secondary wall stage starts (Itoh and Brown, 1988). 

 

Rosette terminal cellulose-synthesizing complexes (the rosette TC) 
  

The first observation of a TC in vascular plants was from corn (Zea mays) 

roots (Mueller et al., 1976). The globular complexes associated with the ends of 

microfibrils were evident on the EF face of the plasma membrane suggesting that 

the globular complexes may be TCs involving in cellulose assembly. Later, the 

unique structure, six particles surrounding a center, was revealed on the PF face 

of the plasma membrane (Mueller and Brown, 1980). This structure was named 

“the rosette TC” with a diameter of 24±2.5nm. Both components of TCs on the 

EF face and rosettes on the PF face appeared to associate with the ends of newly 
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microfibril impressions. In addition, it was suggested that the TCs on the EF face 

complement the rosettes on the PF face. The additional evidence of the presence 

of rosette indicated that both TCs and rosettes are involved in cellulose assembly 

(Mueller and Brown, 1980).  

 In cotton fibers, cellulose microfibrils of the primary wall are deposited 

parallel to fiber’s long axis. At the onset of the secondary wall, a microfibril 

direction becomes transversely to the first outermost microfibrils. Like Zea mays 

roots, the large distinctive globules of 20-40 nm in diameter were observed on the 

EF face in both primary and secondary wall stages (Willison and Brown, 1977). 

The rosettes were found on the PF face in both primary and secondary wall stages 

with higher number in secondary walls. It is plausible that the large globules and 

rosettes were involved in cellulose synthesis and assembly. 

 The green alga Micrasterias denticulata is an another example of an 

organism which has a rosette TC (Kiermayer and Sleytr, 1979, and Giddings et 

al., 1980). During the primary wall stage, the microfibrils are randomly oriented 

corresponding with the random distribution of the rosettes on the PF face. When 

entering secondary wall formation, the microfibrils become highly oriented in the 

form of parallel bands, forming many layers. The rosettes now appear to pack into 

hexagonal arrays where each row of rosettes produces a fibril and the parallel 

rows of rosettes form the band of parallel fibrils. The widest fibrils are 

synthesized from the longest rows of rosettes, indicating that the size of a fibril 
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depends upon the number of rosettes. This investigation also provides more 

evidence that the rosettes involved in synthesis of cellulose microfibrils 

(Kiermayer and Sleytr, 1979, and Giddings et al., 1980).  

     Similarly to Micrasterias, the ends of microfibrils in Spirogyra are 

associated with globules or TCs arranged in hexagonal arrays on the EF face 

(Herth, 1983). Likewise, the PF face contains rows of rosettes also packed in 

hexagonal arrays. The numbers of rows are corresponded to the number of 

microfibrils in the band.  

Another unique type of rosette has been found in Coleochaete scutata. 

Instead of having the hexagonal arrangement, they appear to consist of eight of 10 

nm particles symmetrically surrounding 28 nm central particles on the PF face 

while the cluster of 8-50 closely packed particles is found on the EF face (Okuda 

and Brown, 1992).  

In addition to examples mentioned above, the unique hexagonal rosettes 

have been observed on the PF face and the globular structures (TC) on the EF 

face in Funaria (Reiss et al., 1984), Equisetum (Emon, 1985), Closterium 

(Giddings and Staehelin, 1988) and tunicates (Kimura and Itoh, 1996). These 

rosettes are 22-24 nm in diameter consisting of six of 8 nm subunits while the size 

of globule on the EF is 24 nm in diameter.  It has been hypothesized that the 

rosettes and the globular TCs make up a plasma membrane-bound cellulose 

microfibril- synthesizing complex.  
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Cellulose biosynthesis 

In Plants 
 It is clear that cellulose is the most abundant and important polymer in 

plants; however, its biosynthesis in nature is still obscure. There are two general 

agreements about cellulose synthesis. First, synthesis takes place at the plasma 

membrane by integral membrane proteins called cellulose synthases (CeSA) (see 

details in chapter 2 and 3) and/or associated proteins except cellulose in 

Pleurochrysis which is synthesized in the Golgi apparatus (Brown et al., 1969). 

Second, UDP-glucose is considered to be a precursor in cellulose synthesis 

(Delmer, 1987). There are two major pathways for the source of UDP-glucose. 

First, UDP-glucose pyrophosphorylase catalyses the reversible reaction: glucose-

1-phosphate + UTP → UDP-glucose + PPi (Kleczkowski, 1994). Many plant 

tissues contain high levels of UDP-glucose pyrophosphorylase so UDP-glucose 

synthesis from this reaction is theoretically high (Delmer and Amor, 1995). 

Second, sucrose synthase (SuSy) catalyses the reversible reaction: sucrose + 

UDP→ UDP-glucose + fructose. The major advantage of the second pathway is 

that the high energy of the glucose-fructose in sucrose can be used for the 

glycosidic bond in cellulose. In contrast, the first reaction requires the energy 

from the other source. Over the past few years, several lines of evidence have 

been shown to support the second pathway. In 1995, Amor et al. demonstrated 

that high level of SuSy associated with the plasma membrane of cotton fibers 
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suggesting that it may be involved in cellulose synthesis. Therefore, UDP-glucose 

can be used directly as a substrate for cellulose synthase without diffusing away 

into cytosol. More importantly, when detached cotton fibers were supplied with 

14C-sucrose, rapid 14C incorporation was found in newly synthesized cellulose. 

(Amor et al., 1995). Further study showed that SuSy was localized in fibers and 

cotyledons of cotton seeds. The highest level of SuSy coincided with the onset of 

secondary cell wall cellulose synthesis (Ruan et al., 1997). In addition, SuSy 

along with actin was localized closed to the plasma membrane of tracheary 

elements of Zen elegans L. where cellulose synthesis takes place (Salnikov et al., 

2001). However, whether SuSy directly associates with cellulose synthase is still 

inconclusive because SuSy may only be rather loosely associated with cellulose 

synthase in order to channel carbon from sucrose (via UDP-glucose) to growing 

glucan chains. Recently, sucrose phosphate synthase was hypothesized to be a key 

enzyme involved in sucrose synthesis in cotton fibers, cultured mesophyll cells of 

Zinnia elegans, and etiolated hypocotyls of kidney beans (Babb and Haigler, 

2001).  

To date, there are uncertainties about the regulation of cellulose 

production; however, Amor et al demonstrated that two polypeptides (83 and 48 

kDa) in cotton membrane proteins bound to cyclic diguanylic acid (c-di-GMP). 

The 48 kDa polypeptide appeared to be the product cleaved from the 83 kDa 

polypeptide (Amor et al., 1991). The c-di-GMP is known to be the critical effector 
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in bacterial cellulose biosynthesis. Therefore this finding provided good evidence 

that the plant cellulose biosynthesis may require c-di-GMP (Ross et al., 1991, 

Delmer, 1987). 

In Bacteria 

It is unquestionable that the best understanding of cellulose biosynthesis to 

date is in bacteria. The gram-negative bacterium Acetobacter xylinum has been 

considered as a model for the study in this field. The cellulose produced by 

Acetobacter xylinum is of exceptionally high purity. The cells grow rapidly and 

can easily be manipulated in the laboratory. Therefore, isolation of mutants for 

biochemical and genetic analysis has become possible. In addition, the rate of 

cellulose production is roughly proportional to the rate of cell growth and is 

independent of the source of carbon. As the cells grow, cellulose is produced and 

extrudes from a row of synthetic sites along the longitudinal axis of the cell into 

the surrounding media forming a single, twisted, ribbonlike bundle of microfibrils 

which remains associated with cell envelop during cell division (Brown et al., 

1976, and Ross et al., 1991). Rhizobium produces cellulose to facilitate 

colonization and infection in plants (Smit et al., 1987). The slime mold 

Dictyostelium discoideum produces cellulose at various stages throughout its 

cycle (Blanton, 1993). Recently, cellulose production has been found in E.coli, 

Klebsiella pneumoniae, Salmonella typhimurium as well as cyanobacteria (Zogaj 

et al., 2001 and Nobles et al., 2001). The role of cellulose has been suggested to 
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be implicated in biofilm formation which is an important factor for survival of 

Salmonella (Solano et al., 2002).  In addition, it was speculated that the role of 

cellulose assembly in cyanobacteria may be involved in gliding motility (Nobles 

et al., 2001). 

 As in plant systems, cellulose biosynthesis in Acetobacter xylinum 

requires a sugar nucleotide precursor, UDP-glucose. UDP- glucose 

pyrophosphorylase is considered to play a critical role in providing UDP-glucose 

for cellulose production (Ross et al., 1991). Interestingly, when Acetobacter 

xylinum which contains no SuSy was transformed with mung bean SuSy, 

cellulose production was enhanced indicating that SuSy channels carbon directly 

from sucrose to cellulose and recycles UDP (Nakai et al., 1999). Another possible 

route of UDP-glucose is through lipid pyrophosphate glycosyl intermediates (Han 

and Robyt, 1998). As mentioned earlier, the effector, bis- (3’, 5’)-cyclic 

diguanylic acid (c-di-GMP), is needed for cellulose biosynthesis of Acetobacter 

xylinum. It binds directly to cellulose synthase in a reversible manner at a 

regulatory site different from a substrate binding site. Therefore its binding does 

not affect substrate binding and vice versa. It can be degraded by a membrane 

bound Ca2+ -sensitive phophodiesterase. (Ross et al., 1986 and 1991, and 

Weinhouse et al., 1997). Furthermore, antibodies against c-di-GMP-binding 

regulatory subunit recognize the rows of linear terminal complexes (TCs) 

indicating that c-di-GMP is indeed involved in cellulose synthase (Kimura et al., 
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2001). In the case of Agrobacterium and Rhizobium, it was recently demonstrated 

that the transformation of GGDEF motif from A. xylinum into Agrobacterium and 

Rhizobium induced cellulose overproduction. Therefore, this finding suggested 

that the conserved domain (GGDEF) is responsible for the diguanylate cyclase 

activity and the activity of cellulose synthase is regulated by c-di-GMP (Ausmees 

et al., 2001).  

 

Callose (β-1,3 glucan)  
 

Unlike cellulose, callose consists of a linear β-1,3 glucan with some 1,6 

branches (Stone and Clarke, 1992). It is not characterized as a component of 

common cell walls. Instead, it is produced only in specific sites of plant cells at 

particular developmental stages such as pollen tubes, pollen grains, 

plasmodesmata, and seive plates (Stone and Clarke, 1992). However, an enzyme 

that synthesizes callose is called callose synthase and is found generally at the 

plasma membrane in vascular plants and is activated in response to wounding and 

increasing of the cytosolic Ca2+ concentration, whereas cellulose synthase is 

activated usually only in intact cells (Delmer, 1987, Nakashima unpublished 

data). Both cellulose and callose can be deposited in the same cell type, but not at 

the same time. For instance, at the cell plate, callose is deposited, quickly 

degraded and replaced by cellulose deposition as the cell plate becomes mature 
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(Fulcher et al., 1975). In cotton fibers, callose is deposited at the primary wall 

stage prior to cellulose deposition at secondary wall stage (Maltby et al., 1979).  

 

The callose synthase gene 

 The gene that encodes the catalytic subunit of callose synthase in vascular 

plants has been an unsolved problem for several years although the bacterial β-

1,3-glucan synthase (curdlan) gene has been sequenced (Stasinopoulos et al., 

1999). Interestingly, its sequence showed the same conserved region (D, D, D, 

and QXXRW) as in bacterial cellulose synthase but no similarity was detected 

with yeast β-1,3-glucan synthase (FKS1) (Kelly et al., 1996). It is possible that in 

plants, there might be two types of genes encoding callose synthase using 

different pathways to synthesize callose. One is responsible for the Ca2+ -

dependent type which occurs only in response to wounding and stress and the 

other is for Ca2+ -independent type found in pollen tubes (Schlupmann et al., 

1993, and Delmer, 1999). Recently, the remarkable finding of the first callose 

synthase gene (CFL1) from cotton fiber was reported (Cui et al., 2001). The 

sequence of cotton CFL1 showed homology to yeast β-1,3-glucan synthase 

(FKS1) and bound to calmodulin at the hydrophilic N-terminal domain (Cui et al., 

2001). However, the CFL1 gene does not carry the conserved residues D,D,D, 

and QXXRW motif as in cellulose and curdlan synthases. This finding led to 

speculation that callose synthesis in plant uses a different pathway. In addition to 
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CFL1, a callose synthase gene from Arabidopsis was cloned, and named AtCalS1 

(Hong et al., 2001a). Its deduced amino acids shows a similarity to FKS1 and is 

found to be a cell plate specific enzyme since the GFP-tagged CalS1 proteins 

were found at the forming cell plate during cytokinesis.  It also interacted with 

two cell plate-associated proteins: phragmoplastin and a novel UDP-glucose 

transferase, UGT1 (Zhang et al., 2000, Hong et al., 2001a, and Hong et al., 

2001b). Another callose synthase gene was also cloned from pollen tubes of 

Nicotiana alata (Doblin et al., 2001). Its sequence shows a significant identity to 

FKS1. They share similar molecular mass of 220 kDa and transmembrane 

topology. Therefore, plant CalS and FKS1 have been classified into a new family 

of the glycosyltransferase superfamily (Verma and Hong, 2001).  

 

Mixed- link (1-3),(1-4)-β-D-glucan 

 Another type of cell wall polysaccharide which exists only in grasses and 

cereals is the mixed-linked (1,3),(1,4) β-D-glucan (Gibeaut and Carpita, 1994, 

and Carpita, 1996). It accumulates during cell enlargement and in the wall of the 

endosperm of the developing grains (Carpita, 1996, and Carpita and Gibeaut, 

1993). Over 90% of the polysaccharide consists of (1,4) β-D-glucan, primarily 

cellotriosyl and cellotetraosyl units each connected by β-1,3-linkages. The 

remainder of the polymer contains a longer cellodextrin, with each linked by β-

1,3-linkages (Wood et al., 1994 and Buckeridge et al., 1999 and 2001). 
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Cotton fiber development 
 

Cotton is the best vascular plant model to study cellulose biosynthesis 

because of the fact that cotton fibers consist of almost pure cellulose. Cotton 

fibers are single celled hairs or trichomes growing from individual epidermal cells 

in the outermost layer of the ovules in the developing cotton fruits (Basra and 

Malik, 1981, and Kim and Triplett, 2001). One of the advantages of this system 

that greatly benefits cell wall research is that there are two distinct phases of 

primary and secondary wall synthesis. Furthermore, unlike other plant secondary 

walls, cotton fiber wall contains no lignin. Throughout fiber development, the 

fiber can elongate up to 1000 to 3000 times longer than their diameter (11-22 

µm), up to lengths that range from 2.2 to 3.0 cm. Generally, cotton fiber 

development can be divided into four phases: 1) initiation, 2) elongation, 3) 

secondary wall thickening, and 4) maturation. Fiber initiation begins when 

epidermal cells protrude and round up forming the balloon shape above the 

epidermal surface. The epidermal cells of cotton ovule are closely packed, 

cuboidal and rich in cytoplasm, and they contain a large nucleus. Once the cells 

reach the full expansion, the transition to elongation phase starts. Cells begin to 

elongate toward the micropylar end (Beasley, 1975). During cell elongation, 

which takes place throughout the length of the fiber beginning about 1 day post-

anthesis (DPA) until 22-26 DPA, fiber cells synthesize the primary wall. The 
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secondary wall deposits just before the time of the cessation of elongation around 

16-18 DPA and continues depositing up to 40-50 DPA. Therefore, the secondary 

wall actually overlaps the primary wall to some extent suggesting that the 

beginning of secondary wall deposition may control fiber length (Basra and 

Malik, 1984). During this time, cellulose microfibrils continue to deposit helically 

around the growing fiber with occasional reverse directions until the wall reaches 

3 to 4 µm.  The reversal regions cause the mature fiber to twist. Finally, as the 

ovary wall splits and opens concomitant with the time of fiber maturity, fiber cells 

desiccate and become mature fiber (Kim and Triplett, 2001).  

During fiber development, the concentrations of cellulose as well as the 

neutral sugars rhamnose, fucose, arabinose, mannose, galactose, and noncellulosic 

glucose, including uronic acid and total protein change significantly. At the end of 

cell elongation or the onset of secondary wall deposition, protein content is at the 

highest value, declines and then reaches the second highest value again at the end 

of secondary wall deposition. In addition, the uronic acid content declines. The 

content of some of the neutral sugars changes throughout fiber development 

reaching the maximum at the end of primary wall or the beginning of secondary 

wall (Meinert and Delmer, 1977 and Huwyler et al., 1979). Using electron 

microscopy, details about cell wall formation of the cotton fiber can be observed. 

During cell elongation and primary wall deposition, the Golgi apparatus seems to 

be directly involved in secretion and synthesis of primary wall components. 
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During secondary wall thickening, the endoplasmic reticulum and plasma 

membrane play a major role in secretion and synthesis of secondary wall 

components (Westafer and Brown, 1976). 

 Another advantage of using the cotton fiber as a model system is that the 

sterilized seeds can be grown in culture media supplied with the proper amount of 

the right hormones. Flowers are easily tagged on the day of their opening. Ovules 

are collected 2 days after anthesis (fertilized ovules), sterilized, and floated on the 

surface of liquid medium supplied with 3-indoleacetic acid (IAA) and gibberellic 

acid (GA3). Both IAA and GA3 have been shown to promote the total amount of 

fiber whereas cytokinin, abscisic acid and ethylene inhibit fiber development 

(Beasley, 1971 and Beasley and Ting, 1973). Since the condition and important 

supplements of in vitro cotton fiber culture are well established, one can study 

how to control fiber elongation, how to increase yield and quality of lint fibers or 

how to induce fuzz fibers to lint fibers. For instance, Feng and Brown modified 

the condition and hormones of the culture that promotes helical submerged fibers 

(Rong and Brown, 2000).  The unique structure of submerged fibers imitates that 

of the secondary wall of xylem in wood (Knebel and Schnepf, 1991). Moreover, 

submerged fibers can uptake nutrients from medium easily and response to 

exogenous hormones rapidly.  In the future, we will be able to improve the quality 

of cotton fiber (Rong and Brown, 2000). 
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 However, the cotton genome size is large so there is a limitation of using a 

gene knockout strategy to analyze gene function. Although transformation in 

cotton is possible, the efficiency is extremely low and regeneration time is quite 

long from 6-18 months (Kim and Triplett, 2001). Therefore, new approaches are 

required to study the functions of cotton genes and a transformation technique is 

needed to improve efficiency and regeneration problem. 
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Chapter 2 Cloning of Cotton Cellulose Synthase 

 

2.1.  Introduction 

 

Cellulose synthase (CeSA) gene  

 Cellulose synthase is a processive β-glycosyltransferase enzyme which 

catalyzes the glycosyl transfer reaction to form a β-linkage using α-linked UDP-

sugar donors (Saxena and Brown, 2000). The discovery of the gene encoding for 

cellulose synthase from bacteria and plant will be discussed in this chapter. The 

goal of the work in this chapter has been to characterize a cellulose synthase gene 

from cotton (Gossypium hirsutum). 

