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Functional analysis of the acsD gene for understanding cellulose biosynthesis in 

Gluconacetobacter xylinus 

Kalpa Mehta, Ph.D. 

The University of Texas at Austin, 2012 

Supervisor: R. Malcolm Brown, Jr. 

The acsD gene is a unique gene present in the cellulose biosynthesis operon in G. xylinus. 

With the use of homologous recombination, the acsD gene disruption mutation was 

created in the G. xylinus genome. Phenotypic characterization of the acsD gene mutant 

was investigated with the assistance of light and electron microscopy observations, 

carboxymethyl cellulose alterations, and lower temperature incubation. The microscopic 

analysis of the cellulose ribbons secreted from the acsD gene mutant shows that the 

polymerization and the crystallization components in mutant cells were functional. 

Observations of the mutant cells after incubation with carboxymethyl cellulose and 

temperature changes indicate that the arrangements of the pores on the cell surface have 

been altered. These arrangements led to decreased cellulose secretion capacity of the 

mutant cells. Successful complementation was achieved by using gene expression 

plasmids with green fluorescence protein tag in the acsD mutant background. Anti-GFP 

antibodies were used to determine the in vitro localization of the protein. Using 

subcellular fractionation and western blotting, the AcsD protein was found to be localized 

in the periplasm of the cells. Taking all these results together, a new model for bacterial 

cellulose biosynthesis has been suggested and discussed. 
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CHAPTER 1:  INTRODUCTION  

1.1 BACKGROUND 

When I joined Dr. Brown’s lab, I was fascinated by the use and applications of 

the well-known biopolymer cellulose. My investigations in the lab ranged from 

developing a structural understanding of cellulose with the tools of microscopy to a 

functional understanding using molecular biology approaches. I was surprised by the fact 

that cellulose, being the most abundant macromolecule on earth, is not completely 

understood in terms of its biosynthesis. I became involved in developing a more basic 

understanding of cellulose biosynthesis regulation, including both polymerization and 

crystallization steps. The model organism to comprehend and decipher cellulose 

biosynthesis is a gram negative bacterium, Gluconacetobacter xylinus (Yamada et al. 

1997), earlier known as Acetobacter xylinum (Brown 1886). These bacteria are the most 

prolific cellulose producers on earth. From earlier research in our lab, the cellulose 

biosynthesis operon was elucidated in G. xylinus (Saxena et al. 1994).  The operon 

consisted of three important genes acsAB, acsC, and acsD. Creating gene mutants and 

comparing them with known gene sequence has enabled the elucidation of cellulose gene 

function to some extent. The acsAB gene has been experimentally proven to function as a 

catalytic site for binding the substrate and activating the operon (Saxena et al. 1990). The 

acsC gene product was found to be a homolog with many outer membrane protein 

complexes (Saxena et al. 1994). The third gene, acsD is unique to the bacterium G. 

xylinus. It was first postulated to be involved in cellulose crystallization (Saxena et al. 

1994) . The acsD gene mutants produced smaller quantities of cellulose in vivo.  This 

secreted cellulose had a difference in the crystallinity; therefore, this gene was assumed 

to be a part of native cellulose crystallization. Nothing more is known about how the 

acsD gene affects both cellulose synthesis and crystallization. This led me to some 
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questions which motivated my work in the specific direction as follows: a) what is the 

role of the acsD gene in the cellulose synthesis operon of G. xylinus, if it is unique to this 

bacterium?; b) Can the acsD gene mutant show a specific crystallization defect? Is it 

possible to rescue the acsD gene defect mutant?; c) How does the acsD gene mutant 

affect the quantity of cellulose produced? Can we determine if the AcsD protein is 

necessary for the cellulose secretion?; d) Does the acsD gene product affect microfibril 

formation and/or the secretion pore formation?; and,  e) What is the specific localization 

of the AcsD protein in the bacterial cell?  

The quest for understanding this gene and its function expanded my research not 

only to appreciate the secretion of the cellulose, but also to recognize how the cellulose is 

crystallized. This introductory chapter will give a review of cellulose structure, 

biosynthesis, and the bacterium, G. xylinus. 

 

1.2 INTRODUCTION TO CELLULOSE 

Being the most abundant biopolymer found on earth and a very important part of 

our everyday life, cellulose is estimated to be produced on the scale of  10
^11

 tons every 

year (Hess et al. 1928). Cellulose is defined as a homopolymer of glucose units joined in 

a row by β-1, 4-glucan bonds (Roelofsen 1959). Cellulose is the major component of the 

vascular plant cell wall where the microfibrils form the core component of the cell walls 

that surround each cell (Somerville 2006). One third of the total mass in plants is 

cellulose. Apart from vascular land plants, cellulose synthesis also occurs in bacteria; 

Gluconacetobacter (Brown et al. 1976), Agrobacterium (Matthysse 1983) Rhizobium, 

(Napoli et al. 1975), Klebsiella, Salmonella, Sarcina, Pseudomonas (Ross et al. 1991; 

Zogaj et al. 2001) including Cyanobacterium (Nobles et al. 2001), also in most algal 
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groups, the mold Dictyostelium (Blanton et al. 2000), and, tunicates in animal kingdom 

(Kimura & Itoh 1995). Cellulose presence in plants cannot be underrated. The cellulose 

not only provides mechanical strength, but it also helps to resist the turgor pressure and 

has a role in maintaining cell shape and size (Albersheim 1976). This in turn leads to 

providing the directionality of plant growth. Cellulose has a significant economic 

importance in products like paper, textiles, and, construction materials (Brown 2000). 

Recently, cellulose has been considered as a substrate for bio products to be converted to 

ethanol (Stanford 2007).  

1.3 CELLULOSE STRUCTURE 

 

 

 

 

 

Figure1. 1: shows the structure of cellulose, a β-1, 4-linked glucose polymer with the 

glucose residues oriented 180° to each other, so that the basic repeating unit is cellobiose 

(O'Sullivan 1997; Lengeler et al. 1999)  

 

The parallel chains of cellulose are made up of glucose molecules arranged in a 

way such that the adjacent residues are inverted with respect to each other. The repeating 

unit is cellobiose rather than glucose molecules (Brown et al. 1996). Four crystalline 

allomorphs (designated cellulose I-IV) have been characterized (Franz & Blaschek 1990). 

The crystalline states of cellulose are determined by the arrangement of glucan chains 
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with respect to each other in a unit cell. The crystalline state, the degree of crystallinity, 

and the molecular weight may be highly variable depending on the source of cellulose 

(Saxena & Brown 2005). Most of the cellulose produced in nature is Cellulose I, which is 

also known as native cellulose. The crystal structure of native cellulose has been 

investigated with the help of X ray diffraction, which confirmed the structure of cellulose 

as composed of glucan chains in parallel orientation (Gardner & Blackwell 1974). The 

molecular structure with the hydrogen bonding system providing information for Iα and 

Iβ, has been performed recently, and it also provides a solid state explanation of 

conversion from Iα to Iβ (Nishiyama et al. 2003). Cellulose I microfibrils are composed 

of a combination of two sub allomorphs: cellulose Iα and cellulose Iβ (Atalla & 

Vanderhart 1984; Brown et al. 1996). Cellulose Iα exists as a single chain triclinic unit 

cell, whereas Iβ has a two chain monoclinic unit cell (Sugiyama et al. 1991). The Iα 

predominates in the cellulose secreted by bacteria and algae, whereas Iβ dominates the 

plant derived cellulose. Since all native cellulose is a mixture of both the sub allomorphs, 

it is difficult to conclude that these are synthesized by different mechanisms.   

Even though Cellulose II is considered to be the thermodynamically favored 

allomorph, it is rarely found in nature; for example, in the marine alga Halicystis and 

gram positive bacterium Sarcina ventriculi (Roelofsen 1959; Roberts 1991). The agitated 

cultures and mutants of G. xylinus also produce cellulose II (Saxena & Brown 2005). The 

glucan chain arrangement of cellulose II is antiparallel making this confirmation 

chemically more reactive with low molecular weight and having greater affinity for dyes 

(Brown et al. 1996). A new form of derived cellulose is referred as the nematic ordered 

cellulose (NOC) (Kondo et al. 2001). The NOC structure is highly ordered but not 

crystalline showing very different properties from the native cellulose. 
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1.4 DETECTION AND IDENTIFICATION OF CELLULOSE 

A large number of techniques have been utilized for the identification and 

characterization of cellulose. Sophisticated spectroscopic techniques have been employed 

to characterize fine crystalline structures and to differentiate patterns of plant cell wall 

polysaccharide deposition in situ. X-ray diffraction and electron diffraction are powerful 

techniques used to identify crystallinity of cellulose (Nishiyama et al. 2003). The 

characteristic diffraction pattern of the cellulose, depending on the crystalline structure, 

gives an advantage of careful identification of the cellulose form. Cellulose I displays a 

diffraction pattern corresponding to lattice spacings of 6.1, 5.4, 3.9, and 2.6 Å. For 

cellulose II, the diffraction pattern is indicative of lattice spacings of 7.4, 4.4, 4.0, and 2.6 

Å. One advantage of these techniques is that they can be performed with relatively small 

amounts of the sample. Additionally, a high degree of sample purity is not required for 

positive identification (Roelofsen 1959). 

Lattice imaging of cellulose fibers by using a low dose electron microscope 

system and highly sensitive photographic plates has applications in exploring the 

crystalline structure of this biopolymer. The initial work was done by Sugiyama et. al 

(1984, 1985) who obtained the lattice images of the cellulose in Valonia macrophysa and 

Polyzoa vesiculiphora . The lattice imaging technique was then applied to the algal and 

the bacterial cellulose, which showed much smaller crystallites than the former 

(Sugiyama et al. 1985; Kuga & Brown 1987). The crystallite from a bacterial cellulose 

ribbon was 10-25 nm wide, which is greater than the basic unit of cellulose fibril 

extruded from the cell surface leading us to the idea that the unit fibrils fasciate into each 

other merging into a single crystallite. 

Using atomic force microscopy, the Iα phase of native cellulose, first proposed 

in 1984 and subsequently characterized by a triclinic unit cell, was shown by Baker et. 
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al’s work (2000) to exist over large areas on the surface of Valonia in microcrystal form. 

This microscopy made it possible to identify the specific crystal face being imaged. The 

near-atomic resolution images also offer insight into structural reconstructions at the 

surface of the fiber compared to the interior. The microscopy also enables the exploration 

of subtle modifications of surface hydroxyls positions due to changes in hydrogen 

bonding (Baker et al. 2000). 

Since cellulose exhibits an inherent positive birefringence, it is a common practice 

to use polarization microscopy for its identification. The bacterial cells producing 

cellulose on an agar containing growth medium can be detected by observing the colonies 

under polarization microscopy. It is useful where no other birefringent polysaccharide is 

being produced by cells  (Frey-Wyssling 1976)  

A number of fluorescent dyes, non-fluorescent dyes and labels have been useful 

for visualization of cellulose. Two of the most common dyes are Calcofluor White 

(Tinopal LPW) and Congo red (Frey-Wyssling 1976). Although neither dye has an 

exclusive affinity for cellulose, they are useful when used in concert with other 

identification techniques. The glucan chains are able to bind to Calcofluor and Congo red 

after polymerization of cellulose chains but before crystallization that bring the chains 

together, suggesting different binding stages for these chemicals (Haigler et al. 1980).  

Cellobiohydrolases (CBHI) from fungi and bacteria (complete enzymes or 

purified recombinant cellulose binding modules) can be conjugated to colloidal gold for 

visualization using electron microscopy (Chanzy et al. 1984). This CBHI-gold complex 

still retains 60% of the original CBHI activity and allows good visualization of the 

enzyme adsorbed at the surface of cellulose mirofibrils or microcrystals. 
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1.5 CELLULOSE SYNTHASE  

Cellulose synthase belongs to a family of glycosyl transferases (Saxena et al. 

1995). Glycosyl transferases are enzymes that help in transfer of the sugar residues 

during the polymerization process. Members of the cellulose synthase  family are 

processive β-glycosyltransferases, which catalyze the formation of β-linkages by 

inversion, utilizing α-linked UDP-sugar substrates (Saxena et al. 1995). The cellulose 

synthase catalytic subunit catalyzes the elongation of glucan chains via a single 

polymerization step at the non-reducing end, utilizing UDP-glucose as a substrate 

(Saxena & Brown 1995; Koyama et al. 1997). Cellulose synthase and other family 2 

glycosyltransferases (e.g. chitin and hyaluronan synthases) are integral membrane 

proteins possessing multiple trans membrane domains. All of these proteins possess 

cytosolic catalytic cores composed of two domains. Domain A contains conserved D, D, 

D motif and domain B contains a conserved QXXRW motif (Saxena & Brown 2000; 

Nobles & Brown 2007). 

 

1.6  THE CELLULOSE BIOSYNTHESIS APPARATUS 

Freeze fracture studies of the cellulose synthesizing organisms have shown the 

presence of a large membrane localized complexes using transmission electron 

microscopy (Brown & Montezinos 1976). The association of the complex with one end 

of the microfibril impression proved that complexes are the sites for cellulose synthesis. 

These results were repeatedly seen in many organisms like Valonia (Itoh & Brown 1984), 

the green alga Oocystis (Brown & Montezinos 1976), Zea mays (Mueller & Brown 

1980), and the epiphytic marine red alga Erythrocladia subintegra Rosenv (Tsekos & 

Reiss 1992).  
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 The cellulose synthase catalytic site has been localized to the cellulose 

synthesizing machinery by immunogold labeling in the vascular plant Vigna angularis 

(Kimura et al. 1999). In vascular plants the terminal complex (TC) appears as a rosette 

with six fold symmetry and a diameter of 25-30 nm (Mueller & Brown 1980). The 

arrangement of the cellulose synthesizing terminal complex has been shown to form two 

different structural components varying from rosettes to linear rows of particles. The 

rosette arrangement can also vary to form a linear row of subunits (Brown & Montezinos 

1976) or a hexagonal array of rosette structures ranging from 3-175 of these rosette 

structures (Giddings et al. 1980) to the presence of single rosette as first observed in land 

plants (Mueller & Brown 1980). These rosettes TC of land plants secrete microfibrils of 

cellulose with 3.5 nm diameters (Ha et al. 1998).  

The arrangement of the terminal complexes (TCs) in rows of linear particles is 

seen on the lipopolysaccharide surface of the G. xylinus cells (Brown et al. 1976).  In red 

algae the presence of the rosettes is in the form of  multiple linear rows (Tsekos & Reiss 

1992). Two modes of cellulose synthesis are seen in Dictyostelium discoideum, and hence 

the TCs show two different arrangements depending on the developmental stage 

(Grimson et al. 1996). This arrangement varies from single linear TCs to multiple linear 

TCs in the same organism. Tunicates show an ordered and linear arrangement of TCs 

with microfibrils arising from a vacuole like structure (Kimura & Itoh 1995). Diagonal 

arrays are prominently seen in Vaucheria (Mizuta & Brown 1992).  

The linear TC arrays of Valonia produce microfibrils up to 1400 glucan chains 

(Sugiyama et al. 1985) in comparison to the G. xylinus linear TCs which produce 

microfibrils of 3 nm in size. Based on a number of studies, it was experimentally proved 

that there is a strong correlation between the TC structure and dimension of the cellulose 

microfibril (Brown et al. 1996; Tsekos 1999; Okuda et al. 2004). 
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1.7 BACTERIAL CELLULOSE BIOSYNTHESIS 

Extracellular cellulose biosynthesis and secretion have long been recognized in G. 

xylinus (Hestrin & Schramm 1954).  The arrangement of the terminal complexes in linear 

rows was first observed on the lipopolysaccharide surface of the G. xylinus cells (Brown 

et al. 1976). The cellulose polymerization, however, was found to occur at the plasma 

membrane of the cell (Bureau 1987). The cellulose produced by G. xylinus is in the form 

of ribbons of highly crystalline cellulose. Individual ribbons are composed of bundles of 

3nm microfibrils, which integrate laterally into composite ribbons as they elongate in 

close association with the cell surface (Brown et al. 1976; Benziman et al. 1980). It has 

long been known that the formation of cellulose microfibril is very common in gram 

negative floc forming bacteria, and it is not restricted to G. xylinus. The amount of 

cellulose isolated from these flocs is around 1-4% (Deinema & Zevenhuizen 1971).  

Many strains like Pseudomonas, Achromobacter, Alcaligenes, Aerobaeter, Rhizobium, 

Agrobacterium, and, Azotobacter were found to give flocculent growth due to the 

formation of cellulose fibrils (Deinema & Zevenhuizen 1971). In the case of Salmonella 

typhimurium and Escherichia coli, cellulose was shown to be a crucial component of the 

extracellular matrix (Zogaj et al. 2001; Solano et al. 2002). In several other species, the 

presence of genes homologous to the G. xylinus bcs (bacterial cellulose synthesis) genes 

strongly suggests that they are also able to produce cellulose (Ross et al. 1991). In all 

cases the polysaccharide is produced as an extracellular matrix rather than an intrinsic 

cell wall component. 

 In S. typhimurium, S. enteritidis, and, P. fluorescens, the air-liquid interface 

colonizing strains (biofilm forming) show enhanced activation of traits associated with 
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attachment and surface colonization; all overproduce a cellulose like polymer (CLP) and 

in all instances this polymer has been shown to be a primary cause of interface 

colonization (Solano et al. 2002; Spiers et al. 2003). The wrinkly spreader P. fluorescens 

forms a thick biofilm that partially comprises an acetylated form of cellulose (Spiers et 

al. 2003). This microbe can form a variety of biofilms that are characterized on the basis 

of phenotype and robustness, such as a physically cohesive, floccular mass, waxy 

aggregate, and viscous mass classes (Ude et al. 2006; Koza et al. 2009). 

Strains of both Escherichia and Salmonella that display the rough, dry and red  

(rdar) phenotype are capable of producing cellulose-based, well-attached and robust 

biofilms that colonize the air–liquid interface of static liquid cultures (Bian et al. 2000; 

Zogaj et al. 2001; Zogaj et al. 2003; Romling 2005). In addition to the rdar morphotype, 

the presence of curly fimbriae also  mediates different types of multicellular behavior, for 

example, cell aggregation in liquid culture, pellicle formation at the air-liquid interface, 

and biofilm formation at liquid-solid interfaces (Römling et al. 1998). The matrices 

produced by these organisms appear to be non-crystalline in comparison to G. xylinus 

matrices. These differences may be due to the lack of organized pore complexes and also 

production of curly fimbriae. 

The chemical nature of the cellulose microfibrils in Rhizobium leguminosarum 

was correlated with the strains ability to cause infection  preceding it establishment as a 

symbiotic partner with the plant (Napoli et al. 1975). The same infection and symbiosis 

relationship exist between Agrobacterium tumefaciens and plants. The major role of the 

cellulose fibrils synthesized by A. tumefaciens is to enable the bacteria to anchor the host 

cells, thereby aiding the production of tumors in plant cells (Matthysse 1983).  

In nature, G. xylinus cells do not show any phenomenon of visible cellulose 

biofilm production. This may be due of the presence of a vast quantity of other flora and 
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also possibly to a very low concentration of G. xylinus cells. Thus, the added advantage 

of producing a cellulose biofilm in nature by G. xylinus cannot be fully understood. It is 

very likely that the cells might have this ability to secrete a thick pellicle of cellulose to 

allow them to grow on abiotic surfaces. The production might also help cells to work as a 

multicellular system (Römling 2002). Another hypothesis (Brown Personal 

communication) is that G. xylinus cells are not able to tolerate high concentrations of 

sugars supplied exogenously, and this "toxicity" may be overcome by reduction of the 

sugar supply and sequestering it into cellulose. 

