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During sporulation, the filamentous bacteria Streptomyces undergo
a massive cell division event in which the synthesis of ladders of
sporulation septa convert multigenomic hyphae into chains of unige-
nomic spores. This process requires cytokinetic Z-rings formed by the
bacterial tubulin homolog FtsZ, and the stabilization of the newly
formed Z-rings is crucial for completion of septum synthesis. Here we
show that two dynamin-like proteins, DynA and DynB, play critical
roles in this process. Dynamins are a family of large, multidomain
GTPases involved in key cellular processes in eukaryotes, including
vesicle trafficking and organelle division. Many bacterial genomes
encode dynamin-like proteins, but the biological function of these
proteins has remained largely enigmatic. Using a cell biological ap-
proach, we show that the two Streptomyces dynamins specifically
localize to sporulation septa in an FtsZ-dependent manner. More-
over, dynamin mutants have a cell division defect due to the de-
creased stability of sporulation-specific Z-rings, as demonstrated by
kymographs derived from time-lapse images of FtsZ ladder forma-
tion. This defect causes the premature disassembly of individual
Z-rings, leading to the frequent abortion of septum synthesis, which
in turn results in the production of long spore-like compartments
with multiple chromosomes. Two-hybrid analysis revealed that the
dynamins are part of the cell division machinery and that they medi-
ate their effects on Z-ring stability during developmentally controlled
cell division via a network of protein–protein interactions involving
DynA, DynB, FtsZ, SepF, SepF2, and the FtsZ-positioning protein SsgB.
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The active organization and remodeling of cellular membranes
is a fundamental process for all organisms. Many of these

remodeling events involve the reshaping, fission, or fusion of lipid
bilayers to generate new organelles, release transport vesicles, or
stabilize specific membrane structures. In eukaryotes, key cellular
processes, such as the fission and fusion of mitochondria, the di-
vision of chloroplasts, endocytosis, and viral resistance, are me-
diated by members of the dynamin superfamily (1). Dynamins and
dynamin-like proteins are mechanochemical GTPases that poly-
merize into helical scaffolds at the surface of membranes. GTP
hydrolysis is coupled to a radical conformational change in the
protein structure that forces the underlying lipid layer into an
energetically unstable conformation that promotes membrane
rearrangements, probably via a hemifusion intermediate (2, 3).
Dynamin-like proteins are found in many bacterial species, yet

the precise roles of these proteins are still largely unknown. They
share a conserved domain architecture with the canonical human
Dynamin 1, including the N-terminal GTPase domain, a neck do-
main involved in dynamin dimerization, and a trunk domain in-
volved in stimulation of GTPase activity (4, 5). In contrast, bacterial
dynamins lack the pleckstrin homology motif and proline-rich se-
quences found in classical dynamins and contain instead other lipid-
and protein-binding motifs (5). Structural and biochemical studies
on Nostoc punctiforme BLDP1, Bacillus subtilis DynA, and Escher-
ichia coli LeoA have provided clear insight into the mechanism of
protein oligomerization and lipid binding (2, 3, 6, 7), but unlike
those of their eukaryotic counterparts the biological functions of

bacterial dynamins have remained largely unclear. Recent reports
suggest that dynamins might function in diverse cellular processes in
bacteria, including chromosome replication (8), membrane stress
responses (9, 10), and outer membrane vesicle release (7), indi-
cating that they have perhaps evolved to fulfill a range of different
functions in bacteria.
Here we show that two bacterial dynamin-like proteins play an