Bacteria 

In the past several years, rapid progress in the cellulose field has come 

from research with the gram-negative bacteria, Acetobacter xylinum.  The first 

breakthrough was the discovery of a cellulose synthase gene  (Saxena et al., 1990, 

and Wong et al., 1990). Sequence analysis revealed that the A. xylinum CeSA 

gene is organized as an operon consisting of three genes (acsAB, C and D) 

(Saxena et al., 1990,1991 and 1994, or four genes (bcsA,B,C and D) (Wong et al., 

1990). Thus, acsAB, referred to as cellulose synthase, is a transmembrane protein 
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with a molecular mass of 168 kDa. The acsAB genes are responsible for the 

substrate binding and activator binding sites (Saxena et al., 1994). The acsC gene 

was identified to have a role in forming pore-like structures which secrete 

cellulose from bacteria, while the acsD gene was suggested to be involved in 

cellulose crystallization (Saxena et al., 1994). The CeSA operon (bcsA,B,C, and 

D) isolated and described from a different Acetobacter strain suggested that the 

bcsA and bcsB genes are involved in the polymerization of glucose residues, 

while the bcsC is responsible for β-1,4-glucan synthesis in vivo (Wong et al., 

1990).  

Using hydrophobic cluster analysis (HCA) to analyze the catalytic region 

of CeSA, two conserved domains A and B were found (Saxena et al., 1995). Two 

Asp residues were found in domain A while the third Asp residue and QXXRW 

motif (where X is any amino acid) were identified in domain B.  Moreover, HCA 

provided insight into cellulose polymerization which was proposed to be double 

addition of glucose residues. Two Asp residues of domain A and one Asp residue 

of domain B can bind the substrates (UDP-glucose) leading to form two 

glycosidic bonds and release two UDP molecules. Then, the chain elongates by 

two units so that the UDP group will now bind to the Asp residue of domain B. 

Next, two Asp residues of domain A are now free to bind two new UDP-glucose 

allowing the double addition to proceed. By double addition, the protein or the 

glucan chain never has to rotate (Saxena et al., 1995).    
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Vascular plants 

 Since the initial cloning of the bacterial CeSA gene, much research has  

focused on the CeSA gene in vascular plants.  By taking advantage of bacterial 

CeSA sequence information, a number of CeSA genes have been cloned from 

many plant species. Two CeSA genes in cotton (GhCeSA1 and GhCeSA2) were 

the first CeSA genes found by randomly sequencing cDNA libraries from 

developing cotton fibers during cellulose production is at its highest (Pear et al., 

1996). The deduced amino acid sequence showed three conserved amino acids 

(D, D, D ) and one motif (QXXRW) which had been identified in the bacterial 

CeSA gene (Saxena et al., 1990, and Wong et al., 1990). The GhCeSA1 gene, 

however, bears extra regions: a plant-conserved region (P-CR), a hypervariable 

region (HVR), and a RING-FINGER protein binding domain which is absent in 

the bacterial CeSA gene. More importantly, GhCeSA1 was able to bind UDP-

glucose in a Mg2+ dependent manner (Pear et al., 1996).  

Whether or not the CeSA gene actually encodes the catalytic subunits of 

cellulose synthase had to be proven through genetic evidence. The first such proof 

was the discovery of an Arabidopsis rsw1 mutant whose gene homologous to the 

GhCeSA1 gene has a point mutation (Arioli et al., 1998). The mutation caused 

abnormalities in the cell wall resulting from reduction in cellulose synthesis 

(radial swelling). Also, the mutant accumulated noncrystalline β-1,4-glucans at 

elevated temperature. Additional genetic evidence came through the isolation of 
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an Arabidopsis irx3 mutant which had a reduction in cellulose deposition causing 

the xylem cells to collapse (Turner and Somerville, 1997, Taylor, et al., 1999). 

The deduced amino acids of IRX3 share the same conserved regions as GhCeSA1 

and RSW1 except the HVR and the region near the N-terminus (Taylor, et al., 

1999). Moreover, both rsw1 and irx3 mutants restored their normal morphology 

after complementation with RSW1 and IRX3, respectively, providing genetic 

proof that both RSW1 and IRX3 genes encode the catalytic subunits of cellulose 

synthase (Arioli et al., 1998, and Taylor, et al., 1999).  

Another important mutant is prc1 whose cell elongation is decreased in 

root and dark-grown hypocotyl, similar to the rsw1 phenotype (Fagard et al., 

2000). The cell elongation abnormality was found to be caused by a cellulose 

deficiency. Map based cloning revealed that PRC1 is indeed another CeSA 

isoform. In addition, cellulose deficiency mutants were also created using the 

herbicides, isoxaben and thiazolidinone. Map based cloning led to the isolation of 

another CeSA isoform named IXR1 (isoxaben and thiazolidinone resistance 

(Scheible et al., 2001). Generally, CeSA proteins are expressed in all tissues and 

cell types of plants in some level as seen in maize and Arabidopsis (Holland et al., 

2000). Some of CeSA proteins, however, are expressed differently. For instance, 

the RSW1 protein is responsible for primary wall synthesis throughout the plant, 

while IRX3 protein functions in secondary wall synthesis in the stem (Arioli et 

al., 1998, and Taylor, et al., 1999). With all of the genetic evidence, so far 



 48

encountered, a convincing case can be made supporting the hypothesis that the 

CeSA gene indeed encodes for the catalytic subunit of cellulose synthase. To date, 

a total of 10 CeSA (CeSA1-CeSA10) and 35 CeSA-like genes from Arabidopsis 

have been identified (Richmond, 2000, and http://cellwall.stanford.edu).  

Additional CeSA genes from other plant species have been cloned. For 

example, a CeSA gene isolated from Aspen (Populus tremuloides) is expressed in 

xylem cells during normal cell growth. The control of PtCeSA may be part of 

signaling pathway which triggers a stress-related cellulose and lignin deposition 

(Wu et al., 2000). 

Another way to ascertain the function of the CeSA gene has been to use 

virus-induced gene silencing (VIGS). The result of the VIGS system is the 

decreased amount of mRNA for endogenously expressing plant genes which have 

a sequence similarity of 80% or more to the sequence carried by the virus. VIGS 

has been applied to study CeSA in tobacco (Burton et al., 2000). As expected, 

plants infected with CeSA showed a dwarf, small leaf phenotype resulting from 

cellulose deficiency. Therefore, the CeSA gene from tobacco can silence the 

endogenous CeSA gene indicating that the CeSA gene indeed encodes cellulose 

synthase (Burton et al., 2000). 

Why are there so many CeSA genes in plants?  Previous studies of 

Arabidopsis mutants have been supported by two independent studies. In the first, 

the prc1 mutant phenotype was very similar to the rsw1 mutant in the same cell 
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types. Double mutant prc1/rsw1 showed more severe defects than the single 

mutant. Expression of both genes also is quite similar. Therefore, it could be 

hypothesized that CeSA isoforms act in concert or form heterodimers to become 

functional enzyme complexes (Fagard et al., 2000). In the second study, the irx1 

mutant was shown to have a cellulose deficiency resulting in collapsed xylem 

cells as they appeared in the irx3 mutant (Taylor et al., 2000). Map-based cloning 

identified IRX1 as the catalytic subunit of cellulose synthase. In addition, 

histidine-tagged IRX3 was transformed into the irx3 mutant background. Using a 

nickel affinity column, both IRX3 and IRX1 were co-purified. It was concluded 

that IRX1 and IRX3 are part of the same enzyme complex (Taylor et al., 2000).  

 Although plant CeSA genes have been identified, there are still many 

questions to be answered. For example, does cellulose synthesis require a primer? 

If so, what is the primer? How many CeSAs exist in the rosette terminal complex? 

How are they arranged? Recently, Peng et al., 2002 proposed that plant CeSA 

requires a sitosterol-β-glucoside (SG) as a primer in the initiation step, unlike 

bacterial CeSA. They conclude that CeSA first catalyzes the polymerization of 

glucan chains using SG as a primer to form lipid-linked oligosaccharides called 

sitosterol cellodextrins (SCD). The catalytic subunit of CeSA for the initiation 

step is located in the cytoplasm. Then, SCD flips to the outer face of the plasma 

membrane and is cleaved by a Korrigan cellulase which was found to link with 

RSW2 and restores the rsw2 mutant (Lane et al., 2001). Cellodextrin binds to 
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another CeSA, and finally CeSA elongates using UDP-glucose provided by 

sucrose synthase. Unlike CeSA for the initiation step, the catalytic subunits of 

CeSA for the elongation step are on the outer face of the plasma membrane.  

Moreover, DCB, which was shown to inhibit cellulose synthase, also inhibits SG 

synthesis. It also has been suggested that cellulose synthesis requires Ca2+ which 

is known to be a requirement for callose synthesis (Peng, et al., 2002). However, 

the number of CeSA initiation and elongation steps and Korrigan cellulases in the 

rosette terminal complex are still unknown. Furthermore, the arrangement of 

CeSA (initiation) and CeSA (elongation) in the rosette terminal complex are still 

incompletely understood. These questions still await answers. 

 

Cellulose synthase like genes (Csl) 

 Besides the CeSA gene, six groups of cellulose synthase-like (CSL) genes 

(CSLA, CSLB, CSLC, CSLD, CSLE, and CSLG) have been identified from 

Arabidopsis (http://arabidopsis.org/info/genefamily/cellwall.html). The N-

terminal end of the Csl family is missing the conserved CX2C motif, in contrast to 

in the CeSA family.  Among the six groups of CSL, the deduced amino acids of 

CSLD shows the most similarity to the CeSA family. In addition, the function of 

CSLD has been identified using the genetic approach (Favery et al., 2001, and 

Wang et al., 2001) whereas the function of other CSL groups is still unclear.  The 

csld3 mutant produced no root hairs indicating that the CSLD3 protein is crucial 
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for the synthesis of polymers for the fast-growing primary cell wall at the root 

hair tip (Favery et al., 2001, and Wang et al., 2001). The CSLD3 is located in the 

endoplasmic reticulum suggesting that CSLD3 functions in the biosynthesis of β-

xylans, mannans or the backbone of xyloglucan (Favery et al., 2001). 

 

Cloning of CeSA from cotton (Gossypium hirsutum cv Texas Marker-1) 

 In 1995, the only CeSA gene cloned at the time was from bacteria (Saxena 

et al., 1990, and Wong et al., 1990). Thus, we attempted to isolate and 

characterize the CeSA gene from plants. The cotton plant was chosen since cotton 

produces almost pure cellulose in the secondary wall stage. This difficult task was 

initiated by searching the EST databases for the closest EST clones to the 

catalytic region of the Acetobacter CeSA gene.  In this chapter, the cloning of the 

CeSA gene from cotton will be described. Its amino acid sequence contains all of 

the conserved regions for the CeSA family. In sum, we independently isolated the 

CeSA gene from cotton and have designated it to be GhCeSA3 (Accession 

number AF200453).   
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2.2.  Materials and Methods 

Plant materials 

Cotton plants (Gossypium hirsutum cv Texas Marker-1) were grown in the 

greenhouse under 14 hr light (incandescent and fluorescent lamps) at 32oC and 10 

hr darkness at 20oC. Flowers were tagged on the day of anthesis. Bolls were 

harvested at 14, and 24 days after anthesis. The locules were removed, quickly 

frozen and stored in liquid nitrogen until ready for fiber harvesting.  

  

Searching EST database 

 The cellulose synthase catalytic domain of Acetobacter xylinum (acsA) 

(Saxena et al., 1990) was used to search expressed sequence tags (ESTs) from the 

GenBank database at the National Center of Biotechnology Information (NCBI) 

website (http://www.ncbi.nlm.nih.gov/). The first query consisted of 100 amino 

acids. The following 100 amino acid query contained 50 amino acids overlapping 

with the previous query until the entire acsA was completely searched. The best 

matched EST was selected and used to search against the protein database.  

Isolation of cellulose synthase 

Two degenerate primers, 5’-GATTACCCAGTTGADAAGGTT-3’, and 

5’-TGCTAYGTYTCTGATGATGGW-3’ were designed based on the highest 

homologous region in the EST. Then, four PCR reactions were performed using 
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the degenerate primers as a forward primer and the T7 primer of the cotton cDNA 

library as a reverse primer. The cotton cDNA libraries obtained from either 14 or 

24 DPA (kindly provided by Dr. Xiaojiang Cui) were templates. All PCR 

reactions were conducted at the 57oC annealing temperature.  The PCR products 

which were amplified using 5’-GATTACCCAGTTGADAAGGTT-3’ were 

purified and cloned into pCR-Script SK+ (Stratagene). The ampicillin resistant 

clones were selected, and the DNA was sequenced. To obtain the 5’ remaining 

end of the cellulose synthase, 5’RACE was performed according to the Marathon 

cDNA amplification kit protocol (Clontech). The reverse primer-1 was designed 

based on the available sequence (5’-CCATCCTGCATAATCCATCC-3’) which 

provided overlapping regions (350 bp) for sequence confirmation. After PCR, the 

product was purified and subjected to nested PCR before being cloned into pCR-

Script SK+. The reverse primer-2 (5’-AGCTTCCCTTAAAGCCTTGC-3’) 

matched the upstream region of the reverse primer-1. Once the sequence was 

available, a pair of primers (5’-CGTCATGGAATCGGAAGGAGATATTGGG-

3’ and 5’-TCTCTCAACAGTTTATTCCACACTGTTCTA-3’) were designed 

based on the coding region of available sequence, and these were used to acquire 

the full length CeSA using the Advantage KlenTag Polymerase Mix (Clontech). 

The PCR product was purified and subjected to another round of PCR to assure 

the correct cDNA fragment before being cloned into pCR-Script SK+.  Several 

ampicillin resistant clones were selected, and the DNA was sequenced. The full 
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length sequence was translated for all possible reading frames. The deduced 

amino acids were analyzed for similarity with known CeSA amino acids using 

ClustalW program (http://expasy.hcuge.ch).     

Reverse transcription polymerase chain reaction (RT-PCR)  

Total RNA was isolated from 7, 14, 21 and 28 DPA cotton fibers 

according to Hughes and Galau et al., 1988 with some modification. The cotton 

fibers were detached from the seeds and ground in liquid nitrogen. The powder 

was transferred into 65oC preheated extraction buffer consisting of 200mM Tris-

HCl, pH 8.5, 200 mM LiCl, 10 mM EDTA, 1.5% SDS, 1% sodium deoxycholate, 

1% NP-40, 1% polyvinylpyrolidone (PVP), and 0.5% β-mercaptoethanol. To this 

mixture, chloroform was added and incubated at 65 oC for 5 min. The mixture was 

centrifuged at 10,000g for 15 min. LiCl was added to supernatant to a final 

concentration of 2M and chilled at 4 oC overnight. After centrifugation, the pellet 

was resuspended in DEPC-water (diethyl pyrocarbonate treated water), and 30 

mM sodium acetate pH 5.5 and 0.5 volume of ethanol were added. The sample 

was incubated on ice for 20 min and centrifuged at 12,000g for 20 min at 4 oC.  

The supernatant was collected and added with 0.3M sodium acetate and 2 volume 

of ethanol. The mixture was then chilled at -80 oC for overnight. After 

centrifugation, the pellet was dissolved in DEPC- water, extracted with 

phenol:chloroform (1:1,v/v), followed by chloroform and finally, RNA was 



 55

precipitated by ethanol. 1µg of total RNA from each sample was subjected to RT-

PCR according to the Masteramp High Fidelity RT-PCR kit protocol (Epicentre). 

A pair of gene-specific primers was designed based on HVR2 regions. 
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2.3.  Results 

EST database search 

Using catalytic sequences of Acetobacter CeSA (acsA) as queries to 

search the EST database, several plant EST sequences were acquired. After the 

EST clones were used to search back against the protein database, only two EST 

clones, Genbank accession numbers RICS3630A and RICS12341A, were selected 

because they displayed a similarity to Acetobacter CeSA (Fig 2.1). Although 

other EST clones also showed some similarity to Acetobacter CeSA after first and 

second rounds of searching, only the two selected EST clones located close to the 

5’end.  

Isolation of the cotton CeSA gene 

 At the secondary wall stage in the cotton fiber, cellulose synthase reaches 

its highest expression, therefore, it should be effective to search for the cellulose 

synthase gene in a cotton fiber cDNA library from the secondary wall stage 

(Meinert and Delmer, 1977).  As expected, both primers based on two EST clone 

(RICS3630A and RICS12341A) amplified a cDNA fragment of 2.5 kb with a 

stronger signal in the secondary wall stage library (Fig 2.2). Once the sequence of 

2.5 kb became available, it was assayed for similarity to any protein in the 

GenBank protein database. The result showed some similarity to the acsA gene, 

but more importantly, all conserved residues (D,DXD,D,QXXRW) were included 
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(Fig 2.5). Therefore, isolation of the full length clone was attempted. After 5’-

RACE, a cDNA fragment of 1.8 kb was evident (Fig 2.3). It was readily deduced 

that the 1.2 kb is the missing  5’ end, because the overlapping sequence of 616 

base pairs is exactly the same. In addition, the nested PCR produced a size of 1.6 

kb as expected (Fig 2.3). Thus, it was verified that the missing 5’ end was 

obtained. Once all sequences became available, the first round PCR amplified the 

cDNA fragment of 3.2 kb (Fig 2.4). In addition, the second round of PCR using 

the first PCR product as a template also showed the exact same band of 3.2 kb as 

the first round PCR, confirming the correct fragment (Fig 2.4). Hence, a 

GhCeSA3 full length of 3.2 kb was attained. 

 The full length of the cDNA CeSA consists of 3602 base pairs with the 

open reading frame starts from ATG at position 268 and stops at position 3348 

(Fig 2.5). There are two stop codons, TGA at position –163 and TAA at position –

247 upstream of ATG start codon with no other in frame start codons.  Many stop 

codons are located throughout downstream of the first stop codon TGA at position 

3348. Therefore, the coding region of the full length CeSA gene is 3.2 kb and 

named, GhCeSA3, with the 5’-UTR containing 267 base pairs and the 3’-UTR 

containing 254 base pairs. The 3.2 kb coding region encodes 1067 amino acids 

with a predicted molecular mass of 119,325 daltons and a pI of 7.85.  

