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The synthesis of an extracellular ribbon of cellulose in the bacterium Acetobacter xylinum takes place from
linearly arranged, membrane-localized, cellulose-synthesizing and extrusion complexes that direct the coupled
steps of polymerization and crystallization. To identify the different components involved in this process, we
isolated an Acetobacter cellulose-synthesizing (acs) operon from this bacterium. Analysis of DNA sequence
shows the presence of three genes in the acs operon, in which the first gene (acsAB) codes for a polypeptide with
a molecular mass of 168 kDa, which was identified as the cellulose synthase. A single base change in the
previously reported DNA sequence of this gene, resulting in a frameshift and synthesis of a larger protein, is
described in the present paper, along with the sequences of the other two genes (acsC and acsD). The
requirement of the acs operon genes for cellulose production was determined using site-determined TnphoA/
Kan® GenBlock insertion mutants. Mutant analysis showed that while the acs4B and acsC genes were essential
for cellulose production in vivo, the acsD mutant produced reduced amounts of two cellulose allomorphs
(cellulose I and cellulose II), suggesting that the acsD gene is involved in cellulose crystallization. The role of
the acs operon genes in determining the linear array of intramembranous particles, which are believed to be
sites of cellulose synthesis, was investigated for the different mutants; however, this arrangement was observed
only in cells that actively produced cellulose microfibrils, suggesting that it may be influenced by the

crystallization of the nascent glucan chains.

Cellulose is an extracellular polysaccharide, synthesized as
long B-1,4 glucan chains that associate to form the microfibrils
commonly observed in cellulose-synthesizing organisms. The
synthesis of this biopolymer takes place via a single polymer-
ization step, utilizing UDP-glucose as the substrate and cata-
lyzed by the enzyme cellulose synthase (UDP-glucose: 1,4-8-
p-glucosyltransferase), without the apparent involvement of
any intermediates (40). However, the crystalline structure of
cellulose microfibrils and their association with organized
intramembranous particles observed in most cellulose-synthe-
sizing organisms suggest a more intricate mechanism of cellu-
lose biogenesis than that deduced from the polymerization
reaction alone. Because of their association with cellulose
microfibrils, the intramembranous particles are believed to be
sites of cellulose synthesis and extrusion. The nature of these
particles is incompletely understood at present, and it is not
known at the molecular level how they become organized into
structures that are referred to as terminal synthesizing com-
plexes (TCs) that are characteristic for most organisms (5). In
higher plants, the TC is arranged as a rosette; in a large
number of algal species, the TC is arranged as a linear row(s)
of particles (7). Even though the cellulose produced by all
organisms chemically is the same in its primary composition,
the degrees of polymerization and crystallinity and other
physical properties are unique to each organism. To a large
extent, these differences in the properties of cellulose may be
a reflection of the organization of these complexes within the
specified organism. We are interested in understanding the
composition and organization of the cellulose-synthesizing
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complexes and how the organization of these complexes
influences the assembly of the final cellulose product.

The gram-negative bacterium Acetobacter xylinum synthe-
sizes an extracellular ribbon of cellulose microfibrils from
membrane-localized cellulose-synthesizing complexes (10) that
are organized in a linear row along the long axis of the
bacterial cell (8, 56). Among the organisms known to produce
cellulose, the mechanism of cellulose synthesis at present is
best understood in this bacterium. To determine the various
components required for cellulose biosynthesis, cellulose syn-
thase was purified from this bacterium, and two polypeptides
with molecular masses of 83 and 93 kDa were identified as
major components of this enzyme (27). The substrate-binding
site in cellulose synthase was localized to the 83-kDa polypep-
tide by photoaffinity labeling (28). Using an oligonucleotide
probe, designed from the N-terminal amino acid sequence of
the 83-kDa polypeptide, a 9.5-kb HindIII fragment from A.
xylinum ATCC 53582 was identified by Southern hybridization
and cloned in the plasmid pIS532 (44). DNA sequence from
this plasmid showed two adjacent open reading frames that
coded for polypeptides with molecular masses of 80 and 86
kDa, the deduced amino acid sequences of which matched with
the N-terminal amino acid sequences determined for the 83-
and 93-kDa polypeptides, respectively. These observations
suggested that the 83-kDa (cellulose synthase catalytic subunit)
and 93-kDa polypeptides were encoded by two separate genes
that were organized in an operon, possibly with other uniden-
tified genes, and in which the cellulose synthase catalytic
subunit gene was the first gene (45). The 83- and 93-kDa
polypeptide genes were found to be similar to the first two
genes (bcsA and besB) of the bes operon that was isolated from
another strain of A. xylinum and in which the second gene
(bcsB) was identified as the cellulose synthase catalytic subunit
gene (52). Even though the functions of the other three genes
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TABLE 1. Bacterial strains and plasmids used in this study

J. BACTERIOL.

Bacterial strain or

Relevant characteristic(s)

Source or reference

plasmid
E. coli
CC118 A(ara leu)7697 AlacX74 AphoA20 galE galK thi rpsE rpoB argE(Am) recAl C. Manoil
CC202 F42 lacl3 zzf-2::TnphoA/CC118 C. Manoil
IM109 F’ traD36 proAB lacI"A(lacZ) M15/e14~ (mcrA) recAl endA1 gyrA96 thi-1 hsdR17 (ry~ 55
mg ") supE44 relA1 A(lac-proAB)
S17-1 thi pro hsdR recA; mobilizer strain 47
DH5aMCR F~ mcr4 A(mrr-hsdRMS-mcrBC) ¢$80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl Bethesda Research
supE44 N\~ thi-1 gyrA96 relA1 Laboratories
A. xylinum
AY201 Derivative of ATCC 23769 Laboratory stock
AY201-41-34 AY?201 acsAB::TnphoA; Kan" This study
AY201-41-4-1 AY201 acsAB::TnphoA; Kan" This study
AY201-95-4-1 AY?201 acsAB::TnphoA; Kan* This study
AY201-95-9-1 AY201 acsAB::TnphoA; Kan* This study
AY201-15-2 AY201 acsAB::TnphoA; Kan* This study
AY201-15-3 AY201 acsAB::TnphoA; Kan* This study
AY201-95-1-1 AY201 acsC::TnphoA; Kan"; Kan® This study
AY201-acsD:Km  AY201 acsD::Kan" GenBlock This study
Plasmids
pMAL-c Amp*; lacl? P,,. malEA2-26-fx-lacZa New England BioLabs
pRK311 Tet"; broad-host-range cosmid vector 14
pIS532 Amp’; approximately 9.5-kb HindIII fragment of A. xylinum ATCC 53582 cloned in 44
pUC18
pIS353 Tet"; approximately 20-kb fragment of A. xylinum ATCC 53582 cloned in the cosmid 43
pRK311
pMAL-c-4 Amp"; 4.92-kb EcoRI-HindIII fragment from pIS532 cloned in pMAL-c This study
pMAL-c-15 Amp*; 4.92-kb EcoRI-HindIlI fragment from pIS353 cloned in pMAL-c This study
pMAL-c-41 Amp*; 1.4-kb EcoRI fragment from pIS353 cloned in pMAL-c-4 This study
pMAL-c-95 Amp"; 1.4-kb EcoRI fragment from pIS353 cloned in pMAL-c-15 This study
pMAL-acsD Amp'; 1.64-kb EcoRI-HindIII fragment from pIS353 carrying the 3’ end of the acsC gene This study
and the complete acsD gene cloned in pMAL-c
pIS-acsD Amp®; 1.64-kb EcoRI-HindIII fragment from pIS353 carrying the 3’ end of the acsC gene This study
and the complete acsD gene cloned in pUC18
pIS-acsD::Km Amp’ Kan"; Kan" GenBlock cloned in the PstI site of pIS-acsD leading to disruption of This study
the acsD gene
pIS311-acsD Tet"; 3.5-kb EcoRV-HindIII fragment from pMAL-acsD carrying the P,,.-malE-'acsC- This study
acsD region cloned in pRK311
pIS311-95 Tet"; 8.1-kb Hpal-HindIII fragment from pMAL-c-95 carrying the P, .-malE-'acsAB-'acsC This study

region cloned in pRK311

(besA, besC, and besD) in the bes operon were not determined,
it was suggested that all four genes present in this operon were
required for maximal cellulose synthesis in A. xylinum (52).

Although a single enzymatic step catalyzed by cellulose
synthase is responsible for polymerization of glucose units
from UDP-glucose into cellulose, other components are re-
quired for the final assembly and export of native cellulose 1.
Some of these components may be encoded by genes in the
cellulose-synthesizing operon, and it is therefore important to
identify these genes and determine their functions. In this
paper, we show the presence of three genes in the Acetobacter
cellulose-synthesizing (acs) operon and, on the basis of se-
quence analysis and study of mutants with site-determined
insertions, suggest the possible roles for these genes in cellu-
lose biosynthesis.

MATERIALS AND METHODS

Bacterial strains and plasmids. Table 1 lists the bacterial
strains and plasmids used in this study.