important role in sporulation-specific cell division in Streptomyces
venezuelae. Streptomycetes are filamentous, antibiotic-producing
soil bacteria that have a multicellular life cycle with two distinct
modes of cell division: vegetative cross-wall formation and spor-
ulation septation (11) (Fig. 1A). Sporadic cross-walls divide the
growing vegetative mycelium into long multinucleoid compart-
ments that remain physically connected. In contrast, dozens of
sporulation septa are deposited in a ladder-like pattern between
the segregating chromosomes in sporogenic hyphae. These septa
constrict, leading to cell–cell separation and the release of equally
sized, unigenomic spores. Both forms of cell division require the
highly conserved tubulin-like GTPase FtsZ (12, 13), which poly-
merizes into short dynamic filaments close to the cytoplasmic
membrane, forming the so-called Z-ring. The Z-ring provides the
spatiotemporal signal for the recruitment of additional cell di-
vision proteins to form a multiprotein machine (the divisome) and
coordinates peptidoglycan synthesis at the nascent division septum
with other cellular processes (14, 15). Two actinomycete-specific
proteins, SsgA and SsgB, positively control the spatial distribution
of Z-rings in sporogenic hyphae. At the onset of sporulation, FtsZ
is recruited to future division sites through a direct interaction
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Fig. 1. Two dynamin-like proteins are important for sporulation-specific cell division. (A) Schematic depicting the Streptomyces life cycle starting with a spore
that germinates and grows into a vegetative mycelium, followed by the formation of a reproductive hypha that differentiates into a chain of equally sized spores.
FtsZ associated with vegetative cross-walls and sporulation septa is shown in blue. (B) Schematic showing the predicted domain organization of DynA and DynB.
The GTPase domain is shown in orange and transmembrane helices (M) are shown in black. Numbers indicate corresponding amino acid positions. (C) Frac-
tionation experiment using S. venezuelae strains expressing either a functional dynA-3xFLAG (SS93, left lane) or a dynB-3xFLAG (SS140, right lane) fusion from the
ΦBT1 attachment site. Whole-cell lysates were separated into soluble and membrane fractions and probed with anti-FLAG antibody. The asterisk denotes a
nonspecific signal in the soluble protein fraction. Shown are representative results of biological replicate experiments. (D) Scanning electron micrographs of
sporogenic hyphae fromwild-type S. venezuelae (WT) and the dynamin mutant (ΔdynAB). (Scale bars: 2 μm.) (E) Transmission electron micrographs of sporogenic
hyphae from theWT and ΔdynABmutant. Black arrowheads indicate failed and asymmetric constrictions in the dynaminmutant. (Scale bars: 500 nm.) (F) Box plot
showing the length distribution of spores produced by theWT (n = 1,113), the ΔdynABmutant (n = 676) and the complemented dynamin mutant (SS23, n = 612).
Whiskers denote the 5th and 95th percentile.
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with SsgB, which in turn interacts with SsgA (16). However, what
determines the positioning of SsgA and SsgB is not known and
streptomycetes lack homologs of the canonical septum placement
control proteins identified in other bacteria, such as Noc (17),
SlmA (18), and the Min system (19).
To ensure regular septum formation and efficient cell–cell

separation, the early stages of divisome assembly requires the
stabilization of FtsZ protofilaments on the cytoplasmic mem-
brane, but FtsZ does not interact with the membrane directly.
Instead, in other bacterial systems FtsZ filaments are tethered to
the membrane through interaction with membrane-anchoring
proteins such as FtsA, ZipA, and SepF (20–24). Additional fac-
tors, such as the ZapC and ZapD, are critically involved in the
stabilization of preformed Z-rings to ensure normal cell division
(25–27). S. venezuelae lacks FtsA, ZipA, and the Zap proteins but
encodes three SepF homologs, although the functions of these
proteins have not been investigated to date.
In filamentous bacteria such as Streptomyces, sporulation-specific

cell division represents a unique challenge in which each sporogenic
hypha coordinates the almost synchronous placement of dozens of
septa. During this process, helical FtsZ filaments tumble along the
hypha and then coalesce into long ladders of regularly spaced
Z-rings (28, 29). However, the molecular mechanisms that control
the stability and functionality of these multiple division-competent
Z-rings are unknown. Here we show that two sporulation-specific
dynamin-like proteins interact directly with the divisome to stabilize
FtsZ rings during Streptomyces sporulation.

Results and Discussion
Two Dynamin-Like Proteins Are Required for Normal Sporulation Septation.
One of the transcriptional regulators critical for the differentiation

of sporogenic hyphae into chains of spores is WhiH (30). In whiH
mutants, individual sporulation septation events frequently fail,
resulting in the creation of long spore compartments with multiple
copies of the chromosome (Fig. S1A). To further understand the
role of WhiH in sporulation-specific cell division, we screened
transcriptional profiling data for genes that showed an altered ex-
pression profile in a ΔwhiH background compared with the WT
(Fig. S1B). This analysis led to the identification of an operon
encoding two dynamin-like proteins that we designated DynA
(Sven2472) and DynB (Sven2471) (Fig. 1B). The dynamin genes
are induced at the onset of sporulation in the WT and this in-
duction is heavily dependent on whiH (Fig. S1B). Bioinformatic
analyses showed that DynA and DynB are structural homologs of
the bacterial dynamin-like protein (BDPL1) from the cyanobacte-
rium N. punctiforme (3). Sequence alignments of diverse members
of the dynamin superfamily confirmed that DynA and DynB share
the highly conserved residues for GTP binding and hydrolysis in the
signature N-terminal GTPase domain (Fig. S1C). In addition,
DynB carries two predicted transmembrane helices, whereas DynA
seems to lack the hydrophobic residues required for a direct in-
teraction with the cytoplasmic membrane (Fig. S1D). Their pre-
dicted subcellular locations were confirmed by fractionation
experiments, which showed that DynA is a soluble protein whereas
DynB cosediments with the membrane (Fig. 1C).
To investigate whether DynA and DynB play a role in de-