 It is readily seen that the central domain of GhCeSA3 consists of the all 

important conserved residues D, DXD, D, and QXXRW motif which were 
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identified in the Acetobacter catalytic domain as the substrate binding site 

(Saxena et al., 1995). According to the GhCeSA3 amino acid sequence, the DXD 

motif represents DCD while QXXRW represents QVLRW. In comparison with 

the deduced amino acid Acetobacter CeSA sequence, three conserved regions of 

GhCeSA3 share some similarity the highly conserved region among bacteria and 

plant CeSA (H1, H2, and H3). However, four regions of GhCeSA3 called “plant-

specific conserved regions” (CR-P) at the N-and C-terminus and between the H 

regions show no similarity to that of Acetobacter CeSA. Fig 2.6 depicts a multiple 

alignment of the deduced amino acid sequences from plant CeSAs and 

Acetobacter CeSA. In addition, GhCeSA3 bears two regions with significant 

diversity among plant CeSA proteins (eg, the plant-specific hypervariable region 

(HVR). The CR-P-1 near the N-terminus of the GhCeSA3 protein (at position 20-

69 amino acids) hosts CX2CX15CX2CX4CX2CX11CX2C motifs.  

Table 2.1 summarizes the percentage of amino acid identity using the 

whole sequence or the conserved region sequence. As examples, in comparison 

for the entire amino acid sequence with GhCeSA1 and RSW1, GhCeSA3 shares 

61% amino acid identity with GhCeSA1 while 68% amino acid identity with 

RSW1. In comparison with AxCeSA, GhCeSA3 shares only 25% amino acid 

identity. Comparing only the conserved region sequence, GhCeSA3 shares 72% 

and 76% amino acid identity with GhCeSA1 and RSW1, respectively and 35% to 

Acetobacter CeSA. 
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Using a protein tool from ExPaSy server (http://expasy.hcuge.ch), it was 

predicted that GhCeSA is an integral membrane protein with 2 transmembrane 

helices at the N-terminus and 6 transmembrane helices at the C-terminus anchor 

in the plasma membrane along with a central domain located on the cytoplasmic 

side. Both N-and C-terminal ends also reside on the cytoplasmic side. Figure 2.7 

represents all conserved domains in GhCeSA3. 

Using a motif scan program (http://hits.isb-sib.ch/), several protein motifs 

were found. The obvious motifs are the catalytic subunit of cellulose synthase, the 

zinc ring finger, and seven N-glycosylation sites. Other motifs, N-myristoylation 

sites, protein kinase C phosphorylation sites, casein kinase II phosphorylation 

sites, tyrosine kinase phosphorylation sites, and CAMP phosphorylation sites 

were also found in the GhCeSA3 amino acid sequence (Table 2.2). 

Gene expression analysis 

To investigate the expression level of GhCeSA3, reverse transcriptase 

(RT)-PCR was performed using the HVR2 region as gene specific primers since 

HVR regions are quite different among plant CeSAs.  It was noted that no other 

bands were found indicating that the two primers are indeed gene specific and 

amplified only the specific region.  The RT-PCR products were obtained from 7, 

14, 21 and 28 DPA fibers. The expression level was low at 7 DPA, increased at 

14 and 21 DPA with slightly different and decreased at 28 DPA (Fig 2.8).  
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2.4.  Discussion 

 

 Several studies have focused on identification of plant CeSA since 

Acetobacter CeSA has been long cloned (Saxena, 1990). Realizing that the 

catalytic domains of Acetobacter CeSA and plant CeSA should be the similar 

since they process the same reaction, cellulose synthesis, we took advantage of 

the available sequence of Acetobacter CeSA at that time to independently isolate 

CeSA from cotton, eg. GhCeSA3, in early 1996.  We report here a new full length 

gene sequence of the cotton CeSA gene (http://tarweed.com/pgr/PGR00-

002.html). 

 

Similarity between GhCeSA3 and other CeSAs  

 Results demonstrated here show that the GhCeSA3 gene belongs to the 

CeSA family. The deduced amino acid sequence of the GhCeSA3 gene shares 

25% identity in comparison with Acetobacter CeSA particularly in the catalytic 

domain where the percent identity increases to 35%.  A closer examination of its 

sequence, the GhCeSA3 protein consists of D, DXD, D residues and a QXXRW  

motif which have been proposed to be important for substrate uridine 5’-

diphosphate-glucose binding of AxCeSA and found to be a processive β-

glycosyltransferase in family 2 of inverting nucleotide-diphospho sugar 

glycosyltransferases (Saxena, et al., 1995, 2001 and Saxena and Brown 2000). 
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The direct proof for the function of the CeSA protein family, however, is through 

genetic evidence from Arabidopsis mutants (i.e. rsw1, irx3 and prc1 (Taylor et al., 

1999, and Fagard et al., 2000). 

Interestingly, not only CeSA in bacteria and plants, but also β1,3-glucan 

synthases in Agrobacterium have the host D, D, D residues and the QXXRW 

motif. Conversely, the β1,3-glucan synthases in cotton (CFL), Arabidopsis 

(CalS1), and Nicotiana (NaCsl1) are not found (Stasinopoulos et al., 1999, Cui et 

al., 2001, Hong et al., 2001a, and Doblin et al., 2001). Therefore, it is plausible 

that the CeSA protein could yield two different reactions producing either 

cellulose or callose depending upon specific conditions. If so, CFL could 

represent callose synthase in the intact cell such as a pollen tube or cell plate.  If 

not, then callose synthase must utilize other domains to bind to the substrate and 

catalyze the reaction (Hong et al., 2001b). To date this question remains 

unanswered although new evidence for this question is presented in Chapter 4. 

GhCeSA3 protein bears two HVR regions and five CR-P regions 

consistent with GhCeSA1 and other plant species CeSA but not so with 

Acetobacter CeSA (Saxena et al., 1990, Pear et al., 1996, Arioli et al., 1998, 

Taylor et al, 1999 and Wu et al., 2000). That is why GhCeSA3 shares only 25% 

identity to Acetobacter CeSA.  The HVR sequences and the expression time of 

GhCeSA1 and RSW1 are different. GhCeSA1 is expressed in the secondary wall 

stage of development while RSW1 is expressed in the primary wall stage (Pear et 
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al., 1996 and Arioli et al., 1998). In addition, all HVR regions among plant CeSA 

proteins are quite different, and CeSA proteins are expressed in specific cell types 

or developmental stages (Holland et al., 2000). It is tempting to speculate that the 

HVR regions could be used to determine which developmental stage or which cell 

type is CeSA protein being expressed. The two HVR regions of the GhCeSA3 

protein differ to some extent from GhCeSA1; however they are rather close to 

RSW1 sequence (Pear et al., 1996, and Arioli et al., 1998). Therefore, if the HVR 

region is used as an indicator, GhCeSA3 should be expressed only during the 

primary wall stage. However, according to the RT-PCR results, GhCeSA3 is 

expressed in both the primary and the secondary wall stages at similar levels. In 

the case of CR-P, all plant CeSA proteins share a high similarity including 

GhCeSA3 protein. 

An important region is the N-terminus. The N-terminal end of GhCeSA3 

consists of cysteine rich domains similar to the consensus sequence of the RING-

finger domain (Capili et al., 2001). The conserved cysteine and histidine residues 

of the RING-finger domain are utilized to bind two zinc atoms. RING-finger 

domains can also form dimers with other RING-finger domains or interact with 

other proteins (Dawid et al., 1998). Since the N-terminus of all plant CeSA amino 

acids have RING-finger domain, there is a possibility that CeSA proteins form 

dimers through RING-finger domains. It has been reported in Arabidopsis that 

IRX1 forms a dimer with IRX3 (Taylor et al., 2000), and PRC1 forms a dimer 
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with RSW1 (Fagard et al., 2000). Recently, it was found that the N-terminal 

portions of GhCeSA1 and GhCeSA2 containing RING-finger domains can form 

homo- or heterodimers via oxidation of the zinc-binding domains (Kurek et al., 

2002). The presence of a RING-finger domain in the first 250 amino acids at N-

terminus is the most distinguishing characteristic of the CeSA superfamily. As a 

result, GhCeSA3 indeed encodes a true CeSA protein, not a cellulose synthase-

like family (Csl), specially the CslD family, because only CeSA proteins contain 

the CX2C motif (Favery et al., 2001, Richmond, 2000, and Wang et al., 2001). 

The very ends of the N- and C-terminus have no significant sequence 

conservation between GhCeSA3 and other CeSA proteins suggesting that there is 

no role involved in these ends.  

Hydropathy plot analysis has predicted that the GhCeSA3 protein is an 

integral membrane protein with eight transmembrane helices –two near the N-

terminus and six near the C-terminus resembling Acetobacter CeSA with six 

transmembrane helices and other plant CeSA proteins (Arioli et al., 1998, Pear et 

al., 1996, and Saxena et al., 1990). No signal sequences have been found in either 

GhCeSA3 or Acetobacter CeSA, postulating that the GhCeSA3 proteins are 

anchored in the plasma membrane through eight hydophobic transmembrane 

helices (Saxena et al., 1990). The transmembrane helices of GhCeSA3 protein 

may form a pore to export the growing glucan chain through the plasma 

membrane resembling a transport membrane protein such as the ABC transporter 
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(Brule et al., 2002) or nuclear pore complex (Saier, 1994, Weis, 2002, Pante, and 

Kann, 2002).  

The GhCeSA3 protein contains seven potential N-glycosylation sites, a 

zinc-finger domain, and a catalytic domain of CeSA.   N-glycosylation is 

commonly found in proteins whose destination is to the plasma membrane, 

implying that the CeSA protein also targets the plasma membrane (Alberts et al., 

1994). Taken together with the prediction of zinc finger function and the catalytic 

domain of CeSA, this additional evidence also is consistent with the conclusion  

that the GhCeSA3 gene encodes cellulose synthase. Interestingly, N-

myristoylation sites and phosphorylation sites were also found. It is thought that 

myristoylation is involved in membrane targeting and protein-protein interaction 

and phosphorylation is involved in signaling cascade (McIllhinney, 1990, and 

Alberts et al., 1994). Are these sites really present in GhCeSA3? If so, are these 

sites involved in cellulose synthesis of GhCeSA3? More experimental data will be 

needed.   

The size of the transcript product of GhCeSA3 is 3.2 kb encoding 1067 

amino acids. This size falls within the range of plant CeSA from 3.0 to 3.5 kb 

encoding proteins 985 to 1088 amino acid in length (Richmond, 2000). Taken 

together with other data, GhCeSA3 may be considered a new CeSA from cotton. 

Including GhCeSA3, four cotton CeSA genes (GhCeSA1-GhCeSA4) have been 
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cloned (GenBank accession numbers: GhCeSA1=U58283, GhCeSA2=U58284, 

GhCeSA3=AF200453, and GhCeSA4=AF413210).  

Is GhCeSA redundant? What is the specific role for each CeSA, if any? These 

questions cannot be answered at present; however, two independent studies with 

AthCeSA (PRC1/RSW1 and IRX1/IRX3) support the idea that two CeSA 

proteins are needed to work together in concert or form a heterodimer in the 

cellulose synthesizing complex (rosette terminal complex) in order to synthesize 

cellulose (Fagard et al., 2000, and Taylor et al., 2000).  Therefore, perhaps 

GhCeSA1 and GhCeSA2 act in the same way as found in AthCeSAs because they 

both are thought to tightly attach to cellulose chains (Peng et al., 2001). If so, 

what is the function of GhCeSA3? A recent paper has suggested that cellulose 

synthesis requires a primer called sitosterol-β-glucoside (SG) (Peng et al., 2002).  

In this case, two different topologies of CeSA proteins are postulated to be 

required. The CeSA protein is hypothesized to function in the initiation step 

having the catalytic region in a position on the cytoplasm side. In contrast, the 

catalytic region of other CeSA proteins in the elongation step locates in the outer 

face of plasma membrane. It has been implied that a short primer-glucan chain 

has to flip to the outer face where Korrigan cellulose functions and elongation 

takes place at outer face after cutting off the primer (Peng et al., 2002). Therefore, 

it is speculative but conceivable that GhCeSA3 may act on the initiation step 

while GhCeSA1 and GhCeSA2 function in the elongation step.  Moreover, CeSA 
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protein for the initiation step may be the same in all cell types or developmental 

stages since RT-PCR results showed that GhCeSA3 expresses in both primary 

and secondary wall stages. At the present, we have no direct evidence to prove 

this idea except the fact that GhCeSA3 is expressed in both primary and 

secondary wall stages. More importantly, antibodies against the catalytic domain 

of GhCeSA3 recognized the rosette terminal complex (TC) on the cytoplasmic 

side (more details will be presented in chapter 3).  
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A 
 

Sequences producing high-scoring segment pairs                Score    Probability 
 

EST:571750              64           0.99 
 (gb:RICS3630A Rice cDNA, partial sequence                               
 
EST:700884               61           0.9997 
(gb:RICS12341A Rice cDNA, partial sequence                     

 
 
 
 

B 
 

Sequences producing high-scoring segment pairs                Score      Probability 
 

Gluconacetobacter xylinum 
gi7521917T31338 cellulose synthase UDP-forming              41            0.002 

 
 
 

 
 
Figure 2.1.  GenBank database search.  A. Searching against a nucleotide 

sequence database using acsA protein of Acetobacter CeSA as a query.  B. 

Searching against protein sequence database using rice EST clones as queries. 
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           1            2         3                        1            2            3 
 
 

Figure 2.2.  PCR products of the amplified cDNA fragments from primary and  

secondary wall stage cotton. 

A. a degenerated primer was designed from a rice EST clone (RICS3630A).     

Lane 1, 1 kb DNA marker. Lane 2, cotton cDNA library from the primary wall 

stage. Lane 3, cotton cDNA library from the secondary wall stage. 

B. a degenerated primer was designed from a rice EST clone (RICS12341A). 

Lane 1, 1 kb DNA marker. Lane 2, cotton cDNA library from the primary wall 

stage. Lane 3, cotton cDNA library from the secondary wall stage. 

Arrows indicate the amplified cDNA fragments of 2.5 kb. The stronger signal was  

found in the secondary wall stage library in both degenerated primers. 
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kb 
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Figure 2.3. 5’RACE products of the missing N-terminal end. 

Lane 1, 1 kb DNA marker.   

Lane 2, a 1.8 kb cDNA fragment at which the reverse primer was 616 bp 

downstream  from the  catalytic domain of  GhCeSA3.   

Lane3, a 1.6 kb cDNA fragment of the nested PCR where the reverse primer was 

upstream from the first reverse primer in lane 1.  

The 1.8 kb (big arrow) and the 1.6 kb (small arrow) from the nested PCR were 

evident indicating that the missing 5’ end was obtained. 
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                     1.6 



 70

 
 

 
   1         2          3        4 

 
 

Figure 2.4. 3.2 kb PCR product of GhCeSA3.  

Lane 1, 1 kb DNA marker.  Lane 2, a 3.2 kb cDNA fragment from the double 

stranded cDNA library (1µl was loaded). Lane 3, a 3.2 kb cDNA fragment from 

the double stranded cDNA library (5µl was loaded). Lane 4, a 3.2 kb fragment 

from PCR product of the second round PCR (lane 2 and 3). 

