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  Structure and function of bacterial dynamin-like 
proteins  
     Abstract :  Membrane dynamics are essential for numerous 

cellular processes in eukaryotic and prokaryotic cells. In 

eukaryotic cells, membrane fusion and fission are often 

catalyzed by large GTPases of the dynamin protein family. 

These proteins couple GTP hydrolysis to membrane defor-

mation, which eventually leads to fusion or fission of the 

lipid bilayer. Mutations in eukaryotic dynamin-like pro-

teins (DLPs) are associated with various diseases under-

scoring the importance to fully understand the biochemis-

try of these proteins. In recent years, a wealth of structural 

and biochemical data have been published that allow a 

detailed analysis of how dynamins or DLPs modulate 

biological membranes. However, less is known about the 

function of bacterial DLPs, although structural data exist. 

This review summarizes current knowledge about bacte-

rial dynamins and discusses structural and functional 

properties in comparison to their eukaryotic counterparts.  
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    Introduction 
 Biological membranes are of vital importance for cellular 

life. The membrane does not only separate the cytoplasm 

from the outside world, but is involved in subcellular 

compartmentalization. A hallmark of eukaryotic cells is 

the existence of an endomembrane system, which leads to 

sophisticated compartmentalization and allows creation 

of unique reaction compartments. Organelles such as the 

mitochondria, the endoplasmatic reticulum, vacuoles, or 

plastids are excellent examples. However, there is a con-

stant exchange of material, including lipids, between 

different compartments, which require remodeling pro-

cesses. Often large GTPases mediate membrane dynamic 

processes. The name-giving member of these proteins is 

the scission GTPase dynamin (Obar et al. , 1990 ; van der 

Bliek and Meyerowitz , 1991 ). Dynamin is involved in the 

scission of clathrin-coated endocytotic vesicles, where it 

forms a ring-like collar around the neck of the budding 

vesicle. GTPase activity is required to release the vesicle 

from the plasma membrane (Praefcke and McMahon , 

2004 ; Mettlen et al. , 2009 ; Schmid and Frolov , 2011 ; 

Ferguson and De Camilli , 2012 ). Other dynamin-like pro-

teins (DLPs) are involved in various membrane remodeling 

events. Scission of mitochondria is mediated by Dnm1/

Dlp (Smirnova et al. , 1998 ; Ingerman et al. , 2005 ), and the 

DLP ARC5 is involved in the division of chloroplasts (Gao 

et al. , 2003 ). Other DLPs are rather involved in membrane 

fusion processes. Fusion of the mitochondrial outer mem-

brane is mediated by mitofusin/fuzzy onions (Fzo) (Hales 

and Fuller , 1997 ; Hermann et al. , 1998 ; Santel and Fuller , 

2001 ), while fusion of the inner mitochondrial mem-

brane is catalyzed by OPA1/Mgm1 (Alexander et al. , 2000 ; 

Delettre et al. , 2000 ; Wong et al. , 2000 ; Meeusen et al. , 

2006 ). Recently, fusion of the endoplasmic reticulum has 

been associated with the DLP atlastin (Orso et al. , 2009 ; 

Byrnes and Sondermann , 2011 ; Moss et al. , 2011 ). Muta-

tions in the human dynamin 2, OPA1, and atlastin lead to 

severe neurodegenerative disease (Charcot-Marie-Tooth 

disease, optic atrophy, and spastic paraplegia, respec-

tively), and hence, these proteins are under close investi-

gation (Knott et al. , 2008 ). Although known for more than 

a decade now (van der Bliek , 1999 ; Leipe et al. , 2002 ), bac-

terial members of the DLPs have long been neglected. The 

first publication about a bacterial dynamin came with the 

report of the structure of a DLP from the cyanobacterium 

 Nostoc punctiforme  (Low and L  ö we, 2006 ). Cryo-electron 

microscopy has further shed light on the putative confor-

mational rearrangements that allow DLPs to modulate 

membranes (Low et al. , 2009 ). The first biochemical evi-

dence that bacterial DLPs might be membrane-fusion cat-

alysts, similar to the closely related mitofusins, was pub-

lished recently ( B ü rmann et al., 2011 ). Here, the current 
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understanding of bacterial DLPs in comparison to their 

eukaryotic counterparts is reviewed.  

