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The GIgE pathway is thought to be responsible for the conversion of trehalose into a glycogen-like
a-glucan polymer in bacteria. Trehalose is first converted to maltose, which is phosphorylated by
maltose kinase Pep2 to give a-maltose 1-phosphate. This is the donor substrate of the maltosyl
transferase GIgE that is known to extend a-1,4-linked maltooligosaccharides, which are thought to
be branched with «-1,6 linkages. The genome of Streptomyces venezuelae contains all the genes
coding for the GIgE pathway enzymes but none of those of related pathways, including g/lgC and
glgA of the glycogen pathway. This provides an opportunity to study the GIgE pathway in isolation.
The genes of the GIgE pathway were upregulated at the onset of sporulation, consistent with the
known timing of a-glucan deposition. A constructed Ag/gE null mutant strain was viable but showed
a delayed developmental phenotype when grown on maltose, giving less cell mass and delayed
sporulation. Pre-spore cells and spores of the mutant were frequently double the length of those of
the wild-type, implying impaired cross-wall formation, and spores showed reduced tolerance to
stress. The mutant accumulated a-maltose 1-phosphate and maltose but no a-glucan. Therefore,
the GIgE pathway is necessary and sufficient for polymer biosynthesis. Growth of the AglgE mutant
on galactose and that of a Apep2 mutant on maltose were analysed. In both cases, neither
accumulation of a-maltose 1-phosphate/a-glucan nor a developmental delay was observed. Thus,
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high levels of a-maltose 1-phosphate are responsible for the developmental phenotype of the
AglgE mutant, rather than the lack of a-glucan.

INTRODUCTION

Glycogen is a type of a-glucan polymer that is widespread
among bacteria, yeasts and mammals (Preiss, 2009). Its pri-
mary role is thought to be as a store of carbon and energy
such that it is often synthesized during times of nitrogen
limitation. Glycogen is composed of linear chains of a-1,4-
linked glucose rings that are connected through «-1,6-
linked branch points giving a tree-like structure with about
10 % branching. The classical glycogen biosynthetic path-
way starts with the pyrophosphorylase GIgC that converts
glucose 1-phosphate and ATP to ADP-glucose and pyro-
phosphate. The «-1,4-links are generated by glycogen

Five supplementary figures and one supplementary table are available
with the online Supplementary Material.

synthase GIgA, using ADP-glucose as the donor in bacteria.
The a-1,6-linked branches are introduced by the branching
enzyme GlgB, which transfers a portion of the non-reduc-
ing end of the polymer onto a hydroxyl group at the six
position of an internal glucose ring along a linear part of the

polymer.

The GIgE pathway (Fig. 1a) was recently discovered and is
thought to provide an alternative route to a-glucans in bac-
teria (Bornemann, 2016). In this case, the a-1,a-1 linked
non-reducing disaccharide trehalose is first isomerized to
a-1,4-linked a-maltose (Pan et al., 2004). The a-maltose is
converted to a-maltose 1-phosphate by maltose kinase
Pep2 (Jarling et al., 2004; Niehues et al., 2003). The a-malt-
ose 1-phosphate is used as a donor by GIgE to generate a-
1,4 linkages (Elbein et al., 2010; Kalscheuer et al., 2010).
Although GIgE has been demonstrated to extend malto-
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Fig. 1. (a) The proposed metabolic pathways associated with the
production of a-glucan in Streptomyces venezuelae. G6P, glu-
cose 6-phosphate; G1P, glucose 1-phosphate; GDPG, GDP-glu-
cose; T6P, trehalose 6-phosphate; M1P, a-maltose 1-phosphate.
(b) The genes associated with the GIgE pathway in the context of
the S. venezuelae genome.

oligosaccharides somewhat in vitro, there have been no
reports of in vivo or in vitro experimental evidence support-
ing the notion that GIgE is capable of generating very large
polymers. The branching enzyme GlgB, which is common
to both pathways, is expected to introduce the branches
into linear molecules of sufficient length (Garg et al., 2007).
The genes that encode the enzymes of the GIgE pathway are
present in 14 % of sequenced bacterial genomes (Chandra
et al, 2011). Such bacteria include Gram-positive and
Gram-negative species, particularly those with large
genomes and complex lifestyles, suggesting that the GIgE
pathway is fairly widespread (Chandra et al., 2011). This
compares with a 32 % occurrence for the classical glycogen
pathway genes.

The significance of the GIgE pathway is exemplified in its
likely association with the virulence of Mycobacterium
tuberculosis. This human pathogen not only contains glyco-
gen, but also coats itself in an a-glucan, which is the major
component of the outer capsule (Lemassu & Daffé, 1994;
Schwebach et al., 2002). The a-glucan has been shown to
be associated with virulence (Sambou et al., 2008), most
probably by interacting with immune receptors such as
DC-SIGN (Cywes et al., 1997; Gagliardi et al., 2007;
Geurtsen ef al., 2009). M. tuberculosis possesses the genes
for not only the GIgE pathway but also the classical GIgA
pathway. Although it has yet to be established how the two

pathways contribute to the synthesis of the intra- and extra-
cellular a-glucans in this organism, the GIgE pathway has
been genetically validated as a drug target (Kalscheuer &
Jacobs, 2010; Kalscheuer ef al., 2010). The mode of killing is
unusual. Blocking either GIgE or GlgB leads to the accumu-
lation of cytosolic a-maltose 1-phosphate to a toxic level
that kills the bacterial cells. By contrast, the ability to block
TreS or Pep2 shows that the loss of the entire GIgE pathway
and its a-glucan is tolerated. This may be because of redun-
dancy, seemingly not between the GIgE and classical path-
ways, but between the GIgE and the Rv3032 pathway
(Kalscheuer et al., 2010), which is responsible for the bio-
synthesis of methylglucose lipopolysaccharides. These com-
prise an a-glucan backbone of up to about 20 glucose rings
decorated with methyl and acyl groups, and are thought to
be involved in chaperoning the biosynthesis of long-chain
fatty acids (Kaur et al., 2009; Stadthagen et al, 2007).
Synthetic lethality between the GIgE and the Rv3032 path-
ways, but not between the GIgE and GIgA pathways, there-
fore implies that methylglucose lipopolysaccharides are
essential in M. tuberculosis rather than a-glucan.

Fellow actinomycetes of the Streptomyces genus are also
known to produce a-glucan and trehalose (Brana et al,
1982). These soil-dwelling mycelial organisms have a com-
plex developmental life cycle in which substrate hyphae give
rise to reproductive sporulating aerial hyphae (Bush et al.,
2015; Flardh & Buttner, 2009). The amounts of a-glucan
and trehalose can be substantial. For example, Streptomyces
antibioticus can accumulate a-glucan up to 20 % dry cell
weight and trehalose up to 12 % dry weight in aerial hyphae
and spores (Brafia et al., 1986). Interestingly, glycogen accu-
mulation in the model organism Streptomyces coelicolor
occurs transiently in two distinct phases. Phase I deposition
occurs in the substrate mycelium where aerial branches
emerge, while phase II deposition occurs in the tips of aerial
hyphae that are undergoing sporulation. Ultimately, treha-
lose accumulates in spores as a protectant from various abi-
otic stresses (Martin et al., 1986) and provides energy and
carbon during germination, at which time it is hydrolysed
to glucose by trehalase (Hey & Elbein, 1968; McBride &
Ensign, 1990).