Arrow indicates the 3.2 kb amplified cDNA fragment of the full length of 

GhCeSA3. The second round of PCR (lane 4) confirmed the correct full length 

cDNA fragment.  
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              c    1 
aattcttcatttgcaagtctgatttcggatagaaagctcagatcgtggttattttggtta   60 
actctttcagttggaactcaattaagcggcgtttatcgaacatttgaagaaaatattaaa  120 
cgatttgcgatcaacaacttactcttgaagtggaggattaattgaagtgaattgctacat  180 
tcatctaaaaggcatgcacatctcttattgatatttggacgacctgttatatcccttgtt  240 
ctcagataaagaaagaagcacgtgacaatggaatcggaaggagatattgggggcaagccc  300 
         M  E  S  E  G  D  I  G  G  K  P    11 
atgaagaatcttggtggccagacatgccaaatctgtggtgacaatgttggcaaaaataca  360 
 M  K  N  L  G  G  Q  T  C  Q  I  C  G  D  N  V  G  K  N  T    31 
gatggtgatccattcattgcttgcaatatatgtgcatttcctgtatgcaggccttgttat  420 
 D  G  D  P  F  I  A  C  N  I  C  A  F  P  V  C  R  P  C  Y    51 
gaatatgaaaggaaggacgggaatcagtcttgccctcaatgcaagaccagatacaagtgg  480 
 E  Y  E  R  K  D  G  N  Q  S  C  P  Q  C  K  T  R  Y  K  W    71 
caaaaaggcagtcctgctattcttggagacagggaaacgggtggtgatgcagatgatggc  540  
 Q  K  G  S  P  A  I  L  G  D  R  E  T  G  G  D  A  D  D  G    91 
gccagtgatttcatttactcagaaaaccaagagcagaagcagaaacttgcagaaaggatg  600 
 A  S  D  F  I  Y  S  E  N  Q  E  Q  K  Q  K  L  A  E  R  M    11  
cagggctggaatgcaaagtatggtagaggggaggatgttggtgctccaacttatgataaa  660 
 Q  G  W  N  A  K  Y  G  R  G  E  D  V  G  A  P  T  Y  D  K    31 
gaaatttctcataaccatattcctctgctcaccagtgggcaggaggtttctggtgagcta  720 
 E  I  S  H  N  H  I  P  L  L  T  S  G  Q  E  V  S  G  E  L   151 
tctgctgcatcacctgagcggctttctatggcatctcctggagttgctggtgggaaatcg  780 
 S  A  A  S  P  E  R  L  S  M  A  S  P  G  V  A  G  G  K  S   171  
agtattagggttgtggatccagtgagggagtttggttcatcaggactaggcaatgtagcc  840 
 S  I  R  V  V  D  P  V  R  E  F  G  S  S  G  L  G  N  V  A   191 
tggaaggagagagttgatggctggaagatgaagcaggagaagaatactgttcctatgagt  900 
 W  K  E  R  V  D  G  W  K  M  K  Q  E  K  N  T  V  P  M  S   211 
acatgccaggctacttctgaaagaggtcttggagatattgatgccagcactgatgtgctc  960 
 T  C  Q  A  T  S  E  R  G  L  G  D  I  D  A  S  T  D  V  L   231 
gtggatgactctcaactgaatgatgaagctagacagcctctatcaaggaaggtttccgtt 1020 
 V  D  D  S  Q  L  N  D  E  A  R  Q  P  L  S  R  K  V  S  V   251 
tcctcatctaaaataaatccttatcggatggtcatcatactgcgtcttgttattctctgc 1080 
 S  S  S  K  I  N  P  Y  R  M  V  I  I  L  R  L  V  I  L  C   271 
attttcttgcactaccgaataacaaaccctgttccaaatgcctatgctctatggttgata 1140  
 I  F  L  H  Y  R  I  T  N  P  V  P  N  A  Y  A  L  W  L  I   291 
tctgtgatatgtgagatttggtttgcaatatcctggatattggatcagttccccaaatgg 1200 
 S  V  I  C  E  I  W  F  A  I  S  W  I  L  D  Q  F  P  K  W   311 
cttcctgttaatcgtgagacgtatcttgataggcttgccttaagatatgatcgagaagga 1260 
 L  P  V  N  R  E  T  Y  L  D  R  L  A  L  R  Y  D  R  E  G   331 
gaaccgtcggaattagctgcagttgacatatttgtgagtactgtcgacccattaaaggag 1320 
 E  P  S  E  L  A  A  V  D  I  F  V  S  T  V  D  P  L  K  E   351 
cctccacttgtgacagccaacactgtactatccattcttgctgttgactacccagttgac 1380 
 P  P  L  V  T  A  N  T  V  L  S  I  L  A  V  D  Y  P  V  D   371 
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aaggtctcttgctatgtttctgatgatggtgctgccatgttaacctttgaagcactgtct 1440 
 K  V  S  C  Y  V  S  D  D  G  A  A  M  L  T  F  E  A  L  S   391 
gagacatcagagtttgccaggaaatgggtacctttctgcaagaaatataacattgaacct 1500 
 E  T  S  E  F  A  R  K  W  V  P  F  C  K  K  Y  N  I  E  P   411 
cgggctccagaatggtattttgcacagaagattgactacctgaaggataaagttcaaaca 1560 
 R  A  P  E  W  Y  F  A  Q  K  I  D  Y  L  K  D  K  V  Q  T   431 
tcttttgttaaagatcgtagagctatgaagagagaatatgaagaatttaaagttcgaatt 1620 
 S  F  V  K  D  R  R  A  M  K  R  E  Y  E  E  F  K  V  R  I   451 
aatgggcttgtcgcaaaggcacagaaagttcctgaagaaggatggattatgcaggatggt 1680 
 N  G  L  V  A  K  A  Q  K  V  P  E  E  G  W  I  M  Q  D  G   471 
acaccatggcctggtaataacaccagagaccatccaggaatgatccaggttttcttaggc 1740 
 T  P  W  P  G  N  N  T  R  D  H  P  G  M  I  Q  V  F  L  G   491 
cagagtgggggccttgatgctgagggcaatgagctgccaaggttagtttatgtttctcgt 1800  
 Q  S  G  G  L  D  A  E  G  N  E  L  P  R  L  V  Y  V  S  R   511 
gaaaagcgtccaggcttccaacaccacaaaaaagctggtgctatgaatgcacttgttcga 1860 
 E  K  R  P  G  F  Q  H  H  K  K  A  G  A  M  N  A  L  V  R   531 
gtgtcagcagtccttactaatggagctttcttgttaaatcttgattgtgatcactacata 1920 
 V  S  A  V  L  T  N  G  A  F  L  L  N  L  D  C  D  H  Y  I   551 
aataatagcaaggctttaagggaagctatgtgttttctgatggatccaaaccttggaaag 1980 
 N  N  S  K  A  L  R  E  A  M  C  F  L  M  D  P  N  L  G  K   571 
caagtttgttacgttcagtttcctcaaaggtttgatggtattgatcggaatgatcgatat 2040 
 Q  V  C  Y  V  Q  F  P  Q  R  F  D  G  I  D  R  N  D  R  Y   591 
gccaacagaaatactgttttctttgatataaacttgaggggtctggatggcattcaaggg 2100 
 A  N  R  N  T  V  F  F  D  I  N  L  R  G  L  D  G  I  Q  G   611 
ccggtttatgtcggtacgggatgtgttttcaatagaacagcattgtatggatatgaaccc 2160 
 P  V  Y  V  G  T  G  C  V  F  N  R  T  A  L  Y  G  Y  E  P   631 
ccccttaagcccaagcatagaaaaacagggatactatcttcattgtgcggaggttctcgt 2220 
 P  L  K  P  K  H  R  K  T  G  I  L  S  S  L  C  G  G  S  R   651 
aagaagagttcaaaatcaagtaaaaagggatcagacaagaagaaatctggcaagcatgtt 2280 
 K  K  S  S  K  S  S  K  K  G  S  D  K  K  K  S  G  K  H  V   671 
gattctactgtaccagtattcaatctagaggatatagaagagggtgttgaaggggctggg 2340 
 D  S  T  V  P  V  F  N  L  E  D  I  E  E  G  V  E  G  A  G   691 
tttgatgatgaaaagtcattactgatgtcacaaatgagcctggagaaacggtttggccag 2400 
 F  D  D  E  K  S  L  L  M  S  Q  M  S  L  E  K  R  F  G  Q   711 
tctgctgtttttgttgcctctacacttatggaaaatggtggtgtccctcagtctgctacc 2460 
 S  A  V  F  V  A  S  T  L  M  E  N  G  G  V  P  Q  S  A  T   731 
cccgaaacacttcttaaggaagcaattcatgttatcagctgtggatacgaagacaaaaca 2520 
 P  E  T  L  L  K  E  A  I  H  V  I  S  C  G  Y  E  D  K  T   751 
gactggggaagtgagattgggtggatctatggttctgttacagaagatattcttactgga 2580 
 D  W  G  S  E  I  G  W  I  Y  G  S  V  T  E  D  I  L  T  G   771 
ttcaaaatgcatgcccgtggttggcggtcaatttactgcatgccaaaacgcccagccttt 2640 
 F  K  M  H  A  R  G  W  R  S  I  Y  C  M  P  K  R  P  A  F   791 
aaaggttctgctcctatcaatctttcagatcgtctgaaccaagtgcttcgatgggctctt 2700 
 K  G  S  A  P  I  N  L  S  D  R  L  N  Q  V  L  R  W  A  L   811 
ggttctgtggaaattcttttcagtaggcattgccctatctggtatggttatagtggtagg 2760 
 G  S  V  E  I  L  F  S  R  H  C  P  I  W  Y  G  Y  S  G  R   831 
ctcaagtggcttgaacgattcgcatatgttaacacaaccatctacccagtcactgctatt 2820 
 L  K  W  L  E  R  F  A  Y  V  N  T  T  I  Y  P  V  T  A  I   851 
cctcttctcatgtactgtacactgccagcagtctgtctgctcactaacaagttcattatt 2880 
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 P  L  L  M  Y  C  T  L  P  A  V  C  L  L  T  N  K  F  I  I   871 
ccacagattagtaaccttgcgagtatatggtttatatccctctttctctccatctttgca 2940 
 P  Q  I  S  N  L  A  S  I  W  F  I  S  L  F  L  S  I  F  A   891 
actggtattttaaaaatgaagtggaatggtgtgggaattgaccaatggtggagaaatgaa 3000 
 T  G  I  L  K  M  K  W  N  G  V  G  I  D  Q  W  W  R  N  E   911 
cagttttgggttatcggtggtgtgtcggcacatctttttgctgttttccaagggcttctc 3060 
 Q  F  W  V  I  G  G  V  S  A  H  L  F  A  V  F  Q  G  L  L   931 
aaagttcttgctggcattgacactaacttcacggtcacttcaaaagcatcagacgaagat 3120 
 K  V  L  A  G  I  D  T  N  F  T  V  T  S  K  A  S  D  E  D   951 
ggggattttgctgaactttacatgttcaaatggacaacccttctcatcccaccaaccact 3180 
 G  D  F  A  E  L  Y  M  F  K  W  T  T  L  L  I  P  P  T  T   971 
ctcctcatcataaacttggtgggggttgttgcaggaatatcgtatgtcatcaatagtggc 3240 
 L  L  I  I  N  L  V  G  V  V  A  G  I  S  Y  V  I  N  S  G   991 
taccaatcatggggtcccctctttggtaagctattctttgccttctgggtgatcatccat 3280 
 Y  Q  S  W  G  P  L  F  G  K  L  F  F  A  F  W  V  I  I  H  1011 
ctctaccccttcttgaaaggtttgatgggacgccaaaaccgtacacctaccattgttgtt 3240 
 L  Y  P  F  L  K  G  L  M  G  R  Q  N  R  T  P  T  I  V  V  1031 
gtatggtcaattctgcttgcctccattttctctttgttgtgggtgcggatcgatcccttc 3300 
 V  W  S  I  L  L  A  S  I  F  S  L  L  W  V  R  I  D  P  F  1051 
acaaccagagttaccgggccggatgtagaacagtgtggaataaactgttgagagagaacc 3360 
 T  T  R  V  T  G  P  D  V  E  Q  C  G  I  N  C  *           1067      
tataaagactgaagatttgttttggtgtcactaagcttccaatgccaaaggtttgtttag 3420 
ttgtaatttgtgtatttcagttcacatcatgtgcagaatatacggttgttgatatatata 3480 
tgtcatcttgtttctactttgatgtaataatttggaattgggacacaacttatcgatagt 3540 
gctttctcctcaggaaaacactactttgaagtaaatatatgttttggaatttaaaaaaaa 3600 
aa           3602 
 
 
 
 

 

Figure 2.5. Nucleotide and amino acid sequences of the full length cDNA of 

GhCeSA3. The bold and underlined denotes the conserved regions (D,DXD,D, 

and QXXRW). The start codon starts at position 268 (bold) and stops at position 

3348 (*). The first 267 nucleotides are the 5’untranslated region (5’UTR) and the 

last 254 nucleotides are the 3’untranslated region. 
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Figure 2.6. Multiple alignments of the deduced amino acids among GhCeSA3, 

some of known plant CeSA and Acetobacter CeSA. 

ZmaAAF89961.1= Zea mays cellulose synthase; DdisAAF00200.1= 

Dictyostelium discoideum cellulose synthase; IRX3= Arabidopsis thaliana 

cellulose synthase; CeSA1= Gossypium hirsutum cellulose synthase; CeSA4= 

Gossypium hirsutum cellulose synthase; PtPa= Populus tremuloides cellulose 

synthase; RSW1= Arabidopsis thaliana cellulose synthase; CeSA3= Gossypium 

hirsutum cellulose synthase; Xyi= Acetobacter xylinum cellulose synthase 

Note: All conserved residues (D,D,D) and motif (QXXRW) were found in all 

species shown here. 
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Table 2.1. Percentage of the entire GhCeSA3 and the catalytic domain compared 

with known CeSA 

 

 
Known CeSA % identity  entire sequence

 
%identity catalytic domain 

AxCeSA 25 35 
 

GhCeSA1 61 72 
 

GhCeSA4  59 70 
 

RSW1 68 76 
 

IRX3 66 73 
 

PtCeSA 59 71 
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  = Transmembrane helices 
 CR-P   = Plant conserved and specific region 
   HVR    = Hypervariable region 
 H1-H3 = Homologous region 
 
 
 
Figure 2.7. Conserved domains of GhCeSA3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CR-P1 HVR-1 CR-P2   H1 CR-P3  H2 HVR-2 CR-P5
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CR-P4 H3 
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Table 2.2. Protein motifs found in the GhCeSA3 
 
Motif information Amino acid position 
The catalytic subunit of cellulose 
synthase 

282-636, 840-1042, 758-843, 672-754, 
181-281 

Zinc ring finger 20-66 
N-glycosylation site 940-943, 59-62, 477-480, 552-555,  

622-625, 798-801, 842-845 
N-myristoylation site 144-149, 917-922, 165-170, 936-941, 

491-496, 979-984, 524-529, 584-589, 
618-623, 641-646, 686-691, 725-730, 
16-21, 754-759 

Protein kinase C phosphorylation site 657-659, 662-664, 667-669, 800-802, 
172-174, 829-831, 217-219, 866-868, 
246-248, 944-946, 253-255, 1052-1054, 
650-652, 654-656 

Casein kinase II phosphorylation site 84-87, 143-146, 318-321, 344-347, 
719-722, 763-766, 948-951, 1056-1059, 
3-6, 31-34 

Tyrosine kinase phosphorylation site 833-840 
CAMP phosphorylation site 247-250, 651-654, 659-662, 664-667 
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          1              2            3           4            5 
 
 
 
Figure 2.8.    RT-PCR analysis using HVR2 as gene specific primers.  

Lane 1, 1 kb DNA marker. Lane 2, cotton fibers at 7 DPA. Lane 3, cotton fibers at 

14 DPA. Lane 4, cotton fibers at 21 DPA. Lane 5, cotton fibers at 28 DPA. Arrow 

represents the RT-PCR amplified product of HVR2 region. The expression level 

of GhCeSA3 is low at 7 DPA , increases at 14 and 21 DPA and then decreases at 

28 DPA. 
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Chapter 3.  Immunological study of cellulose synthase 

3.1. Introduction 
 

In the second chapter, the GhCeSA3 gene was identified and described 

along with other plant CeSA genes and Acetobacter CeSA gene. This chapter will 

cover antibody production and labeling of cellulose-synthesizing complexes. 

 
The role of antibodies in cellulose research 

Antibodies against the short peptide sequences of RSW1 

In 1998, Nakagawa and Sakurai proposed that 2,6-dichlorobenzonitrile 

(DCB) stabilized cellulose synthase protein since their antibodies against the short 

polypeptide sequence from RSW1 recognized four peptides (164 kDa, 117 kDa, 

107 kDa, and 94 kDa) only in DCB-treated tobacco cells. DCB has been shown to 

inhibit cellulose synthesis in plants (Delmer, 1987), mosses (Rudolph et al., 

1989), and algae (Mizuta and Brown, 1992). The DCB-binding polypeptide was 

also identified in cotton fiber extracts (Delmer et al, 1987). How DCB stabilizes 

CeSA protein is not clearly understood; however, DCB binding may have 

changed the protein conformation to become less susceptible to a proteolytic 

degradation.  
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Antibodies against Acetobacter CeSA (acsAB) 

 In 1989, the cellulose synthase complex was first purified from 

Acetobacter xylinum (Lin and Brown, 1989). Antibodies were produced against 

two major polypeptides- 83 kDa (UDP-glucose binding polypeptide) and 93 kDa 

(c-di-GMP binding polypeptide) (Chen and Brown, 1996). Interestingly, the 83 

kDa polypeptide appeared to be more labile than the 93 kDa polypeptide since 

anti-83 antibodies could not detect any polypeptide at higher temperatures beyond 

55oC. Anti-93 antibodies; however, recognized the 93 kDa polypeptide even after 

boiling (Chen and Brown, 1999). Using the anti-93 antibodies to search for the 

related polypeptides in other organisms, it was demonstrated that the 93 kDa 

polypeptide is conserved in Rhizobium and Agrobacterium, but not in algae and 

vascular plants (Chen and Brown, 1998). Recently, using freeze fracture 

technique, anti-93 antibodies specifically labeled the row of linear TC of 

Acetobacter, confirming that 93 polypeptide is indeed part of linear TC complex 

in Acetobacter (Kimura et al., 2001).  

Antibodies against GhCeSA3  

Cellulose synthase was purified from vascular plants using native gel 

electrophoresis revealing the rosette-like structure at the end of short fibrils 

(Kudlicka and Brown, 1997); however, no cellulose synthase polypeptide was 

recovered from the rosette –like structures. Here, we have taken a different 

approach using the GhCeSA3 gene sequence information (see chapter 2). We first 
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produced polyclonal antibodies against the catalytic region of the GhCeSA3 

protein. In this chapter, antibody production and the use of antibodies to localize 

cellulose synthase in the cotton fiber, Arabidopsis and mung bean will be 

discussed. In summary, we have successfully produced antibodies which 

specifically labeled cellulose synthase.  
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3.2.  Materials and Methods 

Plant materials 

Cotton plants (Gossypium hirsutum cv Texas Marker-1) were grown in the 

greenhouse under 14 hr light (incandescent and fluorescent lamps) at 32oC and 10 

hr darkness at 20oC. Flowers were tagged on the day of anthesis and bolls were 

harvested at 14 and 24 days after anthesis. The locules were removed, quickly 

frozen and stored in liquid nitrogen until ready for fiber harvesting. Arabidopsis 

thaliana suspension cultures were grown at 25oC and mung bean seedlings (Vigna 

radiata) were germinated in darkness at 25oC for 5 days. Boergesenia cells were 

kindly provided by Richard Santos.  

Expression and purification of catalytic subunit region of the GhCes3 protein 

 The specific forward primer, 5’-AGTCATATGGATTACCCAGTTGA 

GAAGGTT-3’,and reverse primers, 5’-GCCAAAGCTTCCTACCACTATAA 

CCATACCA-3’, were designed based on the catalytic subunit region of the 

GhCeSA3 (see the sequence in chapter 2). PCR was performed using two specific 

primers and the catalytic subunit region clone as a template. The PCR products 

were purified and cloned into pET-21a(+) (Novagen). The recombinant construct 

was first transformed to E.coli XL-10 Gold.  The ampicillin resistant clones were 

selected and confirmed by sequencing. Next, the recombinant construct was 

transformed to E.coli BL21 (DE3) (Novagen). The E.coli BL21 (DE3) 



 92

transformed cells were cultured in Luria-Bertani (LB) at 37oC until OD600 reached 

0.4-0.6. Then, cells were induced with 1mM isopropyl-B-thiogalactopyranoside 

and incubated for another 4 hours. The induced cells were chilled for 5 min and 

centrifuged at 5,000g for 15 min. The induced cells were stored at -80oC for later 

use. The induced cells were washed in buffer without detergent  (20mM Tris-

HCL, pH 7.9, 0.5 M NaCl, 5mM imidazole) two times and resuspended in the 

same buffer with 6M urea. Since the recombinant proteins contained six histidines 

at the C-terminus, they were purified using Ni-NTA column chromatrography 

under denaturing condition according to the manufacturer’s protocol (Novagen).  

The purified polypeptide was dialyzed against PBS (80 mM Na2HPO4, 20 mM 

NaH2PO4, 100 mM NaCl, pH 7.5).   

Antibody production 

  The purified recombinant protein was injected into two rabbits to produce 

the antibodies according to standard protocols (HTI Bio-Products, Inc., Ramona, 

CA). The preimmune serum was collected before the first injection, and the 

immune serum was collected after each of three immunizations. 

In vitro transcription and translation 

 The recombinant construct was performed in vitro transcription and 

translation supplied with 35S Methionine (>1000 Ci/mmol, Amersham) according 

to manufacture’s protocol (Novagen). Then, proteins were subjected to SDS-
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PAGE and the protein gel was dried using a gel dryer (Bio-Rad). The dried gel 

was then exposed to the Kodak X-Omat AR film at -80oC for 2-3 days.  

