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Abstract 27 

Cellulose is produced by all plants and a number of other organisms, including 28 

bacteria. The most representative cellulose-producing bacterial species is Gluconacetobacter 29 

xylinus (G. xylinus), an acetic acid bacterium. Cellulose produced by G. xylinus, commonly 30 

referred to as bacterial cellulose (BC), has exceptional physicochemical properties resulting in 31 

its use in a variety of applications. All cellulose-producing organisms that synthesize cellulose 32 

microfibrils have membrane-localized protein complexes (also called terminal complexes or 33 

TCs) that contain the enzyme cellulose synthase and other proteins. The bacterium G. xylinus 34 

is a prolific cellulose producer and a model organism for studies on cellulose biosynthesis. 35 

The widths of cellulose fibers produced by Gluconacetobacter are 50‒100 nm, suggesting 36 

that cellulose-synthesizing complexes are nanomachines spinning a nanofiber. At least four 37 

different proteins (BcsA, BcsB, BcsC, and BcsD) are included in TC from Gluconacetobacter, 38 

and the proposed function of each is as follows: BcsA, synthesis of a glucan chain through 39 

glycosyl transfer from UDP-glucose; BcsB, complexes with BcsA for cellulose synthase 40 

activity; BcsC, formation of a pore in the outer membrane through which a glucan chain is 41 

extruded; BcsD, regulates aggregation of glucan chains through four tunnel-like structures. In 42 

this review, we discuss structures and functions of these four and a few other proteins that 43 

have a role in cellulose biosynthesis in bacteria. 44 

45 
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Introduction 46 

Cellulose, an assembly of b-1,4-linked linear glucan chains, is the most abundant 47 

polysaccharide and biopolymer. It is used widely, without and with further modifications 48 

(such as ether and ester derivatives), in a number of industries including clothing, pulp and 49 

paper, food, pharmaceuticals, cosmetics, and building materials. Most cellulose is synthesized 50 

as a major component of the cell walls in plants, and it is estimated that between 1010 and 1011 51 

tons of cellulose is produced each year (Hon 1994). Cellulose is an environmentally friendly 52 

and circulating polymer, as plants use carbon dioxide from the atmosphere during 53 

photosynthesis to produce the raw materials for cellulose biosynthesis, and it is broken down 54 

by a number of organisms.  55 

In addition to plants, other organisms, including bacteria, produce cellulose as an 56 

extracellular polysaccharide. Cellulose biosynthesis is reported in a number of bacterial and 57 

cyanobacterial species (Napoli et al. 1975; Matthysse et al. 1981; Nobles et al. 2001; Otsuka 58 

et al. 2004; Kumagai et al. 2011; Kawano et al. 2011; Castro et al. 2013; Thongsomboon et al. 59 

2018), but it is in the acetic acid bacteria where production of cellulose is best observed and 60 

studied. Even among the acetic acid bacteria, it is Gluconacetobacter 61 

xylinus/Gluconacetobacter hansenii (referred to as Acetobacter xylinum in earlier 62 

publications, and more recently classified in the genus Komagataeibacter) (Yamada and 63 

Yukphan 2008; Yamada et al. 2012) that have been studied extensively for cellulose 64 

biosynthesis, and where maximal amount of cellulose production is observed. Both these 65 

species of Gluconacetobacter are Gram-negative, rod-shaped, obligate aerobes that are widely 66 

used for bacterial cellulose production, and are the representative cellulose-producing 67 

bacterial species. Herein, we will refer to both these species as G. xylinus.  68 

Cellulose synthesis in all organisms is catalyzed by the enzyme cellulose synthase, a 69 

transmembrane protein, that uses UDP-glucose as the substrate. In bacteria, cellulose synthase 70 
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is part of a cellulose-synthesizing machinery that most likely includes other proteins. A linear 71 

array of particles associated with cellulose synthesis was observed in G. xylinus by freeze-72 

fracture electron microscopy (Brown et al. 1976), with each particle representing a large 73 

transmembrane protein complex and the site of cellulose synthesis. That other proteins, in 74 

addition to cellulose synthase, may be part of this complex is suggested by the identification 75 

of the gene for cellulose synthase as part of an operon in G. xylinus (Saxena et al. 1990; Wong 76 

et al. 1990; Saxena et al., 1994; Nakai et al. 1998; Umeda et al. 1999; Kawano et al. 2002b) 77 

and other bacteria (Römling and Galperin 2015), and by protein-localization studies (Kimura 78 

et al. 2001; Sunagawa et al. 2013; Sun et al. 2017).  79 

The principal cellulose synthesis operons (bcs operons) in G. xylinus species contain 4 80 

genes (bcsA, bcsB, bcsC and bcsD) or 3 genes (bcsAB, bcsC and bcsD) depending on the 81 

strain of G. xylinus. These genes (and proteins) have been also referred to as cesA/acsA 82 

(CeSA/AcsA), cesB/acsB (CeSB/AcsB), cesAB/acsAB (CeSAB/AcsAB), cesC/acsC 83 

(CeSC/AcsC) and cesD/acsD (CeSD/AcsD), but from now on it is preferable to use the bcs 84 

symbol for genes in the bacterial cellulose synthesis operon, and Bcs symbol for proteins 85 

coded by genes in the bcs operon.  86 

Although cellulose synthase is the main component of the cellulose-synthesizing 87 

complex, other proteins have a role in cellulose synthesis in vivo. What are these other 88 

proteins, what role do they play in cellulose biosynthesis, and how do they interact with each 89 

other in the cellulose-synthesizing complex? Some information related to these questions is 90 

coming from structural studies, and in this review, we discuss structures of a few proteins, 91 

specifically those that are known to have a role in cellulose synthesis in Gluconacetobacter 92 

species. Even as the structure and role of individual proteins in cellulose biosynthesis is being 93 

worked out, the objective in most cases is to determine the structure of the complete cellulose-94 

synthesizing complex that performs all the events in cellulose synthesis, starting with the 95 
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addition of glucose from UDP-glucose to a growing glucan chain (polymerization) to 96 

extrusion of glucan chains across the cell envelope.  97 

Purified cellulose synthase from G. xylinus contained two polypeptides (BcsA and 98 

BcsB) (Lin and Brown, Jr. 1989), and BcsA was shown to bind to UDP-Glucose, and 99 

therefore, it was identified as the cellulose synthase catalytic subunit (Lin et al. 1990). 100 