 

1.8 GENES INVOLVED IN BACTERIAL CELLULOSE BIOSYNTHESIS 

Cellulose biosynthesis in bacteria is dictated by the presence of cellulose 

synthesis genes arranged in operons. Different arrangements of the operons encoding the 

genes have been deciphered. The most common cellulose producing bacteria G. xylinus 

shows the presence of operon acsABCD consisting of four genes. In some strains of A. 

xylinum, the acsA and the acsB genes are transcribed as an uninterrupted open reading 

frame and are presumably separated post translationally (Saxena et al. 1994). The 

Enterobacteriaceae, like E. coli, consist of the operon bcsABZC (Zogaj et al. 2001). 

Agrobacterium tumefaciens has the operon cel ABC, cel DE (Matthysse et al. 1995).  

In G. xylinus, all the genes acsA, acsB, acsC, and acsD are required for the 

maximum cellulose synthesis in vivo. Upstream of this operon lies the enzyme CMCax, 

involved in carboxymethyl cellulose hydrolyzing activity (Standal et al. 1994). The gene 

is present in E. coli and G. xylinus. In G. xylinus, CMCax is secreted in the culture 

growth medium. 
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In the Enterobacteriaceae, out of the two genes located upstream of bcs genes, 

yhjQ and yhjR, yhjQ was shown to be essential for cellulose biosynthesis. The gene yhjQ 

(renamed bcsQ), is a MinD homologue and was found to be localized at the pole. The 

bcsQ gene was also suggested to be involved in the spatial restriction of cellulose 

biosynthesis activity in the Enterobacteriaceae (Le Quéré & Ghigo 2009). Some evidence 

suggests that A. tumefaciens, synthesizes cellulose using lipid linked intermediates. 

Though the gene products of the celDE operon have no proven function, they may play a 

role in this process (Matthysse et al. 1995). A family of eight endoglucanases necessary 

for normal cellulose biosynthesis is coded for by bcsZ and celC (Matthysse et al. 1995; 

Zogaj et al. 2001).  

Gene clusters for cellulose biosynthesis have been extensively characterized in 

proteobacteria. The conserved sequences in the cellulose synthase have led to the 

formation of IV groups with various organizations. Study of the arrangement of genes 

and the gene clusters is explained in Chapter 2 of this dissertation.  

In all the cellulose producing organisms, the presence of the bcsA gene promotes 

cellulose synthase catalytic activity and the bcsB gene codes for the pilZ domain, which 

is an activation site. In G. xylinus, pilZ is encoded by A gene (Amikam & Benziman 

1989; Romling 2005; Amikam & Galperin 2006; Nobles & Brown 2007). The acsC and 

acsD genes are required for maximum cellulose synthesis in vivo but not in vitro. The C 

gene, on the basis of sequence analysis and homolog studies, is thought to be involved in 

the formation of the pore structure (Saxena et al. 1994). The D gene has no counterparts 

in other known prolific cellulose producers, hence its function is incomplete (Saxena et 

al. 1994). 

The enzyme c-di-GMP acts as a reversible allosteric activator of cellulose 

synthesis in G. xylinus and A. tumefaciens (Ross et al. 1987; Amikam & Benziman 
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1989). Cellular levels of c-di-GMP are controlled by the opposing activities of 

diguanylate cyclase (DGC) and c-di-GMP phosphodiesterase (PDEA1). By synthesizing 

c-di-GMP, DGC acts as a positive regulator of cellulose synthesis. PDEA1 negatively 

regulates cellulose synthesis by cleaving c-di-GMP forming a linear dinucleotide (Ross et 

al. 1991). The GGDEF and EAL motifs are found exclusively in bacteria. There is 

substantial evidence that the GGDEF domain is responsible for the production of c-di-

GMP (Simm et al. 2004; Romling et al. 2005). Additionally, GGDEF proteins are known 

to act as positive regulators not only for cellulose synthesis, but also for the synthesis of 

adhesive fimbriae (Simm et al. 2004). Purified EAL domains from E. coli have been 

shown to be sufficient for c-di-GMP phosophodiesterase activity. It has also been 

observed that biofilm formation and multicellular morphotypes are suppressed when EAL 

domain proteins are overexpressed (Romling 2005). 

 

1.9 WHAT MAKES G. XYLINUS UNIQUE? 

 G. xylinus is a prolific cellulose producer, at least when grown on enriched 

media in the laboratory. The extracellular secretion of the pure cellulose produced by this 

bacterium makes it a model system to study cellulose biosynthesis (Brown Jr Personal 

communication). The extrusion of cellulose is determined by the presence of pores in a 

row on the cell surface. The TCs are involved in secretion of the pre-crystalline glucan 

chain aggregates which coalesce into micro fibrils of cellulose (Haigler 1982).  The 

arrangement and terminal functionality of these complexes are dictated by the 

constitutive expression of the cellulose synthase operon. The operon consists of three 

genes acsAB, acsC, and acsD (Saxena et al. 1994). The presence of acsAB and acsC is 

inevitable for the cellulose production as it is the part of cellulose synthase gene cluster. 
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The presence of the complete acsD gene is unique to G. xylinus and it is not found in any 

other prolific cellulose producer. The acsD gene along with acsAB and acsC is an 

essential part of the cellulose synthase operon and is required for maximum cellulose 

production in G. xylinus. Earlier mutant studies have shown that acsD is involved in 

determining the crystalline structure of the secreted cellulose (Saxena et al. 1994).  

Two distinct events are necessary for the biosynthesis of cellulose I; 

polymerization and crystallization. These processes were suggested to be coupled based 

on the experiments involving fluorescent brightening agents used to disrupt the cellulose 

ribbons formed by G. xylinus cells (Benziman et al. 1980; Haigler et al. 1980; Haigler et 

al. 1982; Grimson et al. 1996). Early on, it was postulated that cellulose microfibril 

assembly  required the involvement of terminal multi-enzyme complexes (Roelofsen 

1958). This was later proved by Brown and Montezinos in 1976.  Many fluorescent 

brighteners and dyes are capable of uncoupling the crystallization of cellulose from the 

polymerization step in G. xylinus. This altered cellulose does not have normal ribbon 

morphology, instead sheet like structures are formed (Brown et al. 1982). The conversion 

from the microfibril form to the sheets is completely reversible. As soon as the 

brightening agent is removed, the sheets collapse into ribbons of cellulose. The 

experiment showed a measurable increase in the rate of polymerization and hence it was 

suggested that crystallization is the rate limiting step (Benziman et al. 1980).   

Based on Benziman et al’s studies with A. xylinum and incorporating results from 

molecular modeling, a two-step model for cellulose I crystallization is proposed. In the 

first step, glucan chains assemble as a monomolecular glucan chain sheet using van der 

Waals forces and, in the next step, the glucan chain sheets assemble via hydrogen 

bonding to form the crystalline cellulose I microfibril (Cousins & Brown Jr 1997a, b). 
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Although polymerization and crystallization are separate events, they are linked in a 

manner where each event influences the other (Saxena & Brown 2005). 

 

1.10 IMPORTANCE OF THE ACSD GENE IN G. XYLINUS 

To fathom this complicated process of cellulose biosynthesis a complete 

understanding of both the processes polymerization and crystallization is necessary. 

Polymerization is possibly best characterized in G. xylinus where the catalytic gene 

acsAB subunit was first elucidated and homologs were found in other cellulose 

producers. After that the important and significant role of crystallization in cellulose 

biosynthesis has been suggested (Cousins & Brown Jr 1997a).  

 The synthesis and assembly of organized β, 1-4, glucan chains are due to the 

nonrandom and organized crystallization process. If these glucan chains are synthesized 

in a random fashion, the result would be a tangled mass in which any fibril structure 

would consist of chains associated in opposing directions or bent back fibril upon itself to 

produce anti-parallel crystalline cellulose II in limited amounts (Sugiyama et al. 1985; 

Ross et al. 1991; Kuga et al. 1993). As the chains are not synthesized in a random 

fashion, the cellulose secreted in the extracellular environment is present in an organized 

microfibrillar form (Kuga & Brown 1988). Due to this, nearly all the cellulose isolated 

from plants, bacteria and algae is crystalline in nature (Ross et al. 1991). 

 Earlier studies have suggested that the putative gene that dictates the role of 

crystallization at least in G. xylinus is the acsD gene. Thus, the acsD gene holds a great 

importance to understand complete crystallization. Few investigations have been 

completed to understand and correlate the role of acsD to crystallization after it was 

suggested eighteen years ago (Saxena et al. 1994). There were many unanswered 
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questions for understanding the complete crystallization process in G. xylinus. It was at 

this point I became deeply involved with this project and wanted to understand and know 

more. I started by performing a computational analysis of the gene and the amino acid 

sequences to decipher the code in the acsD.  

 

1.11 COMPUTATIONAL ANALYSIS OF THE ACSD GENE AND THE ACSD PROTEIN 

SEQUENCE 

Many tools were employed before any work was planned to understand the 

presence of this unique acsD gene. As mentioned earlier, the acsD gene is not present in 

any other prolific cellulose producer. This was a very interesting fact; therefore a further 

exploration of the acsD gene was of relevance. The nucleotide and the protein sequence 

of the acsD gene was elucidated eighteen years ago (Saxena et al. 1994).   

The gene sequence of acsD gene is (GenBank: X54676.1) 

ATGACAATTTTTGAGAAAAAACCGGATTTCACCCTGTTTCTTCAGACC

CTGTCATGGGAAATTGATGATCAGGTCGGGATCGAGGTTAGGAACGAGCTCC

TGCGTGAGGTCGGACGGGGCATGGGCACGCGCATCATGCCGCCGCCGTGCCA

GACCGTGGACAAGCTGCAGATCGAACTGAACGCGCTTCTGGCCCTGATCGGC

TGGGGCACCGTGACGCTCGAACTCCTCAGCGAGGACCAGTCCCTGCGCATCG

TGCATGAAAACCTGCCGCAGGTTGGCAGCGCGGGCGAACCTTCGGGTACGTG

GCTGGCTCCGGTGCTGGAGGGGCTATATGGCCGCTGGGTGACGTCGCAGGCG

GGTGCGTTTGGTGATTATGTCGTTACACGCGATGTGGACGCCGAGGATCTGA

ATGCTGTTCCGCGTCAGACCATCATCATGTACATGCGCGTGCGCAGTTCCGCG

ACCTGA 

 

The amino acid sequence of AcsD protein is (GenBank: X54676.1) 
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MTIFEKKPDFTLFLQTLSWEIDDQVGIEVRNELLREVGRGMGTRIMPPPCQTVDK

LQIELNALLALIGWGTVTLELLSEDQSLRIVHENLPQVGSAGEPSGTWLAPVLEG

LYGRWVTSQAGAFGDYVVTRDVDAEDLNAVPRQTIIMYMRVRSSAT 

 

The protein blast with all the known gene sequences was performed to compare 

and identify sequence matches among other bacteria. The statistical significance of the 

match can also be calculated and the alignment of the similar sequences can also be 

studied. The blast results provided the functional insight to infer the relationship of the 

sequences. The following table (1.1) shows a comparison of the identified homolog 

sequences in some organisms with the identity match. 
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Table 1. 1 Showing the comparative sequences identified with the help of blastp with the 

match identity percentage with the AcsD protein sequence 
 

 Organism Gene Percent 

Identity (%) 

1. Asaia bogorensis Cellulose synthase subunit D 47.5 

2. Acetobacteraceae 

Bacterium AT-5844 

Cellulose synthase operon protein 

D domain protein 

40 

3. Roseomonas 

cervicalis ATCC 

49957 

Cellulose synthase operon protein 

D 

39 

4. Proteus mirabilis Putative cellulose biosynthesis 

protein 

34 

5. Enterobacter 

asburiae 

Hypothetical protein Entas_4220 33 

6. Burkholderia 

sp.CGE1002 

Conserved Protein 32 

7. Dickeya dadantii 

Ech586 

Cellulose synthase subunit D 34 

8. Burkholderia sp. 

CCGE1003 

Hypothetical protein 

BC1003_4093 

34 

9. Halomonas sp. HAL1 Cellulose synthase subunit D 28 

10. Klebsiella oxytoca 

10-5245 

hypothetical protein 

HMPREF9689_04605 

34 

11. Pseudoxanthomonas 

suwonensis 

hypothetical protein Psesu_2417 29 

12. Enterobacter sp. 638 hypothetical protein Ent638_3937 35 

13. Klebsiella 

pneumoniae 342 

Cellulose synthase subunit D 35 

14. Erwinia sp. Ejp617 Cellulose synthase subunit D 31 

15. Yersinia mollaretii 

ATCC 43969 

hypothetical protein 

ymoll0001_4290 

32 

Asaia bogorensis, consists of the AcsD protein homolog, produces cellulose 

microfibrils like G. xylinus strains but the microfibrils in A. bogorensis do not bundle to 

form ribbons (Kumagai et al. 2011). Phylogenetic analysis based of the 16S rRNA gene 

sequences from Asaia bogorensis indicated its location in the acetic acid bacteria lineage, 

but distant from the genera Acetobacter, Gluconobacter, Acidomonas, and, 
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Gluconacetobacter (Yamada et al. 2000). The amount of cellulose obtained from 100 mL 

of culture of A. bogorensis AJ strain is 15 mg dry weight after NaOH purification 

compared with 120 mg cellulose obtained from a similar size culture of G. xylinus. This 

highlights the fact that A. bogorensis produces much less cellulose compared with G. 

xylinus (Kumagai et al. 2011). Less cellulose secretion and no ribbon formation may be 

due to differences in the number of TC subunits or array of TCs in A. bogorensis and G. 

xylinus (Kumagai et al. 2011). 

Roseomonas cervicalis is found to be associated with bacteremia and other human 

infections but no reports of cellulose production has been observed to date (Rihs et al. 

1993). Other identity matches from Table 1.1 do not produce prolific amounts of 

cellulose.  

As seen in Table 1.1, the blast analysis for the AcsD protein did not offer any 

match with other prolific cellulose producers. Thus, aligning the protein sequences and 

comparing the alignment was needed. The sequence alignment showed that all the 

identity matches for AcsD protein lacked the first 7 amino acid sequences, which are  

MTIFEKK 

This particular motif was absent in all the above organisms that possessed the D 

gene with partial identity to AcsD protein from G. xylinus.  

On further research, this motif with double lysine residues is found to be a signal 

motif (Choi & Lee 2004). These signal motifs are present on the premature proteins that 

are synthesized in the cytoplasm and that allow the proteins to be exported outside the 

cytoplasm, usually outer membrane or periplasm. Identification of short signal sequences 

around 15-30 specific amino-acid sequence is shown in the Table 1.2 
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The overlap of the N terminal domain of signal sequence is shown in bold and C terminal 

domain is underlined (Choi & Lee 2004). The C terminal domain signal sequence of 

AcsD protein has not been identified yet. Table 1. 2 below shows representative signal 

sequences used for the secretory production of proteins in comparison to the AcsD 

protein sequence from G. xylinus 

 

Table 1. 2 representative signal sequences used for the secretory production of proteins in 

comparison to the AcsD protein sequence from G. xylinus 

Signal sequences Amino acid sequences 

AcsD (cellulose synthesis protein D) MTIFEKKPDFTLFLQTLSWEIDDQVGIE 

PelB (pectate lyase B) from Erwinia 

carotovora 

MKYLLPTAAAGLLLLAAQPAMA 

OmpA (outer-membrane protein A) MKKTAIAIAVALAGFATVAQA 

StII (heat-stable enterotoxin 2) MKKNIAFLLASMFVFSIATNAYA 

Endoxylanase from Bacillus sp. MFKFKKKFLVGLTAAFMSISMFSATASA 

PhoA (alkaline phosphatase) MKQSTIALALLPLLFTPVTKA 

OmpF (outer-membrane protein F) MMKRNILAVIVPALLVAGTANA 

PhoE (outer-membrane pore protein E) MKKSTLALVVMGIVASASVQA 

MalE (maltose-binding protein) MKIKTGARILALSALTTMMFSASALA 

OmpC (outer-membrane protein C) MKVKVLSLLVPALLVAGAANA 

Lpp (murein lipoprotein) MKATKLVLGAVILGSTLLAG 

LamB (λ receptor protein) MMITLRKLPLAVAVAAGVMSAQAMA 

OmpT (protease VII) MRAKLLGIVLTTPIAISSFA 

LTB (heat-labile enterotoxin subunit B) MNKVKCYVLFTALLSSLYAHG 

The proteins shown in the Table 1.2 are found in the outer membrane or 

periplasmic space of prokaryotic organisms (Choi & Lee 2004). By aligning the 

sequences with the AcsD protein sequence, we attempt to explore another aspect in AcsD 

protein, which provides important information about the sequences that are necessary for 

secretion across the membrane.  

It is already proved that there is no known protein-synthesizing activity in the 

periplasmic space, both periplasmic and outer membrane proteins must be synthesized at 
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the interior side of the cytoplasmic membrane and secreted through the cytoplasmic 

membrane (Inouye et al. 1980; Movva et al. 1980).  

A loop model which compiles the rules for the efficient cytoplasmic crossing of 

the amino acid sequences was proposed earlier (Inouye et al. 1980). Furthermore, the 

amino acid sequence of the signal peptide of AcsD protein complies with some of the 

rules for the properties of the signal peptide, proposed in the loop model (Inouye et al. 

1980) like the NH2-terminal portion has a basic character due to the presence of double 

lysine residues. More in depth computational analysis of the AcsD protein hydrophobic 

and the cleavage site is necessary for the complete agreement to this model. Generally, a 

number of signal sequences have been used for efficient secretion of proteins in E. coli, 

including PelB, OmpA, PhoA, endoxylanase, and StII. Although sequence diversity 

exists among these signal sequences, some common structural features have been 

identified as shown in Table 1.2 In general, signal sequences are rich in hydrophobic 

amino acids, such as alanine, valine, and leucine, a feature essential for secretion of the 

proteins into the periplasm of E. coli (Pugsley 1993). The AcsD amino acid sequence 

consists of 9 alanine, 14 valine, 19 leucine, and 13 glycine residues.  

Many Expasy tools (Expasy-tools http://expasy.org/tools/) have been used to 

identify the presence of any functional peptide motifs in the AcsD amino acid sequence. 

A non-cytoplasmic signal peptide has been detected in the protein sequence with 

PSORTb, (PSORTb is a web-based tool for prediction of subcellular localization in 

bacterial protein sequences). No other specific localization information was found with 

the help of these tools.  

Using PeroxiBase profiles [perox], HAMAP profiles [hamap], PROSITE 

patterns [pat], More profiles [pre], Pfam HMMs (local models)[pfam_fs], Pfam HMMs 

(global models) [pfam_ls], PROSITE patterns (frequent match producers) [freq_pat], 
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PROSITE profiles[prf], three phosphorylation sites were identified in the AcsD sequence 

at positions 2, 82, and 95. CKII phosphorylation sites are present at positions 2 and 95, 

and protein kinase C phosphorylation site at position 82. 

1.12 DECIPHERING THE ACSD CODE 

Based on the above computational studies it is evident that AcsD protein with its 

double lysine sequence has a property that enables it to cross the cytoplasmic membrane. 