  Phylogenetic distribution of 
dynamin-like proteins in bacteria 
 Dynamins and DLPs are ubiquitously distributed and 

found in animals, plants, and prokaryotes (van der Bliek , 

1999 ). Bacterial dynamins are widely conserved. The Pfam 

database identifies 912 species and 1460 sequences of 

DLPs in bacteria (sequences in March 2012). Bacterial DLPs 

are found in Gram positives as well as in Gram-negative 

bacteria. Recently, bacterial DLPs have been identified in 

segmented filamentous bacteria (Pamp et al. , 2012 ). DLPs 

are not only found in bacteria but are also present in a 

few members of the archaea ( Euryarchaeota ) in the class 

 Methanomicrobia . Alignment analysis using the isolated 

guanine-nucleotide-binding (G-) domains reveals that bac-

terial DLPs fall into the mitofusin and atlastin class and 

are only distantly related to classical dynamins (Figures 

 1  A – B). This phylogenetic relation indicates a clustering of 

fusion GTPases. Most bacterial genomes encode at least 

two DLPs often organized in an operon ( B ü rmann et al., 

2011 ). Sequence conservation suggests that the two genes 

likely originate from a gene duplication event. In firmi-

cutes, including the pathogen  Staphylococcus aureus  and 

the various  Bacillus  species, the two paralogous genes have 

fused (Figure  2  G). The DLP in  Bacillus subtilis  has recently 

been termed DynA, and the equivalents of two DLPs can 

easily be identified. In  B. subtilis , they share about 16 %  

identity and 27 %  similarity ( B ü rmann et al., 2011 ). Exist-

ence of a fusion protein suggests that the bacterial DLPs 

work in intimate contact. As DynA is a close relative to 

mitofusin, it was speculated that the mitofusin/Fzo family 

of mitochondrial fusion proteins arose from an ancestor 

present in the protomitochondrion (Leipe et al. , 2002 ).  

  Structure of dynamin-like proteins 

 Recently published structural data of full-length dynamin 

and various DLPs have shown that all members of the 

dynamin protein family share a similar architecture 

(Figure 2) (Prakash et al. , 2000 ; Low and L  ö we, 2006 ; 

Daumke et al. , 2007 ; Gao et al. , 2010, 2011 ; Faelber et al. , 

2011 ; Ford et al. , 2011 ). Next to the globular G domain, 

extended  α -helical domains are evident in all DLP struc-

tures. This arrangement is a surprising theme in this class 

of enzymes. The classical view was that members of the 

dynamin family contain a middle domain (MD), a mem-

brane-binding domain, and a GTPase effector domain 

(GED) (Figure 2G). However, the structures showed that MD 

and GED domain are part of a helical bundle and connected 

to the GTPase domain via a linker [neck or bundle signaling 

element (BSE)]. Thus, a new structure-based nomenclature 

is the G domain, neck/BSE, stalk/trunk, and lipid-bind-

ing domain (Figure 2). The activation of GTP hydrolysis is 

mediated by G domain dimerization, and conformational 

information is transferred to the trunk via the BSE (Chappie 

et al. , 2010 ). The BSE is clearly distinct in the bacterial BDLP 

(Figure 2C) (Low and L  ö we, 2006 ), the MxA protein (Figure 

2B) (Gao et al. , 2011 ), and the classical dynamin (Figure 

2A) (Faelber et al. , 2011 ; Ford et al. , 2011 ). The structures of 

GBP1 (Figure 2D) (Prakash et al. , 2000 ) and atlastin (Figure 

2E) (Bian et al. , 2011 ; Byrnes and Sondermann , 2011 ) do not 

show a distinct BSE. However, the stalk in these structures 

is also linked via a hinge to the G domain. Proline residues 

in the hinge allow domain movement of the G domain with 

respect to the stalk. The stalk (MD and GED) is contribut-

ing to dimerization and macromolecular assembly, thereby 

allowing cooperative GTP hydrolysis. Stalk dimerization 

has been shown for classical dynamin (Faelber et al. , 2011 ; 

Ford et al. , 2011 ) and the antiviral Mx proteins (Gao et al. , 

2010, 2011 ). Dimerization of atlastin requires the stalk (Bian 

et al. , 2011 ; Byrnes and Sondermann , 2011 ; Moss et al. , 

2011 ), and the stalk region of BDLP was also suggested to 

be involved in oligomerization (Low and L  ö we, 2006 ; Low 

et al. , 2009 ). However, there are considerable differences 

in stalk oligomerization of eukaryotic and bacterial DLPs. 

