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Abstract
Bacterial crystalline cellulose is used in biomedical and industrial applications, but the

molecular mechanisms of synthesis are unclear. Unlike most bacteria, which make non-

crystalline cellulose,Gluconacetobacter hansenii extrudes profuse amounts of crystalline

cellulose. Its cellulose synthase (AcsA) exists as a complex with accessory protein AcsB,

forming a 'terminal complex' (TC) that has been visualized by freeze-fracture TEM at the

base of ribbons of crystalline cellulose. The catalytic AcsAB complex is embedded in the

cytoplasmic membrane. The C-terminal portion of AcsC is predicted to form a translocation

channel in the outer membrane, with the rest of AcsC possibly interacting with AcsD in the

periplasm. It is thus believed that synthesis from an organized array of TCs coordinated

with extrusion by AcsC and AcsD enable this bacterium to make crystalline cellulose. The

only structural data that exist for this system are the above mentioned freeze-fracture TEM

images, fluorescence microscopy images revealing that TCs align in a row, a crystal struc-

ture of AcsD bound to cellopentaose, and a crystal structure of PilZ domain of AcsA. Here

we advance our understanding of the structural basis for crystalline cellulose production by

bacterial cellulose synthase by determining a negative stain structure resolved to 23.4 Å for

highly purified AcsAB complex that catalyzed incorporation of UDP-glucose into β-1,4-glu-

can chains, and responded to the presence of allosteric activator cyclic diguanylate.

Although the AcsAB complex was functional in vitro, the synthesized cellulose was not visi-

ble in TEM. The negative stain structure revealed that AcsAB is very similar to that of the

BcsAB synthase of Rhodobacter sphaeroides, a non-crystalline cellulose producing

bacterium. The results indicate that the crystalline cellulose producing and non-crystalline

cellulose producing bacteria share conserved catalytic and membrane translocation com-

ponents, and support the hypothesis that it is the extrusion mechanism and order in linearly

arrayed TCs that enables production of crystalline cellulose.
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Introduction
Cellulose is the most abundant polysaccharide on earth. Cellulose microfibrils are composed of
long polymeric chains of β-1,4 linked D-glucose. Over the past decades, cellulose has attracted
increasing interest. Cellulose is the major structural component of plant cell walls and also
important in many bacterial biofilms [1]. The cellulose in plant biomass is valued as a resource
for sustainable biofuels [2, 3], and bacterial cellulose has been used to meet important indus-
trial and biomedical needs due to its high purity, high degree of polymerization, high crystallin-
ity, high water content and high mechanical stability [4–7].

Among cellulose-producing bacteria, some of which include Gluconacetobacter (formerly
Acetobacter [8] and recently renamed to Komagataeibacter [9, 10]), Agrobacterium, Aerobac-
ter, Achromobacter, Azotobacter, Rhizobium, Sarcina, Salmonella, Escherichia, Pseudomonas
and Alcaligenes [11–13], the gram-negative G. hansenii has been subjected to intensive study
as a model organism for cellulose biosynthesis. Unique among bacteria, Gluconacetobacter
synthesize and extrude profuse amounts of crystalline cellulose of type I structure to help float
microbial mats to the air water interface, perhaps to facilitate contact with oxygen [14–16]. The
cellulose synthase machinery in G. hansenii was observed as a Terminal Complex (TC)
arranged in linear rows by freeze-fracture transmission electron microscopy and immunogold
labeling [17, 18]. Fluorescent protein tagged TC components (AcsD and CcpAx) were localized
in a line longitudinally along with the cell [19]. The first cellulose synthase gene to be identified
was acsA of G. hansenii, and a number of studies have shown that the synthase works optimally
when supplemented with the products of the genes acsB, acsC and acsD [20–22]. AcsA, the cat-
alytic subunit, is an 83 kDa polypeptide localized in the cytoplasmic membrane that is able to
transfer glucose to the growing glucan chain [23–26]. AcsA contains a catalytic domain in an
intracellular loop and a regulatory PilZ domain in its carboxy terminus. The PilZ domain
binds the cellulose synthesis allosteric activator cyclic diguanylate [27–31]. AcsB was identified
via product entrapment as a 93 kDa polypeptide that co-purified with AcsA [25, 32, 33]. AcsB
is a periplasmic protein and by homology to BcsB of R. sphaeroides it is believed to be anchored
to the cytoplasmic membrane with a single C-terminal transmembrane helix (TMH) [32].
Although all functions of BcsB, and by analogy AcsB, have not been demonstrated, the C-ter-
minal helix has been shown to have three functions. It anchors BcsB to the membrane, binds
BcsB to the synthase protein, and is essential for the latter's synthesis of cellulose [34]. The
homology of AcsC with bacterial macromolecule secretion systems suggests it may form a
transmembrane pore [21]. AcsC is thus believed to facilitate the transport of glucan chains out-
side the cell where they form microfibrils. Note that many bacteria that synthesize non-crystal-
line cellulose don't have recognizable acsC genes [35]. G. hansenii cells lacking AcsD still
produce cellulose but with a reduced yield, modified morphology and lowered crystallinity,
indicating a role for AcsD in crystallization of cellulose [21, 36]. AcsD is a soluble protein pres-
ent in the periplasmic space [37], and its crystal structure revealed a homomeric octamer that
forms a 2x4-ring structure with an apparent capacity to hold four β-glucan chains in close
proximity [36].

Of all functional cellulose synthase proteins, only that of R. sphaeroides BcsAB complex has
been structurally defined, in that case by X-ray crystallography. This ground breaking work
advanced our understanding of the structural basis of cellulose synthesis at atomic resolution
[38, 39]. However, neither the highly purified complex nor Rhodobacter itself makes crystalline
cellulose [34]. It remains unknown if there are structural features of the G. hansenii synthase
that contribute to crystal formation of the produced cellulose, or if crystallinity results solely
from appropriate presentation of several synthases in the linear array of TCs to the AcsD/AcsC
export machinery. To address this question, it is important to obtain structure of the cellulose
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synthase complex of G. hansenii. Here we report the systematic optimization of purification of
cellulose synthase AcsAB from G. hansenii. The yields were insufficient for crystallization tri-
als, but adequate to demonstrate production of apparently non-crystalline cellulose and nega-
tive stain structure determination by electron microscopy (this structural method works well
for smaller protein complexes). The negative stain images were used to construct a 3D volume
defined at 23.4 Å resolution. We discuss how this structure relates to that of BcsAB, underscor-
ing an apparent need for linear arrangement of AcsAB for G. hansenii to make crystalline
cellulose.

Results

Expression of the TC Components AcsAB and AcsC
Our first strategy to express affinity tagged TC was to integrate a histidine tag in the C terminus
of AcsC by homologous recombination (Fig 1A). Inserting the tag at the C-terminal end of
published sequence for acsC in G. hansenii ATCC 23769 (gene GXY_04282 [40, 41]) caused
the engineered cells to fail to make cellulose (Fig 1B). Secondary structure predictions of AcsC
suggest a fairly large domain made of seventeen tetratricopeptide repeats (TPRs), followed by a
β-barrel at the C-terminus (S1 Fig). However, the β-barrel predicted from published sequence
appeared truncated (so we denote that as AcsC-T), suggesting a mistake had been made assign-
ing its coding region in the deposited sequence (S1 Fig). Re-sequencing that region revealed a
frame shift that caused a premature termination in the published sequence. After sequence cor-
rection, the peptide was elongated 107 amino acid residues and these are predicted to complete
the β-barrel structure (S1 Fig, AcsC-C). When the tag was moved to the C-terminal end of
AcsC-C, the strain was able to make crystalline cellulose (Fig 1C) and produce AcsC (also,
AcsA and AcsB) protein as determined by Western blotting using polyclonal antibody against
fragments of either AcsA, AcsB or AcsC (Fig 1D). Cells harvested at OD600nm equal to 1.0
yielded pure AcsC-His12 but there was no co-purification of AcsAB (data not shown). The
amount of AcsC-His produced was extremely low, unsuitable for structural studies and failed
to provide a handle for purifying a complete TC.

Failing to express sufficient affinity tagged TC by homologous recombination of C-termi-
nally tagged AcsC, we developed a plasmid-based, homologous expression system to produce
N-terminally tagged AcsAB. Unlike bacterial synthase proteins BcsA and BcsB, which are
encoded on distinct genes, AcsA and AcsB of G. hansenii are fused into one larger polypeptide
that is proteolytically processed to generate the separate proteins of the AcsAB complex [33].
The endogenous promoter of the acs operon was used to drive the expression of the normally
fused acsAB gene but with insertion of an N-terminal dodeca-histidine tag. The same promoter
was also placed in the front of the acsCD genes to activate their expression (Fig 2A). The whole
transcriptional cassette encoding AcsAB, AcsC and AcsD was inserted into the plasmid
pUCD2 and stably transformed into wild type G. hansenii. Western blotting of transformed
cells revealed the expression of AcsA, AcsB and AcsC gradually increased until OD600nm
reached 1.5 and then decreased over the time (Fig 2B). The cells were thus cultured to an
OD600nm of 1.5 and harvested for protein purification. Note that when expressing these pro-
teins, copious amounts (0.2 g/liter) of cellulase (Worthington) had to be added to the culture
medium to remove cellulose to facilitate large scale fermentations.

Detergent Screening for the Purification of AcsAB Complex
To achieve efficient solubilization of cellulose synthase TC from the membrane, five different
types of detergents were included in the screening. After detergent treatment, the solubilized
supernatant and unsolubilized pellet were separated by ultracentrifugation and subjected to
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Fig 1. Expression affinity tagged cellulose synthase inG. hansenii via homologous recombination. (a) Strategy for constructing C-
terminal His tagged AcsC by homologous recombination. AcsAB, AcsC and AcsD represent the coding sequences for the corresponding
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Western blotting. All investigated detergents yielded similar amounts of solubilized AcsB,
while only n-Dodecyl β-D-maltoside (DDM) productively solubilized AcsA (Fig 3A). These
detergent solubilized membrane fractions were then used for subsequent purification using
immobilized cobalt affinity chromatography (Co-NTA). AcsB, but not AcsC, was copurified by
his-tagged AcsA. DDM solubilization treatment gave the highest yield with a nearly stoichio-
metric ratio for AcsA and AcsB. Other detergent treatments generated very low yields (Fig 3B).