The earlier work done in Brown’s lab (Saxena et al. 1994), showed the importance of D 

gene for in vivo cellulose secretion. It was also assumed that the gene might be involved 

in the cellulose crystallization. Hence exploring the functionality of this membrane 

localized protein that is a part of the cellulose synthase complex was initiated. The gene 

function was initiated by creating a targeted disruption mutant. Mutant rescue was 

accomplished with fluorescently tagged complements. The tools for localization studies 

like fluorescence microscopy and western blotting were used. Using both light and 

electron microscopy, a further understanding of the acsD gene is achieved.  It is my hope 

that not only will the results of this work create interest in crystalline cellulose production, 

but also provide useful information and inspire the discovery of more genes involved in 

organized cellulose secretion in currently known cellulose-producing organisms.  
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CHAPTER 2:  EXPLORING THE FUNCTIONALITY OF ACSD 

WITH MUTANT ANALYSIS AND COMPLEMENT STUDIES 

2.1  Introduction   

CELLULOSE GENES AND ITS PRESENCE 

Cellulose biosynthesis requires two distinct processes of polymerization and 

crystallization (Benziman et al. 1980; Brett 2000; Saxena & Brown 2005). Both of these 

processes are coupled at the highly organized membrane-localized protein complex called 

terminal complex (TC). The presence of these terminal complexes was described in 

vascular plants (Mueller & Brown 1980), algae (Brown & Montezinos 1976), bacteria 

(Brown et al. 1976), urochordates (Kimura et al. 2001), and slime mold (Grimson et al. 

1996). The parallel arrangement of crystalline cellulose-I is due to the ordered 

arrangement of the cellulose synthesizing TC sites in the membrane. Determining the 

arrangement of the TC sites is the major goal for complete understanding of the cellulose 

biosynthesis (Nobles & Brown 2007).  

Terminal complexes are  composed of cellulose synthase catalytic subunits 

(CesAs), which not only catalyze the polymerization of glucan chains but also play a role 

in TC assembly (Roberts & Roberts 2007). The CesAs present in all organisms are a 

family of processive glycosyltransferases. This family also includes chitin synthases, 

NodC proteins, and hyaluronan synthases (Saxena et al. 2001). The characteristic 

conserved motif shared by all glycosyl transferases including cellulose synthases consists 

of D,D,D,QXXRW motifs (Saxena & Brown 1995). Pairwise alignments of the 

prokaryotic and eukaryotic cellulose synthases result in the eukaryotic sequences 

displaying a greater similarity to the prokaryotic sequences than to other eukaryotic 

counterparts (Nobles & Brown 2007). 
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Gene clusters for cellulose biosynthesis have been extensively characterized in 

proteobacteria. The conserved sequences in the cellulose synthase have led to the 

formation of groups with three different types of organization. The group I cluster is 

found in some gram negative bacteria where all the three proteins A (acsA/bcsA), B 

(acsB/bcsB), and C (acsC/bcsC) proteins are localized in the operon (Saxena et al. 1994; 

Zogaj et al. 2001). The group II cluster extensively studied in Agrobacterium tumefaciens 

consists of two adjacent directionally opposed operons (Matthysse et al. 1995). The first 

operon consisting of celABC encodes homologs of the Group I acsA (celA) and acsB 

(celB), and a family of 8 glycosyl hydrolase (celC). It should be noted that celD and 

acsC/bcsC share two conserved domains, suggesting a possibility of similar function.  

The group III gene cluster is considered as putative cellulose synthases because it 

has not been shown experimentally to be responsible for the cellulose synthesis (Nobles 

& Brown 2007). These clusters encode membrane fusion protein (MFP), cellulose 

synthase, and outer membrane protein (OMP). Alternatively,  some might also contain 

the ATP binding cassette ABC transporter domains (Silver et al. 2001). This organization 

is observed in cyanobacteria and some proteobacteria. 

The group IV cluster is found in the Nostacales (of the cyanobacteria), 

Actinobacteria, and Chloroflexeales. These clusters along with cellulose synthases also 

encode an antisigma factor antagonist and an antisigma factor (Brahamsha & Haselkorn 

1992). These clusters show the presence of the regulatory components in close 

association with cellulose synthases indicating controlled expression of cellulose 

biosynthesis during asymmetric cell division and in differential cell production, for 

example in the Nostocales, two different cell types are produced; heterocysts and 

akinetes, and also regulation during the pre-spore condition (Stragier & Losick 1996). 
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The cellulose synthases display a high level of sequence conservation showing the 

CesA domains from prokaryotes and eukaryotes are conserved. The sequence comparison 

data obtained until now shows that cellulose biosynthesis is a prokaryotic invention and 

that eukaryotes acquired the process via multiple gene transfers (Nobles & Brown 2007). 

Although CesAs in all the organisms share common sequences, each organism has 

evolved distinct upstream or downstream sequences to mark it as theirs. Prokaryotes and 

eukaryotes have independently evolved accessory enzymes and regulatory mechanisms to 

produce and secrete this major polymer (Blanton et al. 2000; Nobles et al. 2001; Nobles 

& Brown 2007). Correlation between the cellulose microfibrils and the proteins that 

synthesize them give us an understanding of the structure of cellulose being synthesized 

from various protein structures. Differences in the secretion protein structure between 

plants and bacteria presumably contribute to the variation in the microfibril structure 

between these organisms. The genetic basis for this variation is usually revealed by 

examination of CesA genes along with the accessory genes that are the part of the 

cellulose synthase operon.  

G. XYLINUS: THE MODEL ORGANISM 

 Until recently only some gram negative bacteria have been extensively 

studied for understanding the biochemistry and genetics of cellulose biosynthesis. 

Gluconacetobacter xylinus (also known as Acetobacter xylinum) usually is the organism 

of choice as it is considered the most prolific cellulose producer in the world (Brown 

Personal communication). The sequence of the cellulose synthase operon of G. xylinus 

was first elucidated eighteen years ago (Saxena et al. 1994). Given this long time frame, 

there is surprisingly little knowledge of the molecular mechanisms of microbial cellulose 

biosynthesis. A positive allosteric activator of cellulose biosynthesis, cyclic diguanylic 
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acid (c-di-GMP) has been identified, as have the enzymes responsible for regulating its 

concentration – diguanylate cyclase and its cognate phosphodiesterase (Ross et al. 1986; 

Ross et al. 1987; Weinhouse et al. 1997; Tal et al. 1998). Although AcsB is widely 

believed to regulate cellulose synthesis by binding c-di-GMP, of the four proteins 

encoded by this operon, only AcsA (the catalytic subunit) has an experimentally proven 

function  (Saxena et al. 1990; Weinhouse et al. 1997; Tal et al. 1998; Romling et al. 

2005). c-di-GMP is a universal bacterial secondary messenger regulating biofilm 

formation, motility, production of extracellular polysaccharide and multicellular behavior 

in diverse bacteria. However, for many years no protein except for cellulose synthase has 

been shown to bind c-di-GMP. In recent years, the identification of the PilZ (‘pills’) 

domain (Pfam domain PF07238) in the sequences of bacterial cellulose synthases, 

alginate biosynthesis protein Alg44, proteins of enterobacterial YcgR and firmicute YpfA 

families, and other proteins encoded in bacterial genomes, present evidence indicating 

that this domain is part of the long-sought c-di-GMP-binding protein (Amikam & 

Galperin 2006). While AcsC, AcsD, and an endoglucanase seem to be necessary for 

normal synthesis of cellulose I microfibrils, their precise function in this process remains 

a mystery (Saxena et al. 1994). This, in brief, represents the total current knowledge of 

the enzymes involved in regulation, product catalysis, and crystallization of cellulose in 

G. xylinus. 

For understanding the formation of cellulose synthesizing complex (TC) unit, it is 

necessary to understand the cellulose synthesis operon and the genes involved in 

maximum in vivo cellulose synthesis. It has been assumed that all the genes from the 

cellulose synthase operon (acsABCD) are involved in the formation of a functional TC.  
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UNDERSTANDING THE IMPORTANCE OF THE ACSD GENE 

The acsD gene is unique to G. xylinus and it is not present in any other prolific 

cellulose producer. The acsD gene along with acsAB and acsC is an essential part of the 

cellulose synthase operon and is required for maximum cellulose production in G. 

xylinus. Earlier acsD gene mutant studies have shown that acsD might be a putative gene 

for determining the crystalline structure of the secreted cellulose (Saxena et al. 1994). 

Nothing more is known about the acsD gene and its function with the exception that the 

structure and arrangement of the AcsD protein has been elucidated for the first time with 

the molecular replacement method (Hu et al. 2010). The histidine tagged structure 

showed a cylinder protein arrangement with the presence of a functional AcsD complex 

unit in the form of an octamer. The octamer and the passageway forming the interior 

cylinder of TC are tilted and this space provides an inner spiral passageway for extrusion. 

Some other researchers also attempted to localize the AcsD protein inside the bacterial 

cell (Iyer et al. 2011). The periplasmic localization was obtained by western blotting, 

using the antibodies prepared by expressing large amounts of the AcsD protein in E. coli. 

Since these studies there have been many unanswered questions about the role of acsD 

gene in the cellulose synthesis operon of G. xylinus. This is unusual when it is considered 

that there is a total absence of an acsD gene in all other prolific cellulose producers. We 

were also not sure whether an acsD gene mutant would show a specific crystallization 

defect? If so, could that gene defect mutant be rescued? To reveal the importance of acsD 

gene in the cellulose synthase operon, a detailed genotypic study involving mutant 

analysis, complementation experiments, and localization studies to characterize the 

mutant was planned. A thorough phenotypic characterization of the acsD mutant utilizing 

microscopic tools was also intended. 
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With the hypothesis that the AcsD protein is a part of terminal complexes, which 

in turn are key factors for the secretion of cellulose, a targeted acsD disruption mutant 

was constructed. Investigation of the mutant in comparison to the wild type led us to a 

path that will help answer some of these major questions. There is need for phenotypic 

characterization of this species. The understanding and observation of the phenotype 

would help to mimic the cell behavior and also predict its response to specific 

environments. 

The use of non-invasive microscopy techniques such as phase contrast aids in 

visualizing the in-vivo movement and expression of the cells. The phenotypic expression 

results from the combination of the genotypic changes and the environment in which they 

grow. Since the 1990s Brown and colleagues have observed the movements in the wild 

type cellulose producing cells in the form of reversals (Brown Jr & Lin 1990). During the 

course of time lapse analysis, one strain, particularly strain NQ-5, has shown a consistent 

reversal in the direction of cellulose biosynthesis.  We do not understand why this 

develops or whether it is a genetic or an environmental response. An experimental 

comparison was made after observing the movement of wild type and mutant cells by 

time-lapse microscopy methods. Electron microscopy has been employed for high 

resolution observation of the cells and the synthesized product. The experiments were 

planned to understand the importance of the protein and its importance in the cellulose 

biosynthesis.  

The genotypic characterization goal was achieved by rescuing the mutant strain. 

This was accomplished by constructing a complement with the complete acsD gene. The 

complement strains were constructed in a way that a green fluorescent protein gene is 

tagged to either side of complete acsD gene in a plasmid, which is inserted back in the 

mutant. Rescuing the mutation with the complete gene complement was a major goal for 
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functional understanding of the gene. These experiments were predicted to help study 

whether the mutation in the acsD gene alters either the process of cellulose biosynthesis 

or crystallization or both.  

The acsD gene mutant showed decreased cell length, lower rate of movement on 

agar medium, and 10 times lower in vivo cellulose production in comparison with the 

wild type. High magnification observations of the D gene mutants using transmission 

electron microscopy showed the difference in cellulose secretion in comparison with the 

wild type cells. Thicker ribbon width and more splaying of the fibers during interaction 

with CMC was observed for mutant cells in comparison to the wild type cells.  

 

2.2 Results 

G. XYLINUS ACSD DISRUPTION MUTANT ACSD
DM

 AND THE COMPLEMENT STRAIN 

ACSD
NGFP

 AND ACSD
CGFP

 

The acsD gene mutant acsD
dm

 was created by disrupting the acsD region of 

cellulose synthesis genome in G. xylinus wild type cells. The disruption was created by a 

plasmid insertion that lies in between the 75
th

 and 222
nd

 base-pairs of 470bp long 

sequence of D gene and hence it blocks the functional AcsD protein formation. The 

plasmid in its native form with multiple cloning sites is shown in Fig 2.1 (Lab-life, vector 

database). The fusion of pBR325 + ∆acsD and its insertion and location in the wild type 

chromosomal D region is shown in Fig 2.2.  

Post-electroporation mutants were obtained as colonies on the SH medium with 

tetracycline antibiotic and were screened for the targeted disruption. Around 25 different 

colonies were checked for the presence of the plasmid in the chromosome of the wild 

type cells with the help of PCR amplification. The plasmid size is around 6Kb and the 

gene acsD size is 500 basepairs. The PCR screening for two putative mutant clones is 
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shown in Figure 2.3A. The PCR amplification for acsD5 strain showed the presence of a 

whole 6Kb plasmid. The plasmid band was not present in wild type and other isolated 

clone acsD3. To reconfirm the selection of a right clone, RT-PCR analysis method was 

performed to check the gene expression as shown in Fig 2.3B. The gel showed the 

expression of D gene in wild type but the expression was absent in acsD5 clone. Hence, 

RT-PCR was helpful to reconfirm the putative acsD gene mutant (acsD5) clone as the 

acsD disruption mutant, named as the acsD
dm

.  

USER-enzyme fusion was employed to fuse the three genes- ptac, GFP and acsD 

with vector pCTP1-USER, together to construct plasmid inserts with GFP tag either on 

the N terminal or the C terminal region of acsD gene. The construction of the plasmid is 

shown in the Fig 2.4. The plasmids were introduced in the acsD
dm

 mutant to create 

complementary strains: acsD
NGFP

 and acsD
CGFP 

which have N terminal GFP tagged 

plasmid and C terminal GFP tagged plasmid respectively.  The plasmids from both the 

strains acsD
NGFP

 and acsD
CGFP 

were sequenced using 454 DNA sequencer at University 

of Texas, Austin.  

The preliminary screening of the cells was done by growing all the four strains on 

SH agar medium with tetracycline antibiotic for mutant strain and chloramphenicol 

antibiotic for the complement strains. The colonies were observed in bright field, 

extinction and polarization microscopy as shown in Fig 2.5. This figure depicts the 

birefringence differences observed in wild type colonies NQ5 and AY201; in comparison 

to the acsD
dm

 mutant and both complement strains acsD
NGFP

 and acsD
CGFP

. Polarization 

microscopy is useful for observing the cellulose secreted by cells in form of colonies on 

the agar surface. Colonies from all the strains show a vivid difference when compared. 

The mutant colonies did not show enough cellulose secretion to be detected by light 

microscopy in comparison to the wild type colonies where the cellulose detection was 
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easy and prominent. The complement colonies also showed secretion of cellulose and 

detection with polarization microscopy (Fig 2.5).   

QUANTIFICATION OF THE CELLULOSE SECRETION SHOWS THE COMPLEMENT STRAIN 

ACSD
CGFP 

AS A TRUE COMPLEMENT 

This important screening test for mutant and the complement strains was to 

quantify the total amount of cellulose produced by the cells when grown for 7 days in SH 

liquid culture medium. A graph was plotted to compare the cellulose synthesis from each 

strain to the wild type cellulose synthesis (Fig 2.6). The cellulose production by the 

acsD
dm

 mutant cells was 10 times less than the wild type cellulose production as shown in 

the graph (Fig 2.6).  The graph also shows that only one complement strain acsD
CGFP 

is 

able to match the wild type cellulose production. The other complement strains acsD
NGFP

 

was able to produce cellulose more than the mutant cells but the amount was 2 times less 

than the wild type cellulose production.   

CHARACTERIZATION OF THE MUTANT STRAIN ACSD
DM

 WITH LIGHT MICROSCOPY 

SHOWS THAT IT IS A TRUE GENE MUTANT 

Light microscopy was employed to observe the cells and also see the variations in 

cell lengths. The difference in length between the wild type and the disruption mutant 

cells was measured (Fig 2.7). These noninvasive microscopic techniques help to detect 

the differences in the cell length at low magnification. The mutant cells were shorter in 

length than the wild type cells. The average length (± standard deviation) of the wild type 

was found to be 3.37±0.9 µm and the mutant cell length was around 1.82±0.5 µm. 

The cell movement was also observed using phase contrast microscopy. The cells 

were observed with greater contrast by using this technique, and the cell movement 

differences were noted immediately. The movement of the cells in form of reversals was 

used to compare the mutant strain to wild type strain. The videos with the time lapse 
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microscopy were taken, and the still frames are shown in Fig 2.8 for wild type cells and 

Fig 2.9 for mutant cells. The nature of movement of the cells and rate of movement of the 

mutant cells was compared to the wild type cells.  

The wild type cells on agar surface made reversals while producing cellulose. The 

mutant cells tried to do reversals but were not able to complete them. The movement was 

very erratic and non-defined for most of the mutant cells. It seemed that the movement of 

the mutant cells was directional with one pole of the cell acting as a head and other part 

following it. There was no directional movement for the wild type cells, which moved to 

and fro while producing cellulose and used cellulose trail to continue their movement and 

producing more cellulose. The average rate of movement (±S.D.) for the wild type cells 

was 3.61 ± 0.7 µm/min and for mutant cells was 1.17 ± 0.3 µm/min.   

TRANSMISSION ELECTRON MICROSCOPY (TEM) SHOWS THE DISCONTINUOUS 

ARRANGEMENT OF PORES ON MUTANT CELL SURFACE 

Transmission electron microscopy was performed for wild type, mutant strain, 

and both the complement strains, after negative staining the samples with 2%UA. TEM 

aided in visualizing the cellulose extrusion patterns (Fig 2.10). The wild type cells show 

the secretion of cellulose from membrane-localized pores where the cellulose product in 

form of the ribbons was observed to be secreted from the longitudinal axis of the cell (Fig 

2.10A). The TEM data from the mutant cells show the secretion of cellulose product 

consisting of ribbons along with some amorphous randomly arranged secretion from the 

cells.  

The complement strains acsD
NGFP

 and acsD
CGFP

 when observed by TEM show the 

production and secretion of ribbons like the wild type cells (Fig 2.10). The strain 

acsD
NGFP

 showed the presence of some amorphous material along with the ribbons 

whereas the acsD
CGFP

 showed secretion of pure ribbons like the wild type cells. Earlier 
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quantitative experiments showed that the quantity of cellulose produced by complement 

strain acsD
CGFP

 matched the cellulose production of the wild type cells. Thus the 

complement strain acsD
CGFP

 proved to be a true complement by these two important 

experimental observations; TEM and quantitative cellulose measurements.  

The monolayer of cellulose ribbon pellicle formed by both the wild type and the 

mutant cells was negative stained and observed with TEM (Fig 2.11). The pellicle formed 

by wild type cells (Fig 2.11) consists of only cellulose ribbons giving a smooth 

appearance to the whole pellicle. The secretion from the mutant cell type on the other 

hand shows some secreted material which is not perfectly organized along with cellulose 

ribbons present in the pellicle. The arrangement of the mutant pellicle does not look very 

smooth like the wild type pellicle. 

The ribbon dimensions secreted from the wild type and mutant strains also show a 

significant difference. The photomicrographs (Fig 2.12-Fig 2.13) compare the ribbon 

dimension at high magnification. The average ribbon width from the wild type cells was 

found to be 36.5643 nm ± 2.02 nm, and the average width of mutant cells is found to be 

48.026174 nm ± 3.13 nm. Around 50 images and 100 data points for each strain were 

analyzed to obtain the average ribbon width.  

