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Research progress in bacterial cellulose synthase subunit
diversity and fiber structure formation
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Abstract: Bacterial cellulose (BC) is the glucose polymer produced by bacterial metabolism. The
bacterial cellulose synthase (BCS) is the key enzyme for catalyzing the formation of BC. The
cooperation between different submits of BCS is necessary for the intracellular formation and
extracellular secretion of BC. This review summarized the BC-producing strains and the differences
of BCS among different strains. Furthermore, we detailed the BC synthesis mechanism, the
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interactions between BCS subunits, and the relationship between the structural characteristics of
strains and the formation of highly ordered fiber structures. A comprehensive insight into the
mechanism of BC synthesis and secretion will supply more strategies for optimizing the BC

synthesis via methods of synthetic biology.

Keywords: bacterial cellulose; bacterial cellulose-producing strains; bacterial cellulose synthase;

synthesis mechanism
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Figure 1  Structure of bacterial cellulose.
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22 Al AR AR FH X BC A Bl A A 2 e
PRlt, BC A -G ALl G AN [ Bk I i
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(Novacetimonas)™™), AR T(Gluconacetobacter)
AR AR SZ 71, FIHE 10%5E % 30% ik
JEE AR A RS v AR R PB20,

ANEIERER) BC B4R R B2 32
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nataicola)f| B+ 1+ /E M52k, H BC 4™
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FERCEAT A 0.288 g/(L-d)*Y; INARRIARIIEATE
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SRR, H BC AR AT 0.911 g/(L-d)"™(F 1)

BIRAC A I RHE S BC A U R IEAR
BE| 1, (BFEPEAL BC A= 2R ) ] B iR S04k
LA MG T AP, A, T
BC A7 R HIF & Rk, A BC &%
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FRESTER ) Z T BC A Rish, diA I
fib BC F=/EE kR RIE . B, s
(Enterobacter sp.)F# ik CIF-002 D 25 B4 hy ik
Ui, H BC AEP=RUCR 4N 0367 g/(L-d)™; S
ELSRIERE(Pichia kudriavzevii) USM-YBP2 L#j%
FEVE BRI, 2 BC A P28 Al 3k 1.371 g/(L-d)™;
&R P K (Leifsonia soli) k22 1R Rl
HBC AE 2 5R 2 0.853 g/(L-d)*7; 541 iE
7017 IS T (Salmonella enterica) ™ #1 K i A
(E. coli) s 145 A it BC MIRE ST -
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Table 1 Comparison of BC synthesis capacity of different acetic acid bacteria

Bacterial species Carbon source Culture time (d) System  Productivity (g/(L-d)) Reference

Komagataeibacter
K. rhaeticus MSCL 1463 Whey 10 Static 0.195 [25]
K. nataicola Coconut water 5 Static 2.358 [21]
K. xylinus Glucose 5 Static 0.714 [26]
K. melomenusus AV436(T) Grape waste 4 Static 0.310 [27]
K. sucrofermentans DSM 15973  Crude glycerol 10 Static 0.640 [22]
K. oboediens JCM 169377 Glycerol, glucose 7 Static 0.571 [28]
K. hansenii HDM1-3 Glucose 7 Static 0.371 [29]
K. intermedius LMG 18909 Glycerol 7 Static 1.637 [30]
K. medellinensis Glucose 13 Static 0.269 [31]
K. maltaceti Dextrin 7 Static 0.921 [32]
K. europaeus SGP37 Glucose 16 Static 1.638 [33]

Gluconacetobacter
G. entanii HWW100 Cashew apple 14 Static 0.049 [34]
G. liquefaciens MTCC 3135 Fructose 7 Static 0.350 [23]
G. sacchari Olive mill residue 4 Static 0.213 [35]
G. kakiaceti GM5 Vinasse 7 Static 0.592 [36]
G. swingsii Pineapple peel 13 Static 0.215 [37]
G. persimmonis GH-2 Fructose 14 Static 0.479 [38]

Acetobacter
A. senegalensisMA1 Glycerol 14 Static 0.554 [39]
A. pasteurianus MGC-N98819  Rhizome 14 Static 0.150 [5]
A. aceti MTCC 2623 Glucose 6 Static 0.288 [24]
A. lovaniensis HBB5 Glucose 7 Static 0.006 [40]
A. okinawensis Glucose 7 Static 0.571 [41]
A. orientalis drf-4 Sucrose 7 Static 0.450 [42]

Novacetimonas
Novacetimonas hansenii Glucose 7 Static 0.911 [18]
YZHY21 A1l
Novacetimonas cocois WE7 Fructose 7 Static 0.607 [19]