We also screened detergents for replacing DDM while the protein complex was on the Co-
NTA resin in preparation for further purification by gel-filtration. Protein was equilibrated
with buffer containing n-Dodecyl-N,N-dimethylamine-N-oxide (LDAO), n-Dodecyl-β-D-
maltopyranoside (DDM), LysoFos1 Choline Ether 14 (LFCE14) or Sodium taurocholate
(NaTC), respectively, prior to elution with imidazole. As revealed by SDS-PAGE, both DDM
and LFCE14 stabilized the complex during the affinity purification of his tagged protein (Fig
4B and 4D). With the presence of DDM in the buffer, the size exclusion chromatography dis-
played overlapping, multiple peaks (Fig 4A). In contrast, the protein purified in the presence of
LFCE14 migrated in a major peak at ~11ml, which was shown to contain two distinct bands
estimated to represent ~95 kDa and ~80 kDa polypeptides in SDS PAGE (Fig 4C and 4D).

genes. "His" is a dodeca-histidine tag. Tetr and Ampr indicate the coding sequence for tetracycline and ampicilin resistance gene,
respectively. (b) The Cel+ strain engineered to express AcsC-T was unable to produce cellulose in static culture, although its parent
produced cellulose at the air-media interface [41]. (c) Static cultures of the Cel+ strain engineered to express AcsC-Cmade cellulose pellicle
like its parent Cel+, while a stable non-cellulose-producing strain (Cel-) did not [41]. (d) Expression profiling of AcsA, AcsB and AcsC in
AcsC-C strain. The cells were harvested in the indicated OD values. Polyclonal antibodies raised and purified against synthetic peptides of
AcsA (α-AcsA), AcsB (α-AcsB) and AcsC (α-AcsC) [37] were used, respectively.

doi:10.1371/journal.pone.0155886.g001

Fig 2. Expression of affinity tagged cellulose synthase carried by plasmid inG. hansenii. (a) Schematic of plasmid
expressing AcsAB, AcsC and AcsD. Pacs promoter is the original promoter of cellulose synthase operon in the strain
ATCC23769. "His" is a dodeca-histidine tag fused in the N-terminal of AcsAB. AcsAB, AcsC and AcsD indicate the coding
sequences of AcsAB, AcsC and AcsD, respectively. (b) Western blot of cells transformed with pUCD2CDHisAcsAB and
harvested at the indicated OD values.

doi:10.1371/journal.pone.0155886.g002
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LDAO disassociated AcsA and AcsB and yielded non-stoichiometric amounts of the two proteins
(S2A Fig). Using NaTC yielded AcsB, but no AcsA, possibly because this detergent made His-
tagged AcsA precipitate on the Co-NTA column and AcsB dissociated and eluted alone (S2B Fig).

Purified AcsAB Complex Is Able to Incorporate UDP-14C-Glucose
To determine if the purified protein complex in detergent LFCE14 was functional for cellulose
synthesis, the protein sample was used in a polymer incorporation assay in the presence of radio-
active substrate UDP-14C-glucose [34, 42]. Radioactively labeled, water-insoluble product was
quantified by scintillation counting. The results shown in Fig 5A suggest the purified protein was
able to synthesize 14C labeled polymer when activator c-di-GMP andMg2+ were included in the
reaction buffer. The protein sample separated by size exclusion chromatography showed about
30% higher specific activity than the one directly eluted from Co-NTA resin, perhaps due to
removal of non-functional protein aggregates and contaminant proteins by size exclusion chro-
matography (Fig 4D). The in vitro synthesized product was shown to be cellulose by digestion
with β-1,4-glucanase (cellulase) and the fraction of insoluble product that can be attributed to cal-
lose was identified by digestion with β-1,3-glucanase (callase). The cellulase treatment solublized
95% ±1.5% of the radioactivity, while callase failed to release any radioactivity. When EDTA was
used to remove cation, or when c-di-GMP was omitted, the protein was not able to catalyze label
incorporation into cellulose (Fig 5A). Although we have been able to use transmission electron
microscopy (TEM) to visualize in vitro synthesized cellulose fibrils from CesA prepared from the
moss Physcomitrella patens [43], we saw no such fibers in the cellulose made from G. hansenii
AcsAB, nor with cellulose synthesized by R. sphaeroides BcsAB [34].

Metal preference was determined by including various cations in the reaction. Mg2+ ion
showed the highest enzyme activity, while Mn2+ was able to support almost as much activity.

Fig 3. Detergent screening for solubilization of AcsAB frommembrane. The membranes of cells transformed with pUCD2CDHisAcsAB were
incubated with the indicated detergent for 60 min at 4°C followed by ultra-centrifugation. (a) Western blots of supernatant and pellet fractions using
antibody against AcsA and AcsB, respectively. (b) SDS-PAGE and coomassie staining of Co-NTA purified protein from the supernatant solubilized by the
indicated detergent.

doi:10.1371/journal.pone.0155886.g003
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Fig 4. Detergent screening for the purification of metal chromatography and size exclusion chromatography.
DDM solubilized supernatant was subjected to purification in buffer containing DDM (a and b) or LFCE14 (c and d). a
and c. Size exclusion chromatography on the protein purified by Co-NTA resin. b and d. SDS-PAGE gels resolving the
protein eluted from Co-NTA resin and major peak from size exclusion chromatography. The Co-NTA indicates elution
from Co-NTA. The fraction 9 (SEC-9) of DDM purification and 8 (SEC-8) from LFCE14 purification were also analyzed in
the gel. The bands of molecular weight in (b) from top to bottom are: 260, 140, 100, 70, 50, 40, 35 kDa. In (d), the bands
of molecular weight from top to bottom are: 140, 100, 70, 50, 40, 35, 25, 15 and 10 kDa.

doi:10.1371/journal.pone.0155886.g004
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Addition of Ca2+ supported very low enzyme activity (Fig 5B). Monitoring activity in the pres-
ence of Mg2+ and at varied substrate concentrations showed that the enzyme has a KM of 0.12
(± 0.03) mM UDP-glucose and a Vmax of 1010 (± 60) nmol per mg protein complex per min
for purified AcsAB. Assuming 100% of the protein was active, the enzyme turnover efficiency
was 2.9 UDP-glucose molecules per AcsAB complex per second (Fig 5C).

Fig 5. Detergent purified AcsAB complex showed In vitro cellulose synthase activity. (a) UDP-14C-
glucose incorporation assay in Co-NTA (Co-NTA) or size exclusion chromatography (SEC) purified AcsAB.
The purified protein was incubated with UDP-14C-glucose in the presence or absence of c-di-GMP and
EDTA. The reaction products were subjected to β-1,4-glucanase (cellulase) and β-1,3-glucanase (callase)
followed by scintillation counting to measure the remaining radioactive counts. (b) Requirement of cation for
catalytic activity of AcsAB. Cation (20 mM) or EDTA (20 mM) was included in the reaction for 15 min which
was then subjected to radioactivity measurement. (c) Michaelis-Menten kinetic assay of purified AcsAB,
yielding constants KM = 0.12 (± 0.03) mM UDP-glucose, and Vmax = 1010 (± 60) nmol per mg protein complex
per min.

doi:10.1371/journal.pone.0155886.g005
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Low-Resolution 3D Reconstruction of AcsAB by Negative Stain EM
AcsAB was 'polished' by size exclusion chromatography in buffers with different detergents as
described above. We used negative stain EM to examine the material present in different peaks
eluting from the size-exclusion columns developed with the various detergents. The products
from the major peak (fraction 9 as labeled in Fig 4A) seen for DDM showed that this detergent
promoted protein aggregation as also observed in the micrograph of negative stain EM (Fig
6A). Two-dimensional (2D) class averages for 3243 negatively stained particles further revealed
the presence of a heterogeneous population of particles (Fig 6B).

The LFCE14 purified sample showed monodisperse particles on thin carbon layer coated
grids. The negatively stained EM images revealed rod shaped particles in which one dimension
was approximately half of the other dimension (particles averaging 150 Å in length and 70 Å in
width; Fig 7A). Reference free 2D class averages were generated from a set of 3168 boxed parti-
cles and showed some details of the overall organization of the particles. Interestingly, a dark
dot was visible in some of averages and projections, which suggested a cavity was present in the
structure (Fig 7B). A three dimensional (3D) volume was reconstructed from the negatively
stained particles at 23.4 Å resolution by using EMAN2 (Fig 8A, S3 Fig; deposition EMD-8075,
wwPDB.org). The particles used for structure reconstruction covered most Euler angles (S4
Fig). Comparison of class averages (odd-numbered rows) and corresponding projections of the
reconstructed 3D model (even-numbered rows) showed the final model to be internally consis-
tent with the dataset of images (Fig 7B). The map was also validated by tilt-pair analysis [44,
45] in which computed orientation parameters clustered around the experimental tilt angle (10
degrees; S5 Fig). The crystal structure of BcsAB fit convincingly to the EMmodel (correlation
coefficient of 0.84), indicating that the major features of AcsAB and BcsAB are conserved (Fig
8B). The alignment located AcsA, with its TM region embedded in the cytoplasmic membrane
and extended cytoplasmic domain (Fig 8A and 8B). Segmentation analysis (SEGGER [46])
divided the AcsA volume into three sub-volumes that corresponded with the TM domain, the
catalytic domain and the C-terminal domain (S6 Fig). The active site required for substrate
binding was shown as a pit in the structure. The C terminal PilZ domain was revealed as a pro-
trusion near the active site in the bottom of the 3D volume (Fig 9). As shown in Fig 10, the
modeled volume occupying the TM region of AcsA was larger than that of the TM region of
the BcsA crystal structure. The donut-shaped mass in the periplasm represented AcsB in close
contact with the AcsA TM region. Segmentation analysis of the AcsB density revealed four
sub-volumes, representing the predicted domains (FD1, FD2, CBD1 and CBD2) (S6 Fig). The
observed cavity corresponding to the dark dot seen in some single particles and class averages
was mapped in the center of AcsB, which is surrounded by subdomains resembling two cellu-
lose binding modules and two ferrodoxin-like domains (CBD and FD, respectively, in Fig 11).
Previous studies indicate that a gating loop (IF3-TM7) is located in front of the BcsA active site
and controls the access to the active site by changing conformation [39]. The gating loop
sequence is conserved in AcsAB (S7 Fig). The protein complex was purified in buffer lacking
the activator c-di-GMP, presumably causing the gating loop to be in its 'resting' state blocking
substrate access to the active site. However, as modeled the reconstructed AcsAB structure
does not show volume for the gating loop (Fig 9).