These observations point out that wild type cells produce intact ribbons where the 

bundles of microfibrils are tightly arranged. The mutant cell ribbons are not as tight or 

condensed with as many bundles of microfibrils. Also, these bundles seem less firmly 

bound with each other. Thus the ribbons produced from the mutant cells seem to be more 

splayed and are weaker in comparison to the wild type ribbons.  

To confirm whether secreted product was cellulose, the cells were observed in 

TEM after staining with CBHI gold (Fig 2.14). No staining was done for gold treated 

samples. Cellobiohydrolases (CBHI), complete enzymes or purified recombinant 
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cellulose binding modules, are conjugated to colloidal gold for visualization using 

electron microscopy (Chanzy et al. 1984). This CBHI-gold complex still retains 60% of 

the original CBHI activity and allows good visualization of the enzyme adsorbed at the 

surface of cellulose microfibrils or microcrystals. The gold labels were adsorbed to the 

ribbons for both the wild type and mutant strains. The wild type was used a control to see 

if the CBHI-gold binds to cellulose ribbons produced by cells. In mutant cells the 

cellulose production was observed as a combination of both the ribbons and the 

amorphous material, which was detected by the presence and adsorption of the gold 

labels during TEM observations (Fig 2.14).  

When the cellulose ribbons producing G. xylinus cells were incubated at 

temperatures lower than the optimum of 28°C, like 19°C or 4°C, they produced a band 

like cellulose assembly (Hirai et al. 1997, 2002). These unique band like assemblies can 

be visualized with TEM. The comparison of band assemblies for both wild type cells and 

mutant cells types was performed (Fig 2.15). The band like assembly perpendicular to the 

cell length from the wild type cells comprised of many strands. In contrast, the mutant in 

comparison showed very few strands of cellulose arranged in a band assembly. The 

cellulose secretion was mostly from the poles or the ends of the cells. The cell median 

region was devoid of any cellulose production even when observed after 7 hours of 

incubation. The band type assembly was seen for both mutant and wild type cells, but the 

numbers of strands comprising those assemblies are more in wild type cells than in 

mutant cells. The wild type cells show continuous band assemblies from the continuous 

cell surface pore structures, while there was discontinuity in the mutant cell secreted band 

assembly. This difference may be due to the fact that all the pores on the longitudinal axis 

of the mutant cells might not be active to form a continuous band type assembly like in 

wild type cells.  
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Carboxymethyl cellulose (CMC) is a negatively charged water-soluble cellulose 

derivative.  The cellulose ribbon assembly can be altered in vivo when G. xylinus cells are 

incubated with CMC. In presence of CMC, normal fasciation of bundles to form a typical 

twisting ribbon is prevented (Benziman et al. 1980; Haigler et al. 1980; Haigler et al. 

1982). Fig 2.16 shows the ribbon alteration for both the wild type and the mutant cells. 

The mutant cells when incubated with CMC show a very loose ribbon with extensively 

separated bundles, or on the other extreme, bundles arranged in parallel to form the 

ribbon but with extensive regions where the CMC could still penetrate. At high 

magnification, wild type cells are observed secreting the separated and altered ribbons 

showing organized bundles, however, with mutants, the ribbons no longer exist, and the 

bundles separate far away from each other leaving gaps in between them. 

Measurement of microfibril bundle dimensions was performed for both wild type 

and mutant cells. Bundle dimension for wild type cells was found to be 3.91±0.98 nm and 

for mutant cells it was 4.19±0.7 nm. Bundle dimensions are almost similar for both the 

cell types. This shows that the crystallization step to form  bundles is not largely affected 

in the mutant cell type. The arrangement of the CMC altered bundle is different in the 

mutant as compared to the wild type cells, which shows that the ribbon formation is 

weaker and non-intact in the wild type cells.  

It was earlier proved that the synthesis and arrangement of the microfibril bundles 

is dictated by the arrangement of pores or the particles which are associated with the 

cellulose synthesis (Haigler et al. 1982). Hence with the observed photomicrographs, we 

can assume that the differences in the CMC altered ribbon data in mutants is due to 

difference in the arrangement of the particles and the mutant cellulose secretion is not 

associated with the crystallization data.   
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GLUCOSE ASSAY AND CELL COUNTS FOR THE MUTANT STRAIN SHOW THAT THE 

SUPPLIED GLUCOSE WAS UTILIZED FOR CELL DIVISION AND NOT CELLULOSE 

PRODUCTION 

After 7 days of cell incubation, a glucose assay was performed in the leftover SH 

medium when the cells have consumed the glucose for growth and cellulose production. 

The remaining medium was checked for the glucose content for wild type AY201 and 

mutant acsD
dm

 cells. The starting glucose concentration for the SH medium was 

20mg/ml. The glucose concentration in the spent medium for both the mutant and wild 

type cells was 1µg/ml. The glucose content showed that both the strains used equal 

amounts of provided glucose, but wild type secreted more cellulose than the mutant cell 

type (Fig 2.6).   

The equal utilization of glucose by both the cell types was very surprising. Hence, 

the next thing to do was to measure the final number of cells after 7 days of incubation at 

stationary conditions in the glucose containing medium. The difference in the cell 

number content for both wild type and mutant cells was measured. Table 2.1 shows the 

cell count after the cells were grown for 7days in SH medium. The cell count shows that 

the mutant cells outnumbered the wild type cells while growing in the glucose containing 

medium. The results show that the supplied glucose was used largely for growth and cell 

division.  
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Table 2. 1: Compares the number of cells in the liquid medium at the end of the cell 

growth period for 7 days 

 

Cell after the O.D.(600nm) Colony forming units/ml ± S.D. 

AY201 2.0733 3*10
18

 ± 4.1*10
2
 

acsD
dm

 2.4385 9.5*10
24 

±3.7*10
2
 

 

The growth curve was performed to see what differences there may be between 

the wild type and mutant over a 7 day culture period. Fig 2.17 shows rapid logarithmic 

growth by the acsD5 mutant during the first two day period, followed by a plateau to a 

stationary phase.  The wild type can be seen to be performing in the same way, but the 

growth rate is more gradual and does not have a steep increase as seen with the mutant 

cells.   

FLUORESCENCE AND CONFOCAL MICROSCOPY SHOWED THE LOCALIZATION OF THE 

ACSD PROTEIN IN THE COMPLEMENT STRAINS 

As both the complement strains (N-term tagged and C-term tagged strains) were 

fluorescently tagged with GFP, fluorescence and confocal microscopy was employed to 

visualize the bacterial cells. This microscopy technique was performed to visualize the 

fluorescing GFP labels inside the cells. The GFP tags helped to localize presence of D 

protein in vivo. The photomicrographs displaying the presence of fluorescent tag in both 

the complement strains are shown in Fig 2.18.  

Both plasmid constructs were introduced in E. coli as controls strains; E. coli + N-

terminal GFP tagged strain and E.coli + C-terminal GFP tagged strain. The expression of 

plasmid in E. coli was compared with the G. xylinus strain. The control strains showed 



 44 

more homogenous expression, whereas the test strain in G. xylinus showed more 

localized expression for N-term tagged strain and granular expression for C-term tagged 

strain. The N-term localization was at poles and at the mid cell region. The sectioning of 

the cells with confocal microscopy did not yield enough data as the sections were too 

thick for any further examinations.  

  



 45 

 

 

 

 
Figure 2.1 :represnts the plasmid pBR325 with its multiple cloning sites used for making 

the acsD disruption mutant. 

(http://www.lablife.org/p?a=vdb_view&id=g2.2CnypWWiGy2l4Hn1XnPuSHO

J4R8-) 

  

http://www.lablife.org/p?a=vdb_view&id=g2.2CnypWWiGy2l4Hn1XnPuSHOJ4R8-
http://www.lablife.org/p?a=vdb_view&id=g2.2CnypWWiGy2l4Hn1XnPuSHOJ4R8-
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Figure 2.2: represents the construction of acsD disruption mutant. A:  Plasmid pBR325 

with a small portion of acsD gene was electroporated in G. xylinus cells. A single 

homologous recombination event was promoted between 72 and 300 basepair region to 

create acsD disruption mutant as shown in B. 

  

pBR325 

Cellulose synthesis operon in G. xylinus genome 
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pBR325  acsD acsC acsD 

acsC  acsD 
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Figure 2.3A: PCR results on the gel showing the plasmid band for acsD5 mutant and 

absence of the band for wild type and acsD3 mutant. B: RT-PCR results on gel showing 

the expression of the acsD for screening strains.  

 

  

B 
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ptac GFP acsD 

A 

ptac GFP acsD 

B 

 

 

Figure 2. 4: represent the arrangement of insert containing the desired product with the 

promoter and the GFP tag for constructing novel plasmid for the complementation. A. for 

creating the acsD
NGFP  

strain and B. is for creating acsD
CGFP 

strain 
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acsD acsD acsD acsD 

ptac-GFP-acsD ptac-acsD-GFP 

acsD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5: represents the growth of colonies produced by AY201 wild type, acsD
dm 

, 

acsD
NGFP

, and acsD
CGFP

 on SH medium containing 2% agar. The colonies were 

visualized with the help of Bright field, Extinction and Polarization microscopy. The 

scale bar represents 200 µ.  

 

  

A B C D E 



 50 

 

 

 
 

Figure 2.6: represents the growth of cells in the liquid SH medium. The four strains: 

AY201 wild type (WT), acsD
dm

, acsD
NGFP

 and acsD
CGFP

 were screened for the 

quantitative cellulose production and a graph was constructed which shows the amount of 

cellulose secreted by the cells.  
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Figure 2.7: represents Bright field images of wild type G. xylinus cells (A) and acsD
dm

 

mutant (B) cell types, the Phase contrast images of G. xylinus wild type cells (C) and 

mutant acsD
dm

 (D) cells. Dark field images of Ay201 wild type (E) and the acsD
dm

 

mutant (F). Images were taken at objective magnification of 100x with the Optivar 

Magnification Changer set at 2x. 
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Figure 2. 8 A-F:  represents the selected images from a 600 frame time lapse of the wild 

type G. xylinus AY201 cells where one frame was taken every 5 seconds.  The cells were 

imaged at 100x objective magnification with the Optivar Magnification Changer set at 2x 

under phase contrast microscopy.  The arrows indicate the position of the cell every 7 

seconds. G-J: shows the typical movements seen by the wild type cells on the agar 

surface. 
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 Figure 2.9 : 1-5 represents the typical movements seen by the mutant cells on the agar surface a: 

Shows the original time lapse image before enlargement at 100X objective magnification with 

Optivar magnification set at 2X. The box indicates the area of enlargement. Images b-g: These 

are enhanced photos of a time lapse video where one frame was taken every 5 seconds.     
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Strains Wild type 

 

acsD
dm

 mutant 

 

TEM 

images 

  

 

Complement 

strains 

acsD-NGFP acsD-CGFP 

   

 

Figure 2.10:  represents the transmission electron microscopy of the four strains stained 

with 2% uranyl acetate. The fibers were observed at higher magnification and shown in 

the 2
nd

 row. 

ptac-GFP-acsD ptac-acsD-GFP acsD 
acsD 

acsD 
acsD 
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Figure 2.11: represents the pellicle formed by wild type AY201 cells (A and B) and 

pellicle formed by acsD mutant (C and D) cells. 

  

A B 

C D 
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 Figure 2.12 : A and B shows the wild type cells producing a ribbon magnified 3000X 

and 5800X, C and D represents the details of the secreted ribbon coming from the cell at 

9600X magnification . 

 

 

A B 

C D 
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Figure 2.13 : A and B shows the mutant cells producing a ribbon magnified 3000X and 

9600X respectively, C and D represents the details of the secreted ribbon coming from 

the cell at 9600X and 21000X magnification. 
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Strains 

names 

and 

gernotyp

ic 

composit

ion 

 

A. Wild type 

 

B. acsD
dm

 mutant 

 

 

1. TEM 

images of 

cell fibers 

(high 

mag -

45KX) 

  

2.  TEM 

images of 

cells with 

CBH-

gold 

 

 

Figure 2.4 : represent the differences in cellulose production by A. wild type cells and B. 

mutant acsD
dm

 cells, stained with UA (1. A and 1.B) and  when stained with CBH-gold 

(2.A and 2.B) 
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Strains 

names 

Wild type 

 

acsD
dm

 mutant 

 

Gernotypic 

composition 

A. TEM 

images of 

cells 

incubated at 

4C 

  

B. TEM 

images of 

cells 

incubated at 

19C 

  

Figure 2.55:  represent the transmission electron microscopy of the two strains wild type 

and mutant, incubated at lower temperatures and stained with 2% uranyl acetate. A. 

Images are obtained with incubation at 4˚C and B. Images are obtained with incubation at 

19˚C.  

acsD 
acsD 
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Strains Wild type acsD
dm

 mutant 

TEM 

images of 

cells 

incubated 

with CMC(5 

mins) 

  

TEM 

images of 

the fibers 

obtained 

with CMC 

(15mins) 

  

TEM 

images of 

the cells and 

fibers 

obtained 

with CMC 

(30 mins) 

  

Figure 2.16 : represent the transmission electron microscopy images of the two strains 

Wild type and mutant, incubated with CMC and stained with 2% uranyl acetate. The high 

resolution images obtained are shown in the 2
nd

 row. 

 

acsD acsD 
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Figure  2.6: Represents growth curve of wild type and mutant cells in SH liquid medium. 

The values are determined from a daily optical density reading at 600nm using a 

Beckman DU640 spectrophotometer.    
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 acsD
NGFP

 acsD
CGFP

 

G. xylinus  

Fluorescence microscopy 

  

G. xylinus  

Confocal microscopy 

 

 

E. coli 

Confocal microscopy 

  

Figure 2.18: Represents the Fluorescence and Confocal microscopy images when the 

complement plasmid is present in G. xylinus and E. coli.  
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2.3      Discussion   

The function of the acsD gene has been a mystery gene since its discovery 18 

years ago (Saxena et al. 1994). This gene was believed to function in product 

crystallization and maximum product synthesis for effective cellulose secretion in 

proteobacteria Gluconacetobacter xylinus (Saxena et al. 1994; Hu et al. 2010; Iyer et al. 

2011). Earlier work showed that acsD gene mutants when grown in stationary conditions 

show a markedly reduced production of cellulose, and the shaking cultures showed 

absolute changes in the crystalline cellulose production (Saxena et al. 1994). In spite of 

those interesting observations, no further research has been made about how the 

differential cellulose secretion affects the phenotype of cells and why any small change in 

cellulose secretion apparatus affects the crystalline nature of the product.  

In this present study, we have attempted to explore the acsD gene function by 

constructing a disruption mutant- acsD
dm

, where the plasmid insertion in the acsD region 

stops the functional expression of the AcsD protein. Quantitative measurement of the 

cellulose pellicle by acsD
dm

 mutant showed 10 times less cellulose secretion than the wild 

type cells, which reinforces the idea that acsD gene is needed and probably functions in 

the maximum in vivo cellulose synthesis in Gluconacetobacter xylinus.  

If the mutant is defective for crystalline secretion, then the structural and 

phenotypic characteristics of the mutant are of great importance. The phenotypic 

observation of the acsD gene mutants in comparison to the wild type has not been 

achieved until this dissertation research.  

The results showed that the mutants are approximately half the length and 

produced 10 times less cellulose as compared to the wild type cells. Although the mutant 

cells utilized equal amount of glucose as the wild type cells, they still do not secrete the 
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same amount of cellulose. The majority of the glucose consumption by the mutant cells 

was invested in cell division. This was proved by counting the number of cells after the 

end of growth cycle of 7 days. The number of mutant cells present in the medium was 

approximately 10
6
 times more than the wild type cells. It has been previously seen that in 

the shake cultures of G. xylinus AY201 wild type cells, there arise non-cellulose 

producers, which have fast growth rates and take over the entire culture (Brown Personal 

communication).  

The two complement strains acsD
NGFP 

and
 
acsD

CGFP
 show partial and complete 

rescue of the mutant strains, in terms of cellulose pellicle quantitative measurements. 

These differences shown by the complement strains in rescuing the mutant strain for its 

cellulose production might be due to two causes. One reason can be argued on the basis 

of the acsD gene computational analysis where it was observed that the N terminal region 

of the AcsD protein consists of double lysine motif that is a very important signal for 

efficient export outside the cytoplasm (Choi & Lee 2004). If in some way the GFP 

tagging alters expression of the N terminal sequence, the secretion and expression of the 

D protein outside of the cytoplasm (presumably in the periplasm) stops. Another 

possibility is that the D protein might form an octamer like arrangement as suggested in 

Hu et. al’s paper (2010) with N terminal region forming the core of the octamer ring. In 

this case, when the N terminal has GFP tag (MW=27KD), the formation of functional 

octamer is blocked, which is required for D protein expression. Hence, the N terminal 

GFP complement strain cannot functionally complement the mutant strain. On the other 

hand the C terminal GFP tagged complement does not face any of the two constraints 

presented above, and hence it complements the mutant strain. This complementation was 

proved on the basis of quantitative cellulose measurements and TEM observations. 
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The mutant cells when observed with high resolution TEM showed more 

dissociated ribbons and a greater ribbon width in comparison to the wild type ribbons 

(Figs 2.12-2.13).  These observations suggest that the microfibril bundles are not tightly 

packed together to form the unit ribbon cellulose structure for the mutant cells, whereas 

in the wild type cells the ribbons are more intact. This result gives us a clue that the acsD 

gene mutant might be defective in the arrangement or placement of pores. The precise 

arrangement of pores leads in regulated secretion of the cellulose microfibrils to form 

bundles which then associate intimately for assembly of an intact ribbon. It might be 

possible that the mutant cells do not have sufficient functional pores, or the linear 

arrangement of the pores is altered in some way resulting in the observed production of 

altered ribbon structure.   

To understand the arrangement of the pores, the G. xylinus wild type and mutant 

cells have been subjected to lower incubation temperatures (4°C and 19°C). At lower 

temperatures, the cells produce a sheet of glucan chains perpendicular to the cells in the 

form of a band assembly. However, not all the pores on the mutant cells are active to 

produce a band assembly, and hence the sheets from the mutant cells are discontinuous in 

comparison with sheets from the wild type cells (Fig 2.15).  

The cellulose ribbon assembly seems to be altered in vivo when G. xylinus cells 

are incubated with CMC. High magnification visualization of wild type and mutant CMC 

incubated cells show a difference in the bundle arrangements; wild type ribbons are intact 

and the incorporation of CMC shows organized bundles.  The mutant cells on the other 

hand show a very loose ribbon with extensively separated bundles, sometimes showing 

regions where the CMC could still penetrate. The measured bundle dimensions are 

similar for both the cell types, and this indicates essentially no difference within a single 

unit pore complex. From earlier observations by Haigler, et al (1982), three terminal 
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complexes with their pores are required to produce a single crystalline cellulose 

microfibril. Linear arrays of the tri-complexes produce the bundles of microfibrils. 

Bundles of microfibrils from both cell types were of the same dimension, which argues 

against any internal modification of the TC pore complex. In other words, the 

interpretation is that normal glucan chain aggregates and their crystallization into a 

microfibril are unaffected by any of the acsD gene mutants investigated. 

It was demonstrated earlier that the synthesis and arrangement of the microfibril 

bundles are dictated by the arrangement of pores or the particles which are associated 

with the cellulose synthesis (Haigler et al. 1982). Hence with the observed 

photomicrographs (Fig 2.16), we can assume that the differences in the CMC altered 

ribbon data in mutants is due to the arrangement of the TC complexes on the cell surface 

and the mutant cellulose secretion is not associated with the crystallization of cellulose.   