The GIgE pathway is present in many actinomycetes such as
S. coelicolor (Chandra et al., 2011). Interestingly, this organ-
ism has two copies of the four GIgE pathway genes cluster,
with each cluster being transcribed as a poly-cistronic
mRNA (Plaskitt & Chater, 1995; Schneider et al., 2000).
The two clusters are developmentally regulated such that
one is associated with phase I deposition and the other with
phase II (Bruton et al., 1995; Plaskitt & Chater, 1995). Con-
sistent with this, phase II genes are reliant on WhiG (Yeo &
Chater, 2005), a sigma factor that initiates sporulation sep-
tation. It is likely that the degradation of a-glucan in the
pre-spore stage is by the debranching enzyme TreX, an
isomerase TreY and a hydrolase TreZ to produce trehalose
destined for the spores. Consistent with this, treZ is regu-
lated by a sporulation-specific transcription factor (Bush
et al., 2013). Additional levels of post-translational allosteric
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Fig. 2. Microarray transcriptional profiling of the genes associated with a-glucan metabolism in S. venezuelae. The plots show
the per-gene normalized transcript abundance (logs) as a function of the age of the liquid culture for (a) otsA (SVEN_ 4043)
and otsB (SVEN_ 4041), (b) treS (SVEN_ 5096), pep2 (SVEN_ 5095), glgE (SVEN_ 5097) and glgB (SVEN_ 5094), and (c)
glgX1 (SVEN_ 5112), glgX2 (SVEN_ 5898), treY (SVEN_ 5896), treZ (SVEN_ 5890) and glgP (SVEN_ 5104). The develop-

mental stages are indicated, noting that they progress rapidly in liquid culture.

and phospho-regulation of the GIgE pathway have also
been identified (Asencién Diez et al., 2015; Leiba et al.,
2013).

It is not known whether the production of a-glucan is
essential for S. coelicolor or whether blocking GIgE leads to
cell death associated with the accumulation of a-maltose
1-phosphate. Indeed, there is no evidence directly linking
the GIgE pathway with the production of a-glucan in vivo,
with no a-glucan-deficient mutant of any species that pos-
sesses the GIgE pathway having been described to date.
While it is possible to use reverse genetics in S. coelicolor to
help address these questions, this would be challenging,
because this organism contains not only two copies of the
genes for the GIgE pathways but also the genes for the clas-
sical GlgA pathway (Chandra et al., 2011). We therefore
examined the genomes of other actinomycete organisms
(Chandra et al., 2011) and found that S. venezuelae had only
one copy of the genes encoding the enzymes of the GIgE
pathway (Fig. 1b) and neither glgC nor glgA of the classical
pathway (Fig. 1a). It may therefore not be a coincidence
that the transient deposition of only phase II a-glucan has
been observed with this organism (Ranade & Vining, 1993).
S. venezuelae also has two sets of genes associated with the
formation of the precursor for the GIgE pathway, trehalose.
It has TreX, TreY and TreZ, allowing the recycling of a-glu-
can, as well as OtsA and OtsB, which are responsible for the
conversion of glucose 6-phosphate and GDP-glucose into
trehalose 6-phosphate followed by dephosphorylation to
give trehalose (Elbein, 1967). The relative simplicity of the
a-glucan metabolic pathways in S. venezuelae provided an
opportunity to establish a link between the GIgE pathway
and the production of a-glucan in vivo, and to determine
the effects of blocking the production of a-glucan and of
accumulating a-maltose 1-phosphate on the viability of
cells and the developmental lifecycle of this organism.

METHODS

Bacterial strains, plasmids, oligonucleotides and growth
conditions. The strains, plasmids and oligonucleotides used in this
study are detailed in Table S1, available in the online Supplementary
Material. Plasmids and cosmids were propagated using Escherichia coli
DH5a. Disruption cosmids were created using E. coli BW25113
(Datsenko & Wanner, 2000), containing a A RED plasmid, pIJ790.
Cosmids were conjugated from the E. coli strain ET12567 containing
pUZ8002 (Gust et al, 2003, 2004; Paget et al, 1999).
S. venezuelae strains were normally cultured at 28°C in MYM-TAP
(Kieser et al., 2000) made with 50 % tap water and supplemented with
0.4 ml of trace element solution (Kieser et al., 2000) per litre. The mini-
mal medium contained (per litre) 1g (NH,),SO,, 0.5g K,HPO,, 0.2¢
MgSO,.7H,0, 0.01 g FeSO,.7H,0, pH 7.0, 10g Iberian agar, 0.4 ml of
trace element solution and 5g of either maltose or galactose (Kieser
et al., 2000). Conjugation between E. coli and S. venezuelae was carried
out as described previously (Kieser et al., 2000), except that spores were
not heat-shocked prior to mating and plates were incubated at room
temperature overnight before overlaying with the selective antibiotics.
Spores of S. venezuelae strains were gently harvested from MYM-TAP
plates using 3ml of 20% (v/v) glycerol and sterile cotton pads (Bush
et al., 2013), unless stated otherwise.

Construction and complementation of S. venezuelae null
mutants. Null mutants of S. venezuelae in glgE (gene locus synonyms
SVEN_5097 and SMD07732), pep2 (SVEN_5095, SMD07729) and treS
(SVEN_5096, SMD07731) were generated using the Redirect PCR tar-
geting method (Gust et al, 2003) in which the coding regions were
replaced with a single apramycin resistance (apr) cassette. We made use
of a cosmid library that covers >98 % of the S. venezuelae genome (M. J.
Bibb and M. J. Buttner, unpublished) as described fully at http:/
strepdb.streptomyces.org.uk/. The cosmid SV-3-D04 was introduced
into E. coli BW25113 containing pIJ790, and the relevant gene was
replaced with the apr—oriT cassette amplified from pIJ773 using the
appropriate so-called disfor and disrev primer pairs (Table S1). The
resulting disrupted cosmids were confirmed by restriction digestion and
introduced into S. venezuelae by conjugation. Null mutants generated by
double cross-over were identified by resistance to apramycin and sensi-
tivity to kanamycin. Their chromosomal structures were confirmed
using PCR analysis with the appropriate flanking confor and conrev
primer pairs. Additional confirmation was provided by Southern
hybridization using, as a probe, the cosmid partially digested with Xcml
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Fig. 3. Deletion of glgE delays development. Phenotypes are shown of wild-type S. venezuelae (WT), WT carrying the empty
vector pMS82 (WT attBesr::pMS82), the constructed AglgE::apr null mutant, the mutant carrying the empty vector (AglgE::
apr attBopr1::pMS82), the mutant complemented with glgE (AglgE::apr attBegr1::glgE), and the mutant complemented with
glgE and treS (AglgE::apr attBegri::glgE-treS). Note the decreased production of green spore pigment in the null mutant
whether carrying empty vector or not. Strains were grown on MYM-TAP solid medium and photographed after 1, 2, 3 and 5

days, as annotated.

or BamHI for the glgE mutant, and PstI for the pep2 mutant. For com-
plementation, the appropriate gene was amplified with the appropriate
comfor and comrev primers to give a fragment comprising the coding
sequence and ~300 bp upstream, which included its endogenous pro-
moter. The fragment was cloned into the EcoRV restriction site of
pMS82 (Gregory et al., 2003). The resulting plasmids were introduced
into the appropriate mutants by conjugation.