Reagents and enzymes. Ampicillin, 5-bromo-4-chloro-3-in-
dolyl-phosphate (XP), kanamycin, lysozyme, and tetracycline
were purchased from Sigma Chemical Co. 5-Bromo-4-chloro-
3-indolyl-B-p-galactoside (X-Gal) and the Sequenase version

2.0 DNA Sequencing kit were obtained from U.S. Biochemical.
Isopropylthio-B-galactoside (IPTG), phenol, restriction endo-
nucleases, and T4 DNA ligase were from Bethesda Research
Laboratory. The HindIII linker and Prime-a-Gene labeling
system were obtained from Promega Corporation. Kan" Gen-
Block was obtained from Pharmacia. GeneScreen hybridiza-
tion transfer membrane was purchased from NEN Research
Products. [a-*2P]dCTP (3,000 Ci/mmol) and «->5S-dATP
(1,000 Ci/mmol) were obtained from Amersham Corporation.
UDP-[U-'*C]glucose (200 mCi/mmol) was obtained from ICN
Biochemicals Inc. The Geneclean kit was purchased from Bio
101. The Qiagen plasmid kit was from Qiagen, Inc. Celluclast
(cellulase) was obtained from Novo Industries. Oligonucleo-
tides used as primers in DNA sequencing and for PCR were
synthesized by Operon Technologies, Inc. Reagents for PCR,
including Tag DNA polymerase, were obtained as a kit from
Perkin-Elmer Cetus.

Media and growth conditions. A. xylinum strains were grown
in -SH medium (46) at 28°C either statically or on a rotary
shaker. For preparation of A. xylinum cells that were not
attached to the cellulose product, cellulase (0.1% Celluclast)
was added to the culture medium 24 to 48 h before harvesting
to digest the cellulose and give a uniform cell suspension.
Escherichia coli strains were grown in LB medium (29) at 37°C
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on a rotary shaker. For selection of resistance markers, anti-
biotics were used at the following concentrations, unless
otherwise indicated: ampicillin, 100 pg/ml; kanamycin, 50
wg/ml; and tetracycline, 12.5 pg/ml.

DNA techniques. Total genomic DNA from A. xylinum and
other bacteria was isolated by a procedure (35) modified from
Dhaese et al. (13). Plasmid DNA from 0.5- to 1.0-ml bacterial
cultures was isolated according to the screening method de-
scribed by Birnboim (4). Large-scale purified plasmid DNA
was prepared according to the procedure whose description
was supplied with the Qiagen plasmid kit (37). DNA fragments
for cloning and preparation of radioactive probes were isolated
from gel slices using the reagents and protocol supplied with
the Geneclean kit. Restriction enzyme digestions and DNA
ligations were performed in the buffer supplied with the
enzymes, according to the specifications of the supplier. For
Southern hybridization, DNA was transferred from the aga-
rose gel to the GeneScreen hybridization transfer membrane
essentially according to the method described bg Reed and
Mann (38). DNA probes were labeled with [a->?P]dCTP by
using the Prime-a-Gene labeling system based on the method
described by Feinberg and Vogelstein (16). Prehybridization
and hybridization of immobilized DNA were done at 65°C in
the buffer system described by Church and Gilbert (11).
Membranes were washed twice with 2X SSC (1X SSC is 0.15
M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl
sulfate (SDS) at room temperature, and when required, a
high-stringency wash in 0.2X SSC was performed. The se-
quences of the acsC and acsD genes were obtained from
pIS353 fragments cloned in M13mp18/mp19. Sequencing was
done according to the dideoxy chain-termination method (41)
using the Sequenase version 2.0 kit and single-stranded DNA
from M13mp18/mp19 derivatives or double-stranded plasmid
DNA. For verification of DNA sequence in a region of the
acsAB gene, a 706-bp DNA fragment was obtained from the
chromosomal DNA of A. xylinum ATCC 53582 and AY201 by
PCR using primers E3S2 (5'-GAACGTGCCTACCTGCT)
and P23 (5'-GGTCAGAGGCTTCGGGC).

Plasmid constructions. DNA fragments from pIS532 and
pIS353 were cloned in the vector pMAL-c for analysis of the
acs operon genes (Fig. 1). The malE gene in this vector has an
exact deletion of the signal sequence, leading to cytoplasmic
expression of MBP (maltose-binding protein) fusion proteins.
For disruption of the acsD gene in A. xylinum, pIS-acsD::Km
was constructed by cloning a PstI-digested Kan® GenBlock in
the Pstl site of pIS-acsD. For complementation of A. xylinum
mutants in which the acsD gene had been disrupted, plasmid
pIS311-acsD was constructed. The 3’ end of the acsC gene and
the complete acsD gene were obtained as a 1.64-kb EcoRI-
HindIII fragment from pIS353. This fragment was cloned in
the vector pMAL-c to construct pMAL-acsD such that the
malEA2-26 gene on the vector was fused in frame with the 3’
end of the acsC gene, leading to the synthesis of a MBP-' AcsC
fusion protein and an intact AcsD protein. Since pMAL-acsD
cannot be maintained in A. xylinum, a 3.5-kb EcoRV-HindIIl
fragment from this plasmid carrying the P, _-malE-'acsC-acsD
region was cloned into the broad-host-range vector pRK311.
The EcoRYV site of the 3.5-kb fragment was converted to a
HindIll site using HindIII linker, following which the fragment
was cloned in HindIII-cleaved pRK311 to form pIS311-acsD.
An 8.1-kb Hpal-HindIII fragment of pMAL-c-95 carrying the
P,..-malE-'acsAB-'acsC region was cloned in pRK311 in a
similar manner to form pIS311-95.

Genetic manipulations. Preparation and transformation of
E. coli-competent cells were according to the procedure de-
scribed by Miller (34). Nonconjugative plasmids were intro-
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duced into A. xylinum cells by electroporation using the
Bio-Rad Gene Pulser apparatus attached to a pulse controller.
A. xylinum cells were prepared essentially as described else-
where (3) and were transformed with plasmid DNA purified by
the Qiagen plasmid purification procedure (37). Electropora-
tion was performed in 0.1-cm cuvettes at a field strength of 15
kV/cm, with the capacitor and the resistor set at 25 wF and 200
Q, respectively. Transformed cells were grown in SH medium
for 3 h before plating on selective plates. Mobilizable plasmids
were transferred to A. xylinum by conjugation with E. coli
S$17-1. Matings between plasmid-bearing E. coli S17-1 and A.
xylinum cells were performed on 0.22-pm-pore-size filters
placed on SH agar plates at 28°C for 4 to 5 h.

Isolation of TnphoA insertions in plasmids carrying acs
operon genes. TnphoA was transferred from F42 lacl3
zzf-2::TnphoA present in E. coli CC202 into plasmids carrying
the acs operon genes by the method described by Manoil and
Beckwith (31). E. coli CC202 cells were transformed with
pPMAL-c-derived plasmids carrying DNA fragments from the
acs operon region fused to the malEA2-26 sequence of
pMAL-c. Single colonies of ampicillin-resistant transformants
were suspended in LB medium and plated on LB agar con-
taining ampicillin (50 pg/ml), kanamycin (300 pg/ml), and
5-bromo-4-chloro-3-indoly!l phosphate (40 pg/ml) to select for
TnphoA transpositions into the multicopy plasmids. The plates
were incubated for 2 days at 37°C, after which colonies that
had active alkaline phosphatase fusions appeared blue. Plas-
mid DNA was isolated from a number of blue colonies and
introduced into E. coli CC118. Cells from the kanamycin-
resistant blue colonies of E. coli CC118 carried plasmids with
TnphoA insertions at sites coding for extracytoplasmic regions
of membrane proteins. To screen for fusions in which kana-
mycin-resistant blue colonies arose as a result of TnphoA
insertion in the B-lactamase coding region of the vector
pMAL-c, colonies were tested for resistance to ampicillin, and
sensitive colonies were discarded. Plasmid DNAs, which were
isolated from colonies resistant to both kanamycin and ampi-
cillin, were analyzed by restriction analysis. The locations of
the TnphoA transposition site on the plasmids were deter-
mined by DNA sequencing using Qiagen-purified plasmid
DNA and a synthetic primer, 5'-AATATCGCCCTGAGC,
complementary to the sequence of the 5’ region of the alkaline
phosphatase gene present in TnphoA (48).