The experimental observations of the mutant acsD
dm

 point to the localization of 

the AcsD protein somewhere else in association with the catalytic subunits, the pores, and 

the other gene products involved in the pore complex. Perhaps the mutation lies in 

polypeptide chains that extend beyond the pores, and may have a role in linking the 

components into the linear row. If any of these is defective, then the ribbon formation is 

impaired as has been observed in the mutants. The product analysis of the acsD gene 

mutant cells shows that the polymerizing unit is functioning correctly to make glucan 

chains from monomers supplied to the medium. The high resolution TEM shows the 

presence of normal secretion from such cells suggesting no major changes within the TC 

complex itself. The only link missing in the mutant cellulose secretion will be the 

arrangement of the pores that come together to form a typical cellulose I metastable 

microfibril.   
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The hierarchy of G. xylinus cellulose formation is as follows: A. sub-elementary 

fibril consisting of 16 glucan chain aggregates (the 4 x 4 glucan chain); B. the 

microfibrils that comprise an association of three sub-elementary glucan chain aggregates 

to produce the fundamental crystalline product, such that it takes three pores to form the 

crystalline microfibril; C. microfibril bundles, comprised of three or more microfibrils, 

such that it takes at least nine or more pores to produce the bundle of three microfibrils; 

D. ribbons, comprised of six or more bundles, each synthesized by a mini-linear TC 

properly arranged.  

 

Alternative roles for the function of the acsD gene in G. xylinus cellulose 

biosynthesis 

 The acsD gene in the cellulose synthesis operon of G. xylinus has been considered 

as a crystallization gene (Saxena et al. in 1994).  In this mutant, a low quantity of 

cellulose synthesis in stationary cultures and a crystallization defect in the shaking 

cultures were observed.  

Results from this work have led us to consider alternative functions for the acsD 

gene. The earlier concept to recognize the acsD gene function was to understand the 

crystallization process. If so, then the AcsD protein would function as close and 

connected to the catalytic components that polymerize the glucan chain aggregates 

simultaneously and direct them to the cell surface for specific arrangements that lead to 

the crystallization of cellulose. The phenotypic analysis of the acsD gene mutant gave us 

an unexpected direction. 

Alteration of the pore complex or the barrel apparatus would completely affect 

every step of the above cellulose ribbon formation hierarchy. As ribbons, bundles, and 

microfibrils were seen from the acsD mutant cells, it is evidence that the acsD gene is not 
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a part of the barrel which secretes the sub elementary fibril of glucan chains. The linear 

arrangement of the pores is necessary for effective secretion and association of the sub 

elementary fibrils to make microfibrils and finally into ribbons. As there is a 

discontinuity in the ribbon secretion when observed at lower temperature incubations, the 

observed results can be argued on the basis of parallel hypothesis associated with the 

presence and absence of acsD gene.  

The presence of D gene (in this case a leaky mutant) will lead to a model as 

observed by the cell incubated at lower temperatures secreting cellulose. In normal 

cellulose-producing bacteria, the elongated cell before division turns off the cellulose 

secretion and then restarts it again as soon as one cell divides into two cells. This single 

elongated cell before cytokinesis shows one big intact ribbon with the same dimension as 

two ribbons. The on-off mode for the TC insertion and cellulose production during the 

cytokinesis stage of the bacterial cell is universal. Also it can be generalized with enough 

evidence that all components for the new cell formation are usually added at or near the 

cell division furrow during binary fission.  Cellulose ribbon formation goes from one to 

two as the cell completes its division.  Numerous time lapse studies in the Dr. Brown’s 

lab have confirmed this. The mutant cellulose secretion seen in the lower incubation 

temperatures can also be a result of on/off mode for the TC generation and expression 

during the cell cycle. The TC insertion rates are relative to the elongation rate of the cell 

division furrow. 

The lower temperature incubation images for the acsD gene mutant show the cellulose 

product secretion from the poles of the cells and not in the mid-section.  This implies that 

after cell division, new secretion failed to turn on in these mutants at low temperatures. 

Without the acsD gene at lower temperatures, the mini-linear TC arrangements are even 

more susceptible to degradation, leading to splayed bundles in the ribbons as well as 
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isolated secretions of sub-elementary glucan chain aggregates that lead to cellulose II 

formation or amorphous cellulose formation. The lower temperature studies merely 

amplify the locations of these linearly arranged components. It appears that the 

components already linearized before the lowering of the temperature are more cohesive 

than components being secreted during the reduced temperature.   Also, cell division for 

the mutant cells is very fast and hence the TC insertion on/off mode should be highly 

regulated and timed for its successful expression. It can also be assumed that this on /off 

mode for the TC insertion is hampered in a way that the continuous regulated insertion 

after the cell division is abruptly stopped and no more cellulose secretion is promoted 

from the mid region. The mutant cellulose secretion at the cell poles is due to the 

presence of older TCs that have been functional since they were inserted.  

 

 

 

Figure 2.19: shows the presence of the older TC components at the poles of the cells and 

the insertion of the new TCs at the median region as the cell elongates and before cell 

division is initiated. 

 

 

 

 

Old TCs 

New TCs 
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The absence of the acsD gene in the cells leads us to an alternative model 

The phenotypic results observed by us show that the acsD gene might act as a 

linker for connecting the offset of nine TC units that are arranged in a tight linear row.  

We call this linear arrangement of the nine TC units a mini-linear TC. Thus, in the 

absence of the AcsD protein, a continuously and tightly inserted regulation of the mini 

TC row is hampered. This result is evident from the microfibril bundles that are loosely 

bound in a ribbon formation and incubation at lower temperatures show cellulose 

secreting from cell poles and discontinuity of the cellulose production.  

  In the acsD gene mutant the offset or the linearity of the mini-linear TC row is 

hampered to an extent that bundle aggregation to form an intact ribbon is greatly altered. 

The ribbon formed from the mutant is wider than the wild type cells even when both of 

them show a similar microfibril bundle size. This is due to the splaying effect leaving 

loosely associated bundles with the mutant ribbon, in contrast to the tightly associated 

wild type ribbon.  
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Figure 2.20: depicts the presence of the AcsD protein in the TC offset linking the 

linear row of mini TC units in the wild type cells. The acsD mutant strains show the 

presence of the TC units without any linker protein. 

 

The offset in the TC units is always seen in G. xylinus wild type cells. In the 

absence of the TC offsets, the mini TC arrangements will be linearly linked all the way 

along the longitudinal surface of the cells hampering the complete flexibility of the 

ribbon and the cells would end up forming one giant microfibril like the Valonia.  

Valonia secretes a microfibril consisting of 1200-1400 glucan chains. Thus, the function 

of the AcsD protein is suggested to act like a linker that keeps the bundles precisely 

placed at certain dimensions along the cell so that they hook together. In this way, 

discrete bundles that are formed from each mini-linear TC do link together to form the 

ribbon, but they do not form a single giant crystal. Thus, an indirect effect on the 

cellulose crystallization is seen with the presence of the acsD gene. The acsD gene 

function appears to be more of a regulation gene rather than a crystallization gene. The 

presence of the AcsD protein helps in keeping or attaining an intact ribbon and ensures 

Wild type cells The D mutant cells 

D 

protein 
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maximum cellulose production and optimal secretion rates. This is why G. xylinus is the 

world's most efficient cellulose producer, converting up to 50% of the supplied glucose 

into cellulose (Brown Personal communication). 

 The method of TC functioning of the cells can be explained in a simple process of 

elongation and insertion, where the new TC subunits are inserted, and the linker helps to 

complete elongation of the whole mini linear TC row. There is a sequential addition 

process of the TC units. Hence the function of the acsD gene protein is to avoid the 

possibility of over crystallization of the cellulose product (Fig 2.20).  

Thus, the hypothesis is that the acsD gene is reinforcing the linking of all the TC 

units. The acsD gene might function as a "sticky" gene to strenthen the association of the 

TCs in a row and possibly linking the rows of the mini linear TC complex.  Thus, the 

AcsD protein might be involved in gluing together all the subunits of a newly inserted TC   

It is expected that the AcsAB and the AcsC proteins have inherent affinity for 

each other and even without the presence of AcsD protein; AcsAB and AcsC can still 

interact with each other to form similar sized bundles; however, this function is 

minimized, and the threshold for disorganization is much lower in this case. The function 

of the acsD gene is to perform as an extra strong linker or glue so that the AcsD protein 

glues together all the AcsAB and AcsC subunits ensuring that they don’t fall apart. 

Absence of the AcsD protein might lead to partial loss of the cellulose secretion as 

observed in the results. 

There is no crystallization defect seen in the microfibrils which are secreted from 

the acsD gene mutant cells. Even without the acsD gene, the insertion is like a domino, 

where AB and C components do have an affinity for each other and even with absence of 

any other gene, they can interact with each other to form similar sized bundles. It might 

be possible that the crystallization gene might be some other gene with unknown function 
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like the acsB gene. Now that the AcsD protein is an unlikely member of the 

crystallization process, the AcsB protein should be studied more carefully.  

The affinity for other proteins is seen in other cellulose producing organisms 

where there is a complete absence of the acsD gene. A perfect example will be Valonia 

(Itoh & Brown 1984) where the TC components are present in the fluid environment of 

the plasma membrane lipids. The absence of offsets in Valonia makes each TC subunit 

secreting ten glucan chains, in perfect alignment to its neighbor to secret a perfect crystal. 

The absence of AcsD protein in the system might lead to no ribbon formation in Valonia 

but the secretion result is a highly crystalline microfibril. 

The phenomenon of the Gluconacetobacter xylinus strain NQ5 reversals can also 

be understood with this model where the over expression of D gene in this strain could 

lead to high rate of secretion of cellulose ribbons, which due to high strain, make the cells 

perform reversals. Mutant cells on the other hand do not show any reversal on the agar 

surface showing no strain from the cellulose that is formed. 

The acsD gene protein could be thought of as an adhesion protein or SUPER 

GLUE, helping to bring together the AcsAB and AcsC proteins for a functional TC unit. 

If our concept it correct, it might be possible to express the acsD gene in the eukaryotic 

plant cell and obtain higher crystallinity cellulose. The AcsD protein might be helpful in 

all the linearly arranged rosette structures like the secondary cell walls of cotton and 

trees. It would be interesting to study the acsD gene or similar expression in other 

organisms. 

A model showing the arrangement of the AcsD protein can be visualized in Fig 

2.21. This model is based on the previous theories that the three pore units come together 

to form a sub-elementary fibril and at least nine functional pores produce a bundle of 

three microfibril and hence the perfect association is necessary for an intact ribbon 
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secretion. The yellow cylindrical protein is the unknown protein which helps in the 

complete interaction of the protein AB to protein C. There are chances that the yellow 

unknown protein is completely absent and the protein C extends up to protein A and 

interacts without the presence of any other proteins. 

 

 

 

Figure 2.21: showing the arrangement of the AcsD protein acting as a “sticky” gene to 

reinforce the association of TC units.  

Evolutionary perspective 

Implications of cellulose crystallization may give us insight into the evolutionary 

history of the cellulose biogenesis among primitive organisms. Cellulose synthesizing 

terminal complexes were first found by freeze fracture electron microscopy. In general, 
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they are visualized as intramembranous particles that are organized either as a linear row 

or as  rosette like structure on the P fracture face of the plasma membrane (Brown et al. 

1996). Lately it has been possible to view the cytosolic side of the rosette TC in 

membrane sheets prepared from plants (Bowling & Brown 2008). All the land plants 

have a hexameric rosette TC while the bacteria G. xylinus shows the linear row of TCs. 

The TC architecture in algae shows a great variation for both linear and rosette TCs and 

sometimes the algal rosettes are also organized in linear rows (Tsekos 1999). Hence, the 

TCs are characterized into two main categories: Linear and Rosette TCs. Rosette TCs are 

found in charophycean green algae (Hotchkiss & Brown 1987) and land plants (Mueller 

& Brown 1980). Linear TCs occur in three types: as a single row in prokaryotes, brown 

algae and some red algae (Brown & Montezinos 1976; Zaar 1979); as multiple rows in 

glaucophycean algae (Willison & Brown 1978), some red algae (Tsekos & Reiss 1992), 

chlorophycean (Okuda et al. 2004) and ulvophycean green algae (Giddings et al. 1980), 

phaeothamniophycean algae (Tsekos 1999), dinoflagellates,  slime molds (Grimson et al. 

1996), and invertebrates such as tunicates (Kimura & Itoh 1996); and, as diagonally 

arranged rows in xanthophycean algae (Mizuta & Brown 1992). It has been pointed out 

that distinct TCs synthesize microfibrils with characteristic morphologies (Kuga & 

Brown 1989). This suggests a relationship between the organization of TCs and 

microfibril assembly (Brown et al. 1996). In 1980 Giddings et al. found the presence of 

arrays of rosette structures on the surface of the alga M. dendiculata, and these arrays 

were involved in the synthesis of banded cellulose microfibrils. These are the different 

morphological forms of the cellulose synthesizing terminal complexes in four different 

biological kingdoms- Monera, Protista, Animalia, and Plantae. The actual TC form in 

fungi is still unknown. Although all the TCs have same function in assembling cellulose 

microfibrils bundles, diverse TCs have been still evolved. The differences in TC 
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morphology have been used as a tool for constructing an evolutionary history in cellulose 

biosynthesis for these organisms. It is seen that the TC associated proteins responsible for 

export and secretion: the gene AcsC and the gene AcsD; certainly have no relationship to 

the counterparts in eukaryotes. Therefore, the biosynthesis of the accessory elements can 

be a result of convergent evolution which is also supported in earlier report by Nobles in 

2007.  

Cellulose synthases from prokaryotes and eukaryotes, on the other hand, share a common 

ancestry as they share a highly conserved catalytic region containing D,D,D,QXXRW; a 

motif characteristic of processive β-glycosyltransferases (Saxena et al. 1995). Therefore 

the synthesis of the cellulose in bacteria and eukaryote is a homologous process that 

forms a link between all the cellulose-producing organisms (Nobles & Brown 2007). The 

presently known variations in TC organization and microfibril structure reflect a 

divergent evolution for cellulose synthases and their regulation.  
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2.4      Materials and Methods  

Cell culture and growth conditions 

The E. coli strains were grown in Luria-Bertani medium at 37°C on a rotary 

shaker or on 2% agar plates. For selection of resistance markers, antibiotics were used at 

the following concentrations: ampicillin (50 ug/ml), chloramphenicol (50 ug/ml), and 

tetracycline (12.5 ug/ml). G. xylinus (AY201), G. xylinus acsD disruption mutant 

(acsD
dm

), G. xylinus acsD
NGFP 

(N terminal GFP tagged to acsD gene), and G. xylinus 

accD
CGFP

 (C terminal GFP tagged to acsD gene) were grown in SH medium at 28°C 

under stationary or rotary shaking conditions or on 2% agar medium as previously 

described (Schramm & Hestrin 1954). To prepare a uniform cell suspension of the cell, 

0.4% cellulase was added to the culture medium 24-48h before harvesting. 

DNA techniques  

Genomic DNA was isolated from G. xylinus by modifying a procedure described 

earlier. (Dhaese et al. 1979), with the exception that DNA was ethanol precipitated rather 

than purified using glass fines. Large scale plasmid purification was accomplished using 

the manufacturer’s protocol using the Qiagen miniprep kit (Catalogue # 27106). 

Restriction enzymes and T4 DNA ligase were purchased from NEB and used following 

the manufacturer’s instructions. Restriction enzyme digestions and DNA ligations were 

performed in a buffer supplied with the enzymes, according to the specifications of the 

supplier.  

Agarose gels were prepared and examined as previously described (Maniatis 

1982). When more delicate handling of DNA was required, visualization of bands was 

accomplished via agarose gels supplemented with 40 µl of 2mg/ml crystal violet (CV) 

per 50 ml agarose solution. When using CV gels, DNA samples were run in loading 
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buffer composed of 30% glycerol, 20mM EDTA, and 100ug/ml CV. This procedure 

allowed direct viewing of DNA eliminating the exposure of DNA to damaging UV light 

in order to visualize the bands. Unless otherwise noted, the transformation of chemically 

competent E. coli cells was performed as described previously (Chung & Miller 1993). 

For transformation of G. xylinus, electroporation was preferred over other methods. The 

cells were prepared as mentioned in the manufacturer’s protocol for electroporation by 

Bio-Rad laboratories and were transformed with the Qiagen purified plasmid. The 

procedure for electroporation was followed as described earlier (Saxena et al. 1994).  

2.4.1 Construction of the acsD disruption mutant acsD
dm  

 

 

To construct acsD
dm

 strain, the plasmid pBR325 with partial acsD gene was 

constructed and inserted in wild type G. xylinus AY201 genome. The acsD
dm 

strain was 

created by promoting a single homologous recombination event in the bacterial 

chromosome by introducing the plasmid. 

 

 Construction of plasmid pBR325 +∆acsD gene of G.xylinus 

The plasmid pBR325, which is 5996 basepairs, was used as a vector (Fig 2.1). 

The restriction sites BclI and HindIII were utilized to introduce a partial fragment of acsD 

gene. The acsD gene fragment of 200bp was inserted by amplifying the gene sequence 

with the help of primers  

acsD-f1-re: GGCTGGAAACTGGGATGAGGGCGGCG (forward primer) and  

acsD-r1-HindIII: GGGCCAAGCTTCGCTGAGGAGTTCG (reverse primer).  
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PCR amplification of acsD fragment from the genomic DNA was done with the 

help of Herculase Hotstart DNA Polymerase (Stratagene; La Jolla, CA, USA). The 

single-block temperature cycle was used.  The PCR reaction was conducted in 50µl 

volume.  The conditions for the reaction were: 5µl 10x reaction buffer, 1µl 10mM mixed 

dNTP, 2µl 12.5µm forward primer, 2µl 12.5µm reverse primer, 1.5µl genomic DNA 

(200ng), 1.5µl Herculase Hotstart DNA polymerase, 37µl H2O.  For amplifying genomic 

DNA of acsD, the annealing temperature was maintained at 65.5°C.  The reaction 

condition was 95°C for 2 minutes, 10 cycles of 95°C for 40s, 65.5° C for 40s, 72°C for 1 

minute, 25 cycles of 95°C for 30s, 65.5°C for 30s, 72°C for 1 minute plus 10s/cycle with 

a final extension at 72°C for 10 minutes, followed by a 4°C hold. After gel 

electrophoresis, the PCR product was purified with Qiaquick gel purification kit (Qiagen) 

and was sequenced on ABI 3730 DNA analyzer (DNA sequencing facility, the University 

of Texas at Austin). The amplified sequence was digested along with vector plasmid 

pBR325 with HinDIII (NEB) in NEB buffer II at 37°C for one hour and then BclI (NEB) 

was added and the temperature was raised to 50°C for one more hour of digestion. The 

digested fragments were purified using crystal violet gel for plasmid vector and Qiaquick 

gel purification kit for desired gene insert. The plasmid vector and gene insert were 

ligated using T4 ligase (NEB). The ligation product was transformed to E. coli strains 

TOP10 (Invitrogen, Cat # C4040-10) according to the manufacturer’s instructions. The 

transformants were selected by planting on Luria Bertani medium with ampicillin 

(100µg/ml) and tetracycline (50µg/ml).  
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Single homologous recombination in wild type cells 

Wild type G. xylinus AY201 cells were grown in Schramm and Hestrin medium 

until they reached log phase (optical density of 0.7 at 600nm). The cells were then 

washed in saline and suspended in 10% glycerol and stored at -80°C for electroporation. 