Metabolite analysis using NMR spectroscopy. For each strain, a
75 pl aliquot containing a set number of colony forming units (typic-
ally 10°) of a standardized spore stock was evenly distributed on a
sterile cellophane disc covering the surface of solid medium in a Petri
dish. The inoculated plate was incubated at 30°C for an allotted
period and the cells were harvested by scraping the cellophane,
freeze-dried, and powdered using a micro pestle to fragment hyphae.
The cells were then re-suspended in water (25 mg in 800 ul), boiled
for 8 min to denature enzymes and disrupt cells, cooled on ice and
sonicated on ice for 10 cycles of 30s on and 30s off with a Sonics
Vibra-Cell VCX 500 Ultrasonic Processor set at 40 % amplitude to
complete cell lysis. Light microscopy showed that cells were fully
lysed. The cell debris was pelleted by centrifugation at 30 000 g for
30 min at 4°C. Typically, 540 ul of the cell-free extract was mixed
with 60 pl of D,O and 3 pl of sodium 3-(trimethylsilyl)propionate-

2,2,3,3-d,. "H NMR spectra were recorded using a Bruker Avance III
400 spectrometer using standard pulse sequences and a probe tem-
perature of 25°C at 400 MHz with solvent-suppression. Chemical
shifts are expressed in parts per million (p.p.m.) relative to sodium
3-(trimethylsilyl)propionate-2,2,3,3-d, (0 p.p.m.). Spectra were ana-
lysed using Topspin 3.0 (Bruker) and resonances were integrated
manually. The concentrations of trehalose (anomeric doublet at
~5.19 p.p.m.) and maltose (reducing end a-anomeric doublet at
~5.24 p.p.m. and a-1,4 link anomeric doublet at ~5.41 p.p.m.) were
determined from their NMR resonances (Miah et al., 2013), using
sodium 3-(trimethylsilyl)propionate-2,2,3,3-d, as an internal stand-
ard. Note that the chemical shifts reported previously (Miah et al.,
2013) were quoted relative to H,O at 4.70 p.p.m. rather than an
internal standard, so are shifted by about 0.1 p.p.m. It was possible to
distinguish between maltose and glucose, which share identical
reducing end a-anomeric resonances, by only the former having an
associated resonance for an a-1,4 linkage together with different
chemical shifts associated with their B-anomeric doublet resonances
(~4.67 and ~4.66 p.p.m., respectively) (Miah et al., 2013). It was pos-
sible to determine the concentration of «-maltose 1-phosphate
because its resonances (phosphorylated anomeric doublet of doublets
at ~5.46 p.p.m. and a-1,4 link anomeric doublet at ~5.43 p.p.m.) are
distinct from the other species present (Kalscheuer et al., 2010; Syson
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et al., 2011). All resonances were assigned using authentic com-
pounds. The concentration of each metabolite was expressed as a per-
centage of dry cell weight.

a-Glucan analyses. Dry, powdered cells were prepared as described
above and 25 mg was re-suspended in 600 pul of 50 mM Tris-HCI, pH 7.4.
Cell-free extracts were then prepared as described above. Typically, 300
ul of the cell-free extract was mixed with 580 pl of buffer and 120 pl of
Lugol I,/KI solution (Sigma-Aldrich) at ambient temperature. After
3 min, absorbance at 500 nm was recorded on a Perkin Elmer Lambda 25
spectrophotometer. The concentration of a-glucan was determined with
reference to a standard curve with purified a-glucan. a-Glucan was puri-
fied from S. venezuelae cells grown on sterile cellophane discs on MYM-
TAP plates for 30h at 30°C. Harvested cells were boiled in water for

5min, centrifuged at 4000 g for 30 min and re-suspended in 10 ml of
water. The centrifugation and re-suspension steps were repeated three
times. The cells were then lysed by sonication. Cell debris was pelleted by
centrifugation at 30000 g for 15min. The resultant supernatant was
washed with a 3:2 (v/v) mixture of 0.2 M glycine, pH 10.5, and chloro-
form (5ml). The aqueous fraction was then washed twice with chloro-
form. The aqueous fraction was concentrated to ~8 ml using a rotary
evaporator and then centrifuged at 108 000 g at 4 °C for 4 h. The gelatin-
ous pellet was collected and dissolved in water (5ml). The a-glucan was
precipitated with ethanol (1 volume) overnight at 4°C. The solid col-
lected by centrifugation at 4 000 g for 10 min was re-dissolved in water
(0.5ml) and centrifuged at 12 000 g for 10 min to remove insoluble
material. Finally the soluble material was freeze-dried to yield a-glucan
as an amorphous powder. "H NMR spectroscopy was used to confirm
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Fig. 4. The glgE mutant accumulates a-maltose 1-phosphate and maltose at the expense of a-glucan and trehalose. The
wild-type (WT; open circles), constructed glgE null mutant (AglgE::apr; filled triangles) and complemented (AglgE::apr
attBesr1::glgE; open triangles) strains were grown on MYM-TAP solid medium. Cell extracts were analysed by NMR spectros-
copy to determine the accumulation of (a) maltose, (b) a-maltose 1-phosphate (M1P) and (c) trehalose. (d) The a-glucan con-
tent was determined using Lugol's iodine. The data represent means of three biological replicates + St. (e) Five-day-old
colonies were embedded, sectioned and imaged using transmission electron microscopy after staining for a-glucan. The

arrows indicate stained particles of a-glucan.
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() (b)
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Fig. 5. The glgE mutant produces aberrant spores of double the
normal length and pre-spore cells contain diffuse chromosomal
DNA after 5 days of growth. The wild-type (WT), constructed
glgE null mutant (AglgE::apr) and complemented (AglgE::apr
attBopr1::glgE) strains were grown on MYM-TAP solid medium.
Colonies were imaged using either (a) scanning electron micros-
copy after 7 days of growth or (b) fluorescence microscopy after
5 days of grown with staining for nucleic acid with propidium
iodide and cell walls with wheat germ agglutinin Alexa Fluor 488
conjugate. The arrows highlight representative aberrant spores.

the identity and purity of the a-glucan (Bittencourt et al, 2006; Dina-
dayala et al., 2004; Ortalo-Magné et al., 1995). A standard curve gave a
linear relationship between a known mass of a-glucan (up to 1 mg ml™)
and the absorbance at 500 nm (up to 0.51) after treatment with Lugol
solution as described above. In a separate experiment, cell-free extracts
were also analysed using a dot blot probed with a monoclonal antibody
raised against the mammalian a-glucan glycogen (Baba, 1993). Cell-free
extracts were prepared by boiling freeze-dried powdered cells (24 mg) in
water (0.5ml) for 4 h. Cell debris was removed by centrifugation and by
passing samples through 0.45um filters. Samples (3 pl) were spotted
onto nitrocellulose filters before being probed with the antibody (van de
Weerd et al., 2015).

Detection of trehalose synthase activity. Cells were harvested
from MYM-TAP plates after 24 h of growth and cell-free extracts were
prepared as described above. A 5mM solution of maltose in D,O was
incubated at ambient temperature for 2 h to allow the a and 8 anomers
to equilibrate and 60 pl was added to 540 pl of each cell-free extract to
give a final concentration of 500 pM. The concentrations of maltose, tre-
halose and glucose were monitored using NMR spectroscopy as
described above.