Following identification of the cellulose synthesis operon (bcs operon) in G. xylinus (Wong et 101 

al. 1990; Saxena et al. 1994), other proteins that have a role in cellulose synthesis were 102 

identified. From analysis of mutants, it was shown that while BcsC is absolutely required for 103 

native cellulose synthesis, BcsD is not absolutely required (Saxena et al. 1994). Genetic and 104 

biochemical studies demonstrated that even as synthesis of cellulose (cellulose II to be more 105 

specific) could be carried out in vitro by just BcsA and BcsB, other protein(s) were required 106 

for synthesis of native cellulose (cellulose I) in vivo. The role of other proteins, in addition to 107 

those coded for by genes in the bcs operon, in native cellulose synthesis was suggested 108 

through analysis of mutants affected in cellulose production in G. xylinus. Interestingly, 109 

though not surprisingly, the genes for these proteins are present adjacent (both upstream and 110 

downstream) to the bcs operon in G. xylinus (Standal et al. 1994; Tonouchi et al. 1997; Nakai 111 

et al. 1998; Umeda et al. 1999; Tajima et al. 2001; Kawano et al. 2002b). Upstream of the bcs 112 

operon are two genes - one encoding endo-β-1,4-glucanase (CMCax) and the other encoding 113 

the cellulose complementing protein (Ccp) (Standal et al. 1994); downstream of the bcs 114 

operon is a gene encoding β-glucosidase (Bgl) (Tonouchi et al. 1997; Tajima et al. 2001; 115 

Kawano et al. 2002b). CMCax exhibits cellulose hydrolyzing activity (Standal et al. 1994; 116 

Kawano et al. 2002a; Yasutake et al. 2006) and its expression is induced at a later stage of 117 

growth (Kawano et al. 2008). Gene expression analyses of bgl and cmcax using real-time 118 

qRT-PCR suggest that increase in cmcax expression after 5 d cultivation is caused by an 119 

increase in gentiobiose (a β-1,6-linked disaccharide of D-glucose), possibly synthesized in a 120 

reaction catalyzed by Bgl. Earlier work showed that CMCax affects cellulose production in G. 121 
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xylinus (Tonouchi et al. 1995; Hyun Min et al. 1998; Kawano et al. 2002a); CMCax may play 122 

a role in the regulation of cellulose synthesis together with Bgl (Kawano et al. 2008). The 123 

function of Ccp in cellulose biosynthesis is not understood, but it is a protein that exists only 124 

in some cellulose-synthesizing bacteria such as Gluconacetobacter. Since Ccp interacts with 125 

BcsD, it is speculated that it plays a role in cellulose synthesis in collaboration with BcsD 126 

(Sunagawa et al. 2013). 127 

The first report of structure determination of a protein coded for by a gene in the bcs 128 

operon of G. xylinus was that of BcsD (Hu et al. 2010). Since then, structures are obtained of 129 

protein complexes from other organisms capable of in vitro cellulose synthesis, namely the 130 

BcsA-BcsB complex from Rhodobacter sphaeroides (Morgan et al. 2013), and the 131 

BcsABEFRQ (Abidi et al. 2021) and BcsABEFGRQ complexes (Acheson et al. 2021) from 132 

Escherichia coli. Crystal structures have been obtained of the N-terminal part, containing the 133 

TPR-domain, of BcsC from Enterobacter sp. CJF-002 (Nojima et al. 2017), and the C-134 

terminal pore-containing domain of BcsC from E. coli (Acheson et al. 2019). In addition, 135 

structures of BcsZ from E. coli (Mazur and Zimmer 2011) and CMCax from G. xylinus 136 

(Yasutake et al. 2006) are known. Given the possible function(s) of some of these proteins 137 

and their known structures in a few cellulose-producing organisms, the emerging picture is 138 

that the cellulose-synthesizing machinery in bacteria may be much more diverse than 139 

originally thought of.  140 

Although G. xylinus is the major cellulose-producing bacterium in nature, only a few 141 

proteins with a role in cellulose biosynthesis from this bacterium have been characterized 142 

structurally. At the same time, a wealth of information at the microscopic level is available on 143 

cellulose biosynthesis in this bacterium. One of our objectives is to understand the protein 144 

components at the sites of cellulose synthesis in G. xylinus, and how they may be associated 145 

and regulated to produce ribbons of cellulose. 146 

 147 
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An overview of cellulose synthesis in bacteria 148 

Since the first report of cellulose synthesis in bacteria (Brown 1886), the list of 149 

bacteria where cellulose production has been demonstrated, and the number of bacteria where 150 

genes for cellulose biosynthesis have been identified, has grown longer. In addition to the 151 

acetic acid bacteria that includes species of Gluconacetobacter, production of cellulose is 152 

demonstrated in bacterial species such as Agrobacterium tumefaciens (Matthysse et al. 1981), 153 

E. coli (Thongsomboon et al. 2018), Rhizobium (Napoli et al. 1975), Enterobacter (Otsuka et 154 

al. 2004) and others. Interestingly, analysis of genome sequences of a large number of 155 

bacteria led to identification of genes for cellulose biosynthesis in many more bacterial 156 

species than are known to produce cellulose. In most cases, the genes for cellulose 157 

biosynthesis are organized in an operon. Based on the organization of genes in the operons, 158 

they have been classified into four major groups (I to IV) as shown in Fig. 1 (Römling and 159 

Galperin 2015). Considerable variation is observed with respect to the morphology and 160 

amount of cellulose synthesized by different bacteria, and although the function of cellulose 161 

in bacteria is not fully understood, in many cases it is part of the biofilm.  162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 



8 

Cellulose biosynthesis is most extensively studied in the acetic acid bacteria, mainly 174 

because of the amount and nature of the cellulose produced by Gluconacetobacter. In general, 175 

these bacteria are found on the surface of fruits and other locations where there is an abundant 176 

amount of sugars. In fact, the acetic acid bacterium (G. intermedium NEDO-01), which we 177 

currently use for the production of cellulose nanofibers, was isolated from fruits grown in 178 

Hokkaido (Kose et al. 2013). In many cases, cellulose synthesized by Gluconacetobacter is 179 

called bacterial cellulose (BC), and it has a dense three-dimensional network structure 180 

consisting of nanofibers (Fig. 2). The main characteristics of BC synthesized by acetic acid 181 

bacteria are as follows: (1) lignin, hemicellulose-free, (2) hierarchical assembly of nanofiber 182 

(Penttilä et al. 2018), (3) developed three-dimensional network structure, (4) high mechanical 183 

strength (high Young's modulus and tensile strength), (5) high biodegradability, (6) high 184 

biocompatibility, and (7) high water retention. Because of these characteristics, and the ability 185 

to produce it in large amounts, BC is used in making a variety of products, including speaker 186 

acoustic diaphragms (Nishi et al. 1990), artificial blood vessels (Klemm et al. 2001; Zang et 187 

al. 2015), wound dressings (Fontana et al. 1990; Portela et al. 2019), high-strength transparent 188 

materials (Yano et al. 2005; Nogi et al. 2006b, a; Ifuku et al. 2007), display devices (Shah and 189 