Discussion
All bacteria that synthesize cellulose contain well conserved synthase genes. While most bacte-
ria (like R. sphaeroides) appear to make amorphous cellulose, a few (like G. hansenii) make
highly crystalline cellulose. The mechanisms that give rise to the different types of cellulose,
intuitively involving linkage between synthesis and excretion from the cell, remain to be fully
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understood. For G. hansenii, this linkage must depend on structural features of the synthase
(AcsAB) and accessory proteins (CcpAx, AcsD) required for translocation of cellulose across
the periplasmic space and through the outer membrane (AcsC) (Fig 12).

Here we correct a frame shift in the 3'-end of the deposited sequence of acsC, GXY_04282 of
ATCC 23769 [40], replacing the last 24 predicted residues and extending the protein by
another 107 amino acids to fully define the β-barrel at the C-terminus. This protein is now pre-
dicted to be 1302 residues long, with mass of 138.6 kDa, in contrast to the previously predicted
size of 1195 residues with 127.2 kDa mass. We note that the estimated size of AcsC from west-
ern blots is 138 kDa [41]. This size also agrees well with predictions from a second sequence
deposited for the same acs locus of ATCC 23769 (GenBank AB091060.1). That sequence sug-
gests that AcsC has the same number of residues and C-terminal extension as we report here.
The two sequences are identical for all but 3 amino acid residues, presumably strain specific
substitutions. Our observation that integrating a His-tag at the C-terminal end reported by Iyer
et al. [40] prevented cellulose secretion by cultures of the mutant cell indicates that the full C-
terminal end is needed to define the β-barrel pore for extrusion of cellulose. Deng et al. [41]
reported that this region of sequence promoted transcription of tetC in G. hansenii, concluding
that it encodes an independent promoter for transcription of acsD. We did observe that trunca-
tion of AcsC at the published C-terminal end had little to no effect on synthesis of AcsAB and
AcsD, and the method of making the truncated AcsC left an intact copy of the acsC 3'-end
immediately upstream of acsD. Perhaps the sequence performs a dual function, encoding the
C-terminal end of AcsC and promoting transcription of acsD. Another possibility is that the
inserted plasmid could have driven transcription of acsD. Expression of functional AcsC was
not coupled to expression of the rest of the cellulose synthase machinery. There was also no
apparent co-purification of any of those TC components to affinity purified, full length AcsC.
It thus appears that AcsC interacts either transiently with the synthetic apparatus or indirectly,
for example—via nascent cellulose emerging from AcsD. Alternatively, the associations may
not have survived the detergents used to stabilize the membrane proteins.

We were able to optimize detergents and purification steps to prepare highly pure AcsAB
that was catalytically active, cation-dependent, and properly regulated by c-di-GMP. The spe-
cific activity of AcsAB purified by product entrapment or metal affinity chromatography
reported by McManus et al. [33] were one hundred fold lower than that reported for BcsAB
[34]. The specific activity of AcsAB complex prepared with a final gel filtration chro-
matographic step (Vmax of 1010 ± 60 nmol per mg protein complex per min) was about
30-fold lower than that of BcsAB, higher than that detected in the isolated cytoplastic mem-
brane (52 nmol incorporated glucose/mg.min), the material obtained by one step product
entrapment (420 nmol incorporated glucose/mg.min) and the metal affinity purified AcsAB
(660 nmol incorporated glucose/min.mg) [25, 26, 33]. Assuming all protein molecules in our
sample are functional and contributing to the detected activity, the turnover number of AcsAB
is about 2.9 molecules per protein complex per sec, which is 1.7-fold higher than that detected
in affinity purified AcsAB (1.72 ± 0.06 molecules per protein complex per sec) [33]. However,
it is about 30 times lower than the efficiency of BcsAB (90 molecules per protein complex per
sec) [34].

The yield of purified AcsAB complex was sufficient to determine a negative stain EM struc-
ture at the resolution of 23.4 Å. At that resolution, we were able to ask if the structure of AcsAB

Fig 6. Electronmicroscopy of AcsAB purified by DDM indicates the presence of protein aggregates. (a) Representative electron
micrographs of AcsAB purified in fraction 9 of size exclusion chromatography shown in Fig 4A. (b) 2D reference free class averages of negatively
stained particles obtained in micrographs imaged from fraction 9.

doi:10.1371/journal.pone.0155886.g006
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synthase differs from BcsAB synthase, finding that overall they are similar. This includes c-di-
GMP binding domain, substrate binding cleft, and juxtaposition between the A and B compo-
nents. The membrane spanning region of AcsAB did appear larger than for BcsAB, but there
are no amino acid insertions in AcsA (S7 Fig) or AcsB [34] that could explain that difference.
Considering the extra density was specifically observed in the TM domain, but not in periplas-
mic and cytosolic domains, we suggest the extra density reflects the detergent micelle sur-
rounding the TM domain. Such micelles have been seen in EMmaps representing TM
domains of other detergent purified membrane proteins [47–49]. The AcsAB structure did not
contain volume for the gating loop conserved with BcsA (FxVTxK motif, between IF3 and
TM7 in S7 Fig), which may reflect the low resolution of the structure or suggest movement of
the loop. We tentatively conclude that G. hansenii's ability to make crystalline cellulose does
not depend on differences in synthase structure from that of BcsAB; rather, it depends upon
different organization of the AcsAB synthase molecules within the cell.

Four schemes exist for how bacterial cells organize their genes devoted to cellulose synthesis
(reviewed in [35]). The process of cellulose synthesis includes polymerization, assembling and
secretion of glucan chains, which in G. hansenii requires the function of other associated pro-
teins such as β-1,4-glucanase CMCax, periplasmic proteins AcsD and CcpAx, and pore-form-
ing protein AcsC [19, 21, 22, 33]. A previous study was able to see in vitro synthesized cellulose
associated with doughnut-shaped particles, which were 9–18 nm in thickness and 22–55 nm in
diameter [25]. These particles are larger than the size expected for the monomeric complex of
83kDa (AcsA) and 93kDa (AcsB) [25]. This is verified by the negative stain TEM structure we
present for AcsAB. It is possible that the higher ordered oligomers needed to make cellulose

Fig 7. Visualization of LFCE14 purified AcsAB determined by negative stain EM. (a) Representative electron
micrograph of LFCE14 purified AcsAB complex stained by uranyl formate. (b) 2D reference free class averages (odd-
numbered columns) of negatively stained particles paired with projections of the final 3Dmodel (even-numbered
columns).

doi:10.1371/journal.pone.0155886.g007

Fig 8. 3D reconstruction of negatively stained AcsAB at 23.4Å. (a) Three side views of 3D reconstructed model of AcsAB complex. The volume of
AcsA is composed of membrane embedded TM region and large cytosolic region. The active site responsible for substrate binding and PilZ domain
required for activator c-di-GMP binding are mapped in the cytosolic region. The density of AcsB sits on the top of AcsA. The cytoplasmic membrane
boundaries are represented by black lines. (b) The AcsAB EM density map was docked with crystal structure of BcsAB (PDB entry 4HG6). BcsA and BcsB
are shown in orchid and cyan ribbon representatives, respectively. The translocating glucan co-crystallized with BcsAB is indicated in cyan sphere.

doi:10.1371/journal.pone.0155886.g008
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fibrils or ribbons were disrupted during the detergent-based purification; alternatively, the
associations between AcsAB and other necessary components may be weak and transient in
nature, and maintained by the presence of cellulose itself. In this regard, cellulose biosynthesis
machinery appears different from the machines that make extracellular EPS and capsular CPS,
where a fixed Wca-Wcz complex or ABC transporter mediates translocation from inner mem-
brane across the periplasm to the exit portal in the outer membrane [50, 51]. We favor the
model presented in Fig 12 for the G. hansenii apparatus.