Membrane protein isolation 

 Cotton fibers from 14 and 24 DPA were harvested from frozen locules. 

The cotton fibers were ground to a fine powder in liquid nitrogen. Then, proteins 

were extracted with extraction buffer consisting of 50mM Mops, pH 7.5, 5mM 

EDTA, 0.25M sucrose and protease inhibitor cocktail (0.5mM PMSF, 0.1 mM N-

α-p-tosyl-L-Lys chloromethyl ketone, 10 µM leupeptin, and 0.1 mM L-1-

tosylamide-2-phenyl-ethyl chloromethyl ketone). The 5 day old mung bean 

seedlings (Vigna radiata) were harvested. Then, the hypocotyls were ground in 

the extraction buffer with a ratio of 1:1 tissue per the extraction buffer. The 

Arabidopsis thaliana suspension cultures were filtered through Whatman filter 

paper and ground in the extraction buffer with the same ration as in mung bean. 

Boergesenia was ground to a fine powder in liquid nitrogen and extracted with the 

same extraction buffer. The crude extracts from all specimens were filtered 

through a 210 µm mesh cheesecloth and centrifuged at 5,000g for 10 min at 4oC. 

The total membrane proteins were separated by centrifugation at 100,000g for 1 

hr at 4oC. The supernatant was saved and denoted as “S1”. The membrane pellet 

was resuspended in the resuspension buffer consisting of 50 mM Mops, pH7.5, 

and 0.25 M sucrose and denoted as “TMF”. The concentration of proteins was 
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determined using the Bradford protein assay (Bio-Rad). Acetobacter membrane 

proteins were kindly provided by Dr. Inder Saxena.  

Western analysis 

 The 80 µg TMF from 14 and 24 DPA of cotton fibers, mung bean and 

Arabidopsis were separated by SDS-PAGE and then electrotransfered to a 

nitrocellulose membrane for 2 hours at constant voltage of 25V. The protein blot 

was blocked in 5% non fat dried milk in TBS-T (20 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 0.1% Tween-20) overnight at 4oC and washed with TBS-T for 10 min 

three times at room temperature. Next, the protein blot was incubated with 1:2000 

of  either antisera or preimmune serum for 1 hr at room temperature with constant 

shaking. After antibody incubation, the protein blot was washed for 5 min twice 

and 10 min three times with TBS-T. After washing, the protein blot was incubated 

with a goat anti-rabbit IgG (H+L) horseradish peroxidase-conjugated secondary 

antibody (Bio-Rad) for another hour at room temperature and then used for 

chemiluminescent detection. The protein blot was washed the same as above. 

Finally, the protein blot was incubated with development reagent according to 

manufacturer’s instructions (Amersham).  For color development, the protein blot 

was incubated with a goat anti-rabbit IgG (H+L) alkaline phosphate-conjugated 

secondary antibody (Bio-Rad) for another hour at room temperature. The protein 

blot was washed the same as above. The blot was washed once with TBS for 5 
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min and rinsed with distilled water. The blot was incubated in 100 ml of 100 mM 

Tris-HCl, pH 9.5, 0.5 mM MgCl2, 1 ml of 15 mg/ml 5-bromo-4-chloro-3-indoyl 

phosphate-p-toluidine salt, and 1 ml of 30 mg/ml p-nitro blue tetrazolium 

chloride. The reaction was stopped by rinsing the blot with distilled water. 

Immunolabeling of cellulose synthase in cotton fibers 

 Cotton bolls from both primary and secondary wall stages were removed 

from the greenhouse and cut in fixative solution (4% paraformaldehyde, 0.5% 

glutaradehyde, and 0.5% tannic acid in a cotton ovule culture medium (0.5µM 

GA3 and 10 µM IAA, pH 5.5) (Rong and Brown, 2000). The locules were cut into 

small pieces while they were in the fixative solution. Then, the specimens in the 

fixative solution were placed on ice and microwaved for short times with pausing 

in intervals. After microwaving, a vacumn was applied with pausing in intervals. 

After treatments, the specimens in the fixative solution were incubated for 12 

hours at 4oC. Then, they were washed with PBS for several times, sequentially 

dehydrated with the series of increasing percentages of ethanol, infiltrated and 

finally embedded into LR White resin (Polysciences Co. LTD., Los Angeles, CA) 

at 45 oC for 1 day to polymerization. 

 The specimens embedded in LR White resin were sliced into thick 

sections for light microscopy. The thick sections were placed on glass slides and 

incubated overnight at 37 oC. Then, the sections were incubated in 2% glycine in 
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PBS for 20 mins, briefly washed and incubated 2 hours at 37 oC in the blocking 

solution consisting of 0.8% (W/V) bovine serum albumin (BSA), 0.1% gelatin, 

5% goat serum, and 2mM NaN3 in PBS. Next, they were washed briefly with 

washing buffer containing 0.8% (W/V) bovine serum albumin (BSA), 0.1% 

gelatin, and 2mM NaN3 in PBS and followed by incubating with 1:200 anti-

GhCeSA3 antibodies or 1:200 preimmune sera at 4 oC for overnight. After 5 times 

of 5 min each washing in washing buffer, they were incubated with 1:100 goat 

anti-rabbit IgG antibodies conjugated with 10nm gold at 37 oC for 1.5 hours. 

Then, they were washed 5 times at 5 min each in washing buffer followed by 5 

times at 5 min each in PBS. After washing, 2% glutaraldehyde was applied for 10 

min at room temperature. Again, the samples were washed 5 times at 5 min each 

in PBS and 5 times at 5 min each in water. The thick sections were treated with 

silver enhancement solution according to manufacturer’s protocol (Amersham, 

Buckinghamshir,UK.) for 4 min and the reaction stopped by rinsing with 

excessive water. The samples were observed with a Zeiss microscope using 

brightfield and phase contrast optics.  

 

Product entrapment  

 Total membrane proteins were mixed with the equal volume of 0.5% 

CHAPS in a resuspension buffer (50 mM Mops, pH 7.5, 0.25 M sucrose).  Then, 

the mixture was sonicated for 5 min and stirred for another 30 min at 4oC. Next, 
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the mixture was centrifuged at 100,000g for 1 hr at 4oC. The supernatant was 

collected and the protein concentration was determined using the Bradford protein 

assay (Bio-Rad). 100 µg of solubilized proteins were incubated in a mixture 

consisting of 10 mM bis-trispropane-Hepes buffer (pH 7.6), 8mM MgCl2, 1 mM 

CaCl2, 20 mM cellobiose, 100 µM c-3’-5’-GMP at room temperature for 30min. 

The reaction was centrifuged at 10,000 g for 10 min. The pellet was then 

discarded. 1mM UDP-glc was added to the supernatant and incubated overnight at 

room temperature. Glucan products were collected by centrifuging at 10,000g for 

10 min. The glucan products were resuspended in a small volume of water and 

briefly sonicated. One drop of suspension was placed on a Formvar-coated copper 

grid and stained with CBH-I –10 nm gold, followed by negatively staining with 

uranyl acetate.  Another drop of suspension was placed on a Formvar-coated 

nickel grid and immunolabeled as described above. The samples were then 

positively stained with uranyl acetate and followed by lead citrate. All samples 

were observed with a Philips 420 transmission electron microscope at 100 kV.  
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3.3. Results 
 

Expression and purification of the catalytic region of GhCeSA3 

 In order to detect the presence of cellulose synthase, the immunological 

approach seems to be an excellent choice since the GhCeSA3 sequence became 

available (Fig 2.5 in the chapter 2). The catalytic region (1.4 kb) was subcloned 

into pET-21a (+). Fig 3.1 readily shows that the recombinant construct carries the 

1.4 kb catalytic region. After sequencing, it was confirmed that the recombinant 

construct contains the catalytic region of the GhCeSA with inframe translation 

from the introduced ATG at the Nde site to six consecutive histidines at the C-

terminal end (data not shown). After transformation of the recombinant construct 

into E.coli BL21 (DE3) and IPTG induction, two distinctive polypeptides at the 

molecular mass of 45 and 53 kDa were highly expressed in comparison with other 

polypeptides (Fig 3.2, lanes 4-6). Without IPTG induction, no highly expressed 

polypeptides were obtained (Fig 3.2, lane 3). To locate overexpressed 

polypeptides, proteins of the cytoplasmic fraction were separated from those of 

the inclusion bodies. The two overexpressed polypeptides were found in the 

inclusion bodies whereas none was observed in the cytoplasmic fraction (Fig 3.2, 

lanes 6-7). The negative control which was the vector without the 1.4 kb insert, no 

overexpressed polypeptides were found (Fig 3.2, lanes 9-10). Another experiment 

was designed to test whether a lower temperature could change the aggregation of 

overexpressed polypeptides from the inclusion bodies to soluble in the 



 99

cytoplasmic fraction. Unfortunately, the overexpressed polypeptides were located 

in the inclusion bodies at both temperatures (30 and 37 oC) but none was observed 

in the cytoplasmic fraction (Fig 3.3, lanes 2-5).  

 Before any further purification, in vitro transcription/translation was 

performed to verify that both 45 and 53 kDa polypeptides were produced from the 

recombinant construct. As expected, both polypeptides were synthesized from the 

recombinant construct (Fig 3.4, lane 2). The positive control was the 119 kDa 

E.coli β-galactosidase, therefore the size of two polypeptides could be estimated 

to be 53 and 45 kDa. The molecular mass of 53 kDa polypeptide is consistent 

with the predicted molecular mass form the deduced amino acid sequences of the 

catalytic region of the GhCeSA3. With a closer analysis of the deduced amino 

acid of the catalytic region (Fig 2.5 in chapter 2), the second conserved ribosomal 

binding site and ATG were found at downstream from the first introduced ATG at 

the Nde site (Fig 3.5). 

 Since the recombinant construct carries six consecutive histidines at the C-

terminus, it could be purified using Ni column chromatography. It was noted that 

during washing steps with low concentration of imidazole, some of the 

recombinant polypeptides leaked from the column. However, all recombinant 

polypeptides were eluted by high concentration of imidazole. As expected, both 

45 and 53 kDa polypeptides were bound and eluted from the column suggesting 
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that both polypeptides carry six consecutive histidines (Fig 3.6, lane 2,6). 

Therefore, both polypeptides were used to produce antibodies. 

 

Western analysis 

 To verify the specificity of the antibodies, Western blot analysis was 

performed using both preimmune serum and antisera against the inclusion bodies 

from IPTG-induced cells. It was very obvious that the antiserum specifically 

recognized both the 45 and 53 kDa polypeptides (Fig 3.7, lane 1) whereas 

preimmune serum did not although some weak bands were detected throughout 

the lane (Fig 3.7, lane 2).  

The antibodies were used to detect the presence of cellulose synthase in 

cotton, mung bean and Arabidopsis. Total membrane proteins (TMF) were 

isolated from primary walls (14 DPA) and secondary walls (24 DPA) of cotton 

fibers, mung bean hypocotyls, and Arabidopsis cell cultures. Western blots 

showed that the antibodies specifically recognized the prominent bands around 

130 kDa from cotton fibers (Fig 3.8B, lanes 1-2) and slightly different bands in 

other specimens (Fig 3.8B, lanes 3-4). Bands smaller than 116 kDa in mung bean 

and Arabidopsis specimens were also detected (Fig 3.8B, lanes 3-4). On the other 

hand, when using preimmune serum, no prominent band at around 130 kDa was 

observed except some weak bands less than 116 kDa in mung bean and 

Arabidopsis specimens (Fig 3.8A, lanes 1-4). In comparison, a stronger signal 
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was noticed at the secondary wall stage of cotton fibers (Fig 3.8B, lane 2). A 

similar signal was observed among primary wall of cotton fibers, mung bean, and 

Arabidopsis (Fig 3.8B, lanes 1,3-4). 

In addition to vascular plants, Boergesenia (Itoh et al., 1984), and 

Acetobacter (Brown et al., 1976) are also reported to synthesize cellulose. They 

both have linear TCs. The well-characterized cellulose synthase gene was 

established only in Acetobacter (Saxena et al., 1990). Since our antibodies were 

against the highly conserved catalytic region among plants, it was conceivable 

that they should recognize conserved regions in cellulose synthase genes among 

algae and bacteria.  Unfortunately, the antibodies did not recognize the prominent 

band at 130 kDa as found in cotton (Fig 3.9 A, lane 2) in either Acetobacter or 

Boergesenia (Fig 3.9 B,C). However, the anti-GhCeSA3 antibodies recognized a 

weak band at approximately 97 kDa in the Boergesenia specimen (Fig 3.9 B, lane 

2) as well as a non-specific band at 85 kDa in the Acetobacter specimen (Fig 3.9 

C, lane 2).  

As a further test to determine whether anti-93 antibodies would 

specifically recognize the c-di-GMP binding protein of the cellulose synthase 

operon in Acetobacter, CeSA in cotton, or Boergesenia, the data showed that the 

anti-93 antibodies recognized a strong prominent band at the 93 kDa, 116 kDa, 

and 85 kDa polypeptides in Acetobacter (Fig 3.9D, lane 3) but not in cotton (Fig 

3.9D, lane 1) or Boergesenia (Fig 3.9D, lane 2). 
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Product entrapment 

 To determine whether GhCeSA3 is implicated in cellulose synthesis, 

product entrapment was performed. This is a powerful method to entrap enzyme 

in a mesh of products such as in co-purification of the 55 kDa polypeptide and the 

70 kDa polypeptide with β-1,3 glucan from pea tissue (Dhugga and Ray, 1994). 

First, glucan products were labeled with 10nm CBH I-gold to specify that the 

products in the reaction were cellulose. After the first incubation without any 

substrate, a pellet was evident suggesting that salts can cause proteins to non-

specifically precipitate (Fig 3.10 A).  After the pellet was discarded, the substrate, 

UDP-glucose, was added to the supernatant fraction. A pellet became clearly 

visible after 24 hours (Fig 3.10 B, lane 3).   TEM observations revealed three 

types of products: 1) long fibrils decorated with CBH-I gold (Fig 3.11), 2) 

aggregation of short fibrils decorated with CBH I gold (Fig 3.11 A,B,D,F), and 3) 

short strands with no CBH I-gold labeling (Fig 3.11A-E). After random 

measuring of 47 long fibrils, the average diameter was estimated to be 2.49±0.36 

nm. In addition, it was observed that long fibrils twisted in some regions (Fig 3.11 

E). There were also some aggregations of materials nearby the products, which 

could be proteins synthesizing the products. The supernatant from the entrapment 

reaction was supplied with additional UDP-glucose again and further incubated 

overnight. There was no pellet obtained from the second entrapment (Fig 3.10 B, 
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lane 2) indicating that no cellulose synthase remained in the supernatant portion.  

The control experiment (without UDP-glucose) showed no pellet (Fig 3.10 B, 

lane 1).   

A second experiment was performed to determine whether cellulose 

synthase is the entrapped enzyme synthesizing fibrils. Using the same reaction, 

the pellet was stained with anti-GhCeSA3 antibodies (Fig 3.12). Fibrils appeared 

to be extruded from proteins. Sometimes, the proteins were found to aggregate 

resulting in fibrils that appeared to extrude from different directions of the protein 

(Fig 3.12 B-F). The 10 nm-gold was found to attach to nearby proteins or large 

protein clumps, confirming that the fibril products were produced from a cellulose 

synthase (Fig 3.12 A-F). The diameter of the proteins was estimated to be 

30±8.02nm X 36.88±7.47nm.  

Immunolabeling of cotton fibers 

 Since the Western blot analysis did not provide further details about the 

location of cellulose synthase, both primary and secondary wall stages of cotton 

fibers were sectioned and immunolabeled with the anti-GhCeSA3 antibodies and 

preimmune sera. It was found that the antibodies specifically recognized cellulose 

synthase at the plasma membrane at both primary and secondary wall stages while 

preimmune sera did not (Fig 3.13). Furthermore, the antibodies labeled 

specifically at the plasma membrane, presumably the locations of TCs. All 
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sections indicated that the plasma membrane was pulled away from cell wall, 

possibly due to plasmolysis during fixation.  
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3.4. Discussion 

 
 For twenty-six years since the TC was found it has been hypothesized to 

be the machine synthesizing cellulose. We have taken advantage of the GhCeSA3 

sequence and produced antibodies against the catalytic region in order to detect 

the presence of cellulose synthase. We present here the method for antibody 

production, and the use of antibodies to detect the presence of cellulose synthase 

in the primary wall and secondary wall stages of cotton fibers, mung bean , 

Arabidopsis, Boergesenia and Acetobacter. 

 

Specificity of the antibody 

 The entire catalytic region of the GhCeSA3 was chosen to produce 

antibodies because it is more likely that the chance of exposing antigenic sites is 

higher than using a short peptide, although the specific antigenic site at which the 

antibodies bind cannot be determined.  In our case, the two polypeptides (45 kDa 

and 53 kDa) were used to produce the antibody because they both indeed are the 

polypeptides synthesized from the catalytic region. The in vitro 

transcription/translation also verified this conclusion that two polypeptides were 

synthesized from the recombinant plasmid.  In addition, we found that the second 

ribosomal binding site and ATG were located at downstream from the first ATG 

introduced at the Nde site and the ribosomal binding site from the vector. The 45 

kDa polypeptide also was consistent with the deduced amino acid sequence 
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beginning from the second ATG. The 53 kDa polypeptide is consistent with the 

entire deduced amino acid sequence of the catalytic region of GhCeSA3. 

However, if six consecutive histidines are at the N-terminus after the first ATG, 

only the 53 kDa polypeptide will carry six histidines since the second translation 

starting point (ATG) will not include six histidines.  As a result, the 45 kDa 

polypeptide could not bind to Ni2+-column.   

The results illustrated here confirm that the antibodies are very specific to 

the 45 kDa and 53 kDa polypeptides since the antibodies recognized only two 

polypeptides (45 kDa and 53 kDa) which were used to produce the antibodies. In 

contrast to our antibody, Nakagawa, and Sakurai reported the production of 

antibodies against the short peptide (KEAIHVISCGYEDKS) which was designed 

based on predicted antigenicity and surface probability of GhCeSA1 and RSW1. 