Brown 2005), and capacitors (Wang et al. 2016). 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 
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Cellulose is an extracellular polysaccharide and, in general, its biosynthesis involves 200 

three steps: (1) polymerization, (2) translocation, and (3) assembly or aggregation of glucan 201 

chains/crystallization (Ross et al. 1991). In Gram-negative bacteria, polymerization occurs in 202 

the cytosolic domain of the inner membrane-localized cellulose synthase, and nascent glucan 203 

chains are translocated through the inner membrane, periplasm, and outer membrane before 204 

they assemble or aggregate into higher-order structures. In Gluconacetobacter, the glucan 205 

chains assemble in a stepwise manner just outside the cell surface to form ribbons of 206 

crystalline cellulose I. Brown et al. visualized a linear array of particles and pores in the cell 207 

envelope of G. xylinus following freeze-fracture electron microscopy, and identified these as 208 

sites of cellulose synthesis (Brown et al. 1976). Zaar also observed in this bacterium a linear 209 

array of pores on the lipopolysaccharide membrane beneath the cellulose ribbons by freeze-210 

etching, and correlated these pores with cellulose production (Zaar 1979). The pores have a 211 

rim diameter of 12-15 nm and a central hole or deepening of ~3.5 nm, and these are 212 

hypothesized to be export sites of sub-elementary fibrils (Zaar 1979). In G. xylinus, the 213 

average frequency of the pores is 3.8 per 100 nm, and so 50‒100 pores are believed to exist 214 

along the long axis of a cell (Brown et al. 1976; Zaar 1979). 215 

Fine structure of the cellulose ribbon was analyzed by transmission electron 216 

microscope (TEM) following incubation of Gluconacetobacter in medium with Calcofluor 217 

White, a fluorescent brightener (Benziman et al. 1980; Haigler et al. 1980; Haigler and 218 

Chanzy 1988). Fibers with a width of 1.5 nm were frequently observed, and it was suggested 219 

that fibers (sub-elementary fibrils) having a width of 1.5 nm were the first form of cellulose to 220 

be secreted out. Low molecular weight compounds such as fluorescent brighteners and 221 

cellulose derivatives such as carboxymethylcellulose (CMC) bind to the surface of cellulose 222 

fibers and prevent the formation of large bundles of microfibrils. Using these compounds, it 223 

was hypothesized that in Gluconacetobacter the assembly of cellulose microfibrils and ribbon 224 

occurs in a stepwise and hierarchical manner in the extracellular space (Fig. 3), and yet this 225 
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process is described as cell-directed because the mutual orientation and association of glucan 226 

chains, aggregates, microfibrils, bundles, and ribbons is clearly governed by the original 227 

pattern of extrusion sites (Ross et al. 1991). The linear assembly of pores on the cell surface 228 

(sites from which cellulose is secreted out, and corresponding to cellulose-synthesizing sites) 229 

that gives rise to a microfibril is referred to as a terminal complex (TC), and in the case of 230 

Gluconacetobacter, three pores are suggested to form a terminal complex (Brown 1996; 231 

Mehta et al. 2015). Furthermore, the cellulose ribbon produced by Gluconacetobacter exhibits 232 

a twist, suggesting that the cells undergo rotation during cellulose synthesis (Fig. 2a). 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

Using a combination of direct-staining of reducing ends of cellulose chains and 242 

microdiffraction-tilting electron crystallographic analysis, Koyama et al demonstrated that the 243 

reducing ends of growing glucan chains in the cellulose ribbon of Gluconacetobacter point 244 

away from the bacterium, suggesting that polymerization of glucose residues takes place at 245 

the nonreducing end of the growing glucan chains (Koyama et al. 1997). Thus, all the glucan 246 

chains point in the same direction for the ‘‘parallel-up’’ packing in unit cells of cellulose I. 247 

This packing arrangement is also consistent with the mechanism of cellulose synthesis 248 

suggested by the structure of cellulose synthase from R. sphaeroides (Morgan et al. 2013). 249 

Considering that TCs are present along the longitudinal axis of Gluconacetobacter cells and 250 

they participate in synthesis of the cellulose ribbon, it has been possible to localize a few 251 
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proteins to these cellulose-synthesizing complexes using electron and fluorescence 252 

microscopy. BcsB was the first protein that was localized to the TCs in Gluconacetobacter by 253 

immunolabeling of freeze-fracture replicas followed by electron microscopy (Fig. 4) (Kimura 254 

et al. 2001; Sun et al. 2017). The localization of BcsA (Fig 5), BcsD (Figs. 5 and 6), and Ccp 255 

(Fig. 7) to the longitudinal axis of bacterial cells was also demonstrated by fluorescence 256 

microscopy, suggesting that these proteins are present in the TCs of Gluconacetobacter 257 

(Sunagawa et al. 2013; Sun et al. 2017).  258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 
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 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 
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 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

Figures 4 ‒ 7 show the presence of BcsA, BcsB, BcsD, and Ccp along the longitudinal 318 

axis of a cell of Gluconacetobacter, whereby the linear arrangement of these proteins matches 319 

with the linear arrangement of TCs in these bacteria, suggesting that these proteins are part of 320 

the cellulose-synthesizing machinery present along the same axis. However, so far it was 321 

unclear as to how the TCs line up linearly along the longitudinal axis in these bacteria. 322 

Recently, Nicolas et al. studied cellulose-synthesizing Gluconacetobacter in a frozen-323 

hydrated, near-native state by cryo-electron tomography and focused-ion-beam milling, and 324 

observed a new cytoskeletal structure called the cortical belt, adjacent to the inner membrane 325 

and below the site where cellulose is seen emerging from cells (Fig. 8) (Nicolas et al. 2021). 326 

The cortical belt was not observed in other cellulose-producing bacteria, such as A. 327 

tumefaciens and E. coli 1094. Since these other bacterial species do not produce organized 328 

cellulose ribbons, Nicolas et al. proposed that the cortical belt holds the cellulose-synthesizing 329 
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complex in a row to form higher-order cellulose structures such as sheets and ribbons 330 

(Nicolas et al. 2021). 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

Cellulose synthase (BcsA-BcsB) 349 

Cellulose synthase is the key enzyme in cellulose biosynthesis. The first purified form 350 

of this enzyme from Gluconacetobacter showed that it is made of two different-sized 351 

polypeptides that were later identified as BcsA and BcsB (Lin and Brown, Jr. 1989). BcsA 352 

was identified as the UDP-glucose-binding and catalytic subunit (Lin et al. 1990) but the 353 

function of BcsB was not fully understood until the structure of cellulose synthase (BcsA-354 
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BcsB) from R. sphaeroides was determined (Morgan et al. 2013). BcsA is a transmembrane 355 

protein that is present in the inner membrane, and it contains a glycosyltransferase family 2 356 

(GT-2) domain, a PilZ domain, and eight transmembrane helices (TMHs).  357 

The first structure of cellulose synthase was determined following expression of the R. 358 

sphaeroides bcsA and bcsB genes in E. coli, and purification and crystallization of the 359 

catalytically active BcsA-BcsB complex (Morgan et al. 2013). BcsA and BcsB from R. 360 

sphaeroides form a 1:1 stoichiometric complex (Morgan et al. 2013), similar to what is 361 

observed in purified cellulose synthase from Gluconacetobacter (Chen and Brown 1996). The 362 

BcsA-BcsB complex of R. sphaeroides has a membrane-spanning domain, a large 363 

cytoplasmic loop of BcsA that contains the GT domain, and a periplasmic domain made 364 

mostly of BcsB (Morgan et al. 2013). A helix of BcsB spans the inner membrane; at the same 365 

time, BcsB also interacts in some manner with the outer membrane (Kimura et al. 2001; Sun 366 

et al. 2017). 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 
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We modeled the structure of the BcsA-BcsB complex from Gluconacetobacter using 381 

Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) with the structure of 382 

BcsA-BcsB from R. sphaeroides (PDB: 5EJ1) as a template. Figure 9 shows that the modeled 383 

structure of the G. hansenii ATCC 23769 BcsA-BcsB complex is quite similar to the BcsA-384 

BcsB complex of R. sphaeroides. Alignment of the amino acid sequences and secondary 385 

structures of BcsA from R. sphaeroides and G. hansenii ATCC 23769 shows that the active 386 

site in BcsA of G. hansenii exists between amphipathic interface (IF) helices 1 and 2, similar 387 

to what is observed in BcsA from R. sphaeroides (Fig. 10). The three aspartic acid residues in 388 

the conserved D,D,D,Q-X-X-R-W motif identified in cellulose synthases and other b-389 

glycosyltransferases (Saxena et al. 1995) correspond to D171, D221, and D316 of the G. 390 

hansenii ATCC 23769 BcsA. The amino acids residues in the Q-X-X-R-W motif of G. 391 

hansenii ATCC 23769 BcsA correspond to Q352, R353, V354, R355, and W356, and these 392 

residues are present in IF2 (Fig. 10).  393 

The structure of the BcsA-BcsB complex from G. hansenii ATCC 23769 is 394 

determined at 23.4 Å resolution using negative stain images (Fig.11) (Du et al. 2016). The 395 

structure reveals that BcsA-BcsB of G. hansenii ATCC 23769 is quite similar to BcsA-BcsB 396 

from R. sphaeroides. Both the active site involved in substrate binding, and the PilZ domain 397 

required for c-di-GMP binding mapped to the cytosolic region in the BcsA-BcsB complex of 398 

G. hansenii ATCC 23769. Importantly, this study shows that the BcsA-BcsB complex in 399 

crystalline cellulose-producing bacteria and non-crystalline cellulose-producing bacteria share 400 

a conserved catalytic domain and similar membrane translocation components (Du et al. 401 

2016). 402 

Morgan et al. reported that the binding of bis-(3',5')-cyclic-di-guanosine 403 

monophosphate (c-di-GMP) to the PilZ domain of BcsA results in a large migration of the 404 

gating loop, such that the active site can access (or has more access to) the substrate 405 

 406 
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 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

431 
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 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

UDP-glucose (Morgan et al. 2014). Glucose is transferred from UDP-glucose to the non-444 

reducing end of the glucan chain, which is the growing end (Koyama et al. 1997). Based on 445 

the 2-fold helical symmetry of the glucan chain in cellulose, it would appear that UDP-446 

glucose alternately approaches from two opposite sides of the non-reducing terminal residue 447 

of the extending glucan chain. Instead, a mechanism is proposed in which the glucose residue, 448 

immediately after the rearrangement reaction, rotates with respect to the glycosidic bond and 449 

is inverted with respect to the adjacent residue on the reducing end side (Morgan et al. 2016). 450 

Knott et al. confirmed this proposed mechanism by molecular simulation (Fig. 12) 451 

(Knott et al. 2016). A multi-scale simulation applying quantum chemistry analyzed the three-452 

dimensional structural changes, including the activation energy of the rearrangement reaction 453 

and the proton transfer along the reaction coordinates (Knott et al. 2016). The proposed 454 

synthesis cycle is as follows (Knott et al. 2016): Glycosyl transfer can add the glucose moiety 455 

from UDP-glucose in the same orientation as the acceptor glucose (‘same side’, with the 456 

hydroxymethyl of both rings on the same side) or in the opposite orientation (‘opposite side’).  457 
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Basically, the same process occurs for both the ‘opposite side’ (top six panels) and the ‘same 483 

side’ (bottom six panels) portions of the cycle: (upper left) gating loop is open and active site 484 

is empty; (upper middle) UDP-glucose binds in the active site; (upper right) the gating loop 485 

inserts into the active site; (lower right) glycosyl transfer produces an elongated cellulose 486 

chain and UDP product; (lower middle) cellulose translocation moves the chain into the 487 

transmembrane tunnel; (lower left) gating loop opens facilitating UDP product expulsion (Fig. 488 

12). In addition, it is suggested that the rotation of glucose residues immediately after the 489 

rearrangement reaction proceeds thermodynamically due to interaction with the surrounding 490 

aromatic side chains, and the up-and-down movement of finger helix that guides the cellulose 491 

molecular chain in the transmembrane (TM) direction is thermodynamically possible (Knott 492 

et al. 2016). 493 

The structure of the PilZ domain of BcsA from G. hansenii ATCC 23769 (Fujiwara et 494 

al. 2013) is similar to the PilZ domain of BcsA from R. sphaeroides (Morgan et al. 2013) 495 

(Fig. 13). The arginine (R580) within the TM8–β-barrel linker and glutamine (E371) residues 496 

in BcsA from R. sphaeroides, which are responsible for the regulation of cellulose synthesis, 497 

are conserved and correspond to R557 and E344 in BcsA from G. hansenii ATCC 23769 498 

(Fig. 10). The similarities in the PilZ domain of BcsAs from R. sphaeroides and G. hansenii 499 

suggests that cellulose synthase is regulated by a similar mechanism in these two bacteria. 500 
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The structure of BcsB in the R. sphaeroides BcsA-BcsB complex shows the presence 509 

of a periplasmic BcsB domain (function unknown) and one transmembrane domain on the C-510 

terminal side (Morgan et al. 2013). The BcsB domain consists of two cellulose-binding 511 

domains (CBDs 1 and 2) and two flavodoxin-like domains (FDs 1 and 2). The CBDs are 512 

positioned at a 45° angle relative to one another, and stabilized by disulfide bonds. CBD1 has 513 

a conserved amino acid sequence (H159, R160, I161, L171, and W172) similar to that of a 514 

bacterial CBD which forms a complex with glucuronic acid dimers, suggesting that this 515 

region could be involved in translocation of a glucan chain (Morgan et al. 2013). BcsB is 516 

absolutely required for BcsA catalytic activity. Studies in R. sphaeroides identified the BcsB 517 

C-terminal transmembrane helix and the preceding amphipathic helix as being necessary for 518 

the BcsA catalytic activity, possibly through stabilization of the transmembrane region of 519 

BcsA and completing its inner membrane transport domain (Omadjela et al. 2013). Although 520 

the stoichiometry of BcsA to BcsB is 1:1 in Gluconacetobacter and R. sphaeroides, cryo-EM 521 

studies of E. coli cellulose synthesizing complexes show a hexamer of BcsBs associating with 522 

a single BcsA (Abidi et al. 2021; Acheson et al. 2021). 523 

BcsC 524 

BcsC is the largest protein (~130 kDa) encoded by genes present in the bcs operon. 525 

Along with bcsA and bcsB, bcsC is part of the bcs operon in almost all bacteria. In most cases, 526 

transcription of bcsC follows that of bcsA and bcsB. Cellulose synthase activity is not affected 527 

in Gluconacetobacter mutants in which the bcsC gene is disrupted, but these mutants do not 528 

produce cellulose, suggesting that BcsC is an essential protein for in vivo cellulose synthesis 529 