The WT cells were electroporated and the ligated plasmid from E. coli was transformed 

in the cells according to the protocol mentioned  earlier (Saxena et al. 1994). The cells 

after electroporation were grown in SH liquid medium for 3 hours before they were 

spread on SH medium with antibiotics.  

 

2.4.2 Screening for the disruption mutant in G. xylinus  

PCR analysis to ascertain the presence of plasmid in G.xylinus cells 

Colonies obtained after the electroporation were screened by using colony PCR 

method to check the presence of pBR325 plasmid in the acsD region in the chromosome. 

The acsD region primers that were used can amplify the whole plasmid residing in the 

acsD region of the chromosome. The plasmids used were  

 

F1-lig: 5’GTCGGGATCGAGGTTAGGA3’ 

 R1-lig: 5’GGTCCTCGCTGAGGAGTT 3’ 

The conditions for the reaction were: 5µl 10x reaction buffer, 1µl 10mM mixed 

dNTP, 2µl 12.5µm forward primer, 2µl 12.5µm reverse primer, 1.5µl genomic DNA 

(200ng), 1.5µl Herculase Hotstart DNA polymerase, 37µl H2O.  For amplifying genomic 

DNA of acsD, the annealing temperature was maintained at 56°C.  The reaction condition 

was 95°C for 2 minutes, 10 cycles of 95°C for 40s, 56° C for 40s, 72°C for 1 minute, 25 
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cycles of 95°C for 30s, 56°C for 30s, 72°C for 1 minute plus 10s/cycle with a final 

extension at 72°C for 10 minutes, followed by a 4°C hold. The amplified product was 

tracked on agarose gel containing ethidium bromide after running the gel at 80V for 

40minutes. 

RT-PCR analysis to demonstrate the expression 

 

After PCR analysis, the acsD
dm

 transformants were checked by RT-PCR analysis.  

Total RNA was extracted by using TRIzol max RNA isolation kit (Life Technologies, 

Catalogue # 16096) using manufacturer’s protocol. Qiagen One-step RT-PCR kit (cat # 

210210) was used to perform the reaction. The procedure was followed as per the 

manufacturer’s instructions. Only 1µg of total RNA was used for the method.  The 

forward primer and the reverse primer sequences are  

RT- F1:  is 5’GTCGGGATCGAGGTTAGGA3’ 

RT-R1 is 5’GGTCCTCGCTGAGGAGTT 3’.   

The RT-PCR reaction was also performed for checking the acsC expression in the 

same strain as control. The primers for acsC is  

RT-acsC-F1 5’ ATTGAATTCGTGACCCATAAACGATATGCTCG3’ 

RT-acsC-R1 5’ATTCTCGAGTTACTGGTCCATAATAAGATAGTGAC3’ 

The amplification of acsC sequence and acsD sequence was done from G. xylinus 

(GenBank accession number AW698983). 
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2.4.3 Construction of complement strains 

 

The complements of acsD disruption mutant were created by cloning a complete 

acsD gene. Three different PCR amplification reactions were performed simultaneously 

to clone the tac promoter, the acsD gene and the GFP gene. These three amplified 

products were fused together with the help of USER fusion system. Two different clones 

were created depending on the placement of GFP gene in the clone. The primers were 

created with a “U” in the 5’ end of sequence to amplify the genes.  The primers also 

contain an overlapping sequence which can be used to fuse them together as a single unit. 

Two different sets of primers were created so as to position GFP at the N-terminal or C-

terminal region of the acsD gene.  

acsD
NGP

 

The primers used to amplify ptac, GFP and acsD genes for creating the N-

terminal GFP construct are as follows: For Tac promoter:  

User-tac-F1:  GGCTTAAUGCAAGCTGATCCGGGCTTATCG and  

USER-tac-R1:  AGAATTCUGTTTCCTGTGTGAAATTGTTAT.  

The GFP primer sequences are  

GFP-Nterm-USER-F:  AGAATTCUATGAGTAAAGGAGAAGAACTTTTC 

and GFP-Nterm-USER-R:  AATTGTCAUTTTGTATAGTTCATCCATGCCAT 

The acsD primer sequences are:  

acsD-USER-F:  ATGACAATUTTTGAGAAAAAACC and  

acsD-USER-R:  GGTTTAAUTCAGGTCGCGGAACTGCG 
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acsD
CGP

 

The primers used to amplify the genes for creating the C-terminal GFP construct 

are as follows: For tac promoter the primers used are  

USER-tac-F2:   GGCTTAAUGCAAGCTGATCCGGGCTTATCG and 

 USER-tac-R2:    AGAATTCUGTTTCCTGTGTGAAATTGTTAT.  

The acsD primer sequences are  

acsD-USER-F2:  AGAATTCUATGACAATTTTGAGAAAAAACC and  

acsD-USER-R2:  ATGAGTUTCAGGTCGCGGAACTGCG .  

The GFP primer sequences are  

GFP-Cterm USER-F2:  ATGAGTUAAAGGAGAAGAACTTTTC and  

GFP-Cterm USER-R2:  GGTTAATUTTTGTATAGTTCATCCATGCCAT 

The PCR reaction was conducted in 50µl volume.  The conditions for the reaction 

were: 5µl 10x reaction buffer, 1µl 10mM mixed dNTP, 2µl 12.5µm forward primer, 2µl 

12.5µm reverse primer, 1.5µl genomic DNA (200ng), 1.5µl Taq DNA polymerase, 37µl 

H2O.  

 For amplifying tac promoter, the annealing temperature was maintained at 60°C. 

The annealing temperature for amplifying GFP was 58C for N term amplification and 

60C for C term amplification. The annealing temperature for acsD was 60C for both the 

fusion experiments.  

 The reaction condition was 95°C for 2 minutes, 10 cycles of 95°C for 30s, 61.5° 

C for 30s, 72°C for 1 minute, 25 cycles of 95°C for 30s, annealing temp at°C for 30s, 

72°C for 1 minute plus 10s/cycle with a final extension at 72°C for 10 minutes, followed 
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by a 4°C hold. After gel electrophoresis, the PCR products were purified with Qiaquick 

gel purification kit (Qiagen) and were sequenced on ABI 3730 DNA analyzer (DNA 

sequencing facility, the University of Texas at Austin) 

The primers were created with Uracil in them which can be used to tailor using 

User enzyme-fusion system. All the three amplified sequences were fused using USER 

enzyme according to the manufacturer’s protocol (NEB, cat #M5505). 

Vector for complement plasmid strains 

The complement strain vector was obtained from Dr. David Nobles Jr. (Dr. 

Browns’s lab). The plasmid obtained was pCTP1. This plasmid sequences for insertion 

overlaps with  

a. pTac forward primer and acsD reverse primer for constructing vector+NGFP 

b. pTac forward primer and GFP reverse primer for constructing vector+CGFP 

 

Transformation in E. coli and electroporation in acsD
dm

 strain 

The two plasmids a. vector+NGFP and vector+CGP were fused and the ligation 

product was transformed to E. coli strains TOP10 (Invitrogen, Cat # C4040-10) according 

to the manufacturer’s instructions. The transformants were selected by planting on Luria 

Bertani medium with chloramphenicol as antibiotic.  

The amplified product was collected and electroporated in acsD
dm

 strains to 

procure acsD
NGFP

 and acsD
CGFP 

strains. The cells after electroporation were grown in SH 

liquid medium for 3 hours before they were spread on SH medium with chloramphenicol. 
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2.4.4 Characterizing the strains; Mutant and Complements 

 

Polarization microscopy 

 

The mutants and the complement strains were screened by observing the colonies. 

The cells were spread on SH medium containing 2% agar. The SH agar medium was 

fortified with tetracycline for mutant strain and chloramphenicol for the complement 

strains. A 1 cm square of the agar containing a representative sample of the colonies was 

cut out using a sterile scalpel.  That square was then cut so only a thin top layer 

containing the colonies was left.  That layer was transferred to a microscope slide and 

observed without a cover slip at objective magnification of 3.6x with the Optivar 

Magnification Changer set at 2x. The colonies were examined after 7 days of growth in 

bright field, extinction and polarization microscopy. All light microscope samples were 

observed using a Zeiss Photomicroscope (in the Brown lab).  Still images and time lapse 

videos were taken using Image-Pro Plus Software. 

2.4.5 Quantitative cellulose measurement 

 During stationary growth conditions, the G. xylinus cells produce a cellulose 

membrane on the air liquid interface which is a called pellicle. All the four strains; Wild 

type, mutant acsD
dm

, complement strains acsD
NGFP

 and acsD
CGFP

, produced a cellulose 

pellicle, which was collected after 7 days of growth from SH liquid medium, washed with 

3% NaOH for 2 days and water for 5 days, and weighed.  
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2.4.6 Phenotypic characterization of the mutant  

Cell preparation for light microcopy 

Wild type A. xylinus and the acsD5 mutant were grown on Schramm and Hestrin 

agar plates at 2% (w/v) for 5 days.  Colonies were obtained from the plate culture before 

each observation and transferred to an Eppendorf tube containing 1ml Schramm and 

Hestrin liquid medium for 1hour.  The sample solution consisted of A. xylinus cells plus 

cellulose. Same cell preparation method is applied for the mutant sample.  This procedure 

was used for all of the light microscopy observations.  All light microscope samples were 

observed using a Zeiss Photomicroscope (in Brown lab).  Still images and time lapse 

videos were taken using Image-Pro Plus Software. At least 3 biological repeats and 3 

experimental repeats is studied for all the samples  

 

Bright field slide preparation for photomicrographs 

A volume of 15l was extracted from the above solution and mounted onto a 

microscope slide.  A cover glass was added and the sample was observed at 40x and 100x 

magnification with the Optivar Magnification Changer set at 2x under bright field 

microscopy.   

 

Dark Field slide preparation for photomicrographs and time lapse 

A volume of 20l of the liquid SH-agar solution was used to lay down a base of 

agar on a microscope slide.  This was followed by the addition of 15l of SH medium 

and then 15l of the above prepared cell sample.  The sample was allowed to grow for 30 

minutes and then a coverslip was carefully placed on top of the agar.  Samples were 
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observed at an objective magnification of 40x and 100x with an Optivar Magnification 

Changer set at 2x under dark field microscopy.   

 

Phase contrast slide preparation for photomicrographs and time lapse 

The same procedure was followed as was described for bright field microscopy 

was used for acquiring still microphotographs and time lapse videos were obtained by 

following the procedure as dark field microscopy.  The rate of movement was calculated 

by measuring the time required to travel a certain distance by the particular cell in a 

sequence of events performed in a time lapse. Average rate of movement and standard 

deviation were calculated by performing three biological repeats for both wild type cells 

and mutant cells.  

 

Cells preparation for Transmission Electron Microscopy (TEM)  

TEM observations were done using the Philips 420 Transmission Electron 

Microscope available in the Brown Lab.  Still photomicrographs were taken using the 

Image-Pro Plus Software. At least 3 biological repeats and 3 experimental repeats is 

studied for all the samples which are obtained on formvar coated copper grids. 

Wild type A. xylinus and the acsD5 mutant were grown on Schramm and Hestrin 

liquid medium for 2 to 3 days until they form a pellicle.  The pellicle was collected and 

washed in Aceto buffer (SH medium without glucose). The pellicle was then squeezed 

with wooden applicator stick and the cells were recovered in the buffer. This 

concentrated cell solution is obtained which can be stored for 2 weeks at -80C. 

The cells from the above solution were very active and they made a monolayer of 

pellicle in 15-20 minutes. The cells and cellulose mix was collected by floating a copper 
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grid on the top of the solution. The grids were then washed twice with water and 

observed after staining with 2% uranyl acetate (UA). 

 

TEM cell preparations with CBHI gold 

10l of the above solution was washed with 100l of glass distilled water.  10l 

of that washed solution was mixed with 20l of CBHI gold labeling solution (obtained 

from Dr. Brown’s lab, prepared by Dr. David Nobles, Jr.) and was incubated for 30 

minutes.  2l of the CBHI-cellulose solution was added to the Formvar coated copper 

grids and excess of water removed with filter paper wick.  

 

TEM cell preparations with CMC 

The cells from this stock were treated with 1% CMC (ds=0.7) for 5minutes, 

15minutes, and 30 minutes, and floating grid method was employed to collect cells on the 

grids. The grid is then stained with 2% uranyl acetate and observed. 

 

TEM cell preparations with different temperatures 

The cells obtained from the stock solution were incubated at 4C and 19C for 1hr. 

Floating grid method was employed to collect the samples on grid, stained with 2% UA 

and then observed. 

 

2.4.7 Growth curve of wild type vs. mutants 

Pellicle produced by wild type and mutant cells was used to initiate the culture for 

growth curve experiments. The pellicle is suspended in 1% SH liquid medium with 1% 
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cellulose for 24 hours under shaker conditions to procure a starting culture. The cultures 

were used after calibrating the optical density of 0.7 at 600nm absorbance. The growth 

curve was performed in SH liquid medium with 1% cellulase. Spectrophotometric 

measurements of growth were performed every day at same time. Graph was plotted with 

O.D. measured at 600nm vs. time. The growth curve experiments were repeated 3 times, 

with 2 experimental repeats.  

 

2.4.8 Glucose assay 

Equal number of wild type and the mutant cells were grown in 100ml SH medium 

and incubated at 28C in stationary conditions for 7 days. The residual medium which was 

not utilized for producing cellulose pellicle by cells was collected. Glucose (HK) assay 

(Sigma, cat # GAHK-20) was used according to the manufacturer’s protocol for 

measuring the leftover glucose in the medium. The experiment was repeated for 3 

biological repeats to get the values of unutilized glucose in the medium. The starting 

glucose concentration was 2% (20mg/ml) in SH medium. 

 

2.4.9 Determining the cell counts in the medium 

Equal number of wild type and the mutant cells were used as a starter culture for 

growth in 100ml SH medium and incubated at 28C in stationary conditions for 7 days. 

The experiment was planned to count the number of cells at the end of the experiment. 

The pellicle-1g and the liquid medium-1ml was collected from the SH growth medium 

for both the cell types. Around 1% cellulase was added to the collected sample, which 

was then incubated for 2hrs in shaker conditions to suspend the cells. The sample was 

then used to measure the number of cells. The optical density of all the solutions was 
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measured at 600nm with plain SH medium as blank. The suspension was diluted to 10
-25

 , 

and using 10
-15

, 10
-20

, and 10
-25

 to spread on SH medium to count the colony forming 

units. Three biological repeats were performed for the experiment readings. Standard 

deviation was calculated for values obtained.   

2.4.10 Complement strains characterization 

The same experimental procedures for both light and electron microscopy were 

followed for the complement strains as was done for the mutant strain. Transmission 

electron microscopy images for both the complement strains (acsD
NGFP

 and acsD
CGFP

) 

were obtained. The strains were labeled with GFP tags and hence fluorescence and 

confocal microscopy was employed. The cells were prepared like the bright field 

microscopy cell preparation. E. coli strains containing the plasmids were also observed 

with fluorescence microscope and confocal microscopes along with the complement 

strains (acsD
NGFP

 and acsD
CGFP

) 
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CHAPTER 3: LOCALIZATION OF THE ACSD PROTEIN 

3.1           Introduction 

Bacterial cell envelope 

 G. xylinus is a gram negative bacterium and like other such bacteria, it has a 

multilayered cell membrane. The cell membrane is thin as compared to gram positive 

organisms because of its reduced and thin peptidoglycan layer. The catalytic unit of 

cellulose synthesis was earlier localized to cytoplasmic membrane (Bureau 1987).  Thus, 

understanding the cell wall and the envelope composition is very important for any 

localization studies of components involved in cellulose biosynthesis.  

 

 
Figure 3. 1 : The cell wall of a gram negative bacterium is characterized by the presence 

of two lipid bilayers, the outer and the inner or cytoplasmic membrane that are separated 

by the periplasmic space containing the three dimensional network of peptidoglycan 

(Alexander & Rietschel 2001). 
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 The cell membrane of a typical gram negative bacterium as shown in Fig 3.1 

consists of multi membrane structures (Gmeiner & Schlecht 1980). The innermost 

membrane is a cytoplasmic membrane enclosing the cytoplasm. The envelope also 

consists of a thin, intermediate layer of peptidoglycan and an outer membrane. The outer 

membrane contains phospholipids, lipoproteins, lipopolysaccharide (LPS) and proteins. 

Phospholipids and lipoproteins are located on the inner surface of the outer membrane. 

The LPS on the other hand is located on the outer surface of the outer membrane. The 

LPS consists of lipid embedded in the membrane with polysaccharide portion protruding 

outward from the cell surface.  

 The periplasm covers the space between the peptidoglycan and the inner 

cytoplasmic membrane. The periplasm is a region for a wide variety of hydrolytic 

enzymes for nutrient breakdown, periplasmic binding proteins for transport via the ATP- 

binding cassette (ABC) system, and, chemoreceptors for chemotaxis. The thickness of 

cytoplasmic membrane, periplasm and the outer membrane is around 7-8nm, 2nm and 

7nm respectively. 

 

In vitro cellulose biosynthesis in gram negative bacteria 

 In vitro cellulose synthesis was first shown from the non-viable lyophilized 

cultures of Acetobacter xylinum in presence of oxygen (Hestrin & Schramm 1954). The 

same paper also showed the negligible presence of cellulose inside the non-living cells 

which gave a hint about the membrane localization of cellulose synthesis apparatus. Later 

Colvin (1957) followed cellulose synthesis using partial homogenates of A. xylinum. The 

experiment conducted was a confirmation that the quantity of intact cells in the 

experiment was negligible (Colvin et al. 1957). Glaser and coworkers, for the first time 
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reported that a particulate fraction of A. xylinum is functional and it synthesizes cellulose 

using the substrate uridine diphosphoglucose (Glaser 1958). The particulate was later 

confirmed to be a membrane fraction. The product formed was identified as alkali-

insoluble D-glucan. Later Colvin in 1980 was able to repeat Glaser’s experiments and 

further characterize the product as β-1, 4-D-glucan. They also found that magnesium is 

required for optimum activity. The cellulose biosynthesis pathway is shown in Fig 3.2. 

 

 
Figure 3. 2: Chemical pathway of the formation of the substrate for cellulose 

biosynthesis, UDP-glucose (Uridine diphosphoglucose) and then finally conversion to 

cellulose. The intermediate enzymes are identified over the reaction arrows.  

 

 Adenosine triphosphate (ATP) is required for the conversion of glucose to 

glucose-6-phosphate and uridine triphosphate (UTP) is required for the formation of 

UDP-glucose (uridine diphospho glucose) (Ross et al. 1991). Higher levels of in vitro 

cellulose activity were achieved by recognizing that a soluble protein factor enhanced the 

synthesis in the presence of GTP (Aloni et al. 1982). Later the protein was called 

GLUCOSE Glucose-6-phosphate 

Glucose-1-phosphate UDP-Glucose 

CELLULOSE 

Glucokinase  
 
         ATP 

Phosphoglucomutase 

UDP-glucose pyrophosphorylase 
 
             UTP 

Cellulose synthase 
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cellulose synthase activator (CSA) and was chemically identified (Ross et al. 1985). Ross 

also isolated the activated form of GTP in pure form. 

 Data from in vitro cellulose synthesis experiments suggest that the cellulose 

synthesis protein is a membrane protein involved in the transfer of cellulose oligomers 

from a lipid carrier to the growing cellulose chain (Matthysse et al. 1995).The 

probabilities that regions of the predicted cellulose synthesizing proteins are located in 

the membrane were estimated by using the ALOM program for detecting membrane-

spanning proteins (Klein et al. 1985). Three very different hypotheses for the 

arrangement of cellulose synthesizing proteins and secretion of the cellulose fibrils were 

made. The first one consisted of an association-dissociation hypothesis (Colvin et al. 