Transfer of plasmid-borne insertions into the A. xylinum
chromosome. Plasmids carrying TnphoA insertions in the
acsAB and acsC genes and a Kan™ GenBlock insertion in the
acsD gene were introduced into A. xylinum AY201 by electro-
poration, and transformants were selected on SH agar plates
containing kanamycin (50 pg/ml). Since the pMAL-c-derived
and pUCI18-derived plasmids that carried these insertions
cannot be maintained in A. xylinum, insertions from these
plasmids were transferred into the A. xylinum chromosome by
recombination. Southern analysis was performed using the
wild-type DNA fragment, the vector DNA, and the insert DNA
(TnphoA DNA fragment or Kan" GenBlock) as probes in
separate hybridizations to determine if insertions in the mu-
tants resulted from a single recombination or from double-
recombination events. The absence of vector sequences and
the wild-type DNA fragment and the presence of DNA
fragment(s) corresponding to those obtained upon insertion of
TnphoA or the Kan® GenBlock confirmed that the mutants
analyzed in this study resulted from double recombination.
Cells in which cellulose synthesis was disrupted because of
insertions in the acs operon genes appeared as smooth colonies
in comparison with the rough colonies formed by wild-type
cells.
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FIG. 1. (A) The acs operon of A. xylinum ATCC 53582 showing organization of the acs4B, acsC, and acsD genes and the predicted sizes of
polypeptides encoded by these genes. (B) Map of DNA fragments from A. xylinum ATCC 53582 cloned in plasmids pIS532 and pIS353 that were
used for determining the sequence of the acs operon. The position of an extra T residue observed in the sequence from pIS532 is marked with
an asterisk. DNA fragments cloned in the vector pMAL-c for expression of the acs operon genes in E. coli and for isolation of TnphoA insertions
are shown under the map of pIS532 and pIS353. The 1.4-kb EcoRI fragment cloned in pMAL-c-41 and pMAL-c-95 was obtained from pIS353.
TnphoA insertions, which were isolated in plasmids pMAL-c-41, pMAL-c-15, and pMAL-c-95 (Table 2), are shown at locations determined by
DNA sequencing and are indicated by arrows with filled arrowheads. The Kan® GenBlock insertion in the acsD gene, which was isolated in the
plasmid pIS-acsD, is indicated by an arrow with an open arrowhead and shown at a similar position in plasmid pMAL-acsD. The restriction
endonuclease sites shown are abbreviated as follows: E, EcoRI; H, HindIII.

Enzyme assays. Cellulose synthase activity was determined
in membrane preparations of A. xylinum essentially as de-
scribed by Lin and Brown (27). Approximately 150 pg of
membrane proteins was incubated at 30°C for 30 min in
a reaction mixture with a final concentration of 20 puM
UDP-[**C]glucose and 20 uM of c-di-GMP (a gift from
J. H. van Boom, Department of Organic Chemistry, Leiden,
The Netherlands), and the radioactivity present in the al-
kali-insoluble product obtained after boiling was used to
determine the cellulose synthase activity. Alkaline phosphatase
activity was determined by measuring the rate of p-nitrophenyl
phosphate hydrolysis in permeabilized cells (30). Protein
concentrations were determined by Peterson’s modification of
the micro-Lowry method (36) using a protein assay kit (Sig-
ma).

Electron microscopy. A. xylinum cells were attached to

Formvar-coated grids by touching the grids to the surface of
cell suspensions. The grids, with adhering cells, were washed
with a few drops of water and 0.25% Triton X-114, and the
samples were negatively stained with 1.5% aqueous uranyl
acetate containing bacitracin (0.1 mg/ml) as a spreading agent.
For freeze-etching, A. xylinum cells from colonies, cell suspen-
sions, and active cellulose pellicles were mounted on gold
double-replica holders and immediately frozen in liquid nitro-
gen slush at —208°C. The samples were fractured at —106°C
and etched for 15 s with a Balzers BA 360M apparatus at a
vacuum of 2 X 1076 Torr. Specimens were rotary shadowed for
6 s with platinum-carbon and stabilized with carbon for 20 s.
Replicas were released from the holders into water, cleared
overnight in a solution of 5% Na(CrO;),-50% H,SO,, washed
by floating three times on water, and picked on Formvar-
coated copper grids. Negatively stained specimens and replicas
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were examined with a Philips EM 420 electron microscope at
100 kV.

X-ray diffraction. Cellulose samples were packed in 0.5-mm-
diameter glass capillaries, and powder diffraction patterns
were recorded with Ni-filtered Cu Ka radiation (35 kV, 25 mA,
45-min exposure time) using a Philips PW 1729 X-ray gener-
ator and a Debye Scherrer camera.

Sequence analysis. Nucleotide and derived protein se-
quences were analyzed using version 7.0 of the GCG (Genetics
Computer Group) sequence analysis software package (12).
Percent identity and similarity for predicted amino acid se-
quences were determined by the BESTFIT program of the
GCG package. Transmembrane segments were predicted in
the deduced amino acid sequences by the method described by
Klein et al. (22) using the PC/GENE program (IntelliGenetics,
Inc.). A search of data bases for sequences homologous to the
acs operon genes and gene products was also performed with
the BLAST program (1).

Nucleotide sequence accession number. The accession num-
ber for the complete sequence is X54676.

RESULTS

Complete DNA sequence of the acs operon from A. xylinum
ATCC 53582. Following different approaches, genes for cellu-
lose biosynthesis were identified initially for two strains of A4.
xylinum. While the identification and sequencing of the cellu-
lose synthase catalytic subunit (83-kDa polypeptide) gene (44)
and a 93-kDa polypeptide gene as part of an operon (45) were
reported for A. xylinum ATCC 53582, the complete DNA
sequence of a cellulose synthase operon (bcs operon) carrying
four genes was described for A. xylinum 1306-3 (52). The genes
coding for the 83- and 93-kDa polypeptides were found to be
similar to the first two genes (bcsA and besB) of the bes operon,
suggesting a similar organization of cellulose-synthesizing
genes in these two strains of A. xylinum. The DNA sequences
of the 83-kDa polypeptide and the 93-kDa polypeptide genes
were determined from a 9.5-kb HindIII fragment of 4. xylinum
ATCC 53582 cloned in pIS532 (44). To obtain the complete
sequence of genes present downstream of the previously
sequenced region, plasmid pIS353 that carried the 9.5-kb
HindIII fragment present in pIS532 along with additional
DNA (Fig. 1B) was identified from a library of 4. xylinum
ATCC 53582, constructed in the broad-host-range cosmid
vector pRK311 (43). However, the DNA sequence from
pIS353 differed from that determined for pIS532 by the
absence of a single T residue at position 2668 in the previously
published sequence (44). The change resulted in a frameshift
after codon 677 of the original 83-kDa polypeptide gene to
fuse this open reading frame with that of the originally defined
93-kDa polypeptide gene so as to give a gene (acs4B) encoding
a polypeptide with a molecular mass of 168 kDa. To determine
which of the two sequences (that from pIS532, encoding two
smaller proteins, or that from pIS353, encoding a single larger
protein) was correct, a 706-bp fragment was synthesized by
PCR from chromosomal DNA of A. xylinum strains ATCC
53582 and AY201, using primers E3S2 and P23. The sequences
of the PCR fragments (Fig. 2) confirmed that the sequence
obtained from pIS353 in this region was the actual sequence in
the chromosome of A. xylinum strains ATCC 53582 and
AY201. It is not clear at this time whether the extra T residue
observed at position 2668 in pIS532 was due to a mutation
present in the A. xylinum cell from which the DNA was isolated
or was introduced during the cloning steps. Since the 83-kDa
polypeptide, which was shown to bind the substrate (28), and
the 93-kDa polypeptide are both derived from the 168-kDa
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a GTTGACTTGGGGCAATTACAAGGCCGACCGCCCGCTGCTCAGCCTCATGGACATGGTTCT 2720
VDLGOQLGOQGTRUPZPAAQPHGHSG S

b GTTGACTGGGGCAATTACAAGGCCGACCGCCCGCTGCTCAGCCTCATGGACATGGTTCTC 2720

c GTTGACTGGGGCAATTACAAGGCCGACCGCCCGCTGCTCAGCCTCATGGACATGGTTCTC 2720
VDWGNYU KADRZPILTLSTLMDMMYVL

CAGCGTCAAGGGCCTGTTCCGTTCAAGTGGCGATATCGTCCATCGCAGTTCCCCAACCAA 2780
Q RQ GPV PFKWRYRPSQFPNDQ
AGCGTCAAGGGCCTGTTCCGTTCAAGIGGCGATATCGTCCATCGCAGTTCCCCAACCAAG 2780
S VKGLVFRSSGDTIVHRSSZPTK

c AGCGTCAAGGGCCTGTTCCGTTCAAGCGGCGACATCGTCCATCGCAGTTCCCCAACCAAG 2780
S VKGLFRSSGDTIVHTRSSZPTK

GCCTTTGGCTGGCAATGCCCTGTCTGACGATACGAACAACCCGTCACGCAAGGAGCGTGT 2840
A F GWOQC P V STOP
b CCTTIGGCTGGCAATGCCCTGTCTGACGATACGAACAACCCGTCACGCAAGGAGCGTGTG 2840

c CCTTCGGCTGGCAATGCCCTGTCTGACGATACGAACAACCCGTCACGCAAGGAGCGTGTG 2840
P SAGNALSDUDTNNZPS SR RIEKETRYUV

a GCTGAAGGGAACCGTGAAAATGGTTTCGCTTCTGGCGCTGCTGACATTTGCTTCCTCGGC 2900
MV SLLALTLTTFAS S A
b CTGAAGGGAACCGTGAAAATGGTTTCGCTTCTGGCGCTGCTGACATTTGCTTCCTCGGCA 2900
L KGTVI KMV SLLALTLTTFASS A
] CTGAAGGGAACCGTGAAAATGGTTTCGCTTCTGGCGCTGCTGACATTTGCTTCCTCGGCA 2900
L KGTV KMV SLLALTLTTFAS S A
FIG. 2. DNA sequence of a region of the acs operon from positions
2661 to 2900 and the deduced amino acid sequence of the open
reading frames (ORFs) determined for the DNA fragments from
plasmid pISS532 (a) and DNA fragments synthesized by PCR using
primers E3S2 and P23 (b and c) and chromosomal DNAs from A.
xylinum strains ATCC 53582 (b) and AY201 (c). The extra T residue
at position 2668 (shown with an asterisk), which was observed in the
sequence from pIS532, results in termination of an ORF at position
2804 and the start of the next ORF at position 2860. DNA sequences
determined from pIS353 and the PCR fragments (b and c) show an
OREF (acsAB) extending from positions 636 to 5285 and coding for a
polypeptide of 1550 amino acids. Nonidentical residues in the se-
quences of PCR fragments from strains ATCC 53582 (b) and AY201
(c) are underlined.