(Saxena et al. 1994). Proteins similar to BcsC play a role in secretion of exopolysaccharides in 530 

other bacteria (Whitney and Howell 2013). BcsC has an N-terminal tetratricopeptide repeat 531 

(TPR) domain and a C-terminal pore-forming b-barrel domain. Acheson et al. determined the 532 

crystal structure of a truncated BcsC protein from E. coli that contains a TPR repeat, a linker 533 
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region and the complete b-barrel pore (Acheson et al. 2019). Modeling of structure of the C-534 

terminal part of BcsC from G. hansenii ATCC 23769 using Phyre2 shows that the higher-535 

order structure of G. hansenii BcsC is similar to the BcsC from E. coli (Fig. 14). BcsC is 536 

localized in the outer membrane and periplasmic space, and in E. coli it is estimated that one 537 

phosphoethanolamine-modified glucan chain (pEtN-cellulose) is excreted from the cells 538 

through the β-barrel channel (Acheson et al. 2019). It is not known if BcsC in 539 

Gluconacetobacter transports a single glucan chain or a bundle of glucan chains (sub-540 

elementary fibril).  541 
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The TPRs towards the C-terminal side of BcsC are composed of two antiparallel α-560 

helices connected by a turn. These TPRs are stacked on each other to form a superhelical 561 

structure, something observed in other TPR-containing proteins (D’Andrea and Lynne 2003). 562 

Figure 15 shows the TPR domain of BcsC from Enterobacter sp. CJF-002 (Nojima et al. 563 

2017). The hinge (turn) between α5 and α6 allows the C-terminal part to move, suggesting 564 

that this region may be involved in extrusion of the glucan chain.  565 
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 577 

BcsD 578 

In Gluconacetobacter, bcsD follows bcsC, and is the last gene in the bcs operon. For 579 

many years, bcsD was identified only in Gluconacetobacter, but as more bacterial genome 580 

sequences became available it was observed in bcs operons in a few other bacteria. Analysis 581 

of Gluconacetobacter mutants, where bcsD is disrupted, provided evidence that while BcsD is 582 

not required for cellulose synthase activity, this protein has a non-essential role in cellulose 583 

production (Saxena et al. 1994; Mehta et al. 2015). bcsD mutants of Gluconacetobacter 584 
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produce reduced amounts of native cellulose I; at the same time, they produce detectable 585 

amount of cellulose II, suggesting that BcsD probably influences assembly of glucan chains 586 

during formation of the cellulose ribbon. Interestingly, no homolog of BcsD has been 587 

identified in the protein databases and it maybe a unique protein. Although no signal sequence 588 

for translocation of this protein is identified in its amino acid sequence, biochemical analysis 589 

suggests that BcsD is present in the periplasmic space in Gluconacetobacter (Iyer et al. 2011).  590 

Interestingly, the crystal structure of BcsD is the first one to be determined of a protein 591 

coded in the bcs operon of Gluconacetobacter (Hu et al. 2010). BcsD assembles into a cyclic 592 

octamer, with each subunit folded into a globular structure and exhibiting five α-helices and a 593 

four-stranded b-sheet (Fig. 16). In the BcsD octamer, two monomers interact with each other 594 

using the two N-terminal helices α1 and α2, which have a hook-like arrangement, resulting in 595 

a two-fold symmetrical assembly of a stable homodimer (Fig. 16A). The octamer, a tetramer 596 

of the dimers AB, CD, EF, and GH, exhibits a cylindrical structure along the non-597 

crystallographic four-fold axis of symmetry, with a height of 65 Å, an outer diameter of 90 Å, 598 

and an inner diameter of ~ 25 Å (Fig. 16B). 599 

 600 
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 610 
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The N-terminus of each subunit is present inside the octameric ring, forming four 611 

tunnel-like structures (Hu et al. 2010). To determine if glucan chains pass through these 612 

tunnel-like structures, BcsD was co-crystallized with cellopentaose (CPT), an oligosaccharide 613 

representing the glucan chain of cellulose. Results from these experiments showed that CPT 614 

was present in each of the four tunnel-like structures inside the ring (Hu et al. 2010). Whether 615 

the tunnel-like structures, formed by N-terminals of the BcsD subunits, have any role in 616 

cellulose synthesis was studied by analyzing BcsD with different lengths of N-terminal 617 

deletions (Fig. 17). These studies show that cellulose yield is reduced significantly in strains 618 

that express BcsD with N-terminal deletions, and where no tunnel-like structures are 619 

observed, suggesting that the tunnel-like structures play an important role in optimal cellulose 620 

synthesis (Hu et al. 2010).  621 

Construction of a computerized model and molecular dynamics (MD) simulation of 622 

BcsD complexed with four cellulose chains of DP = 12 (Glc12) revealed an unexpected S-623 

shaped pathway with a flexion region between BcsD dimers (Fig 18) in the octamer (Uto et al. 624 

2021). Glucose residues located in the region where the pathway bends show reversible 625 

changes in ring conformation, and this phenomenon might be associated with the role BcsD 626 

plays in cellulose microfibril production (Uto et al. 2021). Furthermore, molecular modeling 627 

and molecular simulation shows that the sugar chain pathway of BcsD is much narrower than 628 

that of BcsB and BcsC, and that the cellulose chain is strongly compressed at the BcsD 629 

surface, especially in the region where the pathway bends. Since BcsD has a homogeneous 630 

octamer structure that is overall symmetrical, the cellulose chains are compressed at the BcsD 631 

surface at the same time in the four sugar chain pathways (Uto et al. 2021). The movement of 632 

nascent cellulose chains extending from four sets of BcsA-BcsB complexes is synchronized 633 

as they pass through the BcsD octamer, such that four cellulose chains are extended together 634 

during extrusion from each TC subunit (Uto et al. 2021). 635 
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 670 

Cellulose complementing factor (Ccp) 671 

Cellulose complementing factor (Ccp) is an essential protein required for synthesis of 672 

cellulose in acetic acid bacteria. Mutation in the ccp gene results in loss of cellulose synthesis 673 

in Gluconacetobacter (Standal et al. 1994). A fusion protein of Ccp and a fluorescent protein 674 

(EGFP) was used to determine the requirement of Ccp in cellulose synthesis and its 675 

localization (Sunagawa et al. 2013). Expression of the fusion protein in a Ccp-deficient strain 676 

(Cel-1) of Gluconacetobacter resulted in gain of cellulose synthesis in the mutant strain, and 677 

the fusion protein was found to localize along the longitudinal axis of the cell (Fig. 7) 678 

(Sunagawa et al. 2013). More interestingly, pull-down assays revealed that Ccp directly 679 

interacts with BcsD (Fig. 19), suggesting that Ccp is part of the cellulose-synthesizing 680 

complex (Sunagawa et al. 2013). Presently, the function and structure of Ccp is not known.  681 
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 693 

Endo-glucanase (CMCax) 694 

CMCax is an endo-type glucanase that hydrolyzes glucan chains to reduce the 695 

molecular weight, and is classified in Glycosyl hydrolase Family 8 (GH-8). In 696 