Transmission electron microscopy. For the periodic acid-thiocar-
bohydrazide-silver proteinate (PATAg) staining of a-glucan (Thiéry,
1967), single colonies of S. venezuelae were cut out of an agar plate and
fixed in a solution of 2.5 % (v/v) glutaraldehyde in 0.05 M sodium caco-
dylate, pH 7.3 (Gordon et al., 1963). Using a Leica EM TP machine
(Leica Microsystems), the samples were washed in 0.05M sodium

cacodylate and then post-fixed with 1% (w/v) OsO4 in 0.05M sodium
cacodylate for 60 min at room temperature. After washing and dehydra-
tion with ethanol (Beringer et al, 1977), the samples were gradually
infiltrated with LR White resin (London Resin Company) according to
the manufacturer’s instructions. After polymerization, the resulting
material was sectioned with a diamond knife using a Leica EM UC6
ultramicrotome (Leica Microsystems). Ultrathin sections of approxi-
mately 90 nm were picked up on 200-mesh gold grids that had been
coated in pyroxylin and carbon. The grids were stained for a-glucans
(Robertson et al., 1975) as follows. They were placed in 1% (v/v) peri-
odic acid for 20 min at room temperature, washed in water, placed in
0.2% (w/v) thiocarbohydrazide in 20% (v/v) acetic acid overnight,
washed in acetic acid then water, and finally stained with 1% (w/v) sil-
ver proteinate for 30 min in the dark. After washing in water, the grids
were dried and viewed in a Tecnai 20 transmission electron microscope
(FEI) at 200 kV and imaged using an AMT XR60B digital camera
(Deben).

Scanning electron microscopy. Samples of S. venezuelae were
mounted on an aluminium stub with Tissue Tek optimal cutting tem-
perature compound (Agar Scientific). The sample was then cryopre-
served by plunging into liquid N, slush at approximately —210°C, and
transferred to the cryostage of an ALTO 2500 cryotransfer system
(Gatan) attached to a Zeiss Supra 55 VP field emission gun scanning
electron microscope (Zeiss SMT) or the same type of cryo-system on an
FEI Nova NanoSEM 450 (FEI). Surface frost was sublimated at —95°C
for 3 min before sputter coating with platinum for 150 s at 10 mA whilst
below —110 °C. Finally, the sample was moved onto the cryostage in the
main chamber of the microscope, held at —125°C, and viewed at 3.0
kV. Digital TIFF files were stored.

Fluorescence light microscopy. S. venezuelae was grown at the base
of glass coverslips penetrating solid MYM-TAP at approximately 45°
from vertical for 5 days at 30°C. The coverslips were left to dry for
10 min in a flow hood and then soaked in 300 pl ice-cold methanol for
1 min, which was rinsed off by dipping in water. An aqueous solution of
propidium iodide (25 pg ml™") and wheat germ agglutinin Alexa Fluor
488 conjugate (50 pg ml~'; Life Technologies) was applied (25 pl) to the
growth line on the coverslip. The samples were then incubated in the
dark for 30min and excess dye was removed by repeated dipping in
water for 20s. The samples were then blotted dry and 9 pl of 20 % (v/v)
glycerol was applied to a microscope slide. The coverslip was placed
onto the microscope slide and nail polish was applied at the edges of the
coverslip to secure it to the microscope slide. The samples were kept in
the dark until viewed with a Nikon Eclipse 600 CCD microscope (Cairn)
at X100 magnification with an oil immersion lens. Photographs were
taken with an Orca HQ cooled CCD digital camera (Hamamatsu) and
digital images were prepared using Image J (NIH) software.

Stress tolerance analyses. Wild-type and complemented strains
were grown for 4 days and the glgE mutant strain was grown for 6 days
to maximize the yield of spores and minimize the number of hyphal
fragments in each case. Spores were harvested by rolling dry sterilized
acid-washed glass balls (50x0.4mm in diameter) over the lawns of
sporulating mycelia. For all stresses apart from desiccation, 15 spore-
coated balls were agitated in 1 ml of 50 mM Tris-HCl, pH 7.3, contain-
ing 0.001 % Triton X100. The aqueous samples were sonicated for five
cycles of 30 s on and 30's off at 40 % amplitude to disperse the spores in
the water and to disrupt any remaining hyphal fragments. The samples
(150 pl) were then subjected to various stresses: either lysozyme (0.1 pg)
followed by incubation at 37°C for 30 min, additional sonication with
10 cycles of 30's on at full amplitude and 30's off, or heat-shock at 50°C
for 7min. Samples were serially diluted, spread (100 pl) onto solid
MYM-TAP medium and incubated at 30°C for 1-2 days allowing the
number of colony-forming units to be determined. To test for desicca-
tion tolerance, six spore-coated glass balls were agitated in 0.75ml of
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Fig. 6. Spores of the glgE mutant are less tolerant of some
stresses. Spores of the wild-type carrying empty vector (WT,
attBepr1::pMS82), constructed glgE null mutant carrying empty
vector (AglgE::apr attBepr:::pMS82) and complemented (AglgE::
apr attBepr1::glgE) strains were subjected to four stresses: soni-
cation (n=6), treatment with lysozyme (n=6), 50 "C heat-shock
(n=6) and desiccation (n=3). The survival of spores is expressed
as a percentage of control experiments without exposure to
stresses. Data from the mutant and complemented strains were
compared with those from the wild-type using Student's t-test
(*P<0.05).

water. The aqueous sample was sonicated for four cycles of 15s on and
45 s off at 40 % amplitude to disperse the spores in the water and disrupt
any remaining hyphal fragments. Serially diluted samples (20 pl) were
spread on MYM-TAP solid medium and subjected to desiccation stress
by incubating them for 8 h in chambers containing anhydrous silica gel
giving at atmosphere close to 0 % relative humidity. The severity of each
of the stresses used was optimized to give ~75 % spore survival with the
wild-type strain to maximize the chances of seeing changes in the
mutant strain. Control samples had no stress treatment.

RESULTS

GIgE pathway genes are upregulated during
sporulation

Microarray transcription profiling of S. venezuelae through-
out development in liquid culture has previously been car-
ried out (Bibb et al., 2012) and the resulting transcriptome
data have been deposited in the ArrayExpress database
under accession no. E-MEXP-3612. Mining of these data
showed that the otsA and otsB genes associated with the pro-
duction of trehalose are expressed at a relatively high level
throughout development (Fig. 2a). All the genes of the GIgE
pathway were clearly upregulated at least twofold as the cells
progressed from vegetative growth through to sporulation
(Fig. 2b). Finally, most of the genes associated with the
recycling of a-glucan were at least somewhat upregulated
upon sporulation (Fig. 2¢).

Sporulation is delayed in a Ag/gE strain

To determine the role of GIgE in a-glucan metabolism in S.
venezuelae, we first generated a glgE mutant in which the
coding region was replaced by an apramycin resistance

(apr) cassette. The AglgE::apr mutant formed colonies, but
showed decreased production of the green spore pigment
(Bush et al., 2013) compared with the wild-type strain,
when grown for 2 days on MYM-TAP solid medium with
maltose as a carbon source (Fig. 3). Delayed growth was
apparent between 1 and 5 days of growth, such that the dry
cell weight of the mycelium of the mutant strain was less
than two-thirds that of the wild-type strain after 3 days of
growth (Fig. S1). Normal growth was restored through
complementation with an intact plasmid-born glgE gene
(Figs 3 and S1), confirming the direct link between the glgE
gene and the phenotype.

A 4 bp overlap between the ORFs of glgE and downstream
treS genes (Fig. 1b) raised the likelihood of a polar effect on
treS caused by the replacement of the glgE gene by the apr
cassette. We therefore tested whether the glgE mutant pos-
sessed any trehalose synthase (TreS) activity by feeding cell-
free extracts with maltose and monitoring the production of
trehalose using NMR spectroscopy (Fig. S2). Unlike the
wild-type strain, it was apparent that the mutant did not pro-
duce active trehalose synthase. However, the lack of this
enzyme activity appeared to have no impact on the pheno-
type because normal growth was restored with the reintro-
duction of the glgE gene, whether freS was also re-introduced
or not (Figs 3 and S1). Furthermore, a treS null mutant with
an intact glgE gene exhibited no growth phenotype (data not
shown).