The model must account for the following observations. First, AcsAB is of known size, and
occupies the inner membrane and partial periplasm—the rest of the periplasm and outer mem-
brane must be bridged by other components. Second, the crystal structure of AcsD revealed a
cylinder shaped homo-octamer with ~65 Å in height, ~90 Å in outer diameter and ~25 Å in
inner diameter. The octamer presents four inner passageways for the extrusion of individual
glucan chains [36]. Third, domain predictions suggest that AcsC has seventeen TPR-like motifs
in the N-terminus and a β-barrel porin at the C-terminus (S1 Fig and S8 Fig). The barrel is
made of 14, membrane spanning β-strands that form an oval shaped channel. The inner diam-
eter of the predicted channel is ~17 Å x 29 Å on its short and long axes and has the capacity for
~4 glucan chains (S8 Fig). The TPR-motifs in AcsC can be compared to periplasm located pro-
teins such as AlgK known to be active in other sugar polymer secretion systems. Like AcsC,
AlgK contains repetitive TPR motifs that, in the case of AlgK, mediate protein-protein interac-
tion [52–55]. AlgK is essential for the proper localization of porin AlgE and interpreted to
serve as a scaffold to link the inner and outer membrane portion of the complex [56, 57]. From
such a comparison, it is likely that AcsC contains a fusion of such functions, which implies a
crucial role of the periplasmic portion is to facilitate transportation of glucan to and through
the porin [57]. AcsC may interact with periplasmic proteins (eg. AcsB, AcsD, cellulase) and

Fig 9. Architecture of of AcsA cytoplasmic domain. Surface representation of AcsA cytoplasmic domain
revealed the active site as a pit to facilitate substrate UDP-glucose binding. The gating loop (IF3-TM7)
identified in BcsAB crystal structure (PDB entries 4HG6 and 4P02) was not occupied in the AcsAB density
map. The PilZ domain was located in the C-terminus of AcsA and represented by a protruding density. BcsA
and translocating glucan are shown in orchid ribbon and cyan sphere representatives, respectively. The
membrane boundary facing cytoplasm is indicated as a black line.

doi:10.1371/journal.pone.0155886.g009

Fig 10. Larger TM region of AcsA compared with BcsA. Docking of the BcsA crystal structure into the
AcsA EM density map revealed extra volume in the AcsA TM region rendered as a light gray surface. BcsA
and BcsB are shown as orchid and cyan ribbons, respectively. The translocating glucan resolved in the
BcsAB crystal structure is drawn as cyan spheres. The boundary of implied cytoplasmic membrane is
indicated as a black line.

doi:10.1371/journal.pone.0155886.g010
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guide the nascent glucan in entering the porin. The co-crystallization of BcsAB along with a
translocating glucan indicated that one nascent glucan chain is polymerized by one catalytic
subunit [38], but not two [36]. Taken together, we propose a model of cellulose synthase com-
plex in Gluconacetobacter (Fig 12), in which tetramers of AcsAB in the inner membrane coop-
erate with the partners located in periplasm and outer membrane to synthesize and deliver
growing glucan chains that further assemble into elementary fibrils, and from there into
ribbons.

Higher resolution information coupled with an understanding of interactions with other
TC components is required to determine the basis for that organization. Although cryoEM has
traditionally been appropriate for structural studies of proteins�200 kDa in mass, recent
advent of direct electron detectors may make it suitable for smaller ones like the ~180 kDa
AcsAB complex [58–61]. Such detectors have also dramatically improved attainable resolution,
with electron density maps defined at ~3 Å being frequently reported [59, 61–66]. DDM was
determined as the best detergent for protein solubilization from membrane, but final elution
from affinity columns and storage of the AcsAB complex in buffer containing LFCE14 was
required to obtain aggregate free material. Such samples could be used to explore feasibility of
cryoEM.

Materials and Methods

Construction of the Strain Used to Express Cellulose Synthase Complex
Homologous recombination was used to generate a G. hansenii strain with His-tag at the C ter-
minus of AcsC. The C terminal sequence of AcsC-T and AcsC-C fused with 12 histidine encod-
ing sequence was amplified using PCR primers AcsC-T-HR and AcsC-C-HR (S1 Table),
respectively. The DNA sequence encoding tetracycline resistance gene was amplified from the
plasmid pUCD2 by using the primer Tet (S1 Table). The fragments of AcsC and Tet were inte-
grated into the plasmid pUC19 linearized by restriction enzyme BamHI and EcoRI (New
England Biolabs) via In-Fusion cloning kit (Clontech) to generate pUC19AcsC-T-His and
pUC19AcsC-C-His, which were transformed into the wild type strain by electroporation. The
transformants were selected against 10 μg/ml tetracycline in the culture medium.

In our second strategy to express CSC, we chose to clone the entire set of acs genes onto a
plasmid that could be maintained in G. hansenii itself. This approach assured that correct post-
translational processing would occur to split AcsAB into separate AcsA and AcsB polypeptides.
The promoter of the acs operon and coding sequences of AcsC and AcsD were amplified using
the primer of acs promoter-1 and AcsCD (S1 Table), respectively. The plasmid pUCD2 was
linearized by PvuI and SalI. Then the promoter and AcsCD were joined to the linearized

Fig 11. Domain organization of AcsB. The reconstructed 3D EM structure of AcsB fits well to the crystal
structure of BcsB. Four conserved domains (FD1, FD2, CBD1 and CBD2) are defined in the density map.
BcsB and translocating glucan are shown in cyan ribbon and sphere representatives, respectively. The
membrane boundary facing periplasm is indicated as a black line.

doi:10.1371/journal.pone.0155886.g011
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plasmid using the In-Fusion cloning kit to generate pUCD2Pacs::CD. The acs operon promoter
and His12-AcsAB were amplified by using primer acs promoter-2 and HisAcsAB (S1 Table),
respectively. Then these two fragments were integrated into linearized pUCD2Pacs::CD by

Fig 12. Schematic representation of proposed cellulose polymerization and secretion complex inG. hansenii.With the activation of c-di-GMP,
cytoplasmic membrane embedded AcsAB complexes transfer glucose into synthesized glucan chain. The elongated glucan chains in close proximity
are bundled and pass through the pathway made by AcsD and finally extruded out of cell through the AcsC channel on the outer membrane.

doi:10.1371/journal.pone.0155886.g012
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enzyme SalI to produce pUCD2CDHisAB, which was transformed by electroporation into
wild type strain and plated on the agar plates containing 100 μg/ml spectinomycin.

To assay for cellulose production, the colonies plated on SH agar plates were inoculated into
Schramm-Hestrin (SH) media containing proper antibiotics and incubated at 30°C without
shaking for 3 days. Cultures producing cellulose (Cel+) were able to produce pellicle at the
media surface, while those not producing cellulose (Cel-) failed to make pellicle.

SDS-PAGE andWestern Blot
SDS-PAGE was performed using a well established method [67]. Gluconacetobacter cells were
disrupted using a micro-sonication probe for three pulses at duration of 10 sec and interval of
3 min in ice-water bath (Artek Sonic Dismembrator Model 150) that was followed by the deter-
mination of protein concentration by the Bradford method [68]. The same amount of protein
(10 μg) for each sample harvested at the indicated OD value was incubated with loading buffer
for 10 min at 65°C and resolved with 4–12% gradient SDS-PAGE gel (GenScript) in Tris-
MOPS buffer. To monitor different fractions during solubilization optimization, the same vol-
ume of sample (20 μl) was separated by SDS-PAGE. Proteins were then transferred onto nitro-
cellulose membranes in a BioRad Mini-Transfer Cell for 60 min. The membrane was blocked
by incubating with 5% BSA for 30 min before adding primary, polyclonal antibodies against
AcsA, AcsB or AcsC, respectively. (The antibodies, generously provided by Ming Tien, were
raised from peptide fragments and then purified by binding to and eluting from peptide on
nitrocellulose membrane.) After washing blots in Tris Buffered Saline with Tween1 20
(TBST) buffer, Anti-Rabbit IgG (whole molecular)-Alkaline Phosphatase (Sigma) was diluted
1:6,666 and incubated with the membrane for 30 min. Blots were then thoroughly washed and
incubated with 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP)/nitro-blue tetra-
zolium chloride (NBT) solution (Amresco) for immuno-staining of blotted protein. Alterna-
tively, the Cobalt (Co)-NTA resin purified protein (10 μl) was directly load on SDS-PAGE for
coomassie staining.

Purification of AcsAB Complex and AcsC Protein
The engineered strain was plated onto SH agar plates with 100 μg/ml spectinomycin and incu-
bated at 30°C for 3 days. All of the cells on the agar plate were resuspended and inoculated in
liquid SH media containing cellulase (0.2 g/liter) to produce cultures free of accumulating cel-
lulose [25]. The resulting cultures were harvested at the indicated OD value after incubation
with shaking at 30°C. Then the cells were resuspended in ice-cold lysis buffer (20 mM
NaH2PO4 pH7.2, 300 mMNaCl and 5 mM cellobiose) and lysed in a microfluidizer at 20,000
psi. The membrane fraction was pelleted by centrifugation in a Beckman Ti45 rotor at 120,000
x g for 60 min at 4°C and solubilized at 4°C in buffer (SB) containing 20 mMNaH2PO4 pH7.2,
300 mMNaCl, 5 mM cellobiose, 5 mMMgCl2, 10% glycerol, 20 mM imidazole and specified
detergent. To screen for solubilization, 1% LDAO, 1.5% DDM, 2% Polyoxyethylene(8)dodecyl
ether (C12E8), 2% Triton and 3.2% NaTC were gently mixed with pelleted membrane fraction
at 4°C for 60 min. The solubilized supernatant was collected by centrifugation at 4°C in a Beck-
man Ti45 rotor at 120,000 x g for 45 min and incubated with Co-NTA resin (Thermo scien-
tific) for 60 min with gentle agitation at 4°C. Subsequently, the resin was packed in a gravity
flow column and washed with 10 column volumes of SB buffer containing 30 mM imidazole
and indicated detergent. Then elution buffer (20 mM Tris-HCl pH7.5, 100 mMNaCl, 5 mM
Mg2+, 5 mM cellobiose, 10% glycerol, 300 mM imidazole and indicated detergent) was used to
elute protein from the resin. The eluate was concentrated to about 500 μl using a centrifugal
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concentrator (100K cutoff, Pall) and applied to a Superdex 200 gel filtration column (GE
healthcare, SuperdexTM 200 10/300GL, 24ml).