2 HHEAERL KT

2.1 BCS HIZEH9HERY

BCS 1E2h BC & B SCHERE , J& T 2 5k
BEW ARIMES BCS MW IEA A —&
=5, HEI, BCS FE40 k335, LI K. xylinus
FARERM 18 BCS, 437 BesA, BesB. BesC,
BesD ., BesZ (CMCax) ., BglAx f1 BesH (Cepax);
LI E. coli MCEMIIA BCS, {275 BesA ., BesB.,
BesC. BesZ (CMCax) ., BesE | BesF | BesG., BesQ
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1 BesR; Lk A tumefaciens X FE W TITAL BCS,
117 BesA | BesB |, BesZ (CMCax) ., BesN ., Besk |
BscM Fll BesL!l,

BesA JETHBEERLIERILK 2 (glycosyltransferase
family 2, GT-2), 7£ 3 2% BCS ¥ fide, FE 4
FE AR . HoA 75 8 4~ X (transmembrane, TM)
XEH(TM 1-8), Hir T™M 3-8 TEpli— M2 1 i
T4z 20, ™M 4-5 ZS AR R E-2GT
SERIRTO(E 2A),

BesB & — P B TR 19 8 B 1 HAE 3 28
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Figure 2 Structural characteristics of BCS subunits. A: The molecular structure of BesA-BesB complex™. B:

Model structures of BesC!*!. C: The molecular structure of BesDP'. D: Stereo view representation of the BesZ
structure®”!. E: The molecular structure of BglAx!"*). F: The molecular structure of BesE!''). G: Model structure
of the BesFl H: The molecular structure of BesGH?L It Structure of a BesRQ™® heterodimer showing the
conversed SIMIBI fold (in spectrum-colored cartoon)""".
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BCS HIATE . H N s B TR 09 Tt s, 17
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B 2 ANAYERGE G 2 A E AR E 45
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BOREER, UrA BC AWk & A X 2 4
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BscC {UA77EF 1. 1A BCS H1, H N ¥
A VUK 45038, C T i, B-gh Fa ik
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IRHELHRL, XLESPATHY - BRTEA I HE B T 1
TRIRRELS (& 2B), BesC BEIA N 5 1 S M
43 AT G

BesD J&—# & in 85 1 HAUFATE T 1 2 BCS
o HEZH TR AB. CD. EF #Il GH 4k
PO SR AR U 2 Al S AR 22 I DU AR A B, &
LEPNBMIE . R AR R RE T N oK
Ui ) o-BRBEAH EAE AT, Hh AR S Ry X
A5 A a-BRE. 4 A B, FRFERHR N
R iy 59 A 22 IR AT AR B O B G 4 S EE A
T RE S BC iz ARG (A 20).

BesZ J& T W EL K il i K & 8 (glycoside
hydrolase 8, GT-8) H.7E 3 2§ BCS H#4477E . H
114> o-#80E . 7 4> BB, BEn kTS
J& T E 4, BEZES 5 XCFATH o
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A3 TR al0 452 2D).

BglAx .BesH (Cepax){UAA7ET 1 2 BCS Hr,
Hrfh BglAx J& TR KK 3 (glycoside
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BesE. BesF. BesG. BesQ Fil BesR #J{UAF
FET IR BCS 1, Hr BesE J&—F i B 1,
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FE NI ) 25 R IR (Bo)s 78 . HP O & A 54
AT B-HT R, M A S A a2 iE™ (K 2F).
BesE i 45 G PR T AT R (cyclic diguanylate,
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— Pl Zo® HRAE I BERR £ B R e, s
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BCS TEA L DA T IE XA 7E . B,
bes #E\ 1 F 43k 3 25, BILL K. xylinus 1%
TR 1 AR bes 2L T, LLE. coli AR
TS 2 FZE ALY bes R+, DL AL tumefaciens
FAREAEE 3 PRI bes YT

55 1 RS ALY bes BRA\ 1) B & FHIE SR A TE
besD FEHPY, besD 3 K 1 P~ A7 76 T J8 i 5
LR MR A DU 3A); 58 2 R
i) besEEYN T H &5 beskE . besG i K {H A 2 besD
FERM, besE (3 N =438 i 45 4 c-di-GMP 1]
fE3E BCS BI3E", 1 besG Y JE K 7= 4 5 W iR
LIS 0 A ARSI 3B); 5 3 Rl
I bes BN FHE5 4 besN. besK, besM Fl
besL®%, HiHr besN fFEFE F=# AR %1, besk F3E
R vl e 5 KR WEAE EAEH, besM (L [H ~
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tumefaciens 1 bes R\ T2 4150,

Figure 3 Diversity of the bcs operons. A: The structure of bcs operons from K. xylinus™. B: The structure of
bes operons from E. colil'?. C: The structure of bcs operons from Agrobacterium tumefaciens®.
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Figure 4 Biosynthesis of BC. A: BC synthesis in K. xylinus!"***). 1: Glucose dehydrogenase; 2: Glucokinase;
3: Phosphoglucoisomerase; 4: Fructokinase; 5: Alcohol dehydrogenase; 6: Acetaldehyde dehydrogenase; 7:

Glucose-6-phosphate dehydrogenase; 8: Phosphoglucomutase; 9: UDP-glucose pyrophosphorylase. B: The
hypothetical two-state model for the type I Bes complex!'®). Basal state (left), active state (right).
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Figure 5 Composition distribution of BCS in E. coli. A: The structure of the assembled BcsRQABEF

macrocomplex!'?). B: Predicted location of the Bes components
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R .
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AR, BRI B G5 A8 R AR R 2352 i 21 4
PR 2H 2% o 0 SR i il o 2 g A R
W= 4 AT AL AR A R T A HEA ) TC, A
S H 5 B TR 4 AT R R AR OG ¢ B i i
b HL VR VR A R SR AR S R SR ORI
#i WE B2 BE T 78 (Gluconacetobacter hansenii)
23769 JFFUEE T — T 4 1L 5T 45 44 B “cortical
belt”, LA T P 24 nm (Y07 B HASZ 274k

A Bundles of
microfibrils

Cellulose
ribbon Transverse

Longitudinal
T

Wi]er TC Mutant linear TC
arrangement arrangement
Wild type Mutant

Microfibril
fiber

1 Plasma

Sub-elementary
fiber

2% |Outer

Agrobacterium tumefacitns C58

Outer
@e |membrane

]‘ Peptidoglyca

membrane

bos 'membrane

Plasma
membrane

F KRB, “cortical belt”fblF HA 1EIE
WA PS5 mE e M AF7E, BT E. coli
1094 1 A. tumefaciens C58 /43 Wh w5 A ) s
AREFHE, PRI CA TR0 A Hh WA X — 4544, [H]
I HAE S (8] EATRE S BCS AHEAEIES &
BCS 7EAH M b A7, B ZT8 WA AR EF 4
(Bl 6C), {HIX—$FTk I 45+ “cortical belt” 4N
1] 15 P AR AT T R AR 5T,

Forward movement
of cell

D

Top view of the

BesC subunits
-

Cortical belt

 Eicoli10

\. \‘oommum

Elementary fibrils
aggregates OM
~10 nm diameter ————--
microfibrils
Cellulose sheet Eaiahiealing
over time

.

Width

6 BC SEBFFHEMTRNTEERE A BT besD Bl Ebk s TC 784012 1 oS ),
B: BKEBHHEZLAE BC AR 1E RS, C: “cortical belt” 45 14

Figure 6 Possible reasons of BC highly ordered fiber structure formation. A: TC arrangement on cell surface

in wild type and bcsD-deficient strain [°*). B: The role of the peptidoglycan framework in cellulose synthesis

C: The structure of “cortical belt”).
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4 RZ

BC 1E R —Ff B 4 B A5 B A= W0 A1k
PR B Bt RE M 2 A 2 0 R . BETE
KBS R SRS ) BC & Bk B EG B AT T
(Acetobacter pasteurianus) MGC-N8819 fit ] Fii
RN TR FY 4 BCP!, A pasteurianus
MGC-N8819 5 A1) BC 5 FLIR T JC 4l I35 i
(cell-free supernatant, CFS)%%&-1fill % 1Y CFS-BC
VS D T A AR R T TR . W K A
BT SR A R 2t 7E R 0 R I YR K
PEW (S W EERE R T TR T A L BC
W, cascl)et T LBRFER MRS,
i3 AT PR 5E LA KO BCS \BC ZE W) & AL
1T A BT e 2o RS BUAE Y R BT
s ST I TAER I, A BC iy M
R I R 0 4 R D R A PR A . BT T
BC & MURAE AT BN EM , {H)2 BCS Xf
BC &AM SR EIRA . B4, HEZ
f#HT T BCS /N EEAE BC A P EH
{HJZHE Cepax IR TR i — KT . W&
R EIRA, KL BCS % BesAB 5 BesC
ZBAFEMAM EAERAE BC AP RS EE
YEFY i 5 BesC 5 W3t BesD Z 0] (I AH .
VR AR 1 R DL SCRk i, 3R 75 Sk — 20T
FE LB R ST -

R, ARk @y 852 07 1) v DAALFE DL LA
Jif e (1) ERAGSE BCS AilE 3 2 8] i 4 H.
YEM s (2) BC & Bl e ik 22 Hork g, 2
FW B s (3) BC & ik A A0 G L A i Ak 3R
AR R (4) BRI AR BT AR A
B39 5oR T A BC it —2 i, RA
WY JERHS B BC B A 75 555 JE S bRl AR
IR 2 UL AS 1) I PR A 2 R SR 2 i T 1)

[
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