polypeptide, this large polypeptide (AcsAB) will be referred to
as cellulose synthase. Analysis of the derived amino acid
sequence of the AcsAB polypeptide predicts the presence of 11
transmembrane segments, as determined by the method de-
scribed by Klein et al. (22), and on the basis of this prediction
the polypeptide is classified as an integral membrane protein.

DNA sequence from pIS353 led to the identification of two
more genes downstream of acs4B, with sequence similarity to
the besC and besD genes. These two genes were named acsC
and acsD (Fig. 1A). The acsC gene starts at nucleotide position
5285 and terminates at position 9190 (Fig. 3), coding for a
polypeptide with a molecular mass of 138 kDa. The start codon
of the acsC gene was identified as GTG, and this codon
overlaps with the termination codon of the acs4B gene. The
acsD gene begins at position 9193 and terminates at position
9660, coding for a polypeptide with a molecular mass of 17 kDa
(Fig. 3). The start codon of the acsD gene overlaps with the
termination codon of the acsC gene. Analysis of the derived
amino acid sequences of the AcsC and AcsD polypeptides by
the method described by Klein et al. (22) predicted the
presence of a single transmembrane segment in both of these
polypeptides, suggesting that they were also membrane local-
ized.

Relationship of genes for cellulose biosynthesis in strains of
A. xylinum. The organization of genes in the acs operon of A4.
xylinum ATCC 53582 (Fig. 1A) is similar to that of the bcs
operon described for A. xylinum 1306-3 (52), except that in
place of the bcsA and bcsB genes, a single gene (acsAB) is
shown to be present in the acs operon. In addition, when the
gene products were compared using the BESTFIT program,
the BcsA polypeptide showed 81% similarity and 69.3% iden-
tity with the N-terminal half of AcsAB, while the BcsB
polypeptide showed 80.6% similarity and 63% identity with the
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FIG. 3. DNA sequence of a region of the acs o
sequence. Potential membrane-spanning segments in the AcsC and AcsD polype
et al. (22), are underlined. The DNA sequence is numbered in continuation of
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deletion of a T residue at position 2668, as mentioned in the present paper.
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peron showing the acsC and acsD open reading frames along with their deduced amino acid
ptides, which were determined by the method described by Klein
the sequence reported earlier (44, 45) and takes into account the
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FIG. 4. Southern hybridization of HindIll-cleaved DNA from
strains of 4. xylinum (lanes 2, 3, and 6 to 12), A. aceti (lane 4), and A.
tumefaciens (lane 5) with 32P-labeled acs4B gene probe (pIS532 EcoRI
fragment, nucleotide positions 240 to 1215). Lanes denoting A. xylinum
strains are as follows: 2, ATCC 53582; 3, AY201; 6, NIST; 7, LG-1; 8,
Hum-1; 9 and 10, different colony types of TG24; 11 and 12, different
colony types of TG75. Lane 1 shows HindIII fragments of bacterio-
phage lambda. The numbers on the left are the sizes (in kilobases) of
the markers.

C-terminal half of the AcsAB polypeptide. Deletion of a single
nucleotide in the 3’ region of the bcs4 gene would lead to a
frameshift and continuation of the open reading frame into the
besB gene, resulting in the synthesis of a single large protein
that would be similar to the AcsAB polypeptide. However,
there is no further information available on the bcs operon at
present. Alignment of the AcsC polypeptide with the BcsC
polypeptide (79.2% similarity, 67.8% identity) and the AcsD
polypeptide with the BcsD polypeptide (86.5% similarity,
76.9% identity) showed that overall, a 63 to 77% identity was
present in gene products from the acs and bcs operons. Since
no other gene sequences have been reported from A. xylinum
strains ATCC 53582 and 1306-3, in which the acs and bcs
operons are described, respectively, it was not possible to
determine the level of identity expected for the cellulose-
synthesizing genes from these two strains.

Since polypeptides encoded by genes for cellulose biosyn-
thesis isolated from two strains of A. xylinum were found to be
similar but nonidentical, we decided to study the homology of
the cellulose synthase gene from A. xylinum ATCC 53582 with
DNA from other strains of 4. xylinum, as well as to investigate
if sequences homologous to this gene were present in the
related bacterium Acetobacter aceti and a cellulose-producing
bacterium, Agrobacterium tumefaciens. A DNA probe carrying
the 5’ end of the acs4B gene from A. xylinum ATCC 53582
(976-bp EcoRI fragment, nucleotide positions 240 to 1215) was
used in Southern hybridization with HindIll-cleaved DNA
from A. xylinum AY201, NIST, LG-1, Hum-1, TG24, and
TG75 and HindIlI-cleaved DNA from A. aceti and A. tumefa-
ciens (Fig. 4). While DNA fragments homologous to the acs4B

acs OPERON GENES FOR CELLULOSE SYNTHESIS IN 4. XYLINUM 5741

gene probe were observed in all of the 4. xylinum strains with
various degrees of homology (Fig. 4, lanes 2, 3, and 6 to 12),
hybridization of this probe was not detected with DNA from 4.
aceti (Fig. 4, lane 4) and A. tumefaciens (Fig. 4, lane 5) under
the conditions used for DNA-DNA hybridization (35°C below
T,,). Thus far, DNA fragments homologous to the 4. xylinum
cellulose-synthesizing genes have not been identified in any
other cellulose-producing organism.

The results from a number of hybridizations showed that
DNA from A. xylinum ATCC 53582 was highly homologous to
DNA from A. xylinum AY201, a derivative of ATCC 23769.
Both strains showed hybridization of similar-sized DNA frag-
ments to probes from the acs operon region, suggesting a
relationship between these strains. An almost identical se-
quence was also obtained for a region of the acs4B gene in
PCR fragments synthesized using chromosomal DNAs from
these two strains (Fig. 2). Although the acs operon was isolated
from A. xylinum ATCC 53582, this strain was found to be
unsuitable for genetic analysis, since it was not possible to
obtain efficient DNA transfer in this strain either by conjuga-
tion or by electroporation. On the other hand, both of these
methods were found to be effective for DNA transfer in 4.
xylinum AY201. Consequently, the sequence identity between
these two strains was exploited to generate site-determined A4.
xylinum AY201 mutants for genetic analysis using cloned DNA
fragments isolated from A. xylinum ATCC 53582.

Analysis of the acs operon genes expressed in E. coli and
isolation of acs4B::phoA and acsC::phoA fusions. DNA frag-
ments from the acs operon region of A. xylinum ATCC 53582
were cloned in the expression vector pMAL-c, and the gene
present at the 5’ end of the fragment was fused to the malE
gene of the vector. The gene(s) present on the cloned fragment
was expressed in E. coli under the control of the tac promoter
to synthesize MBP fusion protein, along with either truncated
or intact polypeptides, depending on the coding region present
in the 3’ end of the DNA fragment. The malE region coded for
a 42-kDa MBP portion in the fusion proteins. Fusions of malE
to DNA fragments from pIS353 carrying the 3’ half of the
acsAB gene (PMAL-c-15) and an almost complete acs4B gene
(PMAL-c-95) were isolated (Fig. 1B). Upon IPTG induction of
E. coli IM109 containing these two plasmids, synthesis of
polypeptides with molecular masses of 137 kDa for pMAL-
c-15 and 184 kDa for pMAL-c-95 were observed, consistent
with the expected size of polypeptides predicted for a single
AcsAB protein. When similar DNA fragments from pIS532,
the plasmid containing an additional T residue and therefore
two separate reading frames, were cloned into the pMAL-c
vector, the resulting proteins were the sizes expected if trans-
lation terminates at the position of the asterisk shown in Fig.
1B (PMAL-c-4 and pMAL-c-41). E. coli extract containing the
MBP-AcsAB fusion synthesized from pMAL-c-95 was assayed
for cellulose synthase activity; however, no activity was de-
tected, suggesting that the N-terminal region (residues 1 to
193) of the AcsAB polypeptide that was not present in this
fusion may be essential for enzyme activity.