The antibodies recognized two polypeptides from the GhCeSA1 transformed 

E.Coli due to a partial degradation (Nakagawa, and Sakurai, 1998). In comparing 

these two antibodies, our antibodies gave more chance to detect cellulose synthase 

because of using the longer polypeptide to produce antibodies. Their antibodies 

may not be very specific since they detected two bands which may be non-

specific binding due to a partial degradation. 
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Immunological studies with GhCeSA3 antibodies 

Our antibodies easily detected the presence of cellulose synthase in 

primary and secondary walls of cotton fibers, mung bean as well as Arabidopsis at 

approximate 130 kDa. The predicted molecular mass from the deduced amino 

acid sequences of the plant CeSAs, i.e.GhCeSA1, GhCeSA3, RSW1 and IRX3, is 

approximately 120 kDa (Pear et al., 1996, Arioli et al., 1998 and Taylor et al., 

1999). The different molecular mass between our Western and the predicted 

molecular mass may be due to some polysaccharide or lipid residues in the 

membrane fraction causing the migration to change. The prominent band from 

each plant using our Western analysis noticeably displayed at a slightly different 

molecular mass perhaps because each plant species may have different amounts 

of polysaccharides or modifications. In contrast, the previous study of the 

antibodies against the short peptide showed that these antibodies recognized 

several bands at 164 kDa, 117 kDa, and 107 kDa in  tobacco BY-2 cells only after 

DCB treatment. (Nakagawa, and Sakurai, 1998). The 2,6-dichlorobenzonitril 

(DCB) is known to inhibit cellulose formation and cause disruption of the TC 

arrangement and reduction of the number of TCs with prolonged treatment 

(Mizuta and Brown, 1992). According to our investigations, it is more likely that 

the cellulose synthase does not need to be stabilized by DCB to be detected 

through Western analysis. It is also possible that the antibodies against the short 

peptide did not specifically recognize cellulose synthase. 
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 Our antibody recognized cellulose synthase in various vascular plants such 

as cotton, mung bean and Arabidopsis indicating that the catalytic region may be 

highly conserved among vascular plants. This hypothesis is true since all plant 

CeSA gene sequences show a highly conserved catalytic region (see table 1 in 

Chapter 2). In addition, the antibodies recognized cellulose synthases from both 

primary and secondary wall stages of cotton fibers. The amount of cellulose 

synthase detected during primary wall development was less than that from 

secondary wall development, indicating that cellulose synthase is highly 

expressed in secondary wall, consistent with the gene expression experiments in 

Chapter 2. Moreover, an investigation of cotton fiber development indicated that 

the UDP-glucose incorporation into a fiber product increased over time from 

primary (0-16 DPA) and secondary (16-32 DPA) walls (Delmer, 1977). On the 

other hand, our antibodies did not recognize cellulose synthase from Acetobacter 

indicating that the antigenicity of the antibodies was not at the D,D,D or 

QXXRW, otherwise our antibodies would recognize cellulose synthase of 

Acetobacter. It is tempting to speculate that the antigenicity of our antibodies may 

be at the plant conserved specific region (see diagram in Chapter 2) since the 

antibodies recognize at least three different plants but not Acetobacter. 

Boergesenia representing a linear TC in the algae was also subjected to Western 

analysis with our antibodies to determine whether a linear TC carries a similar 

catalytic region as well as to determine the estimated molecular mass of a linear 
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TC. It was predicted that our antibodies should detect CeSA in Boergesenia since 

the catalytic region is highly conserved among plants. However, our results did 

not show strong prominent bands as in vascular plants, but instead recognized a 

weak band at 97 kDa. Currently, we cannot determine the exact molecular mass 

of CeSA for linear TC in algae since no gene is available. The only genes 

responsible for synthesizing a linear TC known to date and well characterized are 

the Acetobacter CeSA gene (Lin and Brown, 1989, and Saxena et al., 1994) and 

the Dictyostelium CeSA gene (DcsA) (Blanton et al., 2000).  Acetobacter CeSA 

was found to have a molecular mass of 83 kDa. The antibodies which raised 

against the U2 region of DcsA recognized 100 kDa and 120 kDa polypeptides. 

Therefore, the 97 kDa polypeptide could represent cellulose synthase or cellulose 

synthase-like proteins in algae. 

 Product entrapment is a powerful technique to enrich the enzyme with its 

product. This technique has been applied to enrich glucan synthases (Lin and 

Brown, 1989, Antelo et al., 1998, Dhugga and Ray, 1994, and Turner et al., 

1998). Therefore, we applied this technique to synthesize cellulose in vitro from a 

solubilized enzyme fraction. According to the morphologies, the three types of 

synthesized products were: 1) cellulose I (long distinctive fibrils decorated with 

CBH I-gold), 2) cellulose II (disorganized aggregates decorated with CBH I-

gold), and  3) callose (short fibrous materials not labeled with CBH I-gold) 

similar to previous studies in cotton and mung bean (Okuda et al., 1993, and 
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Kudlicka et al., 1995 and 1996). Interestingly, when using 0.05% Digitonin-

solubilized enzyme, cellulose I and callose were synthesized while using 1% 

Digitonin-solubilized enzyme, only cellulose II and callose were made (Kudlicka 

et al., 1995). In our experiment, 0.25% CHAPS-solubilized enzyme was applied, 

and as a result, perhaps, cellulose I, II as well as callose were synthesized. The 

diameter of fibrils in our entrapped products appeared to be smaller than the 

estimated diameter of cellulose microfibrils (3.5 nm) synthesized from a single 

rosette TC (Delmer, 1987). The reason could be that in vitro products have lower 

crystallinity than in vivo products (Kudlicka et al., 1996).   

Interestingly, the twisted regions of the cellulose fibrils or clusters of 

fibrils which form ribbons from the product entrapment is reminiscent of cellulose 

synthesized from Acetobacter (Brown et al., 1976). The cellulose synthesizing 

site of Acetobacter is not moving with respect to the cell surface which may cause 

the ribbon or the bacterium to twist when the cellulose is produced. In comparison 

with plants in nature, the synthesizing site moves along within the plane of the 

fluid plasma membrane. In our experiment with product entrapment, the enzyme 

probably is immobilized so this may be the reason of twisting.  

The entrapped enzyme was further verified using GhCeSA3 antibodies. 

Furthermore, the estimated diameter of the proteins (30±8.02 X 36.88±7.47 nm) 

was similar to the rosette-like structure (63-84 nm) observed from the stacking 

parts of native gels (Kudlicka and Brown, 1997). However, the diameter of the 
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protein seemed to be much larger than a common rosette TC which has a diameter 

of about 24±2.5 nm (Reiss et al., 1984, Mueller and Brown, 1980, Willison, 

1983). The reason may be that the 24±2.5 nm rosette TC is the diameter we 

measure from freeze fracture experiments which only view the innermembrane 

region of the rosette TC. The large proteins observed from product entrapment 

experiment, however, are on the cytoplasmic side of the proteins deeply 

projecting into the cytoplasm away from the plasma membrane. In addition, the 

anti-GhCeSA3 antibodies definitely confirmed that these proteins synthesizing 

cellulose microfibrils were indeed cellulose synthase.  

 As has been long known, cellulose synthase is located at the plasma 

membrane (Brown and Montezinos, 1976) including cotton fibers (Willison and 

Brown, 1977). Similarly, the anti-GhCeSA3 antibodies labeled cellulose synthase 

in both primary and secondary wall stages of cotton fibers is confirmed to be 

located in or very close to the plasma membrane. The amount of labeling was 

greater in the secondary wall stage indicating that the quantity of TCs in the 

secondary wall are higher than in the primary wall of cotton fibers (Willison, 

1983). 

The next question that currently comes to mind is whether cellulose 

synthesis requires any primer. According to a recent paper, Peng et al, 2002 

proposed that a primer is needed in cellulose synthesis and that this primer is a 

short glucan chain synthesized from a different cellulose synthase subunit (Peng 
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et al., 2002). Therefore, either a primer is not required in our experiments or a 

primer may be present in our product entrapment reaction. Is the putative primer 

from cellobiose we provided, or is it already there in a solubilized enzyme 

fraction? More experiments are needed to further answer this question. 
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Figure 3.1. Double digestion of the recombinant plasmid. Lane 1. DNA marker. 

Lane 2. The recombinant plasmid. The 5.9 kb band represents the pET-21a(+) 

vector (Arrowhead). The 1.4 kb band represents the catalytic region (Arrow). It 

was readily confirmed that the recombinant plasmid carried the 1.4 kb catalytic 

region. 
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Figure 3.2. The expression of recombinant proteins in E.coli carrying the 

reconbinant plasmid. Lane1. Protein marker in kDa. Lane 2. BSA. Lane 3. Total 

proteins from uninduced cells. Lane 4-5. Total proteins from IPTG induced cells. 

Lane 6. The proteins from inclusion bodies of IPTG induced cells. Lane 7.  The 

proteins from cytoplasmic fraction of IPTG induced cells. Lane 8. Protein marker 

in kDa. Lane 9. The protein from IPTG induced cells carrying the vector alone 

(the negative control). Lane 10. The protein from uninduced cells carrying the 

vector alone. The IPTG induced cells carrying the recombinant plasmid highly 

expressed two distinctive polypeptides at the molecular mass of 45 kDa and 53 

kDa (Arrows) while the cells carrying the vector alone did not express any 

prominent bands. The recombinant proteins were aggregated in the inclusion 

bodies of cells. 
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Figure 3.3. The expression of recombinant proteins in E.coli carrying the 

reconbinant plasmid at either 30 or  37 oC.  Lane1. Protein marker in kDa. Lane 2 

The proteins from cytoplasmic fractions of IPTG induced cells at 30 oC . Lane 3. 

The proteins from inclusion bodies of IPTG induced cells at 30 oC. Lane 4. The 

proteins from cytoplasmic fractions of IPTG induced cells at 37 oC . Lane 5. The 

proteins from inclusion bodies of IPTG induced cells at 37 oC. Lane 6. Total 

proteins from IPTG induced cells at 30 oC. Lane 7. Total proteins from IPTG 

induced cells at 37 oC.  The recombinant proteins were highly expressed in the 

inclusion bodies at either 30o or 37 oC (Arrows). No recombinant proteins were 

observed in the cytoplasmic fractions at either 30o or 37 oC. 
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Figure 3.4. In vitro transcription/translation products. Lane 1. β-galactosidase 

from E.coli (Arrowhead). Lane 2. The recombinant proteins (Arrows). The 

recombinant plasmid obviously expressed two polypeptides at molecular mass of 

45 kDa and 53 kDa. The positive control has a molecular mass of 119 kDa. 
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          rbc1   NdeI     rbc2    
 -----aaggagatatacatatggattac-----------aaggagcgcagagctatg 
          M                                                     M 
 
 
 
 
 
 
Figure 3.5. The amino acid sequence of pET-21(a) and the catalytic region of the 

GhCeSA3. The rbc1 represents rbc from the vector pET-21(a). The first ATG was 

introduced through the NdeI site. The rbc2 represents the second rbc found 

downstream from the catalytic region sequence followed by 6-11 spaces and 

ATG. The rbc2 and the second ATG introduced the truncated overexpressed 

polypeptide at a molecular mass of 45 kDa. 
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Figure 3.6.  Purification of the recombinant proteins using Ni column 

chromatography. Lane 1. Total proteins from uninduced cells. Lane 2. Total 

proteins from IPTG induced cells. Lane 3. Proteins from the first washing step. 

Lane 4. Protein marker. Lane 4. Proteins from the second washing step. Lane 6. 

The eluted recombinant proteins.  The two polypeptides at molecular mass of 45 

kDa and 53 kDa were specifically bound and then eluted from the column (the 

arrows) although some small quantity of the proteins had leaked from the column 

during washing steps. 
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Figure 3.7. Western analysis of the IPTG induced cells using either anti-

GhCeSA3 antibodies or preimmune serum. Lane 1. Anti-GhCeSA3 antibodies. 

Lane 2. Preimmune serum. The anti-GhCeSA3 antibodies specifically recognized 

the recombinant polypeptide at the molecular mass of 45 kDa and 53 kDa 

(Arrows). On the other hand, the preimmune serum did not show any prominent 

bands. 
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Figure 3.8. Western analysis of total membrane proteins from selected vascular 

plants using either anti-GhCeSA3 antibodies or preimmune serum. A. Preimmune 

serum. Lane 1. The primary wall stage of cotton fibers. Lane 2. The secondary 

wall stage of cotton fibers. Lane 3. Mung bean hypocotyls. Lane 4. Arabidopsis 

cell cultures. B. Anti-GhCeSA3 antibodies. Lane 1. The primary wall stage of 

cotton fibers. Lane 2. The secondary wall stage of cotton fibers. Lane 3. Mung 

bean hypocotyls. Lane 4. Arabidopsis cell cultures. The anti-GhCeSA3 antibodies 

specifically recognized the prominent bands at the approximate molecular mass of 

130 kDa (Arrows) in all specimens while preimmune serum did not. However, 

there were  other smaller molecular mass as of between 97-100 kDa polypeptides 

in mung bean hypocotyls and  Arabidopsis cell cultures when using either anti-

GhCeSA3 antibodies or preimmune serum. It was also noted that the amount of 

proteins in the secondary wall stage was higher than in the primary wall stage of 

cotton fibers.  
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Figure 3.9. Western analysis of cotton fibers, Boergesenia and Acetobacter.  A. 

lane 1. secondary wall stage of cotton fibers labeled with  preimmune serum. 

Lane 2. secondary wall stage of cotton fibers labeling with the anti GhCeSA3 

antibodies. B. Lane1. Boergesenia labeling with  preimmune serum. Lane 2. 

Boergesenia labeling with the anti GhCeSA3 antibodies. C. Lane 1. Acetobacter 

labeling with preimmune serum. Lane 2. Acetobacter labeling with the anti 

GhCeSA3 antibodies. As a positive control, the anti GhCeSA3 antibodies 

recognized the prominent band at 130 kDa. The anti GhCeSA3 antibodies 

recognized the very weak band at 97 kDa in Boergesenia but no specific 

recognition was observed in Acetobacter. D. labeling with the anti 93 antibodies. 

Lane 1. secondary wall stage of cotton fibers. Lane 2. Boergesenia Lane 3 

Acetobacter. Using the anti 93 antibodies, it was found that the antibodies did not 

recognize any specific band in cotton fibers (lane1) and Boergesenia (lane 2) 

while strong bands at 116, 93,and 55 kDa  (Arrows) were found in Acetobacter. 
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Figure 3.10. Pellets obtained from product entrapment. A. Pellet obtained form 

the first incubation without any substrate (UDP-glucose).  B. Pellet obtained after 

the first pellet was discarded and UDP-glucose was added. Lane 1-3. Tinopal 

staining. Lane 1 Control experiment without UDP-glucose. Lane 2. The second 

round of product entrapment. Lane 3. The first round of product entrapment. A 

pellet was evident after the first incubation without any substrate suggesting that 

salts can cause proteins to non-specifically precipitate. After the pellet was 

discarded, the substrate, 1 mM UDP-glucose, was added to the supernatant 

fraction. A brilliant bright blue pellet became clearly visible after 24 hours. No 

pellet was obtained from the second entrapment indicating that no cellulose 

synthase remained in the supernatant portion. A small amount of precipitation was 

observed in control experiment. 
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   A                         B 

 C               D 

 E      F 
           
Figure 3.11. Products obtained from product entrapment. A. 45,000X. B. 

55,000X.  C. 124,000X. D. 124,000X. E. 160,000X. F. 210,000X. A-F. Long 

arrows represent long fibrils decorated with CBH-I gold (10nm). Short arrows 

represent short disorganized fibrils decorated with CBH-I gold (10nm). 

Arrowheads represent short fibrous material with no CBH-I gold labeling. 
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 A     B  

 C     D 

 E     F 
   
Figure 3.12. Pellets from product entrapment labeling with anti-GhCeSA3 

antibodies. A.124,000X. B. 160,000X. C. 160,000X. D. 210,000X. E. 275,000X. 

F. 350,000X. A-F. Long fibrils extruded from protein aggregations (Arrows). The 

estimated diameter of long fibrils is 2.49±0.36 nm. Protein aggregations were 

labeled with anti-GhCeSA3 antibodies (Arrowheads). The estimated diameter of 

proteins is 30±8.02 X 36.88±7.47 nm. 
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         A                                                    B                                                   C 

                       
        D                                 E                                                  F 

                              

 

         
          G        H 
Figure 3.13.  Immunolabeling of the primary and the secondary wall stages of 

cotton fibers. A-H.100X objective. A-D.The primary wall stage. A-B. Preimmune 

serum. C-D.Anti-GhCeSA3 antibodies. E-H. The secondary wall stage. E-F. 

Preimmune serum. G-H. Anti-GhCeSA3 antibodies. The anti-GhCeSA3 

antibodies recognized proteins at the plasma membrane in both the primary wall 

and the secondary wall stages of cotton fibers while preimmune serum did not. It 

was also noted that the amount of gold labeling using silver enhancement in the 

secondary wall stage was greater than in the primary wall stage. 
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Chapter 4. Biochemical investigation of cellulose and callose 
synthesis 

 

4.1. Introduction 
 
 
Cellulose and callose synthesis 
 

There are significant efforts being applied to isolate and biochemically 

characterize cellulose synthase as well as its regulatory subunits. The most 

successful and impressive system has been obtained from the studies with 

Acetobacter xylinum (Lin and Brown, 1989, and Ross et al., 1991). A high rate of 

in vitro cellulose synthesis was achieved by preparation of membranes in 

polyethylene glycol (PEG) and adding GTP. In this case, it is conceivable that 

PEG precipitates an enzyme, diguanylate cyclase, which converts GTP to c-di-

GMP (Aloni et al., 1982, and Ross et al., 1991). Since discovery of the important 

effector (c-di-GMP) it is now possible to study cellulose synthesis in vitro, two 

polypeptides (83 kDa and 93 kDa) were enriched using product entrapment and 

then purified (Lin and Brown, 1989). Later, the 83 kDa peptide was identified as a 

substrate binding subunit because of its binding to azido-UDP-glucose which is 

known to be a substrate of cellulose synthesis (Lin et al., 1990).  
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The most important contribution to the cellulose field was that the N-

terminal amino acid sequences of the 83 kDa led to the cloning of cellulose 

synthase gene from Acetobacter xylinum (Saxena et al., 1990). The 93 kDa 

polypeptide was claimed to be the c-di-GMP binding polypeptide (Mayer et al., 

1991). One of the most interesting results came from the ability to synthesize 

cellulose I in vitro by a solubilized cellulose synthase from Acetobacter xylinum 

(Lin et al., 1985). The in vitro fibrils were short and about 1.7 nm in diameter. 

There are other reports in which β-1,4 glucan synthesis was accomplished in vitro 

using membrane preparations from Dictyostelium (Blanton and Northcote, 1990) 

and the water mold, Saprolegnia (Fevre and Rougier, 1981). The in vitro activity 

of β-1,4 glucan synthesis in Dictyostelium is almost the same as that in vivo, 

depends on Mg2+, and is activated by cellobiose but not c-di-GMP (Blanton and 

Northcote, 1990). Similarly, the in vitro activity in Saprolegnia is Mg2+ dependent 

and activated by cellobiose and c-di-GMP (Fevre and Rougier, 1981). 