velopmentally controlled cell division, we generated a dynAB null
mutant and imaged sporulating hyphae of WT S. venezuelae and
the ΔdynAB::apr (ΔdynAB) mutant by cryo-scanning electron mi-
croscopy and transmission electron microscopy (TEM). Strik-
ingly, microscopic analyses revealed that DynAB-deficient
hyphae fail to deposit regularly spaced sporulation septa, leading

Fig. 2. DynA–DynB complexes colocalize with FtsZ at nascent division sites. (A) Subcellular colocalization of fluorescent fusions to DynA (mCherry-DynA) and
DynB (DynB-YPet) with FtsZ-mTurquoise2 (FtsZ-mT2). The asterisk denotes vegetative cross-walls and arrowheads point to sporulation septa. Microscopy images of
the triply labeled strain (SS206) are representative of at least two independent experiments. (Scale bar: 5 μm.) (B) Localization of DynB-YPet in theWT (SS142) and in
the ftsZ null mutant (ΔftsZ, SS238). The dynAB-ypet construct was ectopically expressed from a constitutive promoter (PermE*). (Scale bar: 5 μm.) (C) β-galactosidase
activities demonstrating an interaction between DynA and DynB in E. coli BTH101. Positive interaction is detected when DynA and DynB protein fusions to the
“T18” and “T25” domains of adenylate cyclase reunite the enzyme, resulting in the synthesis of LacZ. Strains expressing only the T25 domain were used as a
negative control. Results are the average of three independent experiments. Error bars represent the SEM.
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to the formation of long spore compartments (Fig. 1 D and E).
This phenotype was fully complemented by expressing dynAB in
trans, restoring normal sporulation (Fig. 1F). In addition, trans-
mission electron micrographs of ΔdynAB mutant hyphae showed
that the longer spore compartments had multiple chromosomes
and often carried asymmetric and incomplete constrictions of the
cell envelope, suggesting that cell division had initiated but then
aborted at an early stage during septum formation (Fig. 1E). All
these phenotypes are strikingly reminiscent of the whiH mutant
phenotype in S. venezuelae (Fig. S1A), suggesting that the dyna-
mins largely mediate the effect of WhiH on developmentally
controlled cell division. Although DynAB-deficient hyphae fre-
quently fail to complete sporulation septation, the spores that
are made by the ΔdynAB mutant seem to be mature, producing
the characteristic green spore pigment and showing WT levels of
heat resistance (Fig. S1E).

DynA and DynB Colocalize with FtsZ During Sporulation-Specific Cell
Division. We reasoned that if DynA and DynB play a role in
sporulation septation they should accumulate at future division
sites. To address this hypothesis, we generated a merodiploid strain
in which an mcherry-dynA dynB-ypet operon, expressed from the
native dynamin promoter, was integrated into the chromosome at the
ΦBT1 integration site. In addition, the same strain was engineered to
produce an FtsZ-mTurquoise2 fusion (FtsZ-mT2) to fluorescently
label sites of vegetative- and sporulation-specific cell division.
Microscopic analysis of the triply labeled S. venezuelae strain
revealed that DynA and DynB colocalized with Z-rings specifically
at sporulation septa, supporting the idea that DynA and DynB are
involved in sporulation-specific cell division (Fig. 2A). Note that
DynAB do not localize to vegetative cross-walls (see asterisks in
Fig. 2A), in line with the transcriptomic data showing that dynAB
transcription is activated at the onset of sporulation (Fig. S1B). An
advantage of studying cell division in Streptomyces is that ftsZ null
mutants are viable, generating colonies devoid of both vegetative
cross-walls and sporulation septa (31). To determine whether DynAB
can localize independently of FtsZ, we expressed a functional
dynAB-ypet fusion from a constitutive promoter (PermE*) in an
S. venezuelae ΔftsZ mutant. Fluorescence microscopy showed that
the constitutively expressed DynB-YPet accumulated along the
cytoplasmic membrane, and that the distinct ladder-like DynA-
DynB-YPet localization seen in the WT was absent in the ΔftsZ
mutant (Fig. 2B), indicating that FtsZ is required for DynAB re-
cruitment and placement. This result was further supported by
time-lapse imaging showing the appearance of fluorescent FtsZ
ladders ∼30–40 min before DynB-mCherry accumulation at the
Z-ladders became visible (Fig. S2A).