1957). This idea suggested that short chains of β-1,4-D-glucans were synthesized at the 

cell surface in A. xylinum, or by the Golgi apparatus in the higher plants, transported to 

the extracellular environment, associated with pre-existing cellulose microfibrils, and 

finally crystallized to increase the dimension of the of the crystallite. This premise was 

inspired by Colvin's concept of cellulose synthesis requirements (Colvin et al. 1957). The 

second hypothesis was that of  Roelofson in late 1950’s who hypothesized that the 

cellulose microfibrils are synthesized by the terminal complexes situated on the cell 

surface of the cells (Roelofsen 1958; Roelofsen 1959).   

 The third hypothesis was the ordered granule hypothesis presented by Preston in 

1964. It suggested that the ordered granule bands were the sites for cellulose chain 

synthesis. The microfibril-associated terminal particles were observed in the plasma 

membrane for variety of plants and gram negative bacteria (Brown & Montezinos 1976; 

Brown 1985). These particles were considered to be cellulose synthases enzymes in 

conjunction with a pore for extrusion of cellulose product. In the “ordered-granule” 
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hypothesis the glucose is added to the growing chain proximal to the cellulose synthase 

thus achieving a high degree of polymerization (Preston 1964).  

 Based on the experiments by using optical brighteners Brown’s group in 1980, it 

was suggested that the polymerization and crystallization are coupled to function 

optimally together. The experiments involved the use of fluorescent brightening agents 

which caused the uncoupling of the cellulose crystal structure. The altered cellulose did 

not have any normal ribbon morphology, but instead, sheet like structures were formed.  

When the brightening agent was removed, the sheets collapsed into ribbons which gave a 

cellulose I X ray diffraction pattern. Crystallization was cell directed step and was 

understood as the cellulose synthesis rate determining state (Benziman et al. 1980).  

 

Cellulose synthase localization  

 The first visualization and localization of cellulose synthase component was given 

by Brown and Montezinos in 1976. They first discovered a plasma membrane particle 

complex associated with the ends of cellulose microfibrils in the alga Oocystis apiculata. 

This complex was seen as a linear multimeric structure, termed a linear terminal complex 

(TC), and consisted of three rows of subunit particles. The complex was associated with 

microfibrils, as clearly evidenced by freeze- fracture impressions of microfibrils leading 

from the complex (Brown & Montezinos 1976). Followed by this was the visualization of 

the rosettes, a cluster or rosette of six particles, in Zea mays (Mueller & Brown 1980). 

The presence of the complex was found in the P-face of the freeze fractured plant cells. 

The association of a rosette with the tip of the microfibril suggested the microfibril 

synthesis function of the rosettes.  Since this time, numerous studies have implicated 

rosette TCs or rosettes in cellulose microfibril assembly. This was followed by work from 
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Kimura and his group which independently confirmed the biochemical approach of 

linking the rosette TCs with the catalytic subunit for cellulose assembly. The 

investigation confirmed by using immuno - cytochemical labeling of proteins attached to 

the freeze-fractured replicas to confirm the localization of cellulose synthase component 

in the rosette TCs (Kimura et al. 1999).  

 The gram negative bacterium G. xylinus is unique in a way in that it secretes a 

twisted ribbon of bundles of cellulose microfibrils from the longitudinal axis of the 

bacterial cell. The extracellular secretion of pure cellulose indicates the presence of pores 

on bacterial cell surface. It is clearly very important to establish the current location of 

the entire TC complex protein in G. xylinus. This localization will greatly influence the 

models of polymerization and crystallization of the secreted cellulose. The model is also 

important for the future isolation of the whole cellulose synthesis complex. The presence 

of pores on the lipopolysaccharide membrane of the G. xylinus cells was first observed by 

Zaar (1979). The E and P faces of the freeze fractured LPS membrane had earlier 

revealed a linear array of pores on the longitudinal axis which were confirmed to be the 

sites of cellulose synthesis (Brown & Montezinos 1976). The visualized pores have a 

diameter of 120-150A and a central hole of 35A to function as the secretion sites for the 

cellulose microfibril (Zaar 1979). From this ultrastructural evidence a model of cellulose 

synthesis was proposed that included cellulose synthase being located in the outer 

membrane or the cell envelope (Brown et al. 1976). Following this, experiments were 

done which employed the enzymatic and structural markers to determine the identity of 

each membrane fraction. Outer and cytoplasmic membranes were isolated by 

discontinuous sucrose density ultracentrifugation. β-1,4-Dglucan synthesis activity was 

monitored from each membrane fraction and was predominantly located in the 

cytoplasmic membrane (Bureau 1987). 
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 The cellulose synthase operon in A. xylinus consists of three important genes 

acsAB, acsC and acsD. The investigations led by Saxena et al have shown that the first 

gene acsAB codes for cellulose synthase. The enzyme is synthesized as a polypeptide 

with molecular mass of 168kDa that carries both substrate binding and activating sites. 

The AcsC polypeptide was found to be homologous to the bacterial proteins that are 

components of membrane channels or pores. The acsD gene is supposedly involved in the 

crystallization of the secreted cellulose product (Saxena et al. 1994). Crystallization is the 

rate limiting step of the coupled polymerization and crystallization process for A. xylinum 

(Benziman et al. 1980) 

 Understanding of the structure and localization of AcsD has been attempted by 

several researchers in the last couple of years (Hu et al. 2010; Iyer et al. 2011). The 

structural understanding of the AcsD protein was done by tagging the N and C terminus 

of the gene with His6 tag and in the complex with cellopentaose. The extrapolated 

structure of AcsD protein was found to have an exquisite cylinder shape with a right 

handed twisted diameter interface on the cylinder wall, forming an octameric functional 

complex. The localization of AcsD protein was biochemically characterized by Iyer and 

colleagues in 2011. The AcsD protein was heterologously expressed in Escherichia coli 

and purified using histidine tag affinity methods. The protein was biochemically localized 

to the periplasmic region of the bacteria. Marker enzyme assays were also performed to 

assess the purity of the fraction obtained from the cells.  

 The experiments done until now have always localized AcsD protein through a 

heterologous system using other organisms like E.coli. However, the acsD gene is not 

present in E. coli and therefore its valid expression is being doubted for conclusive 

experiments. Hence, it is clearly very important to establish the current localization of 
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AcsD protein in G. xylinus, since its position in the membrane will greatly influence the 

models of polymerization and crystallization of the cellulose product. 

 The goal of this study has been to determine the localization of the AcsD protein 

in G. xylinus cells. This is the first time the localization was attempted by using G. 

xylinus cells alone and not involving any other gram negative bacteria like E. coli for 

identification. Different components of the bacterial cell were isolated. The components 

were run on SDS-Polyacrylamide gel electrophoresis, followed by Coomassie blue 

staining or Western blotting. The complements strains acsD
NGFP

 and acsD
CGFP

 cells were 

used for the localization experiment. The anti-GFP antibodies were used to perform the 

western blotting.   

 The technique used for the efficient separation of the cell envelope was the 

isopycnic sucrose density centrifugation technique. Different subcellular fractions were 

obtained by cell lysis and membrane purification system. The purity of the fractions 

obtained was assessed by three different marker enzyme assays.  

 

3.2       Results 

 The localization of the protein AcsD inside the bacteria called for tagging of the 

gene product with a fluorescent tag, which is useful for direct visualization and also 

western blotting using GFP-antibodies. The specific complement strains were made 

which consisted of GFP gene in the N terminal and C terminal of the AcsD protein (Fig 

2. 4). Five different extracts: whole cell extract, cytoplasmic extract, inner membrane 

extract, periplasmic extract, and, the outer membrane extract were purified from the two 

strains acsD
NGFP

 and acsD
CGFP

. Whole cell extract of wild type AY201 was also prepared 

as a negative control. Recombinant GFP was used as positive 27KD control. The 
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Coomassie staining after the SDS-PAGE was done to detect the presence of 44KD band 

comprising of 27KD GFP protein band + 17KD AcsD protein band. Fig 3.3 shows the 

Coomassie staining of both acsD
NGFP

 and acsD
CGFP

. The 44KD protein band was detected 

in the whole cell extract, total membrane extract and periplasmic extract for both the 

acsD
NGFP

 and acsD
CGFP

. The acsD
NGFP

 showed the presence of 44KD band in the inner 

membrane and the cytoplasmic extract of the cell, but the acsD
CGFP 

did not show presence 

of this specific band in any of the cell extract except the periplasm. 

 The western blot as shown in Fig 3.4 confirms the presence of 44KD band as the 

one which showed the binding to the primary and secondary antibodies. The western 

blotting helped in confirming the periplasmic localization of AcsD protein in the 

acsD
CGFP 

complement strain. The western blotting also showed the presence of bands in 

all the cell extracts for the acsD
NGFP 

strain. The strain acsD
NGFP 

was considered as a 

partial complement for the acsD gene mutant producing two times less cellulose than the 

wild type. The acsD
CGFP 

strain on the other hand was able to secrete equal amounts of 

cellulose as compared to the wild type. 

 The SDS-PAGE experiments were continued for both the strains along with the 

recombinant GFP protein as a positive control and the AY201 whole cell extract as a 

negative control. The Figures 3.6 A and B show the Coomassie staining and Western 

blotting of SDS-PAGE of acsD
NGFP

 on a 12% resolving gel.  The positive control- 

recombinant GFP was added to one of wells of the gel along with the bacterial cell 

components. The presence of the GFP tags to the protein was detected in some of the 

components of the acsD
NGFP

 strain. The western blot shows the detection of the protein in 

the periplasm, inner membrane and the cytoplasmic extract.  The protein was not detected 

in the outer membrane extract. The GFP positive control also shows a band at 

approximately 27KD.  
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 Figures 3.7 A and B show the Coomassie staining and western blotting of SDS-

PAGE of acsD
CGFP

 on a 12% resolving gel. The negative control, the whole cell extract 

of wild type AY201 cells, was added to one of the wells of the gel. The protein was not 

detected in the outer membrane, inner membrane and the cytoplasmic extract of the 

acsD
CGFP 

strain unlike the acsD
NGFP

 strain. The wild type AY201 whole cell suspension 

did not show any presence of the GFP tagged protein in the culture which acted as a 

negative control.  

 The marker enzyme assay test for the assessing a particular sample was done for 

cytoplasm, periplasm and inner membrane. The tests performed were for quantitative 

estimation of the enzymes malate dehydrogenase, alkaline phosphatase, and succinate 

dehydrogenase. The table below shows the value of enzyme activities in nmol/min/mg of 

protein.  

 

Table 3. 1: Marker enzyme assays for sub-cellular fractions. Protein concentrations were 

measured by Lowry method. (Lowry et al. 1951). 

 

 Outer 

membrane 

Inner 

membrane 

Periplasmic 

fraction 

Spheroplast-

cytoplasmic 

extract 

alkaline 

phosphatase 

3 40 360 57 

succinate 

dehydrogenase 

22 440 70 30 

malate 

dehydrogenase 

2 51 80 550 
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40KD 
40KD 

acsD-NGFP 

 

 

Figure 3. 3: SDS-PAGE of the isolated membrane fractions of acsD-NGFP and acsD-

CGP on a 8% resolving gel. Crude extraction preps were run thru the SDS-Page set up 

and checked for the presence of 44KD band in all the extracts. Lane 1: Total membrane 

crude fraction, lane 2: TM fraction, lane 3: Outer membrane, lane 4: Inner membrane, 

lane 5: Inner membrane, lane 6: Periplasmic extract, lane 7: Total Cell extract, 8: Total 

cell extract(1:2 diluted). The last lane is ladder for the molecular marker proteins showing 

the bands from 15KD-130KD.  
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Figure 3. 4 : SDS-PAGE of the acsD-CGFP- A: Commassie blue staining of the extract. 

B: Western Immuno-blotting of the extract from acsD-CGFP. Lane 1: Inner membrane, 

Lane 2: inner membrane, Lane 3: Periplasmic extract, Lane 4: Total cell extract, and 

Lane 5: Total cell extract (1:2). 
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Figure 3. 5: Western Immuno-blotting of the acsD-NGFP and acsD-CGFP extracts. Lane 

1: Molecular weight markers, Lane 2: acsD
CGFP

 total membrane, Lane 3: acsD
CGFP

 

Spheroplasts extract, Lane 4: acsD
CGFP

 Whole cell extract,  Lane 5: acsD
CGFP

 total crude 

membrane extract, lane 6: acsD
NGFP

 Whole Cell extract, Lane 7: acsD
NGFP

 Total 

membrane, Lane 8: acsD
NGFP

 Spheroplast extract, lane 9: acsD
NGFP

 total crude 

membrane. 
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Figure 3. 6: SDS-PAGE of acsD
NGFP

 on a 12% resolving gel. A: Commassie staining and 

B. Western Blotting of the SDS-PAGE. Lane 1: Protein markers, Lane 2: Outer 

membrane extract, Lane 3: Periplasmic extract, Lane 4: Inner membrane extract, Lane 5: 

Cytoplasmic extract and Lane 6: Positive GFP control. 
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    1        2              3             4                

5            

    1        2              3             4                5            

A B 

 

Figure 3. 7: SDS-PAGE of acsD
CGFP

 on a 12% resolving gel. A: Commassie staining and 

B. Western Blotting of the SDS-PAGE. Lane 1: Outer membrane extract, Lane 2: 

Periplasmic extract, Lane 3: Inner membrane extract, Lane 4: Cytoplasmic extract and 

Lane 5: AY201 Whole cell extract- Negative control. 
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3.3      Discussion 

 Partial separation of the outer and inner cytoplasmic membranes of E. coli was 

first reported in 1969 which employed isopycnic centrifugation of membranes derived 

from conventional lysozyme-EDTA spheroplasts (Mura & Mizushima 1969). Techniques 

for the separation of the membranes have always been based on the isopycnic sucrose 

density centrifugation of the total membrane fractions obtained by rupture of the bacteria 

either in a French press cell or by lysis of spheroplasts. The French press was a 

convenient mode of disruption for E. coli while avoiding lysozyme to obtain an intact 

peptidoglycan layer (Schnaitman & Greenawalt 1968). This method by Schnaitman was 

earlier followed, but it was discovered that it was not applicable to G. xylinus and hence 

modifications like addition of lysozyme and use of sonication instead of French press was 

preferred. The protein we were detecting was shown to be localized in the periplasm, and 

using French press which ruptured the whole cell, it was very difficult to isolate pure 

periplasmic proteins without getting contaminated by other membrane components.  

 The procedures described until now were developed for use with E. coli, and was 

never tried on G. xylinus. For the first time we have described a modification of the 

technique of Osborn and Munson (1974). This technique seemed to be generally 

applicable to all the gram negative enteric bacteria which permit a reproducible isolation 

of the inner and the outer membrane fractions with great yield and purity.  

 The purity of the isolated membrane is critically dependent on the good 

spheroplast formation.  There are several critical factors on which the spheroplasting 

depends, such as avoiding a rich medium used to grow the cells and pre-exposure of the 

cells to Tris buffer. The resulting spheroplasts from the above preparations give an 

incomplete membrane separation and prematurely lysed rod-shaped ghosts as well as 
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intact rods. Addition of lysozyme makes the cell osmotically fragile, but they retain their 

rod shape. The concentration of lysozyme is also very critical and varies with a particular 

organism and growth condition. Lysozyme concentrations between 50-100µg/ml were 

used to achieve optimum spheroplasting.  During the preparation of spheroplasts the 

dilution was controlled and adjusted at 1drop/sec, which is sufficiently slow to avoid 

local hypotonicity and premature lysis.  

 For G. xylinus cells sonication turned out to be the appropriate choice for 

satisfactory and reproducible results of cell fracture. The component of interest was not 

inactivated if the sonication times were continued. The sonication time was found to be 

very critical for isolation of the membranes as mentioned earlier (Osborn & Munson 

1974). The suspension during sonication is cooled down in salt and ice bath to maintain 

the temperature. Prolonged sonication was avoided to prevent the formation of artificial 

hybrids between the membranes. Suspension is sonicated three times for a one minute 

period at 30KC Sonifier, with a one minute cool down time for the cells. Exact method is 

presented in the methods section of the same chapter.  

 The membranes in the sucrose density centrifugation were separated into four 

membrane bands: L1 (inner membrane), L2 (also the inner membrane), M (minor band at 

intermediate density) and H (outer membrane).  Around 200ml of culture can produce 

1.5mg of total membrane fraction. The separation of the membranes was also affected by 

the magnesium content or any other divalent cations to the membrane at any point in the 

procedure. The addition of magnesium resulted in an extremely low separation of the 

membrane bands and also the material recovered from the total membrane fraction was 

often in the M band position due to magnesium addition.  

 The major setback in membrane preparation was the degradation of the protein. 

For a long time we could not get rid of the degradation of the protein. The samples when 
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run through the SDS-PAGE gel revealed the presence of one original band at 44KD and 

other one a 27KD as shown in Fig: 3.8. The figure depicts the presence of degraded 

protein band in all the lanes where the protein was expressed.     

 

 

Figure 3. 8: PAGE-Western blotting showing the presence of the double bands in the 

lanes for acsD
CGFP

 and acsD
NGFP

strains. Lane 1: Protein marker lane, Lane 2: acsD
CGFP 

Inner membrane extract, Lane 3: acsD
CGFP 

periplasmic extract, Lane 4: acsD
CGFP 

cytoplasmic extract, Lane 5: acsD
NGFP

 Inner membrane extract, Lane 6: acsD
NGFP 

periplasmic extract, Lane 7: acsD
NGFP 

cytoplasmic extract, Lane 8: AY201 cytoplasmic 

extract as negative control 

 It was discovered that the presence of the double bands was due to protease 

action. The protease inhibitor tables (Sigmafast, Cat # S8820, Sigma) was incorporated at 

almost all the levels in the extraction process. The groups of exo and endo proteases are 

integral parts of the cell. These proteases are regulated and compartmentalized in the 

living cell but cell lysis releases them, and their activity leads to a loss of protein and 

1    2     3     4     5     6      7   8     

8 
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affects downstream applications. By adding the protease inhibitor cocktails to all the lysis 

buffers and the extraction buffers to inactivate the proteases, the protein degradation was 

completely avoided, this is seen while comparing figure 3.8 to 3.6.  

The Proposed Model of the AcsD protein function in G. xylinus  

 The goal of the entire experiment was to localize the AcsD protein with the 

assistance of a GFP tag. The GFP protein was co-expressed with the AcsD protein and 

hence the detection with GFP antibodies in western blot was helpful to localize AcsD 

protein. The protein was localized in the periplasmic extract of the true complement 

strain acsD
CGFP

. This was also earlier confirmed by Iyer and group in 2011. The protein 

was seen in the inner membrane, cytoplasmic extract and the periplasmic extract of the 

partial complement, acsD
NGFP

. The true complement helped us localize the protein in the 

bacteria. Cellulose synthesis and arrangement of pore proteins for efficient cellulose 

synthesis was not suggested by these experimental results. All the proteins that come 

together to form a pore complex (or TC) have not been deciphered until now for this 

bacterium G. xylinus. It has been experimentally proved that the cellulose synthesis 

operon is involved in formation of pore complex for efficient and maximal cellulose 

synthesis (Saxena et al. 1994). Although a high probability exist that there might be other 

proteins involved in the formation of TC unit, whose interactions with respect to each 

other are not known.  The presence of the AcsD protein in the periplasmic extract of the 

cells is just an indicator of its localization and gives no clue about its exact location or 

presence within the pore complex.  