Unlike Acetobacter xylinum, the isolation of cellulose synthase in vascular 

plants has not been successful because it is very labile and has low rate of 

cellulose activity in vitro. When plant cells are damaged, the Ca2+ level is high, 

activating callose production. This condition makes it very difficult to avoid any 

callose production in vitro because cell breakage during isolation of membrane 

proteins releases a high level of Ca2+ (Delmer, 1987 and Kauss, 1987). Ca2+ may 

activate a specific Ca2+-dependent protease kinase or phosphatase which may in 
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turn inactivate or even destroy cellulose synthase. However, polyethylene glycol 

(PEG)-4000 at 0.06 M was shown to protect cellulose synthesis in detached 

cotton fibers due to its ability to promote membrane resealing (Carpita and 

Delmer, 1980). In addition, cellulose synthesis in detached cotton fibers was 

stimulated by Ca2+ and Mg2+ but inhibited by K+ (Carpita and Delmer, 1980). The 

presence of 20% PEG-4000 in the membrane preparation from Phaseolus aureus 

seedlings increased the activity of β-1,4 glucan synthesis 15-20 times (Callaghan 

et al, 1988). From 1993-1997, progress in this field was demonstrated in Prof. 

Brown’s laboratory. First, plasma membrane enriched fractions were prepared 

from cotton fibers and solubilized with Digitonin (Okuda et al., 1993). The 

synthesized products provided with certain effectors including cellobiose, MgCl2, 

CaCl2, cyclic3’, 5’-GMP, and Digitonin contained β-1,4 glucan and β-1,3 glucan 

in the ratio of 25:69. However, if cellobiose, CaCl2, and Digitonin were provided, 

only β-1,3 glucan was synthesized.  The synthesized products were characterized 

using solubility, total acid hydrolysis, enzyme digestion, methylation, X-ray 

diffraction, DP determination and CBH I-gold labeling (Okuda et al., 1993). 

Further work on a critical effector was studied (Li and Brown, 1993).  It was 

suggested that cellobiose, CaCl2, and Digitonin were common effectors favoring 

both β-1,4 glucan and β-1,3 glucan, but MgCl2 and cyclic3’, 5’-GMP were 

necessary for β-1,4 glucan (Li and Brown, 1993). Later, using product entrapment 

and UDP-glucose photolabeling, a 37 kDa polypeptide was identified as the 
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potential catalytic subunit of cotton cellulose synthase, and a 52 kDa was 

identified as the potential catalytic subunit of cotton β-1,3 glucan (Li et al., 1993).  

In 1995, Kudlicka et al. improved the enzyme solubilization using two 

steps of Digitonin including 0.05% and 1% (Kudlicka et al., 1995). Interestingly, 

products synthesized from a 0.05% Digitonin solubilized enzyme fraction 

contained cellulose I and β-1,3 glucan while the 1% Digitonin solubilized enzyme 

fraction produced cellulose II and β-1,3 glucan (Kudlicka et al., 1995). With a 

well established system in cotton, similar procedures were applied in mung bean 

seedlings. The results illustrated that the 0.05% Digitonin solubilized enzyme 

fraction from mung bean produced less cellulose, with a lower crystallinity and 

DP than that of cotton. Similar results were obtained using a 1% Digitonin 

solubilized enzyme fraction (Kudlicka et al., 1996). A Digitonin solubilization 

was further modified to five concentrations of Digitonin including 0.05%, 0.1%, 

0.25%, 0.5%, and 1%. Significantly, using 0.25% Digitonin solubilization, 

rosette-like particles attached with cellulose microfibrils were found in the 

stacking gel portion of a nondenaturing gel, whereas only callose products were 

found in the running gel portion (Kudlicka and Brown, 1997). Recently, organic 

solvents were reported to increase the activity of cellulose synthase whereas 

callose synthase activity decreased. Specially, adding 40% methanol under 

conditions favoring β-1,3 glucan synthesis reduced this activity dramatically 

(Kerry, 2001). 
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 Research in the callose field always has been concomitant with the 

cellulose field since in vitro glucan synthesis yields both cellulose as well as 

callose. (Kudlicka et al., 1995, and 1996, and Kudlicka and Brown, 1997). Both 

cellulose synthase and callose synthase require UDP-glucose as a substrate. The 

important effectors, Ca2+ and cellobiose, are also required in order to activate 

callose activity while cellulose synthase activity depends on Mg2+ (Delmer, 1987, 

Callaghan et al., 1988 and Hayashi et al., 1987). The purification of callose 

synthase is considered to be much easier than that of cellulose synthase because 

of its high activity in a membrane preparation (Delmer, 1987). Using [32P] UDP-

glucose as a probe, the 52 kDa polypeptide was identified in cotton fiber (Delmer 

et al., 1991).  This 52 kDa is likely to be a potential catalytic subunit of callose 

synthase because it becomes bound to UDP-glucose and is dependent on Ca2+ and 

cellobiose. Later, using conventional purification methods, the 55 kDa 

polypeptide was identified from a detergent-solubilized plasma membrane 

fraction from pea tissue (Dhugga and Ray, 1991, 1994 and McCormack et al., 

1997). In addition, an antiserum against this polypeptide adsorbed glucan 

synthase activity and the 55 kDa polypeptide, suggesting that this polypeptide 

may be involved in pea callose synthase activity (Dhugga and Ray, 1991, 1994). 

Moreover, the 65 kDa polypeptide was identified as a candidate for a regulatory 

subunit in Phaseolus vulgaris L. (McCormack et al., 1997). The antiserum against 

this polypeptide was localized at sites of callose synthesis in plant cells 
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(McCormack et al., 1997). The evidence has suggested that callose synthase and 

cellulose synthase share the same substrate, localization, but they are activated at 

different times (Delmer, 1987).  

Is callose synthase the same as cellulose synthase? The first convincing 

evidence, which supported the idea that these could be different enzymes, came 

from Kudlicka and Brown in 1997. They successfully separated β-1,3 glucan 

(callose) from β-1,4 glucan (cellulose) using a native gel technique (Kudlicka and 

Brown, 1997).  After incubating the stacking gel protein with substrate and 

important effectors, rosette-like structures attached with cellulose I were 

observed, whereas smaller non-rosette structures attached with callose were found 

in the separating gel (Kudlicka and Brown, 1997).  

 Recently, callose synthase genes have been isolated from cotton (Cui et 

al., 2001), Arabidopsis (Hong et al., 2001a), and Nicotiana (Doblin et al., 2001).   

Their deduced amino acids were predicted to yield approximately 200 kDa 

products. According to the deduced amino acid sequences, it can be concluded 

that callose synthase differs from cellulose synthase.  Moreover, the callose 

synthase gene does not carry the UDP-glucose binding site. Instead it associates 

with a novel UDP-glucose transferase, UGT1 (Hong et al., 2001b). Therefore, the 

52-55 kDa polypeptide which was partially purified through biochemical methods 

should be reconsidered as UGT1 (Delmer et al., 1991, Dhugga and Ray, 1991, 

1994, and Verma and Hong, 2001). 
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In addition, callose synthase from pollen tubes was found to differ from 

the wound-activated callose synthase in being Ca2+ -independent, displaying a 

lower affinity for UDP-glucose and activated by trypsin (Schlupmann et al., 

1993). The 190 kDa polypeptide was enriched from a Digitonin-solubilized 

fraction of Nicotiana pollen tubes through product entrapment (Turner et al., 

1998).  

 

Biochemical studies 

Many research groups have been applying biochemical approaches to 

purify cellulose synthase (Delmer 1983, Amino, 1985, Bacic and Delmer, 1981, 

Henry and Stone, 1982, 1985, Jacob and Northcote, 1985). Unfortunately, it has 

not been very successful since callose is always co-synthesized during membrane 

protein preparations. Anti-GhCeSA3 antibodies specifically labeling cellulose 

synthase in three selected plant species (see chapter 3) have been used to 

construct immobilized antibody columns.  In this chapter, the use of antibody 

columns bound to the enzyme, presumably a cellulose synthase, has led to the in 

vitro synthesis of only cellulose. Hopefully, this work will lead investigators to 

eventually purify cellulose synthase for the first time.  
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4.2. Materials and methods 
 

Plant material 

  Mung bean seedlings (Vigna radiata) were germinated in darkness at 25oC 

for 5 days. 

Membrane protein isolation 

 The 5 day old mung bean seedlings (Vigna radiata) were harvested. The 

hypocotyls were ground in the extraction buffer with a ratio of 1:1 tissue/ 

extraction buffer. Then, proteins were extracted with extraction buffer consisting 

of 50mM Mops, pH 7.5, 5mM EDTA, 0.25M sucrose and protease inhibitor 

cocktail (0.5mM PMSF, 0.1 mM N-α-p-tosyl-L-Lys chloromethyl ketone, 10 µM 

leupeptin, and 0.1 mM L-1-tosylamide-2-phenyl-ethyl chloromethyl ketone). The 

crude extracts were filtered through a 210 µm mesh cheesecloth and centrifuged 

at 5,000g for 10 min at 4oC. The total membrane proteins were separated by 

centrifugation at 100,000g for 1 hr at 4oC. The supernatant was saved and denoted 

as S1. The membrane pellet was resuspended in the resuspension buffer 

consisting of 50 mM Mops, pH 7.5, and 0.25 M sucrose and denoted as TMF.  

Solubilization of the enzyme fraction  

 An equal volume of 0.2% CHAPS in the resuspension buffer was added to 

the TMF. Then, the mixture was sonicated for 5 min and stirred for another 30 
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min at 4oC. Next, the mixture was centrifuged at 100,000g for 1 hr at 4oC. The 

supernatant denoted as SE1 was quickly frozen and stored in -80oC for later use. 

The pellet was resuspended in the resuspension buffer and denoted as MF1. An 

equal volume of 0.5% CHAPS in the resuspension buffer was added to the MF1. 

Then, the mixture was sonicated for 5 min and stirred for another 30 min at 4oC. 

Next, the mixture was centrifuged at 100,000g for 1 hr at 4oC. The supernatant 

denoted as SE2 was quickly frozen and stored in -80oC for later use. The pellet 

was resuspended in the resuspension buffer and denoted as MF2. An equal 

volume of 1% CHAPS in the resuspension buffer was added to MF2. Then, the 

mixture was sonicated for 5 min and stirred for another 30 min at 4oC. Next, the 

mixture was centrifuged at 100,000g for 1 hr at 4oC. The supernatant denoted as 

SE3 was quickly frozen and stored in -80oC for later used. The pellet was 

resuspended in the resuspension buffer and denoted as MF3. An equal volume of 

2% CHAPS in the resuspension buffer was added to MF3. Then, the mixture was 

sonicated for 5 min and stirred for another 30 min at 4oC. Next, the mixture was 

centrifuged at 100,000g for 1 hr at 4oC. The supernatant denoted as SE4 was 

quickly frozen and stored in -80oC for later used. The pellet was resuspended in 

the resuspension buffer, denoted as MF4, quickly frozen and stored in -80oC for 

later use. Protein concentrations from all of the fractions were determined using 

Bradford assay with BSA as a standard.  
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 All of the solubilized enzyme fractions were subjected to Western analysis 

as described in chapter 3 using the anti-GhCeSA3 antibodies.  

Optimization of detergents  

 An equal volume of 0.5% selected detergents (Digitonin, CHAPS, Triton 

X-100, and Tween 20) in the resuspension buffer was added to the TMF. The 

mixture was sonicated for 5 min and stirred for another 30 min at 4oC. Next, the 

mixture was centrifuged at 100,000g for 1 hr at 4oC. The pellet was resuspended 

in the resuspension buffer. Both the supernatant and the resuspended pellet were 

subjected to Western analysis using the anti-GhCeSA3 antibodies and to β-glucan 

synthase assay. 

 

β-glucan synthase assay 

 50 µg protein extracts were incubated with an assay mixture consisting of 

10 mM bis-trispropane-Hepes buffer (pH7.6), 8mM MgCl2, 1 mM CaCl2, 20 mM 

cellobiose, 100 µM c-3’-5’-GMP, and 0.2 mM UDP-[14C]Glc at 25oC for 30 min 

and terminated by incubating the reaction in a  boiling water bath for 5 min. Then, 

the radioactive product was filtered through GF/C Whatman filter paper, washed 

three times with water and one time with methanol. The discs were dried and 

added with Ready Organic cocktail. The radioactivity was counted with the 

Beckman LS 6800 Liquid Scintillation System. 



 141

Callose synthase antibody production 

Based on the deduced amino acid sequence of CFL1 (Cui et al., 2001), the 

short polypeptide (N’—CQTIDMNQDNYMEEAFK—C’) was synthesized and 

injected into a rabbit according to Genemed Synthesis Inc.’s protocol.  

 

Immunoadsorption 

Either protein-A-purified antibodies or preimmune sera were added to 50 

µl of protein-A beads and incubated for 1 hour at 4 oC. Then, the mixture was 

centrifuged. The pellet was washed with 10 mM bis-trispropane-Hepes buffer 

(pH7.6). The solubilized enzyme fraction was added to the antibody-protein A-

beads and incubated for another 1 hour at 4 oC. The mixture was centrifuged. The 

supernatant was applied directly to β-glucan synthase assay as above. The pellet 

was washed with 10 mM bis-trispropane-Hepes buffer (pH7.6) and subjected to 

the β-glucan synthase assay as above. 

β-glucan production using immobilized β-glucan synthase to anti-GhCeSA3 

column 

 Either immune or preimmune IgGs were cross-linked to protein A-beads 

using DSS cross-linking agent. The solubilized enzyme fraction was added and 

incubated for one hour at 4 oC. After centrifugation, the enzyme-antibody-protein 

A-bead complexes were washed with 10 mM bis-trispropane-Hepes buffer 
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(pH7.6) and supplied with 1mM UDP-glucose as well as all ingredients as 

mentioned in β-glucan synthase assay. After incubation for one hour at 4 oC, the 

pellet was washed and stained with Tinopal. The fluorescent products were 

visualized using a Zeiss microscope with brightfield, phase contrast, and 

fluorescence optics with UV excitation. Then, the bound proteins and products 

were eluted from antibody-agarose beads and loaded on a formvar-coated grid. 

The products were labeled with CBH I-gold and negatively stained with uranyl 

acetate. The eluted proteins were immunolabeled with either anti-GhCeSA3 

antibodies or anti-callose synthase antibodies or preimmune serum as described in 

chapter 3. All samples were observed with a Philips 420 transmission electron 

microscope at 100 kV.  

Immunoprecipitation 

 1 mg of either antiserum or preimmune serum was incubated with protein-

A agarose beads for 30 min and subjected to cross-linking reactions according to 

manufacturer’s protocol (Pierce). Then, the solubilized enzyme fractions were 

incubated with antibody or preimmunesera-protein-A-beads complex for 

overnight at 4 oC. The bound proteins were eluted and subjected to Western blot 

analysis. 
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4.3. Results 

 

Solubilization of total membrane proteins 

 Since anti-GhCeSA3 antibodies became available, the presence of 

cellulose synthase was readily detected using Western blot analysis. The anti-

GhCeSA3 antibodies were able to detect cellulose synthase protein in the total 

membrane enzyme. However, after four steps of solubilization, CeSA protein was 

only detected in the last pellet, but not in any solubilized enzyme fractions (Fig 

4.1). This indicated that the solubilization method was insufficient, so a 

combination of sonication and incubation at 4oC was applied. After applying 

sonication, the antibody recognized a prominent band at 130 kDa in the total 

membrane fraction (TMF) and at 110-120 kDa in solubilized fractions (SE1-4) 

(Fig 4.2). It was also noted that the amount of cellulose synthase in the first 

solubilization step (0.1% CHAPS) was found to be the highest and decreased 

gradually over four solubilization steps. There was no cellulose synthase band at 

130 kDa detected in the last pellet (MF4) indicating that cellulose synthase 

protein was solubilized effectively during solubilization steps.  

 Four different detergents (Digitonin, CHAPS, Triton X-100, and Tween-

20) were used to solubilize proteins. The antibodies recognized prominent bands 

at 110-120 kDa in all four detergents with slight differences in the quantity of 

proteins (Fig 4.3). On the other hand, Digitonin and CHAPS gave the highest 14C 
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incorporation. Triton X-100 gave the lowest 14C incorporation (Table 4.1). The 

results suggest that all four detergents were able to solubilize membrane proteins, 

but Digitonin and CHAPS were able to preserve the enzyme activity better than 

Triton X-100 and Tween-20. Therefore, CHAPS was considered to be a detergent 

of choice for the following experiments due to the cost of Digitonin. 

 

Immunoadsorption of β-glucan synthase activity by anti-GhCeSA3 or –

callose synthase  antibodies    

 IgGs were isolated from the polyclonal anti-GhCeSA3, -callose synthase 

antibodies and preimmune sera. After IgGs were bound to protein-A agarose 

beads, IgG-beads were incubated with solubilized enzyme fraction. The β-glucan 

synthase activity of the pellet portion increased with the amount of IgGs. On the 

other hand, the β-glucan synthase activity of the supernatant showed a decrease of 

incorporation while increasing the amount of IgGs. (Fig 4.4 and 4.5). The highest 

amount of IgGs (purified from anti-GhCeSA3 antibodies) was 20 µg, but only 45 

% activity was achieved (Fig 4.4).  The highest amount of IgGs (purified from 

anti callose synthase antibodies) was 25 µg but only 40% activity was achieved 

(Fig 4.5). As a control, the IgGs purified from the preimmune serum were 

repeated, but the pellet portion showed only small percentage of activity (20%) 

while the major activity (80%) was found in the supernatant portion (Fig 4.6). 

 



 145

In vitro cellulose production 

In theory, an antibody-protein-A-bead complex should capture antigen 

specifically. In our investigation, the anti GhCeSA3 antibody-protein A bead 

complex should capture cellulose synthase. After adding UDP-glucose, 

synthesized products together with the anti GhCeSA3 antibody-protein A bead 

complex were stained with Tinopal. It was clearly shown that fibrous strands 

presumably synthesized products were attached or nearby to the antibody-bead 

complex and displayed brilliant bright blue color. The beads themselves showed 

some faint blue color (Fig 4.7, A-D). The control without UDP-glucose added 

showed no fibrous strands (Fig 4.7, E and F). After eluting the proteins together 

with synthesized products, one drop of elution was first labeled with 10nm CBH-I 

gold to determine the type of products. TEM observations revealed two types of 

product decorated with CBH-I gold : a) long fibrils (Fig 4.8, A,C-F), and  b) short 

fibrils or irregular fibrils (Fig 4.8, B). Clumps of some material were also evident 

(Fig 4.8, A,D,F). It is also noted that long fibrils twisted in some regions (Fig 4.8, 

E). These fibrils are presumably cellulose I crystalline microfibrils although this 

has not been confirmed by electron diffraction analysis.  