DynA–DynB Interaction Is Required for Regular Septation. To gain
further mechanistic insight into DynAB action in vivo, we asked
whether each dynamin depends on the other for function. First,
we generated dynA and dynB single mutants and analyzed their
sporogenic hyphae by light microscopy (Fig. S2B). Deletion of
either dynA or dynB impaired regular sporulation septation in
the same way as removal of both genes, implying their functions
are not redundant, and the single mutants could only be com-
plemented by providing the missing gene in trans (Fig. S2C).
Next, we examined the subcellular localization dependency of
functional fluorescent fusions to DynA or DynB. Although
DynA localization to nascent sporulation septa depended on
DynB, DynB was still able to accumulate to some extent at
septa in the absence of DynA (Fig. S2D). This finding implies
that DynB functions in localizing DynA. DynB targeting to future
division sites requires the direct interaction with the membrane
because a mutant version of DynB lacking the two transmembrane
domains (DynBΔTM-YPet) failed to accumulate in the typical
FtsZ-like pattern (Fig. S2D). Moreover, removal of the membrane

anchor in DynB renders the protein nonfunctional and leads to
irregular septation (Fig. S2C).
Previous work on the dynamin-like proteins from N. punctiforme

and B. subtilis showed that mutation of a highly conserved lysine in
the P-loop, a sequence motif in the GTPase domain essential for
nucleotide binding (Fig. S1C), significantly reduces GTPase activity
(3, 6). We therefore generated the same mutation in the GTPase
domains of DynA[K74A] and DynB[K129A]. To assess the im-
portance of GTP binding, we expressed the mutated dynAB operon
in trans in a ΔdynAB background and examined whether the cor-
responding gene products could rescue the dynamin phenotype.
Expression of WT dynAB fully complemented the sporulation
septation defect, but any combination carrying a P-loop mutation
in dynA, dynB, or in both genes failed to restore theWT phenotype
(Fig. S3A). Given their subcellular colocalization, we speculated
that DynA and DynB might form a heterodimer and that assembly
might depend on the nucleotide status of both dynamins. To test
this hypothesis, we used a bacterial two-hybrid assay. The results of
this assay showed that DynA and DynB self-interact and also bind
each other (Fig. 2C and Fig. S3B). Self-interaction was not affected
when one of the binding partners carried a P-loop mutation.
However, the interaction between DynA and DynB were consid-
erably weaker when one of the partners carried a P-loop mutation
compared with the interaction between the WT proteins (Fig.
S3B). To further corroborate these results, we examined the sub-
cellular localization of DynA and DynB P-loop mutants in the
ΔdynAB mutant (Fig. S3C). As expected from the two-hybrid ex-
periments, DynA[K74A] fails to accumulate at nascent sporulation
septa in the presence of DynB[K129A], confirming that defective
GTP binding in both DynA and DynB prevents direct interaction.
However, WT DynA still localized to sporulation septa when
coexpressed with DynB[K129A], suggesting that DynA can still
associate with the divisome under these conditions, presumably via
interaction with DynB[K129A] and other divisome components.
Introducing a P-loop mutation in DynB did not affect its sub-
cellular accumulation at future division sites. Taken together, these
results suggest that DynA and DynB form a complex that requires
GTP binding for efficient interaction and in vivo function.