Cellulose Synthase Assay in Detergent-Purified AcsAB Complex
Cellulose synthase activity was determined by measuring the incorporation of UDP-14C-glu-
cose (Perkin Elmer) into insoluble glucan chains. The reaction was performed in buffer con-
taining 20 mM Tris-HCl pH7.5, 100 mMNaCl, 5 mM cellobiose, 20 mMMgCl2, 30 μM c-di-
GMP, 2 mM UDP-glucose and 2 μMUDP-14C-glucose. After adding 32 μg (for Co-NTA elu-
tion) or 7.3 μg (for gel filtration) of the protein sample, reactions were immediately placed into
a 30°C water bath and incubated for 30 min. Then 2% SDS was added to terminate the reaction.
To precipitate the synthesized product, the reaction was centrifuged at 16,000 x g for 10 min at
room temperature. The pellet was then washed once at room temperature with 50 mMNaAc
(pH5.5) and resuspended in the same buffer. For cellulase and callase digestion, 10 units per
reaction of cellulase (Worthington) or 5 units per reaction of callase (Megazyme) were incu-
bated with the synthesized products overnight at 50°C and 37°C, respectively. Finally, all of the
reaction solution was filtered through a glass fiber filter (Whatman, GF/C, diameter 24mm)
and washed with 4 ml 66% ethanol, 4 ml water and 4 ml ethanol in sequencial. After drying,
the glass filter was submerged in a scintillation cocktail (ScintiVerse™ BD, Fisher) for counting
radioactive decay.

To identify metal preference, the same procedure was followed as above except the reaction
time was 15 min instead of 30 min and 20 mM concentration of the indicated metals was pres-
ent. The enzyme kinetics assay was performed in the presence of varying amount of substrate.
All the measurements were performed in three replicates and the value is the mean of three
replicates ± standard deviation. Michaelis-Menten analysis was performed using non-linear
regression, fitting the above data to the standard equation v = Vmax

�[S]/(KM + [S]) with a pro-
gram created using Lahey Fortran F77L (Lahey Computer Systems, Inc., Incline Village, NV)
and NONLIN (Michael Johnson, University of Virginia, Charlottesville, VA).

Negative Staining Sample Preparation and Imaging
Three and one half μl of protein sample at a concentration of 0.002 mg/ml was adsorbed on
glow discharged grids (Pelco easiGlow) coated with thin layer of continuous carbon film depos-
ited under high vacuum (10−6 Torr, Denton Vacuum model DV-502B). Grids were then
washed and stained in 10 drops of 1% (wt/vol) of freshly prepared uranyl formate and allowed
to air dry. Image acquisition of negative stained grids was performed in a Tecnai T12 transmis-
sion electron microscope operating at 120 keV using a dose of ~20 e-/ Å2 and phase contrast
was optimized by defocusing over a range of 0.5–2.5 μm. Images were obtained using a 4k x 4k
charge-coupled device (CCD) camera (Eagle, FEI) with a magnification of 68,000 x (1.45 Å/
pixel on the specimen).

EMData Processing
Image evaluation and particle picking were performed using the software EMAN2 [69]. The
contrast transfer function (CTF) parameter of each micrograph was determined with
CTFFIND3 [70]. In total 3168 particles were manually picked and extracted in 208 pixel x 208
pixel boxes. Boxed particles were normalized and subjected to reference-free 2D class averaging
in ISAC [71], which extracted 'stable classes' by repeated cycles of clustering to assess reproduc-
ibility of class assignments. With no symmetry imposed (sym = C1), an initial 3D model was
generated from 2D classes using the program of e2initialmodel.py in EMAN2. The initial
model was used as a start model to refine the final 3D reconstruction by using the program of
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e2refine_easy.py in EMAN2. The refined model was deposited to the EMDataBank as EMD-
8075 (wwPDB.org). To obtain a molecular interpretation of AcsAB density map, a rigid-body
docking of BcsAB atomic model into AcsAB EMmap was performed by using the function 'Fit
in Map' in UCSF-Chimera [72]. The AcsAB showed 84% of correlation with the simulated
BcsAB model at 24 Å. The function 'SEGGER' [46] in Chimera was used for segmenting the
3D density map.

Tilt-Pair Validation
Negatively stained grids were prepared as described above. In the same specimen area, untilted
and 10° tilted images were sequentially acquired at a dose rate of ~20 e-/ Å2. Processing, parti-
cle-picking and tilt validation were performed using EMAN2. In total 120 particle pairs were
extracted from 7 pairs of CTF-corrected images.

Supporting Information
S1 Fig. Sequence comparison and domain organization of truncated and complete AcsC of
G. hansenii ATCC 23769. The amino acid sequence of truncated (AcsC-T) and complete
(AcsC-C) AcsC are aligned, with the location of the frame shift denoted by switching from
black to gray AA symbols. Predicted TPR repeats and β–barrel are shown by gray shading and
black boxes, respectively.
(PDF)

S2 Fig. Dissociation of AcsAB complex by detergents LDAO and NaTC. (a) Size exclusion
chromatography and staining an SDS-PAGE gel with Coomassie Blue shows disassociation of
AcsA and AcsB during purification in the presence of LDAO. (b) Purification using buffer con-
taining NaTC caused His-tagged AcsA to remain on the Co-NTA resin. In the SDS-PAGE gel,
"Co-NTA" represents the protein eluted from the Co-NTA resin and the numbers indicate the
fraction separated by size exclusion chromatography.
(PDF)

S3 Fig. Gold-standard Fourier shell correlation (FSC) plot of the final 3D refinement. The
density map is resolved to 23.4 Å according to the FSC value of 0.143.
(PDF)

S4 Fig. Orientation distribution of all particles used for final 3D reconstruction. Cylinders
of varying height represent the number of particles found in given orientations. Higher and
lower cylinders are in light grey and black, respectively.
(PDF)

S5 Fig. Tilt-pair validation of the AcsAB density map. Sixty-eight percent of effective particle
pairs cluster around the experimental tilt angle of 10 degrees, though some spread indicates
uncertainty in determining particle orientations that is typical of smaller structures. Each black
dot represents the tilt axis and tilt angle for a particle pair in polar coordinates. The red circle is
centered at the expected relative tilt angle 10°. The outer radius of the plot is 180°.
(PDF)

S6 Fig. Segmentation of the reconstructed 3D density map. AcsA was segmented into three
sub-volumes corresponding to its TM domain (TMD), catalytic domain and C-terminal
domain in light blue, light green and springgreen, respectively. AcsB was segmented into four
regions: FD1 in yellow, FD2 in violet, CBD1 in orange and CBD2 in purple.
(PDF)
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S7 Fig. Sequence comparison and domain organization of G. hansenii AcsA and R. sphaer-
oides BcsA. The fused AcsAB sequence is separated into AcsA and AcsB based on previous
reports [24, 37]. Secondary structure elements are shown with their corresponding primary
amino acid sequences. The major structural domains of BcsA revealed by published crystal
structure are shown above the alignment. The conserved transmembrane helices (TMHs),
interfacial (IF) helices, and PilZ-domain are indicated with dark grey shade, light grey shade
and black box, respectively.
(PDF)

S8 Fig. Structure prediction of AcsC by ITASSER. According to the domain prediction of
AcsC as shown in S1 Fig, the amino acid sequence of AcsC was split into N-terminal and C-ter-
minal portions. After removing the signal peptide, the N-terminal portion (33-942aa.) and C-
terminal portion (943-1302aa.) were separately subjected to structure prediction using ITAS-
SER. (a) Prediction for the N-terminal portion (C-score = 0.53, Estimated TM-score = 0.78
±0.09, Estimated RMSD = 7.5±4.3Å). (b) and (c) Prediction for the C-terminal portion (C-
score = -3.18) as shown in side view (b) and end view (c), reproduced to the right with 4 strands
of cellulose (Iβ crystalline form) inserted into the channel.
(PDF)

S1 Table. PCR primers used in this study.
(PDF)

Acknowledgments
We thank Prof. Ming Tien and Dr. Prashanti R. Iyer (Penn State University) for kindly provid-
ing antibody against AcsA, AcsB and AcsC and wild type G. hansenii strain ATCC23769
(Cel+); Prof. Teh-hui Kao and Dr. Ying Deng (Penn State University) providing plasmid
pUCD2 and mutant strain (Cel-); Patrick Saboe (Penn State University) for technical help with
EM grids preparation and negative staining; Prof. Jochen Zimmer and Joshua T. McNamara
(University of Virginia) for helpful suggestions on protein purification; Dr. Greg Ning, Missy
Hazen and John Cantolina (Penn State Microscopy and Cytometry Facility) for technical help
in TEM; Mark Signs and KimMartin (Penn State Shared Fermentation Facility) for cell culture
fermentation. This work was supported by the Center for Lignocellulose Structure and Forma-
tion, an Energy Frontier Research Center funded by the U.S. Department of Energy, Office of
Science, Basic Energy Sciences (grant-no: DE-SC0001090).

Author Contributions
Conceived and designed the experiments: JD MK BTN. Performed the experiments: JD VV.
Analyzed the data: JD SHCMK BTN. Wrote the paper: JD MK BTN.

References
1. Smirnova TA, Didenko LV, Azizbekyan RR, Romanova YM. Structural and functional characteristics of

bacterial biofilms. Microbiology. 2010; 79(4):413–23.

2. AndersonWF, Akin DE. Structural and chemical properties of grass lignocelluloses related to conver-
sion for biofuels. J Ind Microbiol Biotechnol. 2008; 35(5):355–66. Epub 2008/01/12. doi: 10.1007/
s10295-007-0291-8 PMID: 18188624.

3. Pauly M, Keegstra K. Cell-wall carbohydrates and their modification as a resource for biofuels. Plant J.
2008; 54(4):559–68. Epub 2008/05/15. doi: TPJ3463 [pii] doi: 10.1111/j.1365-313X.2008.03463.x
PMID: 18476863.

Structure ofG. hansenii AcsAB

PLOSONE | DOI:10.1371/journal.pone.0155886 May 23, 2016 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155886.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155886.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155886.s009
http://dx.doi.org/10.1007/s10295-007-0291-8
http://dx.doi.org/10.1007/s10295-007-0291-8
http://www.ncbi.nlm.nih.gov/pubmed/18188624
http://dx.doi.org/10.1111/j.1365-313X.2008.03463.x
http://www.ncbi.nlm.nih.gov/pubmed/18476863


4. KlemmD, Kramer F, Moritz S, Lindstrom T, Ankerfors M, Gray D, et al. Nanocelluloses: a new family of
nature-based materials. Angew Chem Int Ed Engl. 2011; 50(24):5438–66. Epub 2011/05/21. doi: 10.
1002/anie.201001273 PMID: 21598362.