 In addition, the same sample was labeled with anti GhCeSA3 antibodies to 

determine if cellulose synthase was associated with the fibrillar product. 

Obviously, the anti GhCeSA3 antibodies labeled several different shapes of 

structures, for instance, a globular shape (Fig 4.9 B), a donut shape (Fig E) or a 
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tooth shape (Fig 4.9 C and D). Clumps of globular structures were also labeled 

(Fig 4.9 F). With careful observations, four situations were revealed: a) structures 

were labeled and associated with long fibrils (Fig 4.9, A, B, F), b) structures were 

labeled and associated with short fibrils (Fig 4.9, C,D), c) structures were labeled  

but associated fibrils could not be found (Fig 4.9 E), and d)  clumps of structures 

were labeled and associated with long fibrils (Fig 4.9 F). 

 The next experiment was to determine whether the antibody-bead complex 

purified only cellulose synthase. The same sample was labeled with anti callose 

synthase antibodies to check if callose synthases were present. The globular or 

donut structures were evident at the end of long fibrils and no callose synthase 

antibodies labeling were observed (Fig 4.10, A and B). The control experiment 

was the same reaction but was labeled with preimmune serum. Obviously, 

structures associated with long fibrils were not labeled with the preimmune serum 

(Fig 4.10, C and D). 

 30-50 images were taken and the diameter of microfibrils and the globular 

or donut structures were measured. The reference used in the measurement was 

10 nm gold. It was concluded that the average diameter of the fibril was around 

2.05±0.30nm. The average diameter of the globular or donut structure was around 

30.47±7.97 X 38.21±7.70 nm. 

The captured enzymes from the antibody-protein A bead complex were 

eluted. Unfortunately, SDS gel and Western analysis did not show the 
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polypepeptide at the expected molecular mass. The positive control was a 

precipitation of the recombinant polypeptides (53 kDa and 45 kDa) with antibody. 

The result illustrated two bands at molecular mass of 53 and 45 kDa indicating 

that the anti-GhCeSA3 antibodies can definitely precipitate the antigens (data not 

shown). 

In the case with the anti-callose synthase antibodies, the antibody-protein 

A bead complexes were also formed using the same method as the anti-GhCeSA3 

antibodies. After eluting of the captured enzyme, SDS-gel showed eight bands at 

molecular mass of  200 kDa, 116 kDa, 100 kDa, 68 kDa, 66 kDa, 60 kDa, 55 kDa, 

and 35 kDa (Fig 4.11, A); however 60 kDa and 55 kDa polypeptides were non-

specifically bound since the control, preimmune serumn also showed 60 kDa and 

55 kDa bands (Fig 4.11 B). In addition, Western analysis using anti- callose 

synthase antibodies showed a prominent band around 200 kDa (Fig 4.11, C); 

however, the anti-GhCeSA3 antibodies did not recognize any band (data not 

shown). 
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4.4. Discussion 

Enzyme solubilization  

 Membrane proteins can be solubilized by detergents into solution as 

detergent-protein complexes (Albert et al., 1994). The choice of detergents and 

method of extraction depends on maintaining active proteins. Digitonin (Kudlicka 

and Brown, 1997, Kudlicka et al., 1995, Turner et al., 1998, Dhugga and Ray, 

1994), and CHAPS (Antelo et al., 1998, Wu and Wasserman, 1993, Dhugga et al., 

1991, and Dhugga and Ray, 1991) are common choices of detergents to solubilize 

β-glucan synthase with gentle shaking at 4 oC. In our case, CHAPS was chosen 

but sonication was applied during extraction which clearly showed that sonication 

helped in the solubilization of cellulose synthase. The reason may be that 

cellulose synthase is tightly associated with cellulose and the membrane as shown 

in the herbicide CGA 325’615 experiment which caused accumulation of non-

crystalline β-1,4-glucan associated with CeSA (Peng et al., 2001). Upon cellulase 

digestion, CeSA proteins were released indicating that CeSA proteins are tightly 

associated with β-1,4-glucan. In addition, so far only β-1,3-glucan synthase 

activities were found from gentle shaking with detergents in different plant 

species (Antelo et al., 1998, and McCormack et al., 1997). The successful 

solubilization also depends on the concentration range of detergent. According to 

our Western analysis, a large quantity of cellulose synthase was found in 0.1% 
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CHAPS. Similarly, 0.05% Digitonin was reported to have a higher amount of 

cellulose than 1% Digitonin where the synthesized products are mostly callose 

(Kudlicka et al., 1995). It was also noted that the 100-116 kDa polypeptide was 

recognized in solubilization steps while the 130 kDa polypeptide was observed in 

the membrane fraction. As described in Chapter 3, membrane proteins have a 

variable size on the SDS gel possibly due to polysaccharide or lipid residues.  

 

In vitro β-glucan production 

 Since antibodies are powerful tools to detect antigens and the fact that our 

antibodies bind specifically to cellulose synthase, we used these to advantage on 

an affinity antibody column to first specifically capture cellulose synthase and 

then synthesize the product. 

 Our anti-GhCeSA3 and -callose synthase antibodies immunoadsorbed β-

glucan synthase activities and did not inhibit enzyme activity indicating that the 

epitopes to which the antibodies bind were exposed from the natively folded 

protein. However, the preimmune serum showed 20% of adsorption indicating 

that preimmune serum has non-specific binding. Similarly, both the anti-55 kDa 

antiserum and anti-70 kDa antiserum immunoadsorbed the callose synthase 

activity in pea tissues (Dhugga and Ray, 1991 and 1994). This led them to 

conclude that both polypeptides are part of callose synthase complex.  
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After we further constructed the anti-GhCeSA3 antibody column, the 

substrate, UDP-glucose was loaded.  The first evidence, which implied that 

products could be cellulose, was Tinopal staining. Tinopal has been known to 

bind to polysaccharides as well as cellulose (Brown et al., 1982). Then after the 

TEM observations, according to their morphologies, the synthesized products 

appeared to be: a) cellulose I as evidenced by long microfibrils, and; b) cellulose 

II as evidenced by short irregular fibrils both reacted by CBH-I gold. 

Interestingly, after the antibody column captured the enzymes, probably cellulose 

synthase, the synthesized product was mostly cellulose I. In the intact cell, the 

rosette TC consists of 6 subunits arranged with a 6-fold symmetry, and each 

subunit has 6 catalytic sites producing a single minisheet (Brown, 1996). Six 

minisheets assemble to form a microfibril (Brown, 1996). Certainly, one antibody 

molecule can bind to more than one enzyme, and one protein A-bead can bind 

more than one antibody molecule. Several beads are packed together in the 

column. Therefore, our antibody column could definitely bring several catalytic 

subunits closer together forming minisheets which would then associate to form a 

crystalline cellulose microfibril, similar to that formed in vivo (Cousins and 

Brown, 1997). In addition, all catalytic subunits in the antibody column may have 

been organized in the same direction which makes it possible to assemble parallel 

glucan chains which would then crystallize into the native form, cellulose I (Lee 

et al., 1994). This may imply that to synthesize cellulose in nature, one important 
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requirement may be the aggregation of catalytic subunits.  The diameter of in 

vitro synthesized microfibrils is smaller than in nature, perhaps because of the 

small size of the minisheet.  The diameter of proteins captured from the antibody 

column (30.47±7.97 X 38.21±7.70 nm) was larger than the diameter of rosette TC 

(24 ±2.5 nm) but the similar structures were found in product entrapment of 

chapter 3 (Reiss et al., 1984, Mueller and Brown, 1980, Willison, 1983). The 

reason could be the same as mentioned in chapter 3, which is because the 

diameter of rosette TC measured from the freeze fracture replica is the merely the 

cross-sectional dimensions of the transmembrane components of the TC. 

However, what we observed in our antibody column could be the cytoplasmic site 

of the rosette TC. Sometimes, cellulose II was observed. Why? It may be that 

some of the catalytic subunits captured on the beads were sufficiently 

disorganized to have rather simply formed single glucan chains which may have 

folded themselves to produce the crystalline cellulose II product. In addition, this 

could be the reason why we cannot successfully synthesize a large quantity of 

cellulose I in in vitro by the β-glucan synthase assay experiment since the 

detergent solubilized enzymes in solution simply cannot be brought together 

sufficiently close to from an aggregate which may be necessary for cellulose I 

formation in vitro. On the other hand, callose synthase may not require 

aggregation to synthesize callose since the major product in in vitro assay is 

callose.  
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As expected, callose was not synthesized from our antibody column in 

contrast to earlier product entrapment studies (Kudlicka et al., 1995, and chapter 

3). The reason must be that our antibody column specifically captured cellulose 

synthase but not callose synthase. This method could be an efficient way to isolate 

cellulose synthase but not callose synthase which can overcome the problem with 

conventional methods (Kudlicka et al., 1995, and 1996, and Kudlicka and Brown, 

1997).  

Currently the callose synthase gene has been cloned from Arabiopsis, 

cotton and Nicotiana; however, no conserved residues of substrate binding 

(D,D,D,and QXXRW) were found, suggesting that the identified callose synthase 

genes do not encode for the catalytic region but their products are definitely part 

of callose synthase complex (Cui et al., 2001, Hong et al., 2001a, Doblin et al., 

2001, and Verma and Hong, 2001). Another possibility is that callose synthase 

may utilize other conserved residues for substrate binding (Hong et al., 2001b). 

Therefore, there is a possibility that cellulose synthase may be, in fact, callose 

synthase which can switch to synthesize callose under specific conditions. Our 

anti-GhCeSA3 antibody column provided further proof that the captured proteins 

were only cellulose synthase by labeling with the anti-GhCeSA3 antibodies but 

not with the anti-callose synthase. Obviously, the eluted proteins from the anti-

GhCeSA3 antibody column were only labeled with the anti-GhCeSA3 antibodies. 

In addition, the immunoprecipitation with anti callose synthase antibodies also 
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indicated that cellulose synthase is not part of the callose synthase complex since 

the anti-GhCeSA3 antibodies did not recognize the eluted polypeptides.  

However, this question cannot be answered conclusively using our antibody 

column and solubilized enzyme fractions since the detergent (CHAPS) may have 

separated all proteins in the complex. However, we can answer this question with 

a co-immunolabeling technique. Our preliminary results indicate that cellulose 

synthase (using rabbit antibodies) and callose synthase (using mice antibodies) are 

not located at the same site (data not shown). Conclusive results will have to 

depend on the co-immunolabeling with the freeze fracture replicas or high 

resolution negative staining combined with dual labeling. 

Theoretically, the eluted proteins from the anti-GhCeSA3 antibody 

column will show the cellulose synthase band at 110-120 kDa on SDS-gel. 

However, our SDS-gel and Western blot did not show specific polypeptide bands. 

The simple explanation is that the amount of eluted proteins was too little to 

detect on SDS-gel or Western analysis. If we increase the size of the antibody 

column, certainly, pure cellulose synthase will be isolated for the first time. 

However, using anti callose synthase antibody-bead complexes, the seven eluted 

proteins were found and Western analysis showed the prominent band at 200 kDa 

which is the correct size according to the estimated molecular mass from the 

sequence (Cui et al., 2001). It appears that callose synthase can be purified using 

immunoprecipitation methods. The other six polypeptides may be the associated 
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proteins such as UDP-glucose transferase, or sucrose synthase (Hong et al., 

2001b). If we are able to sequence all polypeptides, the callose-associated 

proteins will be revealed. 

 Lastly, our results suggest that cellulose synthase and callose synthase are 

likely to be different enzymes located in different enzyme complexes. The 

antibody column is a powerful tool to understand how cellulose is assembled and 

to purify cellulose synthase which can then be used to synthesize the product in 

vitro. The ability to synthesize cellulose I implies that we may actually mimic the 

natural cellulose synthesizing machine. Hopefully, our successful solubilization 

and purification of cellulose synthase will allow us to investigate the regulation of 

cellulose synthase in vascular plants. 
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Figure 4.1. Western analysis using the anti GhCeSA3 antibodies of total 

membrane proteins and solubilized enzyme fractions after 30 min incubation at 

4oC with specified concentrations of Digitonin. Lane 1, total membrane proteins. 

Lane 2, 0.05% Digitonin.  Lane 3, 0.25% Digitonin. Lane 4, 0.5% Digitonin. 

Lane5, membrane pellet from 0.5% Digitonin. Arrows denote the cellulose 

synthase band at 130 kDa. It is clearly shown that cellulose synthase was found 

only in the total membrane protein fraction and the membrane pellets from 0.5% 

Digitonin but not in any of the solubilized fractions.  
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Figure 4.2. Western analysis using the anti GhCeSA3 antibodies of total 

membrane proteins and solubilized enzyme fractions using sonication for 5 min 

and 30 min incubation at 4oC with specified concentration of CHAPS. Lane 1, 

total membrane proteins. Lane 2, 0.1% CHAPS.  Lane 3, 0.25% CHAPS. Lane 4, 

0.5% CHAPS. Lane5, 1% CHAPS. Lane 6, membrane pellet from 1% CHAPS. 

The long arrow denotes the cellulose synthase band at 130 kDa. Short arrows 

represent the cellulose synthase band at 110 kDa. It is clearly shown that cellulose 

synthase was found in the total membrane protein fraction and in all the 

solubilized fractions but not in membrane pellets from 1% CHAPS.   
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Figure 4.3. Western analysis using the anti GhCeSA3 antibodies of solubilized 

enzyme fractions using sonication 5 min and 30 min incubation at 4oC and 0.25% 

different detergents. Lane 1, Triton X-100. Lane 2, Tween 20.  Lane 3, CHAPS. 

Lane 4, Digitonin. Arrow represents the cellulose synthase band at 110 kDa. It is 

readily shown that all four detergents can solubilize cellulose synthase. The 

quantity of cellulose synthase solubilized is similar in all four detergents.  
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Table 4.1. Influence of detergents on β-glucan synthase specific activity. The 

concentration of all detergents is 0.25% 

 
 
 

Specific detergent β-glucan synthase specific activity  

(nmol/min/mg) 

Digitonin 89.66 

CHAPS 83.96 

Tween 20 10.91 

Triton X-100 10.51 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 159

 
 
 

          
 
 
 
 
Figure 4.4. Immunoadsorption of β-glucan synthase activity using anti GhCeSA3 

antibodies. This graph illustrates that β-glucan synthase activity in pellet fraction 

 (   ) increases when the concentration of IgGs is increased, on the other hand, the 

activity in the supernatant fraction (   ) decreases when  the concentration of IgGs 

is increased. 
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Figure 4.5. Immunoadsorption of β-glucan synthase activity using anti callose 

synthase antibodies. This graph illustrates that the β-glucan synthase activity in 

the pellet fraction (   ) increases when the concentration of IgGs is increased. On 

the other hand, the activity in the supernatant fraction (  ) decreases when  the 

concentration of IgGs is increased. 

 
 
 
 

supernatant
pellet 

IgG (µg)

% activity 



 161

 
 
 
 

  
 
 
 
 

Figure 4.6. Immunoadsorption of β-glucan synthase activity using preimmune 

serum.  This graph illustrates that the β-glucan synthase activity in the pellet 

fraction (   ) slightly increases when the concentration of IgGs is increased. On the 

other hand, the activity in the supernatant fraction (   ) slightly decreases when  

the concentration of IgGs is increased. 
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A      B C 

 D        
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Figure 4.7. Synthesized products on anti GhCeSA3 antibody-agarose beads 

stained with Tinopal. Beads were incubated with 1 mM UDP-glucose for one 

hour. The pellet was washed and stained with Tinopal. A and B, products viewed 

under brightfield optics with a 6.3x objective. D and E, products viewed under 

UV excitation with a 6.3x objective. C and F, the control experiment without 

UDP-glucose. C, beads viewed under a 16x phase contrast objective. F, beads 

viewed under UV excitation with a 16x objective. Arrows represent synthesized 

products. The Tinopal stained products displayed a brilliant bright blue 

fluorescence while beads showed light blue fluorescence suggesting that products 

are polysaccharides.  The products were not synthesized in the control experiment 

(without substrate, UDP-glucose). 
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Figure 4.8. TEM negative staining of synthesized products eluted from the anti-

GhCeSA3 antibody column after reaction with CBHI-gold (10 nm). A, 96,000x 

Mag. B,160,000x Mag. C-D, 210,000x Mag. E-F, 275,000x Mag. Long arrows 

denote long fibrils. Short arrows represent short irregular fibrils. Arrowheads 

represent clumps of materials which could be cellulose synthesizing proteins. All 

of the products were decorated with CBH-I gold indicating that these products 

were cellulose. 
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Figure 4.9.  Eluted proteins from the anti-GhCeSA3 antibody column stained 

with anti-GhCeSA3 antibodies (10 nm gold coupled to secondary ab). A, 55,000x 

Mag. B, 210,000 Mag. C-E, 350,000x Mag. F, 759,000x Mag. Long arrows 

denote eluted proteins staining with anti-GhCeSA3 antibodies. Short arrows 

represent long fibrils or nascent fibrils. The eluted proteins synthesized long 

fibrils or nascent fibrils. Note that F depicts a clump of proteins. 
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Figure 4.10. Eluted proteins from the anti-GhCeSA3 antibody column stained 

with anti-callose synthase antibodies and preimmune serum. A-B, stained with 

anti-callose synthase antibodies, at 275,000x Mag. C-D, stained with preimmune 

serum. C, 210,000x Mag. D, 275,000x Mag.. Short arrows denote eluted proteins. 

Long arrows represent long fibrils extruding from the proteins.  Note that anti 

callose synthase antibodies and the preimmune serum did not recognize the 

proteins. C-D depicts a clump of proteins. 
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Figure 4.11.  Immunprecipitation of solubilized enzymes using anti callose 

synthase antibodies. A, Protein marker. B, silver staining of SDS gel. C, Western 

analysis using anti callose synthase antibodies. D, Western analysis using 

preimmune serum.  Arrowheads represent polypeptides (200 kDa, 116 kDa, 100 

kDa, 68 kDa, 66 kDa, 60 kDa, 55 kDa and 35 kDa) eluted from anti callose 

synthase antibody-beads. Short arrow denotes the specific band (200 kDa) 

recognized by the anti-callose synthase antibodies. Long arrows represent non-

specific bands (60 kD and 55 kDa) recognized by preimmune serum.    
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