FtsZ Rings Are Destabilized in DynAB-Deficient Hyphae. To further
investigate the cell division defect in the ΔdynAB mutant we
recorded time-lapse images of sporulating WT and ΔdynAB hy-
phae expressing a fluorescently tagged copy of FtsZ (Fig. 3 A and
B, Fig. S4, and Movies S1 and S2). Kymographs of FtsZ-YPet
localization during sporulation in the WT showed that Z-rings
assemble almost synchronously and are regularly distributed
along the sporogenic hyphae (Fig. 3A, t = 130 min and Fig. S4A),
giving a ladder-like appearance. Over time, single Z-rings increase
in fluorescence intensity, indicating their maturation and ongoing
constriction (t = 190 min). After about 2 h, FtsZ-YPet fluores-
cence decreases and the Z-ladders disappear. This is accom-
panied by the coordinated constriction of the cell envelope and
the completion of septum formation to produce a chain of
equally sized spores. Strikingly, kymographs of the ΔdynAB
mutant (Fig. 3B and Fig. S4B) reveal a different pattern. Ini-
tially, the Z-rings seen in the mutant are of uniform intensity
and are deposited at regular intervals, just like in the WT (Fig. 3A,
t = 130 min and Fig. S4A), supporting the hypothesis that Z-ring
placement is independent of DynAB. However, as cell division
progresses, many Z-rings become destabilized and disassemble
prematurely in a sudden and synchronous event (Fig. 3B, t =
190 min and Fig. S4B). Thus, the lack of septa or the partial,
asymmetric constrictions of the cell envelope seen by TEM in the
ΔdynAB mutant (Fig. 1E) can be explained by a reduced proc-
essivity of the cytokinetic Z-rings during the early stages of cell
division, such that cell division is initiated but not completed. This
leads to the formation of longer spore-like compartments carrying
more than one copy of the chromosome (Fig. 1E) and is in line
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with the significant increase in spore length, as determined by
measurements of spores produced by the WT and the ΔdynAB
mutant (Fig. 1F). The sudden disassembly of constriction-
competent Z-rings seen in the dynamin mutant is not caused by
reduced FtsZ protein stability because Western blot analysis con-
firmed that FtsZ and FtsZ-YPet levels are similar in the WT and
ΔdynAB strains (Fig. 3C). Moreover, increasing intracellular FtsZ
levels through chromosomal integration of an additional copy of
ftsZ under the control of a constitutive promoter (PermE*) did not
restore normal sporulation to the dynamin mutant (Fig. 3D).

DynA and DynB Interact with the Divisome. Next we asked whether
the dynamins stabilize cytokinetic Z-rings directly or via other
proteins. S. venezuelae lacks homologs of ZipA and FtsA, the FtsZ-
stabilizing proteins that anchor the Z-ring to the membrane in
many other bacteria, but it encodes the actinomycete-specific
proteins SsgA and SsgB, involved in FtsZ-ring positioning (16)
and three SepF-like proteins: Sven1372, Sven1734, and Sven5776.
Sven1734 is encoded in the division and cell wall (dcw) gene
cluster, like the single SepF protein found in B. subtilis and My-
cobacterium tuberculosis (23, 32). Based on this synteny, we named
Sven1734 SepF and the additional Streptomyces SepF-like proteins
SepF2 (Sven5776) and SepF3 (Sven1372). Sequence alignments
showed that all three Streptomyces SepF homologs have the con-
served C-terminal domain found in canonical SepF proteins, includ-
ing the residues essential for protein dimerization and interaction with

FtsZ (20, 24, 33) (Fig. S5A). Notably, SepF2 lacks most of the con-
served N-terminal residues that have previously been shown to fold
into the amphipathic helix that functions as a lipid anchor in B. subtilis
SepF (20) (Fig. S5A), suggesting that SepF2 may not interact directly
with the membrane. To test the possibility that DynA and DynB
might interact with SsgA, SsgB, or the SepF-like proteins, we per-
formed two-hybrid experiments in E. coli and found that both DynA
and DynB interact with SsgB (Fig. 4A). In addition, this assay indi-
cates that both DynB and SsgB bind SepF2 (Fig. 4A) and shows that
all three SepF proteins bind themselves and each other (Fig. S5B).
Because Streptomyces FtsZ did not show the expected self-interaction
in this assay, we complemented our analysis by using the yeast two-
hybrid system (Fig. 4B). These experiments showed the expected
self-interaction of FtsZ and confirmed the SepF–SepF2 interac-
tion seen in the E. coli system. Importantly, they also showed that
SepF binds FtsZ. No interaction was seen between FtsZ and the
dynamins. In addition, fluorescence microscopy revealed that both
SepF-mCherry and mCherry-SepF2 colocalize with FtsZ-YPet
(Fig. 4C), supporting the idea that both proteins are involved in
cell division and thus providing an additional functional link be-
tween the dynamins and FtsZ.