The AgIgE strain accumulates maltose and
a=-maltose 1-phosphate but no «-glucan

When grown on MYM-TAP solid medium that contains
maltose, the mutant strain accumulated up to double the
amount of maltose between 1 and 4 days of growth, com-
pared with the wild-type strain (Fig. 4a). Strikingly, the
mutant accumulated ~18 % dry cell weight of a-maltose 1-
phosphate after 2 days of growth whereas the wild-type
accumulated <1 9% (Fig. 4b). These observations are consis-
tent with loss of the glgE gene and the accumulation of met-
abolic intermediates immediately upstream of the enzyme
GIgE that consumes «-maltose 1-phosphate (Fig. 1a).
Importantly, the production of this sugar phosphate shows
that there were no polar effects on the pep2 gene coding for
maltose kinase. NMR spectroscopy of cell-free extracts of
the wild-type strain that had not been boiled to denature
enzymes showed that the a-maltose 1-phosphate was slowly
degraded to maltose (data not shown). This suggests that a
phosphatase may make the carbohydrate in a-maltose 1-
phosphate available in an unphosphorylated state during
the later stages of growth.

The mutant accumulated less trehalose than the wild-type
strain during the first 3 days of growth (Fig. 4c). This was not
due to the lack of trehalose synthase, because it was possible to
complement this mutant phenotype with glgE alone. These
observations indicated that the mutant strain remained cap-
able of generating trehalose through the OtsA—OtsB route.
Indeed, after 4 days of growth, the mutant accumulated the
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pep2mutant

pep2mutant Complemented

Fig. 7. Deletion of pep2 does not delay growth. (a) Phenotypes
are shown of wild-type S. venezuelae (WT), the constructed
Apep2::apr null mutant (Apep2::apr) and the mutant comple-
mented with pep2 (Apep2::apr attBegrs:pep2). Note that the pro-
duction of green spore pigment was similar in each case. Strains
were grown on MYM-TAP solid medium and photographed after 2
days. (b) A 7-day-old colony was imaged using scanning electron
microscopy. (c) A 5-day-old colony was imaged using fluores-
cence microscopy after staining nucleic acid with propidium iodide
and cell walls with wheat germ agglutinin Alexa Fluor 488 conju-
gate. Five-day-old colonies of (d) wild-type and (e) pep2 mutant
strains were embedded, sectioned and imaged using transmission
electron microscopy after staining for a-glucan. The arrow indi-
cates stained particles of a-glucan.

same amount of trehalose as the wild-type, when sporulation
was underway.

The mutant strain accumulated no or very little @-glucan at
any time during growth according to a spectrophotometric
method to detect iodine complexes of a-glucan polymers
(Figs 4d and S3a). This was supported by transmission elec-
tron microscopy of samples stained for a-glucan (Fig. 4e)
and dot blotting with an anti-a-glucan monoclonal anti-
body (Fig. S3b). Importantly, complementation with glgE
alone restored all the metabolites to their wild-type levels,

again consistent with the loss of freS expression not having
any bearing on the phenotype of this mutant.

The AgIgE strain produces aberrant spores that
are less tolerant of stresses

Scanning electron microscopy showed that the mutant pro-
duced many aberrant spores double the length of normal
wild-type spores (Fig. 5a). These accounted for 18+6% of
the spores compared with 2+1 % for the wild-type. Confocal
microscopy of cells at the pre-spore stage of development
showed that the chromosomal DNA of the mutant was more
diffuse than that of the wild-type strain at the same 5 day
time point (Fig. 5b). In addition, it appeared as though aber-
rant spores contained two chromosomes, suggesting the
defect was the result of a missing cross-wall. Introduction of
glgE alone again complemented this phenotype to give a
wild-type level of 3+1% aberrant spores, and condensed
DNA in pre-spore cells at the 5 day time point.

Given the existence of aberrant spores in the mutant strain,
we determined if the spores were less tolerant to various
stresses. It was clear that they were indeed less able to toler-
ate sonication, treatment with lysozyme and 50 °C heat-
shock (Fig. 6). By contrast, they showed no difference from
the wild-type in a regime designed to test desiccation
resistance.

The growth phenotype correlates with the
accumulation of «-maltose 1-phosphate rather
than the lack of «-glucan

To establish whether the growth phenotype correlated with
the accumulation of a-maltose 1-phosphate or the lack of
a-glucan, a pep2 null mutant was constructed. The loss of
maltose kinase (Pep2) would be expected to prevent the
accumulation of both a-maltose 1-phosphate and a-glucan.
The pep2 mutant strain did not exhibit a growth phenotype
(Fig. 7a), produced normal spores (Fig. 7b) and contained
condensed chromosomal DNA in pre-spore cells (Fig. 7¢).
In these respects, it was indistinguishable from the wild-
type strain.

Transmission electron microscopy showed that the pep2
mutant was devoid of a-glucan (Fig. 7d), as predicted
(Fig. 1a). A few dark spots were observed with the mutant
sample, but these had a smooth edge and were often present
in the nucleoids, suggesting these were artefactual rather
than revealing the presence of a little a-glucan. Indeed, the
lack of a-glucan in the pep2 mutant strain was confirmed
with dot blotting (Fig. S3b). Complementation with an
intact pep2 gene restored the accumulation of the polymer
(Fig. 7e). Importantly, NMR spectroscopy confirmed the
lack of accumulation of the product of maltose kinase, a-
maltose 1-phosphate, in the pep2 mutant strain, in sharp
contrast to the glgE mutant (Fig. 8). The trehalose content
of the pep2 mutant was slightly lower than in the wild-type
(Figs 8 and S4a). Although this was somewhat reminiscent
of the glgE mutant, it did not lead to any obvious growth
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Fig. 8. The pep2 mutant does not accumulate a-maltose 1-
phosphate. '"H NMR spectroscopy shows the accumulation of
a-maltose 1-phosphate (M1P) occurred in the constructed glgE
null mutant (AglgE::apr) but not in the wild-type or constructed
pep2 null mutant (Apep2::apr) strains. A spectrum of authentic
a-maltose 1-phosphate (Syson et al, 2011) is also shown for
comparison. All three strains also accumulated some of the
upstream metabolites trehalose and maltose (both the glycosidic
linkage resonance, labelled maltose and the a-anomeric reduc-
ing end resonance, labelled a-maltose are detected in this
region of the spectrum, as described in detail in Methods). Cell
extracts were prepared from cells grown on solid MYM-TAP
medium for 2 days.

phenotype. The maltose level was only slightly elevated
(Figs 8 and S4b) despite the loss of an enzyme that con-
sumes it. Taken these data together, it is clear that the
growth phenotype of the glgE mutant correlates not with
the loss of a-glucan but with the accumulation of a-maltose
1-phosphate.

To corroborate these results, the glgE mutant was grown
on a carbon source other than maltose with a view to
minimizing the accumulation of «-maltose 1-phosphate.
To this end, the wild-type and glgE mutant strains were
grown on solid minimal medium containing either galac-
tose or maltose. Growth on galactose was slightly slower
with all strains tested but there was no developmental
phenotype of the mutant compared with the wild-type
strain (Fig. S5). This clearly contrasts with the phenotype
observed with maltose. Cells harvested from plates were
centrifuged and the size and pigmentation of the pellets
reflected the poorer growth on maltose (Fig. 9a). NMR
spectroscopy of cell-free extracts showed that a-maltose
1-phosphate accumulated only in the glgE mutant strain
grown on maltose (Fig. 9b). These observations strongly
support an association between the accumulation of this
metabolite with the growth phenotype of the mutant
strain.