Transposon TnphoA (31) was used in the present study to
generate translational fusions of the acs4B and acsC genes
with the E. coli phoA gene to understand the membrane
topology of polypeptides encoded by these genes. The phoA
gene codes for alkaline phosphatase which is active only upon
export from the cytoplasm; thus, alkaline phosphatase fusions
have been used in the analysis of a number of membrane
proteins (32). Expression of regions of the acsAB and acsC
genes in E. coli using pMAL-c-derived plasmids made it
possible to isolate TnphoA insertions with active fusions in
these genes that could be analyzed in E. coli and later on
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TABLE 2. Position of TnphoA insertions isolated on pMAL-c
derived plasmids carrying DNA fragments from
the acs operon of A. xylinum

Insertion Plasmid® Gene Nuc[e 9"‘,“,"' Amu!q accld
position position

41-34 pMAL-c-41 acsAB 1870 411 (AcsAB)
41-4-1 pMAL-c-41 acsAB 2104 489 (AcsAB)
95-4-1 pMAL-c-95 acsAB 3196 853 (AcsAB)
95-3-2 PMAL-c-95 acsAB 3232 865 (AcsAB)
95-9-1 pMAL-c-95 acsAB 3316 893 (AcsAB)
15-2 pMAL-c-15 acsAB 3856 1073 (AcsAB)
95-12-1 pMAL-c-95 acsAB 4177 1180 (AcsAB)
15-3 pMAL-c-15 acsAB 4615 1326 (AcsAB)
95-1-1 pMAL-c-95 acsC 6327 347 (AcsC)

¢ Plasmid on which the insertion was isolated.

® Position of TnphoA insertion in the nucleotide sequence of the acs operon
published earlier (44, 45) and continued with modification (deletion of T residue
at position 2668) in the present paper.

¢ Position of the C-terminal-most amino acid of the polypeptide (indicated in
parentheses) before TnphoA-encoded residues.

transferred to the 4. xylinum chromosome. Plasmids carrying
these fusions were analyzed by restriction analysis, and the
TnphoA insertion site was determined by DNA sequencing of
the fusion site. Figure 1B shows the locations of TnphoA
insertions with active fusions in the acs4B and acsC genes
isolated on the different plasmids. The nucleotide position at
the site of insertion and the protein fusion site determined
from the predicted amino acid sequence of the corresponding
genes are indicated in Table 2. Permeabilized cells of E. coli
CC118 containing plasmids with these fusions were assayed for
alkaline phosphatase activity. All fusions showed high levels of
activity, confirming the presence of an extracytoplasmic re-
gion(s) as predicted from analysis of the derived amino acid
sequences of the AcsAB and AcsC polypeptides. The presence
of multiple transmembrane segments in the AcsAB polypep-
tide was confirmed from identification of a large number of
sites in this polypeptide that were exposed to the periplasm. A
single transmembrane segment was predicted in the derived
amino acid sequence of the AcsC polypeptide, and although
only a single periplasmic site was identified, it provides evi-
dence to support the prediction that this polypeptide may be
completely exposed to the periplasm, since it is anchored in the
inner membrane at its N-terminal end.

Isolation of 4. xylinum mutants with insertions in genes of
the acs operon. Thus far, genetic analysis of cellulose biosyn-
thesis in A. xylinum has been performed using mutants that
were isolated either by chemical mutagenesis or those that
originated spontaneously. A number of nitrosoguanidine-in-
duced mutants that formed no cellulose pellicle were found to
produce highly reduced amounts of cellulose that was charac-
terized as a cellulose I allomorph (39). In all of these mutants,
cellulose synthase activity was observed, suggesting that the
mutations affecting cellulose production were not in the gene
for cellulose synthase but at some other loci. The identification
of the cellulose synthase gene and its organization into an
operon provided information on other genes in the operon that
may be involved in cellulose production. To determine if all of
the genes in the acs operon were involved in cellulose produc-
tion and to analyze the role of the various genes in this process,
mutants of A. xylinum with insertions at known sites in the acs
operon were isolated for analysis. Mutants with insertions in
the acsAB and acsC genes were obtained by introducing

PMAL-c-derived plasmids carrying the TnphoA insertions 41-
34 41-4-1, 95-4-1, 95-9-1, 15-2, 15-3, and 95-1-1 (Table 2) into
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A. xylinum AY201. Plasmid-borne insertions were transferred
into the chromosome by double recombination, as confirmed
by Southern hybridization. The resulting A. xylinum strains,
AY201-41-34, AY201-41-4-1, AY201-95-4-1, AY201-95-9-1,
AY201-15-2, AY201-15-3, and AY201-95-1-1 (Table 1), were
isolated as smooth colonies that produced no cellulose upon
culture, suggesting that insertions in the acs4B and acsC genes
led to loss of cellulose production in vivo. When they were
assayed for alkaline phosphatase activity using p-nitrophenyl
phosphate as the substrate, all A. xylinum strains carrying the
TnphoA insertion showed activity, confirming (i) membrane
localization of the AcsAB and AcsC polypeptides in A. xylinum
and (ii) the identity of regions in these polypeptides that were
extracytoplasmic, as predicted from sequence analysis and
expression of the alkaline phosphatase fusions in E. coli. Since
wild-type cells of A. xylinum AY201 were used to isolate
TnphoA insertions, screening for mutants with active phoA
fusions was not possible on agar plates with the chromogenic
indicator XP, since both wild-type cells and those with active
fusions formed blue colonies. However, mutants with TnphoA
insertions in the acs4AB and acsC genes gave rise to smooth
colonies; thus, these insertions could be selected in a wild-type
background. Interestingly, alkaline phosphatase activity, which
was assayed by measuring the rate of p-nitrophenyl phosphate
hydrolysis in permeabilized cells, was observed only in A.
xylinum mutants that carried active phoA fusions, thereby
making it possible to analyze TnphoA fusions in wild-type A4.
xylinum AY201.

For isolation of an A. xylinum acsD mutant, plasmid pIS-
acsD::Km that carries a Kan" GenBlock in the acsD gene was
introduced into A. xylinum AY201 by electroporation, and
kanamycin-resistant colonies were selected. The transfer of the
Kan® GenBlock from the plasmid to the chromosome by a
double recombination event was confirmed by Southern hy-
bridization. The kanamycin-resistant colonies were smooth
and produced highly reduced amounts of cellulose in culture,
suggesting that the acsD gene product was required for normal
cellulose production, even though some cellulose was synthe-
sized in the absence of this gene product.

Insertions in the acs4AB and acsC genes resulted in polar
mutations in which expression of the downstream gene(s) was
affected; however, analysis of the mutants generated by these
insertions provided evidence that polypeptides encoded by
these two genes were essential for cellulose synthesis in vivo.
No cellulose production was observed in mutants AY201-95-
4-1, AY201-95-9-1, AY201-15-2, and AY201-15-3, in which
truncated AcsAB polypeptides were synthesized as AcsAB-
PhoA fusions, and in mutant AY201-95-1-1, in which the
complete AcsAB polypeptide and an AcsC’'-PhoA fusion pro-
tein were synthesized. Synthesis of these proteins was inferred
from the TnphoA-encoded alkaline phosphatase activity de-
tected in all of the mutants. The presence of the AcsAB and
AcsC polypeptides in AY201-acsD::Km was established by the
fact that this mutant could be recovered to wild type by transfer
of the plasmid pIS311-acsD that carries the acsD gene (dis-
cussed below). However, transfer of pIS311-acsD into AY201-
41-34, AY201-95-4-1, AY201-15-3, and AY201-95-1-1 did not
lead to recovery of cellulose production in any of the mutants,
suggesting that the AcsAB and AcsC polypeptides were re-
quired along with the AcsD polypeptide for normal cellulose 1
synthesis. Since mutants with insertions in the acs4B gene also
led to a loss of acsC function, the possibility remained that the
AcsC polypeptide could support cellulose production in the
absence of the acs4B gene product. To verify this probability,
plasmid pIS311-95 which carries a DNA fragment containing
the P -malE-'acsAB-acsC region from pMAL-c-95 was
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TABLE 3. Cellulose synthase activity in the membrane fraction
from mutant strains of A. xylinum AY201

. Location of Cellulose synthase
Strain TnphoA insertion sp aus:)tg1
AY201-41-34 acsAB 387
AY201-41-4-1 acsAB 306
AY201-95-4-1 acsAB 473
AY201-95-9-1 acsAB 206
AY201-15-2 acsAB 324
AY201-15-3 acsAB 294
AY201-95-1-1 acsC —b

@ Specific activity is defined as picomoles of UDP-glucose incorporated into
alkali-insoluble product per minute per milligram of protein. Cellulose synthase
specific activity for wild-type AY201 was 728.