Gluconacetobacter, the cmcax gene is present upstream of the bcs operon, together with the 697 

ccp gene (Fig. 1: Ia, bcsZ = cmcax, bcsH = ccp) (Standal et al. 1994). Based on 698 

immunostaining and TEM observations, CMCax is shown to be present not only in the 699 

growth medium but also on the cell surface of Gluconacetobacter cells (Yasutake et al. 2006). 700 

In CMCax-deficient Gluconacetobacter mutants, cellulose yield is significantly reduced and 701 

the cellulose ribbon is extremely twisted compared to that produced by the wild strain, 702 

suggesting that CMCax has a function in eliminating strain and facilitating ribbon formation 703 

(Nakai et al. 2013). 704 

GH-8 enzymes hydrolyze glycosidic linkages using general acid catalysis, and a 705 

proton donor and a nucleophile or general base are required (Alzari et al. 1996). From 706 



29 

sequence alignment of GH-8 enzymes, Glu57 in CMCax is suggested as a putative proton 707 

donor (Yasutake et al. 2006). Endo-glucanase (CtCelA) from Clostridium thermocellum, 708 

which belongs to GH-8, has five aromatic residues for sugar recognition by stacking 709 

interactions. These residues correspond to Trp132, Trp205, Tyr372, Tyr277, and Tyr369, and 710 

form five sugar-recognition subsites, ‒3, ‒2, +1, +2, and +3, respectively (Fig. 20, left) 711 

(Schmidt et al. 2002). However, residue corresponding to Tyr369 of CtCelA is not conserved 712 

in CMCax, suggesting that CMCax lacks subsite +3 (Fig. 20, right). Other endoglucanases 713 

involved in cellulose synthesis, BcsZEc from E. coli (Mazur and Zimmer 2011) and BcsZEn 714 

from Enterobacter (Sunagawa et al. 2012), are also deficient in the +3 subsite, suggesting that 715 

this structural change may have a role in cellulose synthesis. 716 
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 728 

β-glucosidase (Bgl) 729 

In Gluconacetobacter, the 1,4-β-glucosidase gene (bgl) is located downstream of the 730 

bcs operon (Fig. 1), and Bgl is classified in Glycosyl Hydrolase family 3 (GH-3) (Tonouchi et 731 
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al. 1997; Tajima et al. 2001; Kawano et al. 2002b).1,4-β-glucosidase from Gluconacetobacter 732 

sucrofermentans BPR2001 has been purified and characterized (Tahara et al. 1998a). Assays 733 

of hydrolysis using cellooligosaccharides (Glc2‒Glc6) show that it is an exo-type hydrolase 734 

that hydrolyzes cellooligosaccharides longer than cellotriose from the non-reducing end 735 

(Tahara et al. 1998a).  736 

Determination of subsite affinities show that Glc2 (cellobiose) cannot bind rigidly at 737 

the active site of 1,4-β-glucosidase to release cellobiose (Tahara et al. 1998b). Modeling of 738 

Bgl from G. hansenii ATCC 23769 by Phyre2 using BGL (PDB: 3AC0) from Kluyveromyces 739 

marxianus as a template suggests that the active site of Bgl is located near the center and is 740 

bag-shaped (Fig. 21). This suggestion corresponds with results of experiments on 741 

determination of the subsite of Bgl (Tahara et al. 1998b).  742 
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 752 

It is also known that Bgl catalyzes glycosylation reactions depending on the reaction 753 

conditions, and produces various β-glycosidic disaccharides (Kawano et al. 2008). Amongst 754 

the different disaccharides produced by Bgl, gentiobiose (β1,6-linked disaccharide of glucose) 755 

is known to induce expression of CMCax. From temporal changes in the expression of cmcax 756 
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and bgl, it is suggested that Bgl and CMCax work together to modulate cellulose in the late 757 

stages of culture of Gluconacetobacter (Kawano et al. 2008). 758 

Production of nanofibrillated bacterial cellulose (NFBC) using 759 

Gluconacetobacter 760 

Recently, nanofibrillated cellulose (NFC) with nano-order fiber width has been 761 

attracting attention as a new functional material. NFC has various features such as light 762 

weight, large surface area, and high mechanical strength, and is widely studied as a resin 763 

reinforcing material (filler). In general, NFC is prepared from pulp via a top-down process 764 

using various methods such as TEMPO oxidation method (Saito et al. 2006), grinder method 765 

(Abe et al. 2007; Abe and Yano 2009), underwater counter-collision method (Kose et al. 766 

2011), and acid/enzyme hydrolysis method (Cranston and Gray 2006).  767 

However, nanofibrillated bacterial cellulose (NFBC) can be prepared from a low-768 

molecular-weight biomass, such as a sugar, via a bottom-up process by culturing a cellulose-769 

producing bacterium in a medium supplemented with a dispersant, such as carboxymethyl 770 

cellulose (CMC), under aerobic and rotating culture conditions (Fig. 22). An extremely stable 771 

cellulose-producing bacterium [G. intermedius NEDO-01 (NITE P-1495)], suitable for NFBC 772 

production, has been identified and success is achieved in development of a method for large-773 

scale production of NFBC using a jar fermenter (Kose et al. 2013). BC is generally produced 774 

as a gel-like membrane (pellicle), which is a three-dimensional network structure of cellulose 775 

nanofibers, by the static culture method. This method requires a lengthy culture period, and 776 

continuous culture is not possible, resulting in significantly low productivity. Furthermore, a 777 

pellicle having a strong three-dimensional network structure made of nanofibers has poor 778 

moldability, miscibility, and fluidity, and its application range as a material is limited. In 779 

contrast, production efficiency of NFBC can be improved by culturing a cellulose-producing 780 

bacterium using a jar fermenter under an optimized cultivation condition, such that cellulose 781 

is obtained as a homogeneously dispersed solution in one step. Furthermore, an amphiphilic 782 
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NFBC (HP-NFBC) can be easily obtained by changing the dispersant from CMC to 783 

hydroxypropylcellulose (HPC), an amphiphilic cellulose derivative (Tajima et al. 2017), and 784 

this is one of advantages for the bottom-up production of NFC. NFBC is superior in terms of 785 

dispersibility, fluidity, moldability, miscibility, and high aspect ratio (>500, Figs. 22 a and b). 786 

Moreover, this production methodology is a simple and versatile way to prepare new types of 787 

NFCs with a variety of useful functions. Currently, basic and applied researches are underway 788 

with the aim of using NFBC in various industrial materials (Tajima et al. 2017, 2020; Kono et 789 

al. 2020a, b; Akagi et al. 2021). 790 
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 798 

Conclusions 799 

Cellulose is produced mainly by plants, and is a major sink of atmospheric carbon 800 

dioxide. In addition to plants, a number of bacteria produce cellulose, many as part of the 801 

biofilm. The acetic acid bacteria, mainly Gluconacetobacter, are unique in producing large 802 

amounts of cellulose with many desirable properties. Strains of G. xylinus and G. hansenii are 803 

useful for understanding the basic mechanisms of cellulose biosynthesis, as well as large-scale 804 

production of bacterial cellulose. Even as new information is becoming available on the 805 

various proteins and their assembly into a cellulose-synthesizing complex in bacteria such as 806 