DISCUSSION

It is reasonable to assume that the GIgE pathway is responsible
for the formation of a-glucan because all four enzymes of the
GIgE pathway have been shown in vitro to catalyse the appro-
priate chemistries (Drepper et al, 1996; Garget al., 2007;
Kalscheuer et al., 2010; Miah et al., 2013). In addition, muta-
tion of either the glgE or the glgB gene in mycobacteria leads to
the accumulation of a-maltose 1-phosphate (Kalscheuer et al.,
2010) and a temperature-sensitive mutation in Mycobacterium
smegmatis that maps to gIgE leads to altered glycogen/a-glucan
metabolism (Belanger & Hatfull, 1999). Furthermore, expres-
sion of the GIgE pathway genes increased as S. venezuelae pro-
gressed from vegetative growth through to sporulation
(Fig. 2), consistent with the GIgE pathway being associated
with phase II a-glucan deposition (Ranade & Vining, 1993).
Nevertheless, the production of polymer by the GIgE pathway
has not been demonstrated experimentally. Obtaining in vivo
evidence would be challenging with many bacteria including
M. tuberculosis and S. coelicolor because they possess more than
one a-glucan metabolic pathway. We chose S. venezuelae
because it has already been shown to transiently accumulate
a-glucan (Ranade & Vining, 1993) and possesses only the
GIgE pathway genes (Chandra et al., 2011).

The lack of a-glucan produced by null mutations in either
glgE or pep2 in S. venezuelae provides the first demonstra-
tion, to our knowledge, that the GIgE pathway is indeed
necessary and sufficient for the production of this polymer
in vivo. In addition, it is clear that a-glucan is not essential
in this organism, even if growth and development are
delayed. Indeed, the ability of the glgE mutant strain to pro-
duce the trehalose associated with the onset of sporulation
(Fig. 4c) shows that it is possible to bypass the normal route
to its synthesis via a-glucan (Fig. 1a). It seems likely that
this is through the recycling of the accumulated a-maltose
1-phosphate (Fig. 4b) through dephosphorylation and
hydrolysis to allow the liberated glucose to gain access the
OtsA—-OtsB route.

The developmental delay associated with the glgE mutant
strain when grown on maltose (Figs 3 and S1) could have been
associated with either the lack of a-glucan or the accumulation
of a-maltose 1-phosphate. It was clear that it was the latter
because no metabolic or growth phenotype was observed
when this mutant was grown on galactose (Figs 9 and S5). In
support of this, a pep2 mutant strain also showed no metabolic
or growth phenotype (Figs 7 and 8). It is feasible that the
requirement to divert carbon through a less efficient route
could be responsible for the growth phenotype. Alternatively,
it could be because a-maltose 1-phosphate is partially toxic. In
support of this, the accumulation of this metabolite in the
equivalent mutant strain of M. tuberculosis leads to bacterial
cell death (Kalscheuer et al., 2010). While bacterial cell death
does not normally occur in the glgE mutant of M. smegmatis, it
does when this organism is grown on trehalose because it
increases flux through the GIgE pathway. It is clear that the
accumulation of a-maltose 1-phosphate in S. venezuelae is
similarly dependent on the carbon source (Fig. 9). However,
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Fig. 9. a-Maltose 1-phosphate does not accumulate in the glgE
mutant when grown on galactose. (a) The wild-type (WT) and
constructed glgE null mutant (AglgE::apr) strains were grown on
solid minimal media containing either galactose or maltose for 9
and 7 days, respectively. The cell pellets were similar in size and
colour except for that of the mutant grown on maltose, which was
slightly smaller and paler. (b) NMR spectroscopy of cell-free
extracts showed that only the glgE mutant accumulated a-maltose
1-phosphate (M1P), which was at the expense of trehalose.

despite this metabolite accumulating to ~18 % dry cell weight
when S. venezuelae is grown on maltose (Fig. 4b), it was clearly
not to a level that was lethal. Although it is perhaps no coinci-
dence that this intermediate accumulates to the same level as
a-glucan does in the wild-type strain, it nevertheless attains a
remarkably high concentration. If one assumes the dry cell
weight comprises 50 % of the wet weight of cells (Bratbak &
Dundas, 1984), the concentration of a-maltose 1-phosphate
exceeds a remarkable 200 mM. Further studies are required to
identify the precise reason why a-maltose 1-phosphate causes
the growth phenotype in S. venezuelae and why it is toxic in
mycobacteria. The lack of lethality in S. venezuelae makes fur-
ther study more tractable in this organism.

A consequence of the delayed growth phenotype of the glgE
null mutation was the presence of diffuse chromosomal DNA
in pre-spore cells after 5 days of growth (Fig. 5). Given that
the chromosome condenses just before spores mature in the
wild-type strain, this observation probably reflects the delay in
development. More significantly, spores were frequently
double the normal length, implying an interruption in the for-
mation of some cross-walls. Such observations have been
reported previously whenever the normal process of sporula-
tion has been perturbed (Tzanis et al, 2014). In turn, the
spores were less tolerant of various stresses. This may not be
due to a lack of trehalose, because the level of this metabolite
during sporulation was similar to that of the wild-type strain
(Fig. 4c) and the tolerance to desiccation stress was not
affected (Fig. 6). The spores were probably compromised in
other ways, given the aberrant spore size.

The a-glucan produced by the GIgE pathway has a role in
the transient storage of carbon/energy during development
in streptomycetes (Bruton et al., 1995; Plaskitt & Chater,
1995; Ranade & Vining, 1993; Schneider ef al., 2000; Yeo
& Chater, 2005). By contrast, a-glucans in mycobacteria
appear to be associated with either carbon storage at times
of nitrogen limitation or immune evasion (Antoine &
Tepper, 1969; Cywes et al., 1997; Gagliardi et al., 2007;
Geurtsen et al., 2009). Quite what roles a-glucans have in
other bacteria, particularly those that possess both the
classical and the GIgE pathways (Chandra et al, 2011),
remains to be seen. Our work with S. venezuelae now pro-
vides the opportunity to characterize an a-glucan derived
solely from the GIgE pathway. This will allow the proper-
ties of this polymer to be compared and contrasted with
that isolated from organisms that possess only the classical
glycogen pathway (e.g. E. coli) and those with more than
one a-glucan pathway (e.g. M. tuberculosis).

ACKNOWLEDGEMENTS

This work was supported by the United Kingdom Biotechnology and
Biological Sciences Research Council (Doctoral Training Grant BB/
F017294/1 and Institute Strategic Programme Grant BB/J004561/1), and
the John Innes Foundation. We thank Mark J. Buttner and Keith F.
Chater for invaluable guidance during the study and the writing of the
manuscript, Govind Chandra for the processing of microarray data,
Grant Calder for assistance with light microscopy, Hendrik Koliwer-
Brandl and Rainer Kalscheuer for the dot blot analysis, Robert van de
Weerd and Ben J. Appelmelk for access to the monoclonal antibody
against a-glucan, Karl Syson for technical assistance and Nathaniel
Sherden for advice.

REFERENCES

Antoine, A. D. & Tepper, B. S. (1969). Environmental control of gly-
cogen and lipid content of Mycobacterium tuberculosis. ] Bacteriol 100,
538-539.

Asencion Diez, M. D., Demonte, A. M., Syson, K., Arias, D. G,
Gorelik, A., Guerrero, S. A, Bornemann, S. & Iglesias, A. A. (2015).
Allosteric regulation of the partitioning of glucose-1-phosphate between
glycogen and trehalose biosynthesis in Mycobacterium tuberculosis. BBA-
Gen Subjects 1850, 13-21.