&, not shown.

cloned in the vector pRK311 and mobilized into mutants
AY201-41-34 and AY201-15-3. A thin cellulose pellicle was
produced only in the AY201-15-3(pIS311-95) transconjugant,
in which the AcsAB’-PhoA fusion protein (containing residues
1 to 1326 of the AcsAB polypeptide) encoded by the chromo-
some and the MBP-' AcsAB fusion (containing residues 194 to
1550 of the AcsAB polypeptide) and AcsC’ (residues 1 to 754)
polypeptides encoded by the plasmid, were synthesized. Al-
though a truncated AcsC polypeptide (residues 1 to 754) was
present in both AY201-41-34(pIS311-95) and AY201-15-3
(pIS311-95) transconjugants, cellulose production was ob-
served only in AY201-15-3(pIS311-95), suggesting that by itself
this region of the AcsC polypeptide was not sufficient and that
a relatively large region of the AcsAB polypeptide was re-
quired as well for cellulose synthesis. No cellulose production
was observed in the AY201-41-34(pIS311-95) transconjugant
in which the AcsAB’-PhoA fusion protein (containing residues
1 to 411 of the AcsAB polypeptide) was synthesized along with
the MBP-'AcsAB fusion protein and the AcsC’ polypeptide.
From these studies, it was possible to determine the upper
limit for regions in the AcsAB (residues 1 to 1326) and the
AcsC (residues 1 to 754) polypeptides that were found to be
essential for cellulose synthesis.

Cellulose synthase activity in A. xylinum AY201 mutants
with TnphoA insertions in the acsAB and acsC genes. Analysis
of AY201 insertion mutants suggested that products of the
acsAB and acsC genes were essential for in vivo cellulose
production because of their possible role in the formation of
the cellulose-synthesizing and extrusion complex. Since the 83-
and 93-kDa polypeptides, derived from the 168-kDa AcsAB
polypeptide, were found to be major components of purified
cellulose synthase (27), we decided to determine if the AcsAB
polypeptide by itself was sufficient for in vitro enzyme activity
using membrane preparations from the different mutants.
While mutants AY201-41-34, AY201-41-4-1, AY201-95-4-1,
AY201-95-9-1, AY201-15-2, and AY201-15-3 were expected to
synthesize AcsAB-PhoA fusion proteins containing various
lengths of the AcsAB polypeptide, but no AcsC and AcsD
polypeptides, synthesis of the complete AcsAB polypeptide
and a truncated AcsC polypeptide was expected in AY201-95-
1-1. Surprisingly, when assays for in vitro cellulose synthesis
were performed, cellulose synthase activity was detected in
membrane preparations from all of the mutants (Table 3). The
activity observed in mutants was less than that observed for
wild-type AY201; however, it was activated by the cellulose
synthase activator c-di-GMP to the same extent as that ob-
served in wild-type cells. Even though the levels of activity
varied among the mutants, no correlation could be found
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between the observed activity and the site of TnphoA insertion.
The presence of cellulose synthase activity in membranes from
these mutants suggested that this activity was encoded by a
gene(s) other than those present in the acs operon; this was
much more evident in mutants AY201-41-34 and AY201-41-
4-1, in which only the N-terminal 411 and 489 residues of the
AcsAB polypeptide were synthesized as part of the AcsAB-
PhoA fusion protein, respectively. As suggested, a second
cellulose synthase gene (acsAIl) was identified in A. xylinum
AY201, and using mutants with insertions in both the acs4AB
and the acsAIl genes, it was shown that the in vitro cellulose
synthase activity observed in the acs4B and acsC mutants was
determined by the acsAIl gene (42). The acsAIl gene codes for
a polypeptide with a molecular mass of 175 kDa that shows
similarity to the 168-kDa AcsAB polypeptide, providing fur-
ther evidence that cellulose synthase is synthesized as a large
protein.

A. xylinum AY201-acsD::Km produces both cellulose I and II
in vive. In contrast to mutants that had insertions in the acs4AB
and acsC genes and in which no cellulose production was
observed, cellulose synthesis was observed in cells of the acsD
mutant of A. xylinum. The mutant AY201-acsD::Km exhibited
smooth colonies of two sizes—small and large (Fig. 5A), and
while small colonies gave rise to large colonies, the large
colonies remained stable. However, cellulose production was
observed only in cells of the small-colony type (Fig. 5B).
AY201-acsD::Km cells produced a thin cellulose pellicle dur-
ing static growth (Fig. SE), in contrast to a thick pellicle
produced by wild-type AY201 cells (Fig. 5D). In agitated
cultures of AY201l-acsD::Km, flocs consisting of cells and
attached material were observed in place of the cellulose
pellicle. A quantitative estimate of the amounts of cellulose
produced in static cultures showed that AY201l-acsD::Km
produced very little cellulose in comparison with wild-type
AY201 (Table 4). In spite of the difference in cellulose yield,
the cellulose synthase activities in membrane preparations
from wild-type AY201 and AY201-acsD::Km were found to be
similar (Table 4), suggesting that the acsD gene product is not
required for cellulose synthase activity in vitro but may regu-
late it in the intact cell. Although no cellulose was produced by
cells of the AY201-acsD::Km large-colony type, cellulose syn-
thase activity was detected in membranes from these cells as
well.

When cells of AY201-acsD::Km were grown under static and
agitated conditions, differences were observed not only in the
amounts of cellulose produced but also in the morphology of
the cellulose products. To determine if this change was related
to cellulose crystalline structure, X-ray diffraction patterns
were obtained for cellulose produced by AY201-acsD:Km
under static and agitated growth conditions. Reflections, typi-
cal of the cellulose I crystalline allomorph, were observed in
cellulose produced under static conditions by cells of
AY201-acsD::Km (Fig. 6C). However, when these cells were
grown under agitation, reflections of both cellulose I and
cellulose II allomorphs were observed in the cellulose product
(Fig. 6B). These observations suggested that growth conditions
influenced the crystalline structure of the final cellulose prod-
uct in AY201-acsD::Km. Mostly, this influence was related to
the amount of cellulose produced, with higher yields reported
for static cultures of wild-type A. xylinum cells (54) and
observed in cultures of AY201-acsD::Km as well (Table 4).
The low yield of cellulose, obtained in agitated cultures of
AY201-acsD::Km, could possibly be due to the production of
cellulose II, which by its inherent structure may block cellulose
synthesis (discussed below). A similar situation was also ob-
served in mutants of A. xylinum ATCC 53582 that produced
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from cultures of AY201-acsD::Km were isolated to show small (B)- and large (C)-colony types. In static culture, the small-colony type produces
a thin cellulose pellicle (E), whereas the large-colony type produces a thin surface film but no cellulose pellicle (F). Under similar culture

conditions, wild-type AY201 cells produce a thick cellulose pellicle (D).

very small amounts of cellulose and in which the cellulose
product was characterized as cellulose II (39).

Recovery of normal cellulose production in AY201-acsD::
Km upon introduction of pIS311-acsD. The defect in cellulose
production in the mutant AY201-acsD::Km was due to disrup-
tion of the acsD gene, and this was confirmed by the ability of
the wild-type acsD gene to complement this mutation. The
plasmid pIS311-acsD, which carries a DNA fragment (P, -
malE-'acsC-acsD) from the plasmid pMAL-acsD cloned in the
broad-host-range vector pRK311, was mobilized into A. xyli-
num AY201-acsD::Km, and transconjugants were selected on
SH agar plates containing kanamycin and tetracycline. Cells of
AY?201-acsD::Km(pIS311-acsD) produced cellulose under
static as well as agitated conditions, and the yields and
properties of cellulose were similar to those obtained from

TABLE 4. Cellulose yield and cellulose synthase activity
in AY201-acsD::Km

Amt of cellulose Cellulose synthase

Strain produced in vivo (mg)® sp act®

AY201 wild type 37.07 500.28

AY201-acsD:: Km 1.25 507.81
(small-colony type)

AY201-acsD::Km ND¢ 330.54

(large-colony type)

“ Dry weight of cellulose from 20-ml culture harvested after 4 days of static
growth. AY201-acsD::Km (small-colony type) grown for 4 days with agitation
produced 0.43 mg of cellulose.

b In picomoles of UDP-glucose incorporated into alkali-insoluble product per
minute per milligram of protein.

¢ ND, not detected.
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FIG. 6. X-ray diffraction patterns of cellulose products. (A) A. xylinum AY201 wild-type (static culture) showing cellulose I (see reflections [a,
6.08 A, where 1'A is 0.1 nm; b, 5.26 A; ¢, 3.89 A)); (B) AY201-acsD::Km (agitated culture) showing cellulose II (see reflections [d, 7.22 A; e, 4.40
A; £,3.97 A]) and cellulose I (see reflections [a, 6.11 A; b, 5.21 A]); (C) AY201-acsD::Km (static culture) showing cellulose I (see reflections [a,
6.10 A; b, 5.25 A; c, 4.02 A)); (D) rayon (cellulose II control; see reflections [d, 7.50 A; e, 4.41 A; £, 4.07 A]); (E) Sigmacell (cellulose I control;
see reflections [a, 5.89 A; b, 5.36 A; c, 3.91 A]).

wild-type AY201. To demonstrate that normal cellulose pro-
duction in the transconjugants was due to the acsD gene
expressed from pIS311-acsD and was not due to a recombina-
tion event, plasmid DNA was isolated from AY201l-acsD::
Km(pIS311-acsD), and the presence of the acsD gene in the
recovered plasmid was confirmed by Southern hybridization.