E. coli, limited understanding exists on the composition of the cellulose-synthesizing 807 
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machinery in Gluconacetobacter and how it is assembled. Currently, we are proceeding with 808 

structural and functional analyses of proteins associated with cellulose production in 809 

Gluconacetobacter and hope to look at assemblies of proteins in the near future. At the same 810 

time, research is continuing on the preparation of composites and copolymers by addition of 811 

various substances to the medium (Luo et al. 2008; Perotti et al. 2011; Kose et al. 2013; 812 

Orelma et al. 2014; Tajima et al. 2017; Gao et al. 2019) and by genetic engineering (Lee et al. 813 

2001; Yadav et al. 2010; Fang et al. 2015; Florea et al. 2016; Teh et al. 2019) to produce 814 

cellulose-based environmentally-friendly materials using Gluconacetobacter.  815 
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Figure Legends 1140 

 1141 
Fig. 1 Diversity of the bacterial cellulose synthase (bcs) operons. The displayed operons are 1142 

from Komagataeibacter xylinus E25 (Ia), Dickeya dadantii Ech703 (Ib), Burkholderia 1143 
phymatum STM815 (Ic), Salmonella enterica serovar Typhimurium (IIa), 1144 
Pseudomonas putida KT2440 (IIb), Burkholderia mallei ATCC 23344 (IIc), 1145 
Chromobacterium violaceum ATCC 12472 (IId), Agrobacterium fabrum C58 (IIIa), 1146 
Methylobacterium extorquens PA1 (IIIb), Azospirillum lipoferum 4B (IIIc), 1147 
Acidiphilium cryptum JF-5 (IIId), Nostoc punctiforme PCC 73102 (IVa), and Nostoc 1148 
sp. PCC 7120 (IVb). This figure is from Römling and Galperin 2015, and is used 1149 
with permission of Elsevier. 1150 

Fig. 2 (a) TEM image of G. xylinus cell producing a cellulose ribbon. (b) Nata de coco. (c) 1151 
scanning electron microscope (SEM) image of lyophilized Nata de coco showing 1152 
cellulose fibrils. 1153 

Fig. 3 Generalized model of ribbon assembly in Gluconacetobacter. The boxes show 1154 
possible packing arrangements of the 1.5nm tactoidal aggregates. This figure is 1155 
reproduced from Ross et al. 1991, and is used with permission of American Society 1156 
for Microbiology. 1157 

Fig. 4 Labeling of Gluconacetobacter xylinus ATCC 53524 with colloidal gold-bound 1158 
antibody against BcsB. A linear pattern of labeling is observed despite non-specific 1159 
labeling. This figure is from Sun et al. 2017, and is used with permission of Springer 1160 
Nature. 1161 

Fig. 5 Fluorescence micrographs of Gluconacetobacter cells following immunolabeling 1162 
with antibodies against BcsA (= CesA) and BcsD (= CesD). The phase-contrast s and 1163 
epi-fluorescence images are merged. A Cells from three different strains (ATCC 1164 
53524, ATCC 53264, and JCM 9730) were labeled using an identical protocol. Insets 1165 
show images at higher magnification. B Control experiments using strain ATCC 1166 
53524. Combination of primary and secondary antibodies used is as indicated. 1167 
Almost no labeling was found. This figure is from Sun et al. 2017, and is used with 1168 
permission of Springer Nature. 1169 

Fig. 6 Labeling of the bcsD-knockout mutant (DBCD) of Gluconacetobacter expressing 1170 
native EGFP (pTIEK) or the BcsD-EGFP-fusion protein (pTIDEK). This figure is 1171 
from Sunagawa et al. 2013, and is used with permission of Elsevier B.V. 1172 

Fig. 7 Labeling of Gluconacetobacter with enhanced green fluorescent protein (EGFP) 1173 
[Cel-1(pTIE)] or Ccp-EGFP fusion protein [Cel-1(pTI21E), Cel-1(pTI22E), and Cel-1174 
1(pTI23E)]. This figure is from Sunagawa et al. 2013, and is used with permission of 1175 
Elsevier B.V. 1176 

Fig. 8 Updated cell-directed hierarchical model. Top (left) and side (right) views of a G. 1177 
hansenii cell showing the different aggregation steps leading to a cellulose sheet, 1178 
how microfibrils contribute to sheet width, and the role of the cortical belt. In this 1179 
model, clusters of 11 extrusion pores are depicted (green circles); the real numbers 1180 
and distribution are unknown. Each extrusion pore is presented as comprising 5 1181 
BcsC subunits (red circles); the actual number is not known. On the right is a 1182 
magnified view of the line of 11 extrusion pores, each hypothesized to extrude an 1183 
aggregate of multiple elementary fibrils (yellow dashed lines). All aggregates then 1184 
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coalesce to form a microfibril of increasing thickness as it incorporates an increasing 1185 
number of elementary fibril aggregates. These microfibrils then stack together, 1186 
contributing to the width of the cellulose sheet (Nicolas et al. 2021: W. J. Nicolas, D. 1187 
Ghosal, E. I. Tocheva, E. M. Meyerowitz, G. J. Jensen, J. Bacteriol. 203, e00371-20 1188 
DOI: 10.1128/JB.00371-20). Published by The American Society for Microbiology. 1189 

Fig. 9 Model structure of the BcsA-BcsB complex from G. hansenii ATCC 23769 (red) 1190 
predicted by Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) 1191 
using BcsA-BcsB complex (PDB: 5EJ1, blue) from R. sphaeroides as a template. 1192 

Fig. 10 Modeling of BcsA from G. hansenii ATCC 23769 by Phyre2 1193 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) using BcsA from R. 1194 
sphaeriides as a template. 1195 

Fig. 11 3D reconstruction of negatively stained BcsA-BcsB complex (= AcsAB) from G. 1196 
hansenii ATCC 23769 at 23.4 Å. (a) Three side views of 3D reconstructed model of 1197 
BcsA-BcsB complex. The volume of BcsA is composed of membrane embedded TM 1198 
region and a large cytosolic region. The active site responsible for substrate binding 1199 
and PilZ domain required for activator c-di-GMP binding are mapped in the 1200 
cytosolic region. The density of BcsB sits on the top of BcsA. The cytoplasmic 1201 
membrane boundaries are represented by black lines. (b) The BcsA-BcsB EM 1202 
density map was docked with crystal structure of BcsA-BcsB (PDB: 4HG6). BcsA 1203 
and BcsB are shown in orchid and cyan ribbon representatives, respectively. The 1204 
translocating glucan co-crystallized with BcsA-BcsB is indicated in cyan sphere (Du 1205 
et al. 2016: J. Du, V. Vepachedu, S. Hyun Cho, M. Kumar, and B. T. Nixon PLoS 1206 
ONE 11, e0155886 DOI: 10.1371/journal.pone.0155886). 1207 