Conclusions. Taken together with the previously demonstrated di-
rect interaction between SsgB and FtsZ (16), our results show that
DynA and DynB are part of the divisome (Fig. 4 D and E). In this
multiprotein complex the dynamins mediate their effects on Z-ring

Fig. 3. DynA and DynB stabilize Z-rings during sporulation-specific cell division. Kymograph analysis of FtsZ-YPet dynamics during sporulation-specific cell division
in WT (A) and ΔdynAB cells (B), expressing an additional copy of ftsZ-ypet (strains SS12 and SS14). Blue and red arrowheads denote time points of initial Z-ring
assembly (130 min) and maturation (190 min), shown in separate images below. Differential interference contrast (DIC) images show the corresponding spore
chain at the end of cell division. Additional kymographs can be found in Fig. S4. (Scale bars: 4 μm.) (C) Immunoblot analysis showing FtsZ and FtsZ-YPet levels in
WT (SS12), ΔdynAB (SS14), and ΔftsZ cells. Equal protein concentrations of crude cell lysate were loaded for each lane and samples were probed with anti-FtsZ,
anti-GFP, and anti-WhiA antibodies. WhiA is a transcriptional regulator that is present at constant levels throughout the developmental life cycle (42) and was
used as a loading control. (D) DIC images of sporulating WT and ΔdynAB hyphae carrying the empty vector (SS4, SS10) or ΔdynAB hyphae constitutively
expressing ftsZ from the ermE* promoter (SS11). Numbers indicate mean spore lengths ± SD (n > 460 spores per strain). (Scale bar: 2 μm.)
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stability during sporulation-specific cell division via a network of
protein–protein contacts involving DynA, DynB, SepF, SepF2,
SsgB, and FtsZ (Fig. 4 D and E). Furthermore, 92% of available
Streptomyces genomes (n = 139) carry two dynamins and at least
two sepF genes, suggesting that they likely play a similar role across
the genus. Future studies should attempt to determine whether the
dynamins also play a role in remodeling the membrane as it in-
vaginates around the ingrowing cell wall annulus and in catalyzing
membrane fusion as the septum eventually closes.
Dynamins have been directly linked to cell division in plant and

animals cells (1, 34, 35), where they play important roles in cell
plate formation (36, 37), chloroplasts division (38), and vesicle
budding from the cleavage furrow (39, 40). The work presented
here demonstrates that the involvement of dynamins in cell di-
vision is conserved in both eukaryotic cells and bacteria.

Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. All bacterial strains, plas-
mids, and oligonucleotides used in this study are described in Tables S1 and S2
and Dataset S1. E. coli strains were grown in LB or on LB agar at 37 °C. When
required, the following antibiotics were added to the growth medium:
100 μg·mL−1 carbenicillin (Carb100), 50 μg·mL−1 kanamycin (Kan50), 25 μg·mL−1

hygromycin (Hyg25), 50 μg·mL−1 apramycin (Apr50), or 25 μg·mL−1 chloramphenicol

(Cam25). S. venezuelae cells were cultured in maltose-yeast extract-malt extract
medium (MYM) made with 50% tap water and and 50% reverse osmosis water
and supplemented with R2 trace element solution at 1:500 (41). Liquid cultures
were grown under aeration at 30 °C at 250 rpm. When required, MYM agar
contained 5 μg·mL−1 kanamycin, 25 μg·mL−1 hygromycin, or 50 μg·mL−1

apramycin. Conjugations between E. coli and S. venezuelae were performed
as described in Bush et al. (42).

The ΔdynAB::apr (LUV001) and the ΔdynB::apr (SS2) mutant strain were
generated using the “Redirect” PCR targeting protocol (43, 44). The resulting
mutant strains were confirmed by PCR analysis. The markerless ΔdynA (SS255)
mutant strain was generated using I-SceI Meganuclease-mediated gene de-
letion as described by Fernández-Martínez and Bibb (45).

Preparation of S. venezuelae Crude Cell Lysates. S. venezuelae cells were
grown in MYM overnight, harvested by centrifugation at 5,000 × g for 10 min,
and washed once in ice-cold 20 mM Tris·HCl, pH 8, and 0.5 mM EDTA. Cell
extracts were prepared by resuspending the final pellet in one-fourth of the
volume in 20mM Tris·HCl, pH 8, and 0.5 mM EDTAwith 1× EDTA-free protease
inhibitors (Roche). Cells were lysed by sonication and cell debris was removed
by centrifugation at 16,000 × g for 20 min at 4 °C. Protein concentration of cell
lysates was determined using the Bradford assay (Bio-Rad) and total protein
concentration of each sample was adjusted to 10 mg·mL−1.