However, the complementation of the acsD mutation by
pIS311-acsD was observed only in the small-colony-type cells
of AY201-acsD::Km and not in cells of the large-colony type,
suggesting the presence of secondary mutations that affect
cellulose production in the large-colony type cells.
Morphology of cells and cellulose products in mutant
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strains of A. xylinum AY201. Synthesis of the thermodynami-
cally less-favorable crystalline cellulose I allomorph is sug-
gested to be the result of a precise arrangement of cellulose-
synthesizing sites in A. xylinum. The arrangement of these sites
has been inferred from examination of cells along with the
attached cellulose product and by freeze-fracture analysis of
the cell surface. To determine if genes in the acs operon were
involved in the arrangement of these sites, we examined the
morphology of the cellulose products and the organization of
the intramembranous particles in mutants of A. xylinum. Like
other A. xylinum strains, wild-type AY201 cells produced a
typical, twisted ribbon of cellulose (Fig. 7A and B). Among
mutants with insertion in genes of the acs operon, cellulose
production was seen only in AY201-acsD::Km. This strain
produced a cellulose pellicle during static growth conditions,
and an examination of cells from the pellicle showed that they
produced ribbons of cellulose (Fig. 7C and D) that did not
differ in morphology from those produced by wild-type cells.
When AY201-acsD::Km was grown with agitation and the cells
were examined at a high magnification, rodlets of the cellulose
II allomorph attached to the cells could be clearly observed
(Fig. 8B). However, these cells produced both cellulose I and
cellulose II, as shown by X-ray diffraction analysis of the
cellulose product (Fig. 6B). Although production of both
microfibrils of cellulose I and rodlets of cellulose II was
observed from the same cell of AY201-acsD::Km (Fig. 8A), it
is not clear at present if both of these allomorphs were
synthesized from the same site or from different sites in the
cell.

To determine if the linear arrangement of cellulose-synthe-
sizing sites was present at all times in cells of 4. xylinum, we
examined wild-type AY201 cells by freeze-fracture. A distinct
linear row of intramembranous particles was observed only in
cells producing cellulose microfibrils during pellicle formation
(Fig. 9A), and a very diffuse organization was observed in cells
frozen from colonies (Fig. 9B). No arrangement was observed
in wild-type cells when they were collected by centrifugation or
when they were treated with cellulase to dissolve the cellulose
product. These results suggested that the cellulose-synthesizing
sites in A. xylinum assumed an ordered arrangement during the
synthesis of cellulose microfibrils and that this organization
was not preserved in conditions of stress or when the cellulose
microfibrils were even digested. When mutants of 4. xylinum
AY201 were examined by freeze-fracture, the linear arrange-
ment of particles correlated strictly with production of a
cellulose pellicle. Even though AY201-acsD::Km produced a
thin pellicle during static growth, cells from this pellicle
showed an ordered array of particles (Fig. 10A). A similar
organization was observed in cells of AY20l-acsD:Km
(pIS311-acsD), which produced a thick pellicle and in which
cellulose production was indistinguishable from that of wild-
type cells (Fig. 10B). A. xylinum AY201-41-34, AY201-95-4-1,
AY201-15-3 (Fig. 8C), and AY201-95-1-1 were found to
produce no cellulose product, and an examination of cells from
these strains by freeze-fracture revealed no organization of
intramembranous particles (Fig. 8D).

Homology of the AcsC polypeptide with bacterial pore-
forming proteins. From analysis of A. xylinum mutants, a
requirement of the AcsC polypeptide was established for in
vivo cellulose production, and on the basis of its predicted
hydrophobicity and membrane localization, it was suggested
that this polypeptide is involved in formation of pore-like
structures for extrusion of the cellulose product. A data base
search for identification of related proteins revealed that the
AcsC polypeptide exhibited sequence relationship with a few
proteins that were involved in formation of membrane com-
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plexes. Alignment of the AcsC sequence with the sequences of
the E. coli Trbl protein (49.1% similarity, 25.3% identity), A.
tumefaciens VirB10 protein (47.0% similarity, 23.8% identity),
and orfG gene product of the ptl operon of Bordetella pertussis
(45.7% similarity, 25.3% identity) was done using the BEST-
FIT program of the GCG package to determine the relation-
ship of these proteins with the AcsC polypeptide. The VirB10,
Trbl, and OrfG proteins were predicted to be anchored in the
cytoplasmic membrane by a single hydrophobic segment in
much the same manner as that of the AcsC polypeptide,
suggesting that the structural organization of these proteins
may be related to a common function. The VirB10 protein (49,
50) has been suggested to form an aggregate with itself or
other membrane proteins to form a complex pore structure
that spans both membranes and through which the T-DNA
from A. tumefaciens is passed into the plant cell. The Trbl
protein is encoded in the Tra2 region of the plasmid RP4 that
is involved in mating-pair formation during bacterial conjuga-
tion in E. coli (26), and the ptl operon is involved in secretion
of the pertussis toxin in B. pertussis (51). Sequence similarity
has been observed between protein products encoded by genes
in the virB region of A. tumefaciens, the Tra2 region of E. coli,
and the ptl operon of B. pertussis, suggesting that these regions
are involved in the formation of membrane complexes for the
secretion of macromolecules from bacteria. The similarity of
the AcsC polypeptide with these polypeptides emphasizes its
role in the formation of a membrane complex in A. xylinum for
extrusion of the cellulose product.

DISCUSSION

Genes involved in biosynthetic pathways are commonly
organized in an operon or in a cluster, as seen for the synthesis
of a number of bacterial exopolysaccharides (24). Compared
with some of the more complex polysaccharides that require a
number of steps for their synthesis (18, 20), the polymerization
of cellulose is catalyzed in a single step by the enzyme cellulose
synthase. In A. xylinum, cellulose synthase activity is regulated
by the activator c-di-GMP, and thus in its simplest form the
cellulose synthase from this bacterium is visualized as a
membrane protein with a substrate-binding and a regulatory
site. Purification of this enzyme from A. xylinum ATCC 53582
showed the presence of two major polypeptides with molecular
masses of 83 and 93 kDa (27), and the 83-kDa polypeptide was
identified as the substrate-binding subunit by photolabeling
with [*2P]azido-UDP-glucose (28). The function ef the 93-kDa
polypeptide could not be established from these studies, except
that it was observed in purified preparations in approximately
the same amount as the 83-kDa polypeptide, suggesting that
both of these polypeptides were present in an equimolar ratio
in cellulose synthase. However, cellulose synthase purified
from A. xylinum 1306-21 was shown to have three major
polypeptides with molecular masses of 90, 67, and 54 kDa and
in which the activator and substrate-binding sites were associ-
ated with the 67- and 54-kDa polypeptides, respectively (33).
N-terminal sequencing of these polypeptides showed that the
90-kDa polypeptide was encoded by the second gene (bcsB) in
the bes operon (52) and that the 67-kDa polypeptide was a
cleavage product of the 90-kDa polypeptide. In these studies,
the besB gene was identified as the cellulose synthase catalytic
subunit gene (33, 52). Moreover, the 83-kDa polypeptide,
encoded by the first gene (bcs4) in the bes operon, was not
observed in purified cellulose synthase that was treated with
sample buffer at 95°C for 2 min and analyzed by SDS-
polyacrylamide gel electrophoresis. Only in later experiments,
when purified cellulose synthase was treated at 37°C for 15
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FIG. 7. Production of a typical cellulose ribbon by A. xylinum wild-type AY201 (A) and ribbons from AY201-acsD::Km cells (C) in static
culture. No differences were observed in the cellulose ribbon structure from AY201 wild type (B) and AY201-acsD::Km (D) when they were
examined by high-resolution negative staining. Scale bars: 1.0 (A), 0.1 (B), 1.0 (C), and 0.1 (D) pm.
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FIG. 8. Production of both allomorphs, corresponding to microfibrils of cellulose I, and rodlets of cellulose II in a single cell of
AY201-acsD::Km incubated on a grid (A) and of cellulose II in a cell of AY201-acsD::Km cultured under agitated conditions (B). A typical mutant

(AY201-15-3), in which no cellulose product was observed by negative staining (C), shows no arrangement of intramembranous particles in a
freeze-etch replica (D). Scale bars: 0.1 (A), 0.1 (B), 1.0 (C), and 1.0 (D) pum.
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FIG. 9. Freeze-etch replicas of a 4. xylinum AY201 wild-type cell from a cellulose pellicle showing a linear row of particles (arrowhead) (A)
and cell from a colony showing diffuse organization of particles (bracket) (B). Scale bars: 0.1 (A) and 0.1 (B) pm.

min, were both the 83- and the 90-kDa polypeptides observed,
and [*?P]JUDP-glucose was found to bind to the 83-kDa
polypeptide (53), confirming our initial results leading to the
conclusion that this was the substrate-binding polypeptide
(28). In the present study, we have shown that the acs operon
consists of three genes and that the first gene (acs4B) in this
operon codes for cellulose synthase. This enzyme is synthe-
sized as a polypeptide with a molecular mass of 168 kDa that
carries both the substrate-binding and activator-binding sites. The
mechanism by which the 83- and 93-kDa polypeptides are ob-
tained from this large protein is not clear at present.