Baba, O. (1993). Production of monoclonal antibody that recognizes gly-
cogen and its application for immunohistochemistry. Kokubyo Gakkai
Zasshi 60, 264-287.

Belanger, A. E. & Hatfull, G. F. (1999). Exponential-phase glycogen recy-
cling is essential for growth of Mycobacterium smegmatis. ] Bacteriol 181,
6670 —6678.

Beringer, J. E,, Johnston, A. W. B. & Wells, B. (1977). Isolation of condi-
tional ineffective mutants of Rhizobium leguminosarum. ] Gen Microbiol 98,
339-343.

Bibb, M. J., Domonkos, A., Chandra, G. & Buttner, M. J. (2012). Expres-
sion of the chaplin and rodlin hydrophobic sheath proteins in Streptomyces
venezuelae is controlled by o(BIdN) and a cognate anti-sigma factor, RsbN.
Mol Microbiol 84, 1033—-1049.

Bittencourt, V. C. B, Figueiredo, R. T., da Silva, R. B., Mourao-
Sa, D. S, Fernandez, P. L., Sassaki, G. L., Mulloy, B., Bozza, M. T. &
Barreto-Bergter, E. (2006). An alpha-glucan of Pseudallescheria boydii is

http://mic.microbiologyresearch.org

1217



F. Miah and others

involved in fungal phagocytosis and Toll-like receptor activation. J Biol
Chem 281, 22614 —22623.

Bornemann, S. (2016). o-Glucan biosynthesis and the GIgE pathway in
Mycobacterium tuberculosis. Biochem Soc Trans 44, 68-73.

Bratbak, G. & Dundas, I. (1984). Bacterial dry matter content and bio-
mass estimations. Appl Environ Microbiol 48, 755-757.

Braiia, A. F., Manzanal, M. B. & Hardisson, C. (1982). Characterization
of intracellular polysaccharides of Streptomyces. Can ] Microbiol 28, 1320—
1323.

Braiia, A. F,, Méndez, C., Diaz, L. A, Manzanal, M. B. & Hardisson, C.
(1986). Glycogen and trehalose accumulation during colony development
in Streptomyces antibioticus. ] Gen Microbiol 132, 1319-1326.

Bruton, C. J,, Plaskitt, K. A. & Chater, K. F. (1995). Tissue-specific glyco-
gen branching isoenzymes in a multicellular prokaryote, Streptomyces coeli-
color A3(2). Mol Microbiol 18, 89-99.

Bush, M. J,, Bibb, M. J,, Chandra, G., Findlay, K. C. & Buttner, M. J.
(2013). Genes required for aerial growth, cell division, and chromosome
segregation are targets of WhiA before sporulation in Streptomyces venezue-
lae. MBio 4, e00684-13.

Bush, M. J,, Tschowri, N., Schlimpert, S., Flardh, K. & Buttner, M. J.
(2015). c-di-GMP signalling and the regulation of developmental transi-
tions in streptomycetes. Nat Rev Microbiol 13, 749-760.

Chandra, G., Chater, K. F. & Bornemann, S. (2011). Unexpected and
widespread connections between bacterial glycogen and trehalose metabo-
lism. Microbiology 157, 1565—1572.

Cywes, C., Hoppe, H. C., Daffé, M. & Ehlers, M. R. (1997). Nonopsonic
binding of Mycobacterium tuberculosis to complement receptor type 3 is
mediated by capsular polysaccharides and is strain dependent. Infect Immun
65, 4258—4266.

Datsenko, K. A. & Wanner, B. L. (2000). One-step inactivation of chro-
mosomal genes in Escherichia coli K-12 using PCR products. Proc Natl Acad
Sci US A 97, 6640—-6645.

Dinadayala, P., Lemassu, A., Granovski, P., Cérantola, S., Winter, N. &
Daffé, M. (2004). Revisiting the structure of the anti-neoplastic glucans of
Mpycobacterium bovis Bacille Calmette-Guerin. Structural analysis of the
extracellular and boiling water extract-derived glucans of the vaccine sub-
strains. J Biol Chem 279, 12369-12378.

Drepper, A., Peitzmann, R. & Pape, H. (1996). Maltokinase (ATP:malt-
ose 1-phosphotransferase) from Actinoplanes sp.: demonstration of enzyme
activity and characterization of the reaction product. FEBS Lett 388, 177—
179.

Elbein, A. D. (1967). Carbohydrate metabolism in streptomycetes. II. Isolation
and enzymatic synthesis of trehalose. ] Bacteriol 94, 1520-1524.

Elbein, A. D., Pastuszak, |., Tackett, A. J., Wilson, T. & Pan, Y. T. (2010).
Last step in the conversion of trehalose to glycogen: a mycobacterial enzyme
that transfers maltose from maltose 1-phosphate to glycogen. J Biol Chem
285, 9803-9812.

Flardh, K. & Buttner, M. J. (2009). Streptonyces morphogenetics: dissect-
ing differentiation in a filamentous bacterium. Nat Rev Microbiol 7, 36—49.

Gagliardi, M. C., Lemassu, A., Teloni, R., Mariotti, S., Sargentini, V.,
Pardini, M., Daffé, M. & Nisini, R. (2007). Cell wall-associated alpha-glu-
can is instrumental for Mycobacterium tuberculosis to block CD1 molecule
expression and disable the function of dendritic cell derived from infected
monocyte. Cell Microbiol 9, 2081-2092.

Garg, S. K, Alam, M. S,, Kishan, K. V. R. & Agrawal, P. (2007). Expres-
sion and characterization of alpha-(1,4)-glucan branching enzyme Rv1326¢
of Mycobacterium tuberculosis H37Rv. Protein Expr Purif 51, 198-208.
Geurtsen, J, Chedammi, S., Mesters, J,, Cot, M., Driessen, N. N,,
Sambou, T., Kakutani, R, Ummels, R,, Maaskant, J. & other authors
(2009). Identification of mycobacterial alpha-glucan as a novel ligand for

DC-SIGN: involvement of mycobacterial capsular polysaccharides in host
immune modulation. ] Immunol 183, 5221-5231.

Gordon, G. B, Miller, L. R. & Bensch, K. G. (1963). Fixation of tissue cul-
ture cells for ultrastructural cytochemistry. Exp Cell Res 31, 440—443.

Gregory, M. A, Till, R. & Smith, M. C. (2003). Integration site for Strepto-
myces phage phiBT1 and development of site-specific integrating vectors. J
Bacteriol 185, 5320-5323.

Gust, B, Challis, G. L., Fowler, K., Kieser, T. & Chater, K. F. (2003).
PCR-targeted Streptomyces gene replacement identifies a protein domain
needed for biosynthesis of the sesquiterpene soil odor geosmin. Proc Natl
Acad Sci U S A 100, 1541-1546.

Gust, B, Chandra, G., Jakimowicz, D., Yuqing, T., Bruton, C. J. &
Chater, K. F. & Tian, Y. Q. (2004). Lambda red-mediated genetic manipu-
lation of antibiotic-producing Streptomyces. Adv Appl Microbiol 54, 107-128.

Hey, A. E. & Elbein, A. D. (1968). Partial prufication and properties of a
trehalase from Streptomyces hygroscopicus. ] Bacteriol 96, 105-110.