Immunoblot Analysis. Protein samples were mixed with 5× SDS sample buffer
and boiled for 10 min. Samples containing DynB were incubated with 4× LDS

Fig. 4. DynA and DynB interact with the cell division machinery. (A) Bacterial two-hybrid analysis of DynA and DynB with SsgA, SsgB, and the three SepF-like
proteins. E. coli BTH101 cells carrying plasmids with protein fusion to the T18 and the T25 domain were spotted onto LB agar plates supplemented with Xgal,
incubated at 30 °C for 24 h, and imaged. Corresponding β-galactosidase activities of three replicate experiments for each interaction are shown in Fig. S5B.
(B) Yeast two-hybrid analysis showing the interaction between SepF and FtsZ. Interaction between proteins fused to the GAL4-activation domain (AD) and the GAL4
DNA-binding domain (BD) allows growth of yeast AH102 on minimal medium, lacking leucine, tryptophan, histidine, and alanine (−LWHA). In parallel, viability of
the yeast cells carrying the respective hybrid proteins was confirmed by spotting cells on minimal medium without leucine and tryptophan (−LW). Representative
results of three experiments are shown. (C) Colocalization of SepF-mCherry (SS208) and mCherry-SepF2 (SS213) with FtsZ-YPet. Microscopy results are representative
of at least two independent experiments. (Scale bar: 2 μm.) (D) The protein interaction wheel between the dynamins and other divisome components based on two-
hybrid results. (E) Proposed model of DynA and DynB function in Streptomyces. During sporulation-specific cell division, DynA and DynB form a complex at nascent
division sites and interact with the division machinery via binding to SsgB and SepF2. In WT cells, Z-ring formation and cell envelope constriction leads to regular
sporulation septum formation, resulting in equally sized, unigenomic spores. In the dynamin mutant, many Z-rings disassemble before completion of division
septum synthesis, leading to failed or incomplete and asymmetric cell envelope constrictions and spores of irregular size with variable chromosome number.
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buffer (Expedeon) supplemented with 200 mM DTT for 1 h at 37 °C. Proteins
were resolved by SDS/PAGE on 12% polyacrylamide gels, electroblotted on a
nitrocellulose membrane. Blocked membranes were probed with anti-WhiA
(42) (1:2,500), anti-Flag (F4725, 1:10,000; Sigma), anti-FtsZ (46) (1:30,000), and
anti-GFP (ab137827, 1:5,000; Abcam) antibodies. Primary antibodies were de-
tected using anti-rabbit IgG conjugated to HRP (1:10,000; GE Healthcare) and
blots were developed using the ECL system (GE Healthcare).

Cellular Fractionation. Soluble and membrane protein fractions were collected
by ultracentrifugation. S. venezuelae strains were grown in 30mL yeast extract-
malt extract mixed with tryptic-soy-broth medium (mixed at a 4:6 ratio). Bac-
teria were harvested by centrifugation at 5,000 × g for 10 min at 4 °C and
washed once with 0.2 M Tris·HCl. Cell pellets were resuspended in 1/10 volume
of lysis buffer (0.2 M Tris·HCl, pH 8, 10 mg·mL−1 lysozyme, and 1× EDTA-free
protease inhibitors; Roche) and incubated for 30 min at 37 °C and then briefly
cooled on ice before lysed by sonication. Cell debris was removed by centri-
fugation at 16,000 × g for 20 min and cleared cell lysate was ultracentrifuged
for 1 h at 100,000 × g at 4 °C to dissociate the soluble protein fraction (su-
pernatant) and membrane proteins (pellet). The soluble fraction was stored
at −80 °C. The membrane pellet was washed once with wash buffer (60 mM
Tris·HCl, pH 8, 0.2 mM EDTA, and 0.2 M sucrose) and sedimented at 100,000 × g
at 4 °C for 1 h. The final pellet was dissolved in 1/10 of the initial volume with
wash buffer and analyzed by immunoblotting. Experiments were performed
in duplicate.