5. Barud HS, Regiani T, Marques RFC, Lustri WR, Messaddeq Y, Ribeiro SJL. Antimicrobial bacterial cel-
lulose-silver nanoparticles compositemembranes. Journal of Nanomaterials. 2011; 2011:1–8.

6. Geyer U, Heinze T, Stein A, KlemmD, Marsch S, Schumann D, et al. Formation, derivatization and
applications of bacterial cellulose. Int J Biol Macromol. 1994; 16(6):343–7. Epub 1994/12/01. PMID:
7727350.

7. Vandamme EJ, De Baetsa S, Vanbaelenb A, Jorisa K, DeWulf P. Improved production of bacterial cel-
lulose and its application potential. Polymer Degradation and Stability. 1998; 59(1–3):93–9.

8. Yamada Y, Yukphan P. Genera and species in acetic acid bacteria. Int J Food Microbiol. 2008; 125
(1):15–24. Epub 2008/01/18. doi: S0168-1605(07)00667-8 [pii] doi: 10.1016/j.ijfoodmicro.2007.11.077
PMID: 18199517.

9. Yamada Y, Yukphan P, Vu HTL, Muramatsu Y, Ochaikul D, Tanasupawat S, et al. Description of Koma-
gataeibacter gen. nov., with proposals of new combinations (Acetobacteraceae). J Gen Appl Microbiol.
2012; 58:397–404. PMID: 23149685

10. Yamada Y, Yukphan P, Vu HTL, Muramatsu Y, Ochaikul D, Nakagawa Y. Subdivision of the genusGlu-
conacetobacter Yamada, Hoshino and Ishikawa 1998: the proposal of Komagatabacter gen. nov., for
strains accommodated to theGluconacetobacter xylinus group in the α-Proteobacteria. Annals of
Microbiology. 2011; 62(2).

11. Ross P, Mayer R, Benziman M. Cellulose biosynthesis and function in bacteria. Microbiol Rev. 1991;
55(1):35–58. Epub 1991/03/01. PMID: 2030672; PubMed Central PMCID: PMC372800.

12. Shoda M, Sugano Y. Recent advances in bacterial cellulose production. Biotechnol Bioprocess Eng
2005;(10: ):1–8.

13. Brown JRM. Cellulose Structure and Biosynthesis: What is in Store for the 21 st Century? Journal of
Polymer Science Part A Polymer Chemistry 2004; 42:487–95.

14. Cheng KC, Catchmark JM, Demirci A. Enhanced production of bacterial cellulose by using a biofilm
reactor and its material property analysis. J Biol Eng. 2009; 3:12. Epub 2009/07/28. doi: 1754-1611-3-
12 [pii] doi: 10.1186/1754-1611-3-12 PMID: 19630969; PubMed Central PMCID: PMC2724407.

15. Borzani W, Desouza SJ. Mechanism of the film thickness increasing during the bacterial production of
cellulose on non-agitated liquid-media. Biotechnology Letters. 1995; 17(11):1271–2.

16. Cheng KC, Catchmark JM, Demirci A. Effects of CMC addition on bacterial cellulose production in a
biofilm reactor and its paper sheets analysis. Biomacromolecules. 2011; 12(3):730–6. Epub 2011/01/
22. doi: 10.1021/bm101363t PMID: 21250667.

17. Kimura S, Chen HP, Saxena IM, Brown RJ, Itoh T. Localization of c-di-GMP-binding protein with the lin-
ear terminal complexes of Acetobacter xylinum. J Bacteriol. 2001; 183(19):5668–74. Epub 2001/09/07.
doi: 10.1128/JB.183.19.5668–5674.2001 PMID: 11544230; PubMed Central PMCID: PMC95459.

18. Zaar K. Visualization of pores (export sites) correlated with cellulose production in the envelope of the
gram-negative bacterium Acetobacter xylinum. J Cell Biol. 1979; 80(3):773–7. Epub 1979/03/01.
PMID: 457769; PubMed Central PMCID: PMC2110373.

19. Sunagawa N, Fujiwara T, Yoda T, Kawano S, Satoh Y, Yao M, et al. Cellulose complementing factor
(Ccp) is a newmember of the cellulose synthase complex (terminal complex) in Acetobacter xylinum. J
Biosci Bioeng. 2013; 115(6):607–12. Epub 2013/01/22. doi: S1389-1723(12)00535-X [pii] doi: 10.1016/
j.jbiosc.2012.12.021 PMID: 23333642.

20. Wong HC, Fear AL, Calhoon RD, Eichinger GH, Mayer R, Amikam D, et al. Genetic organization of the
cellulose synthase operon in Acetobacter xylinum. Proc Natl Acad Sci U S A. 1990; 87(20):8130–4.
Epub 1990/10/01. PMID: 2146681; PubMed Central PMCID: PMC54906.

21. Saxena IM, Kudlicka K, Okuda K, Brown RM Jr. Characterization of genes in the cellulose-synthesizing
operon (acs operon) of Acetobacter xylinum: implications for cellulose crystallization. J Bacteriol. 1994;
176(18):5735–52. Epub 1994/09/01. PMID: 8083166; PubMed Central PMCID: PMC196778.

22. Standal R, Iversen TG, Coucheron DH, Fjaervik E, Blatny JM, Valla S. A new gene required for cellu-
lose production and a gene encoding cellulolytic activity in Acetobacter xylinum are colocalized with the
bcs operon. J Bacteriol. 1994; 176(3):665–72. Epub 1994/02/01. PMID: 8300521; PubMed Central
PMCID: PMC205103.

23. Lin FC, Brown RM Jr., Drake RR Jr., Haley BE. Identification of the uridine 5'-diphosphoglucose (UDP-
Glc) binding subunit of cellulose synthase in Acetobacter xylinum using the photoaffinity probe 5-azido-
UDP-Glc. J Biol Chem. 1990; 265(9):4782–4. Epub 1990/03/25. PMID: 2138620.

24. Saxena IM, Lin FC, Brown RM Jr. Cloning and sequencing of the cellulose synthase catalytic subunit
gene of Acetobacter xylinum. Plant Mol Biol. 1990; 15(5):673–83. Epub 1990/11/01. PMID: 2151718.

Structure ofG. hansenii AcsAB

PLOSONE | DOI:10.1371/journal.pone.0155886 May 23, 2016 21 / 24

http://dx.doi.org/10.1002/anie.201001273
http://dx.doi.org/10.1002/anie.201001273
http://www.ncbi.nlm.nih.gov/pubmed/21598362
http://www.ncbi.nlm.nih.gov/pubmed/7727350
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.11.077
http://www.ncbi.nlm.nih.gov/pubmed/18199517
http://www.ncbi.nlm.nih.gov/pubmed/23149685
http://www.ncbi.nlm.nih.gov/pubmed/2030672
http://dx.doi.org/10.1186/1754-1611-3-12
http://www.ncbi.nlm.nih.gov/pubmed/19630969
http://dx.doi.org/10.1021/bm101363t
http://www.ncbi.nlm.nih.gov/pubmed/21250667
http://dx.doi.org/10.1128/JB.183.19.56685674.2001
http://www.ncbi.nlm.nih.gov/pubmed/11544230
http://www.ncbi.nlm.nih.gov/pubmed/457769
http://dx.doi.org/10.1016/j.jbiosc.2012.12.021
http://dx.doi.org/10.1016/j.jbiosc.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23333642
http://www.ncbi.nlm.nih.gov/pubmed/2146681
http://www.ncbi.nlm.nih.gov/pubmed/8083166
http://www.ncbi.nlm.nih.gov/pubmed/8300521
http://www.ncbi.nlm.nih.gov/pubmed/2138620
http://www.ncbi.nlm.nih.gov/pubmed/2151718


25. Lin FC, R. M. Brown J. Purification of cellulose synthase from Acetobacter xylinum. In Schuerch C (ed),
Cellulose and wood-chemistry and technology JohnWiley and Sons, New York. 1989:473–92.

26. Bureau TE, Brown RM. In vitro synthesis of cellulose II from a cytoplasmic membrane fraction of Aceto-
bacter xylinum. Proc Natl Acad Sci U S A. 1987; 84(20):6985–9. Epub 1987/10/01. PMID: 16593877;
PubMed Central PMCID: PMC299213.

27. Ross P, Aloni Y, Weinhouse C, Michaeli D, Weinberger-Ohana P, Meyer R, et al. An unusual guanyl oli-
gonucleotide regulates cellulose synthesis in Acetobacter xylinum. FEBS Lett. 1985; 186(2):191–6.
Epub 1985/07/08. PMID: 19160595.

28. Aloni Y, Cohen R, Benziman M, Delmer D. Solubilization of the UDP-glucose:1,4-beta-D-glucan 4-
beta-D-glucosyltransferase (cellulose synthase) from Acetobacter xylinum. A comparison of regulatory
properties with those of the membrane-bound form of the enzyme. J Biol Chem. 1983; 258(7):4419–23.
Epub 1983/04/10. PMID: 6220005.

29. Ross P, Mayer R, Weinhouse H, Amikam D, Huggirat Y, Benziman M, et al. The cyclic diguanylic acid
regulatory system of cellulose synthesis in Acetobacter xylinum. Chemical synthesis and biological
activity of cyclic nucleotide dimer, trimer, and phosphothioate derivatives. J Biol Chem. 1990; 265
(31):18933–43. Epub 1990/11/05. PMID: 2172238.

30. Weinhouse H, Sapir S, Amikam D, Shilo Y, Volman G, Ohana P, et al. c-di-GMP-binding protein, a new
factor regulating cellulose synthesis in Acetobacter xylinum. FEBS Lett. 1997; 416(2):207–11. Epub
1997/11/22. doi: S0014-5793(97)01202-7 [pii]. PMID: 9369216.