 The cellulose synthesis operon consists of three genes acsAB, acsC and acsD 

expressing functional proteins involved in the formation of TC units. The presence of the 

AcsD protein is seen in the periplasm from the localization assays. This results aids to 
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model the three putative arrangements shown by the AcsD protein in the cell Fig 3.9. The 

three models are labeled as 1, 2, and 3. The first model shows the localization of the 

AcsD as a linker forming a channel connecting the AcsAB and AcsC proteins. The 

second model shows the arrangement of the AcsD in the periplasm but not in the path 

between the AcsAB and AcsC proteins but as an additional protein binding the AcsAB 

and AcsC together. This second model might also involve an unknown protein which 

forms the channel between the AcsAB and the AcsC proteins. The third model shows a 

possibility that the channel formed between AcsAB and AcsC does not require the 

presence of any external protein, the C proteins interact with each other and the whole 

system is glued by the presence of AcsD proteins in figure 3.9. 

 

 
 

 

Figure 3. 9: shows the models for different putative arrangements of the periplasmic 

AcsD protein. 1. shows the AcsD component as a part of the channel which helps the 

interaction of AcsAB and AcsC proteins. 2. shows the presence of an unknown protein 
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which might form the channel for the AcsAB and AcsC interaction and the AcsD gene 

can be a linker gene. 3. shows the AcsD protein again as a linker protein where the 

interaction between AcsAB and AcsC proteins do not require any other gene products.   

 

 From earlier observations by Haigler, et al (1982), three terminal complexes with 

their pores are required to produce a single crystalline cellulose microfibril. Linear arrays 

of the tri-complexes produce the bundles of micro fibrils (Haigler 1982). So, showing one 

of the models as a group of 9 functional subunits, we propose a large scale observation of 

this arrangement in the bacterial system. 

 

 

 

  

Figure 3. 10: shows the presence of a linear mini row of TC consisting of 9 subunits and 

a model showing one of the possible localization pattern for the AcsD protein.  
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3.4      Material and Methods: 

Strains and Culture conditions 

 Three different strains acsD
CGFP

, acsD
NGFP

, and Wild type-AY201 were used for 

the fraction isolation experiments. The growth medium used was 100ml SH medium with 

0.5% cellulose. The cultures were grown at 28°C with 140rpm to a density of 

approximately 5*10
8
bacteria/ml, A600= 0.7-0.8. The cells were immediately harvested by 

centrifugation at 12,000rpm for 15 minutes at 4°C. The cell pellet formed inside the 

centrifuge bottles was carefully removed.  

 

Isolation of spheroplasts and obtaining the cytoplasmic extract 

 The cell pellets obtained were rapidly suspended in 10mM-Tris containing 0.75M 

sucrose pH 7.8 to a final concentration of 10
9
cells/ml. The procedure for isolation of 

spheroplasts was followed from the Methods in Enzymology, volume 31 with some 

changes (Osborn & Munson 1974). Lysozyme was added to the suspension at a volume 

of 0.05ml/ml of suspension from a 2mg/ml stock. Twice the volume of 1.5mM EDTA 

was added to the cell suspension at a constant rate over a period of 8-10 mins by using a 

peristaltic pump. The suspension constantly swirled and kept in ice-water bath and EDTA 

was delivered inside the surface of the liquid. The suspension obtained consists of 

spheroplasts. To avoid local hypotonicity, during the preparation of spheroplasts the 

diluents were added inside the surface of the suspension liquid. Vigorous agitation and 

bubbling of air in the suspension is avoided in order to minimize premature lysis.  

 Spheroplasts were lysed by brief sonication. The suspension is sonicated in 20ml 

aliquots in a cellulose nitrate tube. The whole tube with the suspension is immersed in 
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ice-salt bath suspension and the suspension is sonicated for 3times for a one minute 

period at 30KC Sonifier. The suspension is cooled for a minute between the sonication.  

The sonicated suspension was centrifuged at low speed for 5-7 mins to remove any 

unlysed cells. The supernatant consists of a membrane fraction and the cytoplasmic 

extract. The supernatant is centrifuged at 40,000rpm for 4 hours at 2°C to obtain a 

membrane pellet. The supernatant was collected as a cytoplasmic extract. 

 

3.4.1 Isolation of the membranes 

 The membrane pellets were carefully suspended in a small volume of ice-cold 

3.3mM-Tris containing 1mM EDTA and 0.25M sucrose, pH 7.8, with a syringe and 

diluted to the original spheroplast suspension. The suspension was again centrifuged for 2 

hours at 40,000rpm as before to obtain the total membrane (TM) fraction. The TM 

fraction is then suspended in cold 25% sucrose solution containing 5mM EDTA, pH 7.5, 

for separation of membranes by sucrose density gradient centrifugation.  

 The TM suspension was layered on a 30-50% sucrose gradient and centrifuged to 

equilibrium. The Beckman centrifuge and SW41T rotor was employed for the 

centrifugation. The sucrose step gradients were prepared by layering 2.1ml each of 55%, 

50%, 45%, 40%, 35%, and 30% in a cellulose nitrate tube. Around 0.8-1ml of membrane 

suspension was layered on the top of the tube. The tube was usually filled till the rim or 

sometimes only 1-2mm on the top of the tube space was left unfilled. The tubes were 

centrifuged for 16 hours at 45,000rpm at 2°C. Protein content of the membrane 

suspension was measured with the help of Bradford reagents before loading it on the top 

layer. Approximately 1-1.5mg/ml of the membrane protein is loaded.  
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 Gradients were collected by removal of material from the top of the tube using a 

coarse needle. The discreet bands were recovered from the fractions by diluting the 

suspension with 1mM EDTA pH 7.5, followed by centrifugation at 40,000rpm for 2 

hours.  

 

3.4.2 Analysis of the membrane fractions 

Four discreet membrane fractions were obtained by this technique. The localization of the 

enzyme activities in the fractions were performed for all the fractions obtained. The 

enzymatic activity of Succinate dehydrogenase, Malate dehydrogenase and Alkaline 

phosphatase was performed and their extinction coefficient were measured to confirm the 

presence of the enzymes in a particular fraction.  

 

3.4.3 Isolation of the periplasmic fraction  

The isolation of the periplasmic fraction including the proteins was performed using the 

PeriPreps™ Periplasting Kit from Epicentre (Cat. No. PS81100). The use of this kit 

facilitated the release of proteins contained within the periplasmic space of E. coli cells 

by combining digestion of the cell wall using Ready-Lyse™ Lysozyme with osmotic 

shock. The manufacturer’s protocol was followed to isolate the periplasmic fraction. 

 

3.4.4 Electrophoresis and staining 

To identify and isolate the proteins present in the obtained fractions, Sodium dodecyl 

sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) was performed. The experiment 

was performed as described by Laemmli  with some modifications (Laemmli 1970). The 

protein samples were mixed with equal amount of sample buffer containing 4% SDS and 
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10% 2-mercaptoethanol in a 1.5ml thin micro centrifuge tubes. The samples were then 

incubated at 30°C for 30 mins, cooled and centrifuged and loaded with a syringe. The 

stacking and the resolving gel had a final acrylamide (Bio-Rad) concentration of 4% and 

10% respectively and the bis-acrylamide (Bio-Rad) concentration of 2.7%. The Nupage 

Novex 10% Bis-Tris Gel (Catalogue# NP0301) was used occasionally with MES buffer 

system. The samples were electrophoresed for 4 hours at 90V. The gels were stained with 

0.125% Coomassie brilliant blue R-250 (Bio-Rad), 50% methanol and 10% acetic acid 

for one hour. Staining was followed by overnight de-staining with 7% acetic-acid and 5% 

methanol.  

 

3.4.5 Immuno-blotting 

For western blotting the protein samples were transferred from gels to nitrocellulose 

membrane (Bio-rad,Cat # 162-0114), using a Bio-Rad Semi Dry transfer cell for 1 hour at 

15V. The membrane was then completely dried and the blots were performed using 

enchanced GFP chemiluminescent (ECL) detection kit (Roxland immunochemicals, 

catalogue#KCA215). The procedure was followed as per manufacturer’s protocol unless 

otherwise stated 

 

3.4.6 Enzyme assays 

The purity of the membrane fractions was assessed by marker enzyme assays. 

Succinate Dehydrogenase 

Succinate dehydrogenase activity was assayed according to the methods described by 

Anwar et al. (1983). The reaction mixture contained 60 mM sodium phosphate buffer 

(pH 7.2), 10 mM potassium cyanide, 10 lg phenazime methosulfate, 20 lg 
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dichlorophenol-indolphenol (DCIP), 25 mM sodium succinate and cellular fraction 

containing 100 µg protein in a total volume of 1 ml. The decrease in absorbance at 600 

nm was monitored for 10 min at 25°C and specific activity calculated using extinction 

coefficient of DCIP, e = 13 mM
-1

 cm
-1

 (Iyer et al. 2011) 

 

Alkaline phosphatase determination 

Alkaline phosphatase activity was assayed by modification of the procedure described by 

Garen and Levinthal (1960). The increase in 410 nm absorbance corresponding to 

hydrolysis of p-nitrophenyl phosphate (PNP) to p-nitrophenol was monitored in a 

reaction mixture composed of 0.1 ml of the cellular fraction, 0.003 mM PNP and 1.5 M 

Tris–Cl buffer pH 8.0. The change in absorbance was recorded for 5 min and the specific 

activity in (units/mg) was calculated using the formula  

∆A(410nm)*1000/ 1.62*104*mg enzyme/ml reaction mixture 

extinction coefficient (e) of p-nitrophenol as 16.7 mM
-1

 cm
-1

 (Iyer et al. 2011). 

   

Malate dehydrogenase 

For malate dehydrogenase assay (de Maagd and Lugtenberg 1986), the decrease in 340 

nm absorbance due to oxidation of NADH was monitored in a 1 ml assay mixture 

composed of 50mM tris-Hcl(ph8.0), 50mM MgCl2, 5mM  2-mercaptoethanol, and 1mM 

EDTA, 100 lL of the subcellular fraction. The reaction was initiated by addition of 25 lL 

of 6 mM oxaloacetic acid. Specific activity of the enzyme was calculated using extinction 

coefficient for NADH, e = 6.2 mM-1 cm-1 (Iyer et al. 2011). Using the formula: 

∆A(340nm)/ 6.22*mg enzyme/ml reaction mixture gives the specific activity of the 

enzyme. 
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CHAPTER 4: SUMMARY 

 

4.1   Cellulose synthesis and comparisons with other known bacteria 

The characterization of cellulose biosynthesis in other bacteria gives some insight 

into the minimum requirements for cellulose production. The genes acsA and acsB are 

conserved in all known proteobacteria operons encoding proteins for cellulose 

biosynthesis (Römling 2002). Although these enzymes are necessary for cellulose 

synthesis in the Enterobacteriaceae, they are not sufficient to this end. It is known that the 

cellulose synthase operon is constitutively transcribed in E. coli, yet cellulose is only 

produced only under specific conditions (Zogaj et al. 2001). This process is tightly 

controlled by regulatory proteins that contain the conserved GGDEF and EAL motifs 

associated with diguanylate cyclases and phosphodiesterases(Tal et al. 1998).   

The cellulose produced by E. coli and Salmonella spp. appears as a noncrystalline 

aggregation of glucan chains in close association with hydrophobic fimbriae constituting 

the extracellular matrix of the rdar multicellular morphotype ((Römling 2002). Therefore, 

in addition to regulatory and catalytic proteins, other yet unidentified components 

necessary for the production of a crystalline cellulose product must exist. It is likely that 

the regular alignment of pores that make up the terminal complex of the cells of A. 

xylinum is also critical for optimum crystallization (Zaar 1979; Saxena et al. 1994). It is 

important to note that unlike the products observed in E. coli and Salmonella spp. which 

encase the cells in a cocoon-like structure (unpublished observations, this laboratory), 

contact of an A. xylinum cell to its product is generally limited to the unilateral secretion 

sites oriented parallel to the long axis (Brown et al. 1976). The fact that E. coli and 
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Salmonella spp. cells are embedded in their extracellular matrix connotes a randomly 

dispersed rather than a discrete, orderly, and aligned orientation of secretion sites on the 

cell surface. The arrangement of the linearly organized functional secretion sites is 

necessary for crystallization of the secreted product. 

It is important to note that even in acsD mutants of G. xylinus which produce 

crystalline cellulose II in addition to cellulose I, a linear row of cellulose synthesizing 

pores is still observed with freeze fracture experiments (Saxena et al. 1994). Although a 

precise arrangement of the pore offsets and the functionality of all the pores was never 

studied. Based on these observations, it becomes obvious that any successful attempt to 

augment cellulose biosynthesis in G. xylinus or to achieve synthesis of cellulose I product 

in a transgenic system must take into account the intricacies of crystallization as well as 

the catalysis of the β 1, 4 glucan polymer. To understand crystallization the putative gene 

responsible for cellulose crystallization (the acsD gene) in the most prolific organism G. 

xylinus was studied.  The acsD gene in the cellulose synthesis operon of G. xylinus has 

been considered as a crystallization gene as shown by Saxena et al. in 1994.  In this 

mutant, a low quantity of cellulose synthesis in stationary cultures and a crystallization 

defect in the shaking cultures was observed for the acsD gene mutants.  

 

4.2 The microbe Gluconacetobacter xylinus 

Although the ultimate goal of this project is to understand the functionality of the 

acsD gene in G. xylinus, an obvious first step is to completely knock out the acsD gene 

and perform a complete phenotypic analysis of this mutant. The earlier concept to 

understand the acsD gene function was to recognize the crystallization process. Results 
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from this work have led us to consider alternative functions for the acsD gene. The 

phenotypic analysis of the acsD gene mutant gave us an unexpected direction. 

The major functions of the AcsD protein can be inferred from two different 

models based on the protein localizations and the observations from the phenotypic 

studies. 

 

A. LOCALIZATION OF THE ACSD PROTEIN 

The AcsD protein was found in the periplasm of the cell extract with western 

blotting analysis. The presence of the AcsD protein in the periplasmic extract of the cells 

is just an indicator of its localization and gives no clue about its exact location in 

association with TC subunits or its presence within the pore complex. Three different 

models can be generated with this data (Fig 4.1). The proposed models are discussed 

here. 

The first model shows the localization of the AcsD as a linker forming a channel 

connecting the AcsAB and AcsC proteins. The second model shows the arrangement of 

the AcsD gene protein in the periplasm but not in the path between the AcsAB and AcsC 

proteins but as an additional protein binding the AcsAB and AcsC together. This second 

model might also involve an unknown protein which forms the channel between the 

AcsAB and the AcsC proteins. The third model shows the possibility that the channel 

formed between AcsAB and AcsC does not require the presence of any external protein, 

the AcsC proteins interact with each other and the whole system is glued by the presence 

of AcsD proteins. 
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Figure 4.1: shows the models for different putative arrangements of the periplasmic AcsD 

protein. 

The model 1 agrees to the models presented earlier in many reports (Hu et al. 

2010; Iyer et al. 2011). The functional AcsD unit is supposed to be an octamer where the 

octamerized ring forms the channel for the efficient transport of cellulose (Hu et al. 

2010). The 2nd and 3
rd

 models shown are proposed here for the first time by looking at 

the data and the facts that were overlooked by the earlier model 1. The arrangements also 

confer the idea that the presence of the AcsD protein may not be a part of the whole TC 

subunit complex. It might be just an associated protein helping the whole system to lock 

in and glue together. 
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B. THE ABSENCE OF THE ACSD PROTEIN 

The AcsD protein is synthesized by the acsD gene present in the cellulose 

synthesis operon of G. xylinus. Regulated and constitutional expression of the AcsD 

protein is necessary for the maximum cellulose secretion. The phenotypic observations of 

the mutant strains lacking the AcsD gene support different models. 

The summarized phenotypic results show that the AcsD gene might act as a linker 

for connecting the offset of nine TC units that are arranged in a tight linear row.  Thus, in 

the absence of the acsD gene protein, a continuously inserted regulation of the mini TC 

row is hampered. This data is evident from the microfibril bundles that are loosely bound 

in a ribbon formation, and also discontinuous cellulose production when the cells are 

incubated at lower temperatures.  

The method of TC functioning of the cells can be explained in a simple process of 

elongation and insertion, where the new TC subunits are inserted, and the linker helps to 

complete elongation of the whole mini linear TC row. There is a sequential addition 

process of the TC units. Hence it can be assumed that all the TC units are similar; they 

are made with similar components and are inserted in a similar fashion. So the proposed 

model can be argued as the presence of the AcsD protein as a linker of the TC offset 

might not hold true.  

An alternative model is proposed which claims the AcsD  protein serves as a 

SUPER GLUE, helping to bring together the AB and C protein complexes for a 

functional TC unit. The mutant phenotypic analysis shows the presence of ribbons, 

microfibrils and bundles of microfibrils, providing evidence that says the acsD gene is 

not functioning in cellulose crystallization. Hence the model proposes the arrangement of 

the AcsD protein in the periplasmic space not as a linker for the AB and C protein but as 
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a linker to arrange the pore complexes together. The final model taking in consideration 

all the known data and the assumed arrangement of D protein can be shown in Fig 4.2.  

 

 

 

 

Figure 4.2 : shows the arrangement of the AcsD protein in the periplasmic space not as a 

linker for the AB and C protein but as a linker to arrange the pore complexes together. 
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4.3   Conclusions and future directions 

 

Although the phenotypic study suggests that the functional arrangement of the 

pores may be hampered with the acsD mutant, the precise function of the AcsD protein is 

not understood. It is very unlikely, with the results obtained, that the acsD gene is the 

crystallization gene. The acsD gene is assumed to be more of the organization or linker 

gene for the pore components helping them to arrange in a linear way to secrete the 

product.  

A great deal needs to be known about the mechanisms in place for the native 

cellulose secretion along with the TC system. It is crucial to understand the function of all 

the genes in the operon, but perhaps the issue of the most critical importance is gaining 

an understanding how the secretory machinery of G. xylinus is organized. In summary, it 

seems likely that the progress towards any more understanding of the cellulose secretion 

will coincide with our increased knowledge of all the components involved in the 

incredible production machinery found in Gluconacetobacter species. 

The acsD gene is a unique gene with its exclusive complete gene presence only in 

G. xylinus. The AcsD protein might function as super glue that promotes linearization at 

all the TC levels. There is enough evidence from different cellulose-producing organisms 

that the optimum linearization is Nature’s way to perfect the crystallization process. 

Hence in an indirect way the acsD gene might be involved in the crystallization process. 

Around 18 years ago, the function of the acsD gene was proposed to be a crystallization 

unit (Saxena et al. 1994). In fact with the acsD mutant analysis, the AcsD protein is now 

envisioned to be promoting the interaction of the cellulose with its neighbors that 

functions in over-crystallization through regulation in time and space. 
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 The offset of the mini linear TC row may be due to the physical crystallization of 

the bundle. It is a separate unit from the arrangement of the TCs. The presence of offset is 

also a way to relieve strain. It has been observed in G. xylinus that the microfibril bundles 

do twist and hence the offset’s presence is advantageous.  When all of the bundles of a 

wild type ribbon are glued together, the entire ribbon will twist, reflecting a way to 

relieve strain.  

Over expression studies can change the way we think about cellulose secretion. 

Designing a microfibril of a super crystallinity, where G. xylinus can produce the Valonia 

microfibril might be possible with an over expression of the acsD gene in wild type G. 

xylinus cells. Also the global cellulose crop from cyanobacteria might be optimized with 

expression of the acsD gene.  
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