Two-Hybrid Analysis. Competent E. coli strain BTH101 were transformed with
two 100-ng aliquots of “T25” and “T18” protein fusion plasmids in one step.
Transformants were selected on LB agar containing Carb100 and Kan50. To test
for protein–protein interaction, three individual colonies per interaction were
grown overnight in LB with antibiotics. The resulting cultures were spotted
(4 μL) onto LB agar containing Carb100, Kan50, 500 μg·mL−1 isopropyl β-D-1-
thiogalactopyranoside, and 40 μg·mL−1 Xgal. Plates were incubated in the dark
at 30 °C for 1 d and imaged. Images were processed in Adobe Photoshop CS6.
Assays of β-galactosidase activity were performed in triplicates as described by
Griffith and Wolf (47) and Slavny et al. (48). Experiments were performed in
biological triplicates and technical duplicates and Miller Units were calculated
using Graph Prism (version 5.04).

The yeast two-hybrid assays were performed in strain AH109 (Clontech).
AH109 was transformed with 100-ng aliquots of bait and prey protein fusion
plasmids in one step using the cotransformation technique (49). Transformants
were selected on selective yeast synthetic dropout (YSD) medium, lacking
leucine and tryptophan (−LW). Single colonies from each transformation plate
were resuspended in 100 μL sterile water and 5 μL of each strain was spotted
on YSD agar, lacking leucine, tryptophan, adenine, and histidine (−LWAH) to
screen for protein interactions and on YSD agar (−L/W) agar to verify growth.
Plates were incubated for 4–7 d at 30 °C before growth was analyzed and
plates were scanned. Each interaction was tested in biological triplicates.

Electron Microscopy. Cryo-scanning electron microscopy and TEM were per-
formed as previously described (42, 50).

Widefield Microscopy and Image Analysis. All images were acquired using a
Zeiss AxioObserver Z.1 inverted epifluorescencemicroscope, using either a Zeiss
Alpha Plan-Apo 100×/1.46 Oil DIC M27 or a Plan Apochromat 100×/1.4 Oil
Ph3 objective. Snapshots of fluorescent protein localization were taken of cells
grown in liquid MYM or from coverslip impression of cells grown on solid
MYMmedium. For liquid cell samples, 2 μL of an overnight culture was spotted
on top of a thin agarose pad on a microscope slide. For imaging of sporulating
areal hyphae, a coverslip was placed on the surface of a colony grown on
MYM agar for 2 d (fluorescent protein localization) or for 4 d (phenotypic
characterization). The coverslip was then moved on top of a thin agarose pad.
Fluorescent time-lapse imaging was essentially performed as described in
Schlimpert et al. (29). Spores were loaded into B04A microfluidic plates (ONIX;
CellASIC) and allowed to germinate and grow by perfusing MYM for 3 h.
Sporulation was induced by switching the media flow channel and incubating
the growing hyphae in spent MYM, which was derived by filter-sterilizing the
growth medium from a sporulating culture. Throughout the experiment, the
media flow rate and temperature was maintained at 2 psi and 30 °C. Time-
lapse imaging was started 9 h after spores had germinated and images were
acquired every 8 min until sporulation was completed. Images, kymographs,
andmovies were generated in ImageJ. For kymograph analysis, a timewindow
of 40 frames (320 min) was chosen, starting with the cessation of tip extension
and a concomitant increase in FtsZ-YPet fluorescence. Selected hyphae were
“straightened” in ImageJ and FtsZ-YPet fluorescence was plotted along the
length of the hyphae over time using a manually drawn line (width 5).

Spore Size Measurements. A single colony of sporulating S. venezuelae was
spread ontoMYMagar to grow into a lawn and the plate was incubated for 3–4 d
at 30 °C. Green-pigmented spores were washed off the agar using 20% glycerol
and a sterile cotton pad through which spores were collected using a sterile 2-mL
syringe. A small aliquot of each spore suspension (1.5 μL) was mounted on a
microscope slide on top of a thin agarose pad (1% agarose dissolved in water) and
imaged by phase-contrast microscopy. Spore lengths were determined manually
using the ZenBlue software (Zeiss) or using the ImageJ plugin MicrobeJ (51). Each
experiment was performed in triplicate and data were analyzed using GraphPad.

Microarray Transcriptional Profiling. Microarray transcriptional profiling ex-
periments of S. venezuelae WT and ΔwhiH cells were performed as described
in Bibb et al. (52) and results have been deposited in the ArrayExpress data-
base (accession no. E-MTAB-5853).
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