Fig. 12 The hypothesized processive cycle of the bacterial cellulose synthase (Knott et al. 1208 
2016: B. C. Knott, M. F. Crowley, M. E. Himmel, J. Zimmer and G. T. Beckham, 1209 
Chem. Sci., 2016, 7, 3108 DOI: 10.1039/C5SC04558D). Published by The Royal 1210 
Society of Chemistry. 1211 

Fig. 13 Structures of PilZ domain of BcsAs from G. hansenii ATCC 23769 (PDB: 4I86, red) 1212 
and R. sphaeroides (PDB: 4P00, blue). 1213 

Fig. 14 Model structures of BcsC from G. hansenii ATCC 23769 (red) obtained using Phre2 1214 
and BcsC (PDB: 6TZK, blue) from E. coli as the template. 1215 

Fig. 15 The structure of BcsC-TPR(N6) from Enterobacter sp. CJF-002 (A) BcsC-TPR(N6) 1216 
is composed of six TPR motifs (colored blue, light blue, green, yellow, orange, and 1217 
red) and two unpaired α-helices (gray). (B) Schematic diagram of the secondary 1218 
structure of BcsC-TPR(N6). The boxes indicate α-helices and the lines indicate turns. 1219 
The color scheme is the same as in (A). (Nojima et al. 2017: S. Nojima, A. Fujishima, 1220 
K. Kato, K. Ouchi, N. Shimizu, K. Yonezawa, K. Tajima, and M. Yao. Sci Rep 2017, 1221 
7, 13018 DOI: 10.1038/s41598-017-12530-0). Published by Springer Nature. 1222 

Fig. 16 Crystal structure of BcsD (= CeSD) from G. hansenii ATCC 23769. (A) Ribbon 1223 
representation of the dimeric structure of BcsD. The two monomers are shown in 1224 
blue and red, respectively. The helices and sheets are labeled, where the prime refers 1225 
to the second monomer. (B) Overall structure of the BcsD octamer. The octamer 1226 
structure is viewed along the 4-fold axis (top view) and the dyad axis (side view), 1227 
with each monomer (A–H) shown in a different color. The N and C termini of all 1228 
copies that are positioned in the center and outside of the cylinder are indicated by 1229 
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the circled N and C (same as in A), respectively. (C) A schematic diagram of the 1230 
octamer assembly based on the side view in B. The octamer is represented by a 1231 
cylinder, and monomers (A, C, E, G) and (B, D, F, H) are distributed in the top and 1232 
bottom layers, respectively. The colors of each molecule correspond with those in B. 1233 
The dimer–dimer interfaces are depicted with sloping rectangles, and indicated by 1234 
arrows. A and B were prepared using the program PyMOL (DeLano Scientific LLC, 1235 
http://pymol.sourceforge.net/) (Hu et al. 2010: S.-Q. Hu, Y.-G. Gao, K. Tajima, N. 1236 
Sunagawa, Y. Zhou, S. Kawano, T. Fujiwara, T. Yoda, D. Shimura, Y. Satoh, M. 1237 
Munekata, I. Tanaka, and M. Yao 2010, PNAS, 107, 17957‒17961 DOI: 1238 
10.1073/pnas.1000601107). Published by the National Academy of Sciences. 1239 

Fig. 17 Effects of deletions and mutations in bcsD (= cesD) on cellulose production. BcsDs 1240 
(= CeSDs) with different lengths of N-terminal deletions were expressed in the 1241 
DBCD strain of G. hansenii ATCC 23769. (A) The relative yield of cellulose 1242 
produced by wild-type (WT), bcsD deletion mutant with a control vector (DBCD), 1243 
bcsD deletion mutant with full-length BcsD (DBCD+D), bcsD deletion mutant with 1244 
BcsD in which four N-terminal residues are deleted (DBCD+DΔN4), bcsD deletion 1245 
mutant with BcsD in which five N-terminal residues are deleted (DBCD+DΔN5), 1246 
and bcsD deletion mutant with BcsD in which six N-terminal residues are deleted 1247 
(DBCD+DΔN6).(B) Molecular surface of octamers of wild-type BcsD (WT; the 1248 
three N-terminal residues are disordered), BcsD with deletion of the five N-terminal 1249 
residues (DΔN5) (), and BcsD with deletion of the six N-terminal residues (DΔN6). 1250 
(Hu et al. 2010: S.-Q. Hu, Y.-G. Gao, K. Tajima, N. Sunagawa, Y. Zhou, S. Kawano, 1251 
T. Fujiwara, T. Yoda, D. Shimura, Y. Satoh, M. Munekata, I. Tanaka, and M. Yao 1252 
2010, PNAS, 107, 17957‒17961 DOI: 10.1073/pnas.1000601107). Published by the 1253 
National Academy of Sciences). 1254 

Fig. 18 A model of the BcsD(= CeSD)-G12 complex. a) Shape of a cellulose chain in the 1255 
sugar chain pathway between BcsD dimers. b) Three-dimensional structural change 1256 
of the pyranose ring of the glucose residues at the bend. 4C1 corresponds to the 1257 
original pyranose ring chair structure. This figure is from Uto et al. 2020and is used 1258 
with permission of the American Chemical Society. 1259 

Fig. 19 Confirmation of interaction between Ccp and BcsD (= CeSD) by a pulldown assay. 1260 
(a) SDS-PAGE gel; (b) Western blot using an anti-Ccp antibody; (c) Western blot 1261 
using an anti-EGFP antibody; (d) SDS-PAGE gel. For (a), (b), and (c): M: marker; 1262 
C: JM109(pTIE); lane 1: JM109(pSHD/pTIE); lane 2: JM109(pSHD/pTI23E); lane 1263 
3: JM109(pSTV28/pTI23E); 4: JM109(pSTV28/pTIE). For (d): M: marker; lane 1: 1264 
debris; lane 2: crude lysate; lane 3: flow through; lane 4: elution fraction 1; lane 5: 1265 
elution fraction 2. This figure is from Sunagawa et al. 2013, and is used with 1266 
permission of Elsevier B.V. 1267 

Fig. 20 Molecular surface potential representation of CtCelA (PDB code, 1kwf) and CMCax. 1268 
The model of substrate in the structure 1kwf is also shown in the cleft of CMCax. 1269 
The electrostatic surface potentials were generated using PyMol (DeLano Scientific 1270 
LLC, http://pymol.sourceforge.net/) in absolute mode. Areas colored in white, red, 1271 
and blue denote neutral, negative and positive potential, respectively. This figure is 1272 
used with permission from John Wiley & Sons, Inc. 1273 

Fig. 21 Model structure of β-glucosidase (Bgl) from G. hansenii ATCC 23769 predicted by 1274 
Phyre2 using Bgl (PDB: 3AC0) from Kluyveromyces marxianus as a template. 1275 
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Fig. 22 Scanning probe microscope images of (a) CM-NFBC, (b) HP-NFBC, and (c) 1276 
TEMPO-oxidized nanocellulose (TONC). CM- and HP-NFBCs were prepared by 1277 
using carboxymethylcellulose (CMC) and hydroxypropylcellulose (HPC) as a 1278 
dispersing agent, respectively. The partial of photographs have been reused from the 1279 
reference (Akagi et al. 2021) with permission of Elsevier B.V. 1280 

1281 
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