A search for related proteins showed that the AcsAB
polypeptide shared sequence similarities with, among others,
the NodC protein (51.8% similarity, 26.5% identity) and the
ExoO protein (45.4% similarity, 20.9% identity) from Rhizo-
bium meliloti and the HasA protein from group A streptococci

(46.1% similarity, 21.8% identity). The nodC gene (21) is
required for nodulation in all Rhizobium species and for
synthesis of a nodulation factor such as NodRm-1, a sulfated
N-acyl-tri-N-acetyl-B-1,4-p-glucosamine tetrasaccharide (25)
that bears a structural resemblance to chitin (poly-N-acetyl-B-
1,4-p-glucosamine). The NodC protein showed a 32% identity
to chitin synthase III from Saccharomyces cerevisiae and on the
basis of this homology was suggested to be a glycosyl trans-
ferase involved in the synthesis of the NodRm-1 backbone (9).
However, no significant homology was observed between the
AcsAB polypeptide and the chitin synthases. The ExoO pro-
tein from R. meliloti (17) is involved in the synthesis of the
exopolysaccharide succinoglycan and catalyzes the formation
of a B-1,6 glycosidic linkage. HasA has been identified as a
hyaluronate synthase in the group A streptococci and is
predicted to function in the B-1,4 transfer of N-acetylglu-
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FIG. 10. Freeze-etch replicas of a AY201-acsD::Km cell from a cellulose pellicle (A) and a cell of AY201-acsD::Km(pIS311-acsD) from a
cellulose pellicle (B) showing a linear row of particles (arrowheads). Scale bars: 0.1 (A) and 0.1 (B) pm.

cosamine to glucuronic acid during hyaluronate biosynthesis
(15). Multiple alignments of these polypeptides with the
AcsAB and BcsA polypeptides identify regions of conserved
residues present among these various glycosyltransferases that
may be involved in formation of B-glycosidic linkages (Fig. 11).

A search of protein databases for identification of sequences
homologous to the AcsC polypeptide has provided insight into
the role that this polypeptide may have in cellulose assembly.
The AcsC polypeptide was found to be homologous to bacte-
rial proteins that are components of membrane channels or
pores. Even though pore-like structures have been proposed
for the extrusion of the cellulose microfibrils (56) and in-
tramembranous particles have been visualized by freeze-frac-
ture (8), this is the first time that a protein (AcsC polypeptide)
has been identified that may have a role in the formation of
these structures. The similarity of the AcsC polypeptide with

BcsA VDIFIPTYDE QLSIVRLIVL GALGIDWPPD KVNVYILIDG ......... \4
NodC VDVIVPSFNE DPGILSACLA .LRVYVVIDG SRNREAIVRV
HasA VAAVIPSYNE DAESLLETLK SVLAQTYPLS .. SSNTDATQLT
B0 VIFVVAAYNS ADTIVRA.IE SALAQE..GV TVEWWVIDC SADAT.....
- _— e
AcsAB RPEFAAFAAE NEHAKAGNLN YAIGHTDGDY ILIFDCDHVP
BecsA RPEFBQFAKD OGALYIGRVD SSHAKAGNLN ILILDCDHIP
NodC NVGKRKAQT AATIGOSSGDL VLNVDSDSTI
HasA EEYVNREVDI CRNVIVHRSL VNKGKRHAQA WAFERSDADV FLTVDSDTYI
B0 . PALVAATPD PRVRLIA.LD RNRGPGGARN AGIGAARGRW IAVLDSCDTV

FIG. 11. Deduced amino acid sequences of the AcsAB, BcsA (52),
NodC (21), HasA (15), and ExoO (17) polypeptides were aligned using
the GCG program PILEUP, and a region of conserved residues is
shown. The amino acids displayed correspond to residues 151 to 241 of
AcsAB, 151 to 241 of BesA, 51 to 145 of NodC, 66 to 163 of HasA, and
12 to 101 of Exo0O. Positions with four identical amino acids are
denoted by dashes, while those with five identical amino acids are
denoted by asterisks.
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proteins involved in the secretion of macromolecules from
bacteria suggests that the cellulose-synthesizing and extrusion
complex has functions other than the polymerization of glucans.

The concept that polymerization and crystallization are
separate but tightly coupled reactions has been used to suggest
that cell-directed assembly may mediate the production of
cellulose ribbons (19). The rate-limiting step has been pro-
posed to be the crystallization step (2). In spite of these
interesting observations, no mention has been made of the
relationship between the cellulose product and how it could
directly or indirectly control its rate of synthesis. Is it produced
by the nature of the crystalline allomorph? When the AcsD
polypeptide is not present, as in AY201-acsD::Km, cells pro-
duce much smaller quantities of cellulose, and the crystalline
structure of the product is influenced by the conditions during
synthesis. Although an explanation for such a behavior is not
readily available, a common mechanism for production of the
two cellulose allomorphs in AY201-acsD::Km under different
conditions may be related to the direct effects of the product
on the cellulose-synthesizing machinery. Such conditions
would arise in which a random crystallization and/or distribu-
tion of the exiting polymer product could change the confor-
mation of the synthesizing complex. In this scenario, the acsD
gene product may have a major role in the perfection of
crystallization. From these observations, we believe that the
AcsD polypeptide is involved either in the pore structure itself
or in the organization of the pores within the linear array of
TCs. In the absence of the AcsD polypeptide, the pore
structure is present and capable of normal ribbon synthesis;
however, the pore may be much more sensitive to the exiting
cellulose product. Here, the random crystallization of nascent
glucan chains into cellulose II could effectively clog the pore so
that further polymerization becomes restricted. This influence
could be exerted by regulating the activity of cellulose synthase
inside the cell. In A. xylinum, cellulose synthase activity is
regulated by the activator c-di-GMP, the presence of which
inside the cell must be under a strict control. The conditions
that regulate the level of c-di-GMP in A. xylinum have not been
fully ascertained (40). However, under certain conditions, the
cellulose product, which has not been extruded during synthe-
sis and which blocks or occludes the cellulose-extrusion pores,
may regulate the c-di-GMP level by altering the activities of
the membrane-associated diguanylate cyclase and regulatory
phosphodiesterases that constitute the c-di-GMP regulatory
system. Alternatively, the cellulose product could directly
affect the polymerization reaction in a similar manner by
influencing the activity of the membrane-localized cellulose
synthase.

The present study provides evidence that the organization of
the cellulose-synthesizing complexes governs the morphology
of the cellulose product and that the product directly or
indirectly influences its own synthesis at the polymerization
step. As the cellulose microfibrils integrate into a ribbon, the
entire structure becomes more rigid and itself can more
effectively maintain the alignment of the TCs. This frequently
is observed in the organized row of TC structure in cells of
wild-type A. xylinum AY201 (Fig. 9A) and AY201-acsD::Km
(Fig. 10A) from pellicles obtained during static culture condi-
tions; however, this organization is significantly altered in
wild-type cells from colonies in which, in general, rows are
apparent, but they are much more diffuse (Fig. 9B). This
suggests that at the time of freezing for analysis, cells in
colonies of the wild-type strain that are fully capable of
synthesizing cellulose ribbons have a diffuse organization of
the cellulose-synthesizing complexes and that this organization
could become pronounced as a result of ribbon formation. A
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diffuse TC structure is also observed in a strain of A. xylinum
which produces cellulose II (23).

Implications for cellulose crystallization may give insight
into the evolutionary history of cellulose biogenesis among
primitive organisms, as reflected in the distribution of this
process among extant living organisms. For example, a more
primitive bacterium of the genus Sarcina synthesizes only
cellulose II in vivo, whereas representatives of the gram-
negative purple bacteria belonging to the genera Rhizobium,
Alcaligenes, Agrobacterium, and Acetobacter normally synthe-
size the cellulose I allomorph (6). This implies that perhaps
during cellular evolution, these latter organisms acquired
additional mechanisms, among which was the facilitation of
cellulose I assembly. Since this allomorph is a metastable
product, one which is less thermodynamically favorable, the
natural selection process may have directed the organization of
the synthetic machinery to favor extended glucan chain crys-
tallization. The selective advantage of producing microfibrils
or ribbons composed of cellulose I may have included a rapid
cellular translocation to provide more nutrients or to secure a
protective environment for growth and division. Such a selec-
tive advantage may not be provided by the cellulose II allo-
morph. This form of cellulose is produced only in rare in-
stances and in highly reduced amounts, especially under
conditions of stress. Thus, cellulose production may be seen as
a mechanism whereby A. xylinum cells sense the environment
through a directed crystallization of their major metabolic
product, cellulose.
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