31. Ross P, Weinhouse H, Aloni Y, Michaeli D, Weinberger-Ohana P, Mayer R, et al. Regulation of cellu-
lose synthesis in Acetobacter xylinum by cyclic diguanylic acid. Nature. 1987; 325(6101):279–81. Epub
1987/01/15. PMID: 18990795.

32. Saxena IM, Lin FC, Brown RM Jr. Identification of a new gene in an operon for cellulose biosynthesis in
Acetobacter xylinum. Plant Mol Biol. 1991; 16(6):947–54. Epub 1991/06/11. PMID: 1830823.

33. McManus JB, Deng Y, Nagachar N, Kao TH, Tien M. AcsA-AcsB: The core of the cellulose synthase
complex fromGluconacetobacter hansenii ATCC23769. Enzyme and Microbial Technology. 2016;
82:58–65. doi: 10.1016/j.enzmictec.2015.08.015 PMID: 26672449

34. Omadjela O, Narahari A, Strumillo J, Melida H, Mazur O, Bulone V, et al. BcsA and BcsB form the cata-
lytically active core of bacterial cellulose synthase sufficient for in vitro cellulose synthesis. Proc Natl
Acad Sci U S A. 2013; 110(44):17856–61. Epub 2013/10/16. doi: 1314063110 [pii] doi: 10.1073/pnas.
1314063110 PMID: 24127606; PubMed Central PMCID: PMC3816479.

35. Romling U, Galperin MY. Bacterial cellulose biosynthesis: diversity of operons, subunits, products, and
functions. Trends Microbiol. 2015; 23(9):545–57. Epub 2015/06/17. doi: S0966-842X(15)00120-1 [pii]
doi: 10.1016/j.tim.2015.05.005 PMID: 26077867; PubMed Central PMCID: PMC4676712.

36. Hu SQ, Gao YG, Tajima K, Sunagawa N, Zhou Y, Kawano S, et al. Structure of bacterial cellulose
synthase subunit D octamer with four inner passageways. Proc Natl Acad Sci U S A. 2010; 107
(42):17957–61. Epub 2010/10/06. doi: 1000601107 [pii] doi: 10.1073/pnas.1000601107 PMID:
20921370; PubMed Central PMCID: PMC2964256.

37. Iyer PR, Liu YA, Deng Y, McManus JB, Kao TH, Tien M. Processing of cellulose synthase (AcsAB)
from Gluconacetobacter hansenii 23769. Arch Biochem Biophys. 2013; 529(2):92–8. Epub 2012/12/
13. doi: S0003-9861(12)00411-0 [pii] doi: 10.1016/j.abb.2012.12.002 PMID: 23232080.

38. Morgan JL, Strumillo J, Zimmer J. Crystallographic snapshot of cellulose synthesis and membrane
translocation. Nature. 2012; 493(7431):181–6. Epub 2012/12/12. doi: nature11744 [pii] doi: 10.1038/
nature11744 PMID: 23222542; PubMed Central PMCID: PMC3542415.

39. Morgan JL, McNamara JT, Zimmer J. Mechanism of activation of bacterial cellulose synthase by cyclic
di-GMP. Nat Struct Mol Biol. 2014; 21(5):489–96. Epub 2014/04/08. doi: nsmb.2803 [pii] doi: 10.1038/
nsmb.2803 PMID: 24704788; PubMed Central PMCID: PMC4013215.

40. Iyer PR, Geib SM, Catchmark J, Kao TH, Tien M. Genome sequence of a cellulose-producing bacte-
rium, Gluconacetobacter hansenii ATCC 23769. J Bacteriol. 2010; 192(16):4256–7. Epub 2010/06/15.
doi: JB.00588-10 [pii] doi: 10.1128/JB.00588-10 PMID: 20543071; PubMed Central PMCID:
PMC2916434.

41. Deng Y, Nagachar N, Xiao C, Tien M, Kao TH. Identification and characterization of non-cellulose-pro-
ducing mutants of Gluconacetobacter hansenii generated by Tn5 transposon mutagenesis. J Bacteriol.
2013; 195(22):5072–83. Epub 2013/09/10. doi: JB.00767-13 [pii] doi: 10.1128/JB.00767-13 PMID:
24013627; PubMed Central PMCID: PMC3811599.

42. Cifuentes C, Bulone V, Emons AM. Biosynthesis of callose and cellulose by detergent extracts of
tobacco cell membranes and quantification of the polymers synthesized in vitro. J Integr Plant Biol.
2010; 52(2):221–33. Epub 2010/04/10. doi: JIPB919 [pii] doi: 10.1111/j.1744-7909.2010.00919.x
PMID: 20377683.

Structure ofG. hansenii AcsAB

PLOSONE | DOI:10.1371/journal.pone.0155886 May 23, 2016 22 / 24

http://www.ncbi.nlm.nih.gov/pubmed/16593877
http://www.ncbi.nlm.nih.gov/pubmed/19160595
http://www.ncbi.nlm.nih.gov/pubmed/6220005
http://www.ncbi.nlm.nih.gov/pubmed/2172238
http://www.ncbi.nlm.nih.gov/pubmed/9369216
http://www.ncbi.nlm.nih.gov/pubmed/18990795
http://www.ncbi.nlm.nih.gov/pubmed/1830823
http://dx.doi.org/10.1016/j.enzmictec.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26672449
http://dx.doi.org/10.1073/pnas.1314063110
http://dx.doi.org/10.1073/pnas.1314063110
http://www.ncbi.nlm.nih.gov/pubmed/24127606
http://dx.doi.org/10.1016/j.tim.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26077867
http://dx.doi.org/10.1073/pnas.1000601107
http://www.ncbi.nlm.nih.gov/pubmed/20921370
http://dx.doi.org/10.1016/j.abb.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23232080
http://dx.doi.org/10.1038/nature11744
http://dx.doi.org/10.1038/nature11744
http://www.ncbi.nlm.nih.gov/pubmed/23222542
http://dx.doi.org/10.1038/nsmb.2803
http://dx.doi.org/10.1038/nsmb.2803
http://www.ncbi.nlm.nih.gov/pubmed/24704788
http://dx.doi.org/10.1128/JB.00588-10
http://www.ncbi.nlm.nih.gov/pubmed/20543071
http://dx.doi.org/10.1128/JB.00767-13
http://www.ncbi.nlm.nih.gov/pubmed/24013627
http://dx.doi.org/10.1111/j.1744-7909.2010.00919.x
http://www.ncbi.nlm.nih.gov/pubmed/20377683


43. Cho SH, Du J, Sines I, Poosarla VG, Vepachedu V, Kafle K, et al. In vitro synthesis of cellulose microfi-
brils by a membrane protein from protoplasts of the non-vascular plant Physcomitrella patens. Biochem
J. 2015; 470(2):195–205. Epub 2015/09/09. doi: BJ20141391 [pii] doi: 10.1042/BJ20141391 PMID:
26348908.

44. Rosenthal PB, Henderson R. Optimal determination of particle orientation, absolute hand, and contrast
loss in single-particle electron cryomicroscopy. J Mol Biol. 2003; 333(4):721–45. Epub 2003/10/22. doi:
S0022283603010222 [pii]. PMID: 14568533.

45. Henderson R, Chen S, Chen JZ, Grigorieff N, Passmore LA, Ciccarelli L, et al. Tilt-pair analysis of
images from a range of different specimens in single-particle electron cryomicroscopy. J Mol Biol.
2011; 413(5):1028–46. Epub 2011/09/24. doi: S0022-2836(11)00998-3 [pii] doi: 10.1016/j.jmb.2011.
09.008 PMID: 21939668; PubMed Central PMCID: PMC3220764.

46. Pintilie GD, Zhang J, Goddard TD, Chiu W, Gossard DC. Quantitative analysis of cryo-EM density map
segmentation by watershed and scale-space filtering, and fitting of structures by alignment to regions. J
Struct Biol. 2010; 170(3):427–38. Epub 2010/03/27. doi: S1047-8477(10)00084-5 [pii] doi: 10.1016/j.
jsb.2010.03.007 PMID: 20338243; PubMed Central PMCID: PMC2874196.

47. Shukla AK, Westfield GH, Xiao K, Reis RI, Huang LY, Tripathi-Shukla P, et al. Visualization of arrestin
recruitment by a G-protein-coupled receptor. Nature. 2014; 512(7513):218–22. Epub 2014/07/22. doi:
nature13430 [pii] doi: 10.1038/nature13430 PMID: 25043026; PubMed Central PMCID: PMC4134437.

48. Chen PH, Unger V, He X. Structure of Full-Length Human PDGFRβ Bound to Its Activating Ligand
PDGF-B as Determined by Negative-Stain Electron Microscopy. J Mol Biol. 2015; 427(24):3921–34.
doi: 10.1016/j.jmb.2015.10.003 PMID: 26463591

49. Westfield GH, Rasmussen SG, Su M, Dutta S, DeVree BT, Chung KY, et al. Structural flexibility of the
G alpha s alpha-helical domain in the beta2-adrenoceptor Gs complex. Proc Natl Acad Sci U S A.
2011; 108(38):16086–91. doi: 10.1073/pnas.1113645108 PMID: 21914848

50. Cuthbertson L, Mainprize IL, Naismith JH, Whitfield C. Pivotal roles of the outer membrane polysaccha-
ride export and polysaccharide copolymerase protein families in export of extracellular polysaccharides
in gram-negative bacteria. Microbiol Mol Biol Rev. 2009; 73(1):155–77. Epub 2009/03/05. doi: 73/1/155
[pii] doi: 10.1128/MMBR.00024-08 PMID: 19258536; PubMed Central PMCID: PMC2650888.

51. Collins RF, Beis K, Dong C, Botting CH, McDonnell C, Ford RC, et al. The 3D structure of a periplasm-
spanning platform required for assembly of group 1 capsular polysaccharides in Escherichia coli. Proc
Natl Acad Sci U S A. 2007; 104(7):2390–5. Epub 2007/02/07. doi: 0607763104 [pii] doi: 10.1073/pnas.
0607763104 PMID: 17283336; PubMed Central PMCID: PMC1793899.