Jarling, M., Cauvet, T., Grundmeier, M., Kuhnert, K. & Pape, H. (2004).
Isolation of makl from Actinoplanes missouriensis and evidence that Pep2
from Streptomyces coelicolor is a maltokinase. ] Basic Microbiol 44, 360-373.

Kalscheuer, R. & Jacobs, W. R. (2010). The significance of GIgE as a new
target for tuberculosis. Drug News & Perspectives 23, 619-624.

Kalscheuer, R, Syson, K, Veeraraghavan, U, Weinrick, B,
Biermann, K. E, Liu, Z, Sacchettini, J. C., Besra, G., Bornemann, S. &
other authors (2010). Self-poisoning of Mycobacterium tuberculosis by target-
ing GIgE in an alpha-glucan pathway. Nat Chem Biol 6, 376 —384.

Kaur, D, Pham, H., Larrouy-Maumus, G., Riviere, M., Vissa, V.,
Guerin, M. E,, Puzo, G., Brennan, P. J. & Jackson, M. (2009). Initiation
of methylglucose lipopolysaccharide biosynthesis in mycobacteria. PLoS
One 4, e5447.

Kieser, T., Bibb, M. J., Buttner, M. J., Chater, K. F. & Hopwood, D. A.
(2000). Practical Streptomyces Genetics. Norwich, UK: The John Innes
Foundation.

Leiba, J.,, Syson, K., Baronian, G., Zanella-Cleon, l., Kalscheuer, R.,
Kremer, L., Bornemann, S. & Molle, V. (2013). Mycobacterium tuberculo-
sis maltosyltransferase GIgE, a genetically validated anti-tuberculosis target,
is negatively regulated by Ser/Thr phosphorylation J Biol Chem. 288,
16546-16556.

Lemassu, A. & Daffé, M. (1994). Structural features of the exocellular poly-
saccharides of Mycobacterium tuberculosis. Biochem ] 297, 351-357.

Martin, M., Diaz, L. A., Manzanal, M. B. & Hardisson, C. (1986). Role
of trehalose in the spores of Streptomyces. FEMS Microbiol Lett 35, 49—
54.

McBride, M. J. & Ensign, J. C. (1990). Regulation of trehalose metabolism
by Streptomyces griseus spores. ] Bacteriol 172, 3637-3643.

Miah, F., Koliwer-Brandl, H., Rejzek, M., Field, R. A., Kalscheuer, R. &
Bornemann, S. (2013). Flux through trehalose synthase flows from treha-
lose to the alpha anomer of maltose in mycobacteria. Chem & Biol 20, 487—
492.

Niehues, B., Jossek, R., Kramer, U., Koch, A,, Jarling, M., Schréder, W.
& Pape, H. (2003). Isolation and characterization of maltokinase (ATP:
maltose 1-phosphotransferase) from Actinoplanes missouriensis. Arch
Microbiol 180, 233-239.

Ortalo-Magné, A. Dupont, M. A, Lemassu, A, Andersen, A. B.,
Gounon, P. & Daffé, M. (1995). Molecular composition of the outermost
capsular material of the tubercle bacillus. Microbiology 141, 1609-1620.
Paget, M. S., Chamberlin, L., Atrih, A,, Foster, S. J. & Buttner, M. J.
(1999). Evidence that the extracytoplasmic function sigma factor GE is
required for normal cell wall structure in Streptomyces coelicolor A3(2). ]
Bacteriol 181, 204-211.

Pan, Y. T., Koroth Edavana, V., Jourdian, W. J.,, Edmondson, R,
Carroll, J. D., Pastuszak, |. & Elbein, A. D. (2004). Trehalose

1218

Microbiology 162



The GIgE a-glucan pathway of Streptomyces venezuelae

synthase of Mycobacterium smegmatis: purification, cloning, expression,
and properties of the enzyme. Eur J Biochem 271, 4259-4269.

Plaskitt, K. A. & Chater, K. F. (1995). Influences of developmental genes on
localized glycogen deposition in colonies of a mycelial prokaryote, Streptomyces
coelicolor A3(2) - a possible interface between metabolism and mophogenesis.
Phil Trans R Soc B 347, 105-121.

Preiss, J. (2009). Glycogen biosynthesis. In The Encyclopedia of
Microbiology, vol. 5, pp. 145-158. Edited by M. Schaechter. Oxford, UK:
Elsevier.

Ranade, N. & Vining, L. C. (1993). Accumulation of intracellular carbon
reserves in relation to chloramphenicol biosynthesis by Streptomyces vene-
zuelae. Can ] Microbiol 39, 377-383.

Robertson, J. G., Lyttleton, P., Williamson, K. I. & Batt, R. D. (1975).
The effect of fixation procedures on the electron density of polysaccharide
granules in Nocardia corallina. J Ultrastruct Res 52, 321-332.

Sambou, T., Dinadayala, P., Stadthagen, G., Barilone, N., Bordat, Y.,
Constant, P., Levillain, F., Neyrolles, O., Gicquel, B. & other authors
(2008). Capsular glucan and intracellular glycogen of Mycobacterium tuber-
culosis: biosynthesis and impact on the persistence in mice. Mol Microbiol
70, 762-774.

Schneider, D., Bruton, C. J. & Chater, K. F. (2000). Duplicated gene clusters
suggest an interplay of glycogen and trehalose metabolism during sequential
stages of aerial mycelium development in Streptomyces coelicolor A3(2). Mol
Gen Genet 263, 543-553.

Schwebach, J. R, Glatman-Freedman, A., Gunther-Cummins, L.,
Dai, Z. D, Robbins, J. B. Schneerson, R. & Casadevall, A.
(2002). Glucan is a component of the Mycobacterium tuberculosis sur-
face that is expressed in vitro and in vivo. Infect Immun 70, 2566—
2575.

Stadthagen, G., Sambou, T., Guerin, M., Barilone, N., Boudou, F.,
Kordulakova, J., Charles, P., Alzari, P. M., Lemassu, A. & other
authors (2007). Genetic basis for the biosynthesis of methylglucose lipo-
polysaccharides in Mycobacterium tuberculosis. J Biol Chem 282, 27270—
27276.

Syson, K., Stevenson, C. E., Rejzek, M., Fairhurst, S. A, Nair, A,
Bruton, C. J,, Field, R. A, Chater, K. F., Lawson, D. M. & other authors
(2011). Structure of Streptomyces maltosyltransferase GIgE, a homologue of
a genetically validated anti-tuberculosis target. J Biol Chem 286, 38298—
38310.

Thiéry, J. P. (1967). Mise en évidence des polysaccharides sur coupes fines
en microscopie électronique. ] Microscopie 6, 987—1018.

Tzanis, A., Dalton, K. A, Hesketh, A., den Hengst, C. D., Buttner, M. J.,
Thibessard, A. & Kelemen, G. H. (2014). A sporulation-specific, sigF-
dependent protein, SspA, affects septum positioning in Streptomyces coeli-
color. Mol Microbiol 91, 363—380.

van de Weerd, R, Berbis, M. A, Sparrius, M., Maaskant, J. J,
Boot, M., Paauw, N. J.,, de Vries, N.,, Boon, L, Baba, O. & other
authors (2015). A murine monoclonal antibody to glycogen: charac-
terization of epitope-fine specificity by saturation transfer difference
(STD) NMR spectroscopy and its use in mycobacterial capsular o-glu-
can research. ChemBioChem 16, 977-989.

Yeo, M. & Chater, K. (2005). The interplay of glycogen metabolism and
differentiation provides an insight into the developmental biology of
Streptomyces coelicolor. Microbiology 151, 855-861.

Edited by: S. Gordon

http://mic.microbiologyresearch.org