52. Quinaud M, Ple S, Job V, Contreras-Martel C, Simorre JP, Attree I, et al. Structure of the heterotrimeric
complex that regulates type III secretion needle formation. Proc Natl Acad Sci U S A. 2007;(104:
):7803–8.

53. Scheufler C, Brinker A, Bourenkov G, Pegoraro S, Moroder L, Bartunik H, et al. Structure of TPR
domain-peptide complexes: critical elements in the assembly of the Hsp70-Hsp90 multichaperone
machine. Cell Calcium. 2000;(101: ):199–210.

54. Sun P, Tropea JE, Austin BP, Cherry S, Waugh DS. Structural characterization of the Yersinia pestis
type III secretion system needle protein YscF in complex with its heterodimeric chaperone YscE/YscG.
J Mol Biol. 2008;(377: ):819–30.

55. Jinek M, Rehwinkel J, Lazarus BD, Izaurralde E, Hanover JA, Conti E. The superhelical TPR-repeat
domain of O-linked GlcNAc transferase exhibits structural similarities to importin alpha. Nat Struct Mol
Biol. 2004; 11(10):1001–7. Epub 2004/09/14. doi: 10.1038/nsmb833 nsmb833 [pii]. PMID: 15361863.

56. Whitney JC, Hay ID, Li C, Eckford PD, Robinson H, Amaya MF, et al. Structural basis for alginate secre-
tion across the bacterial outer membrane. Proc Natl Acad Sci U S A. 2011; 108(32):13083–8. Epub
2011/07/23. doi: 1104984108 [pii] doi: 10.1073/pnas.1104984108 PMID: 21778407; PubMed Central
PMCID: PMC3156188.

57. Keiski CL, Harwich M, Jain S, Neculai AM, Yip P, Robinson H, et al. AlgK is a TPR-containing protein
and the periplasmic component of a novel exopolysaccharide secretin. Structure. 2010 18(2):265–73.
doi: 10.1016/j.str.2009.11.015 PMID: 20159471

58. Liang B, Li Z, Jenni S, Rahmeh AA, Morin BM, Grant T, et al. Structure of the L Protein of Vesicular Sto-
matitis Virus from Electron Cryomicroscopy. Cell. 2015; 162(2):314–27. Epub 2015/07/07. doi: S0092-
8674(15)00702-3 [pii] doi: 10.1016/j.cell.2015.06.018 PMID: 26144317; PubMed Central PMCID:
PMC4557768.

59. Liao M, Cao E, Julius D, Cheng Y. Structure of the TRPV1 ion channel determined by electron cryo-
microscopy. Nature. 2013; 504(7478):107–12. Epub 2013/12/07. doi: nature12822 [pii] doi: 10.1038/
nature12822 PMID: 24305160; PubMed Central PMCID: PMC4078027.

Structure ofG. hansenii AcsAB

PLOSONE | DOI:10.1371/journal.pone.0155886 May 23, 2016 23 / 24

http://dx.doi.org/10.1042/BJ20141391
http://www.ncbi.nlm.nih.gov/pubmed/26348908
http://www.ncbi.nlm.nih.gov/pubmed/14568533
http://dx.doi.org/10.1016/j.jmb.2011.09.008
http://dx.doi.org/10.1016/j.jmb.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21939668
http://dx.doi.org/10.1016/j.jsb.2010.03.007
http://dx.doi.org/10.1016/j.jsb.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/20338243
http://dx.doi.org/10.1038/nature13430
http://www.ncbi.nlm.nih.gov/pubmed/25043026
http://dx.doi.org/10.1016/j.jmb.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26463591
http://dx.doi.org/10.1073/pnas.1113645108
http://www.ncbi.nlm.nih.gov/pubmed/21914848
http://dx.doi.org/10.1128/MMBR.00024-08
http://www.ncbi.nlm.nih.gov/pubmed/19258536
http://dx.doi.org/10.1073/pnas.0607763104
http://dx.doi.org/10.1073/pnas.0607763104
http://www.ncbi.nlm.nih.gov/pubmed/17283336
http://dx.doi.org/10.1038/nsmb833
http://www.ncbi.nlm.nih.gov/pubmed/15361863
http://dx.doi.org/10.1073/pnas.1104984108
http://www.ncbi.nlm.nih.gov/pubmed/21778407
http://dx.doi.org/10.1016/j.str.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/20159471
http://dx.doi.org/10.1016/j.cell.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26144317
http://dx.doi.org/10.1038/nature12822
http://dx.doi.org/10.1038/nature12822
http://www.ncbi.nlm.nih.gov/pubmed/24305160


60. Lu P, Bai XC, Ma D, Xie T, Yan C, Sun L, et al. Three-dimensional structure of human gamma-secre-
tase. Nature. 2014; 512(7513):166–70. Epub 2014/07/22. doi: nature13567 [pii] doi: 10.1038/
nature13567 PMID: 25043039; PubMed Central PMCID: PMC4134323.

61. Cao E, Liao M, Cheng Y, Julius D. TRPV1 structures in distinct conformations reveal activation mecha-
nisms. Nature. 2013; 504(7478):113–8. Epub 2013/12/07. doi: nature12823 [pii] doi: 10.1038/
nature12823 PMID: 24305161; PubMed Central PMCID: PMC4023639.

62. Allegretti M, Mills DJ, McMullan G, Kuhlbrandt W, Vonck J. Atomic model of the F420-reducing [NiFe]
hydrogenase by electron cryo-microscopy using a direct electron detector. Elife. 2014; 3:e01963. Epub
2014/02/27. doi: 10.7554/eLife.01963 PMID: 24569482; PubMed Central PMCID: PMC3930138.

63. Amunts A, Brown A, Bai XC, Llacer JL, Hussain T, Emsley P, et al. Structure of the yeast mitochondrial
large ribosomal subunit. Science. 2014; 343(6178):1485–9. Epub 2014/03/29. doi: 343/6178/1485 [pii]
doi: 10.1126/science.1249410 PMID: 24675956; PubMed Central PMCID: PMC4046073.

64. WongW, Bai XC, Brown A, Fernandez IS, Hanssen E, Condron M, et al. Cryo-EM structure of the Plas-
modium falciparum 80S ribosome bound to the anti-protozoan drug emetine. Elife. 2014; 3. Epub 2014/
06/11. doi: 10.7554/eLife.03080 PMID: 24913268; PubMed Central PMCID: PMC4086275.

65. Voorhees RM, Hegde RS. Structure of the Sec61 channel opened by a signal sequence. Science.
2016; 351(6268):88–91. Epub 2016/01/02. doi: 351/6268/88 [pii] doi: 10.1126/science.aad4992 PMID:
26721998; PubMed Central PMCID: PMC4700591.

66. Dambacher CM, Worden EJ, Herzik MA, Martin A, Lander GC. Atomic structure of the 26S proteasome
lid reveals the mechanism of deubiquitinase inhibition. Elife. 2016; 5. Epub 2016/01/09. doi: 10.7554/
eLife.13027 PMID: 26744777.

67. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227(5259):680–5. Epub 1970/08/15. PMID: 5432063.

68. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72:248–54. Epub 1976/05/07. doi:
S0003269776699996 [pii]. PMID: 942051.

69. Tang G, Peng L, Baldwin PR, Mann DS, JiangW, Rees I, et al. EMAN2: an extensible image process-
ing suite for electron microscopy. J Struct Biol. 2007; 157(1):38–46. Epub 2006/07/25. doi: S1047-8477
(06)00189-4 [pii] doi: 10.1016/j.jsb.2006.05.009 PMID: 16859925.

70. Mindell JA, Grigorieff N. Accurate determination of local defocus and specimen tilt in electron micros-
copy. J Struct Biol. 2003; 142(3):334–47. Epub 2003/06/05. doi: S1047847703000698 [pii]. PMID:
12781660.

71. Yang Z, Fang J, Chittuluru J, Asturias FJ, Penczek PA. Iterative stable alignment and clustering of 2D
transmission electron microscope images. Structure. 20(2):237–47. Epub 2012/02/14. doi: S0969-
2126(11)00467-9 [pii] doi: 10.1016/j.str.2011.12.007 PMID: 22325773; PubMed Central PMCID:
PMC3426367.

72. Goddard TD, Huang CC, Ferrin TE. Visualizing density maps with UCSF Chimera. J Struct Biol. 2007;
157(1):281–7. Epub 2006/09/12. doi: S1047-8477(06)00194-8 [pii] doi: 10.1016/j.jsb.2006.06.010
PMID: 16963278.

Structure ofG. hansenii AcsAB

PLOSONE | DOI:10.1371/journal.pone.0155886 May 23, 2016 24 / 24

http://dx.doi.org/10.1038/nature13567
http://dx.doi.org/10.1038/nature13567
http://www.ncbi.nlm.nih.gov/pubmed/25043039
http://dx.doi.org/10.1038/nature12823
http://dx.doi.org/10.1038/nature12823
http://www.ncbi.nlm.nih.gov/pubmed/24305161
http://dx.doi.org/10.7554/eLife.01963
http://www.ncbi.nlm.nih.gov/pubmed/24569482
http://dx.doi.org/10.1126/science.1249410
http://www.ncbi.nlm.nih.gov/pubmed/24675956
http://dx.doi.org/10.7554/eLife.03080
http://www.ncbi.nlm.nih.gov/pubmed/24913268
http://dx.doi.org/10.1126/science.aad4992
http://www.ncbi.nlm.nih.gov/pubmed/26721998
http://dx.doi.org/10.7554/eLife.13027
http://dx.doi.org/10.7554/eLife.13027
http://www.ncbi.nlm.nih.gov/pubmed/26744777
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://dx.doi.org/10.1016/j.jsb.2006.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16859925
http://www.ncbi.nlm.nih.gov/pubmed/12781660
http://dx.doi.org/10.1016/j.str.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22325773
http://dx.doi.org/10.1016/j.jsb.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16963278