Cryo-electron microscopy of the BDLP oligomer shows 

little stalk contacts (Low et al. , 2009 ), while the stalks of 

dynamin (Faelber et al. , 2011 ; Ford et al. , 2011 ) and MxA (Gao 

et al. , 2010, 2011 ) show a large dimerization surface (Figure 

 3  B). Structural modeling of DynA predicts that D1 and D2 

modules are oriented back to back, leaving the GTPase 

domains facing outward and enabling G domain dimeri-

zation in  trans  (B ü rmann and M.B., unpublished). Upon 

binding to membrane lipids, it is thought that dynamin and 

DLPs exhibit an extended structure, which has been shown 

with cryo-electron microscopy (Chappie et al. , 2011 ; Low 

et al. , 2009 ). The structure of BDLP in its nucleotide-free 

and GDP-bound form is compactly folded with the paddle 

(lipid-binding motif in BDLP) in close vicinity to the GTPase 

domain (Figure 3A) (Low and L  ö we, 2006 ). In contrast, 

the structure of nucleotide-free dynamin 1 is extended 

(Chappie et al. , 2011 ; Faelber et al. , 2011 ; Ford et al. , 2011 ), 

maybe reflecting the fact that dynamin assembles readily 

on lipid surfaces without a nucleotide. It remains unclear 

whether dynamin might also adopt a closed conformation, 
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for example, in its tetrameric form. An interesting differ-

ence between bacterial and eukaryotic dynamins/DLPs 

is the apparent difference in macromolecular assembly 

(Figure 3). G domain dimerization in the MxA and dynamin 

oligomer occurs via G domains of neighboring rungs on the 

helix/rings (Chappie et al. , 2011 ; Faelber et al. , 2011 ; Ford 

et al. , 2011 ; Gao et al. , 2011 ). In contrast, cryo-electron 

micro scopy data of the BDLP oligomer shows G domain 

dimerization between neighboring monomers on the same 

rung (Figure 3) (Low et al. , 2009 ).  

  GTP hydrolysis and G domain 
dimerization interface 
 A hallmark of dynamin and DLPs is their ability to bind 

and hydrolyze GTP. The nucleotide-binding domain is the 

most conserved part of the otherwise modular architec-

ture of dynamins (Figures 1B and 2). In contrast to small 

signaling GTPases, DLPs are large GTPases of around 

70 – 100 kDa. Dynamins and the bacterial DLPs belong 

to the translation factor-related (Trafac) GTPases (Leipe 

et al. , 2002 ). The nucleotide-binding domains (G 

domain) in DLPs contain four well-characterized motifs 

(G1 – 4) (Figure 1B) and a less well-conserved G5 motif. 

These include the highly conserved P-loop or G1 motif 

(GxxxxGK[ST]), the G2 or switch I (a highly conserved 

threonine residue), and the G3 or switch II (DxxG). GTP-

utilizing enzymes share the signature G4 motif [NT]KxD 

(Leipe et al. , 2002 ). Additional contacts to the nucleotide 

are made by residues similar to the G5 motif (SA[KL]) of 

small GTPases. In the  Dictyostelium   discoideum  dynamin 

A, these contacts are mediated by asparagine (238) and 

arginine (239) residues (Niemann et al. , 2001 ). A unify-

ing characteristic in eukaryotic and prokaryotic DLPs is 

B
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 Figure 1    Phylogeny of dynamin family members. 

 (A) Phylogenetic analysis of various dynamin family members. The alignment was made using ClustalOmega (Sievers et al. , 2011 ), and the 

neighbor-joining method was used for tree calculation. The sequences of G domains ranging from G1 to the G4 motif of the proteins were 

submitted. The phylogram shows that bacterial dynamins (BDLP, DynA, IniA, and YjdA) are related to mitofusins, atlastins, and GBPs, likely 

suggesting a clustering of GTPases involved in membrane fusion. Fission GTPase such as dynamin (DYN1, Dnm1, Drp1) also cluster together. 

Interestingly, the inner mitochondrial fusion GTPase OPA1 clusters together with the fission GTPases. At,  Arabidopsis thaliana ; Bs,  Bacillus 
subtilis ; Dm,  Drosophila melanogaster ; Ec  Escherichia coli ; Hs,  Homo sapiens ; Mm,  Mus musculus ; Mt,  Mycobacterium tuberculosis , NP, 

 Nostoc punctiforme , Sc,  Saccharomyces cerevisiae . (B) Alignment of GTPase domains showing the conserved four GTPase motifs. Critical 

residues are highlighted in blue. For the  B. subtilis  protein fusion, DLP DynA sequences of the D1 and D2 modules are shown.    
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 Figure 2    Modular architecture of dynamin family members. 

 Members of the dynamin family of proteins have a modular domain arrangement (A – F). Molecule names and nucleotide state are indicated 

below the structures. Structures of dynamin (A) and DLPs (B-F) show conserved structural features. Dynamin (A, pdb code 3SNH), MxA 

(B, 3SZR), BDLP (C, 2J68), GBP1 (D, 1DG3), atlastin (E, 3Q5D), EHD2 (F, 2QPT). Common to all is the nucleotide-binding domain (G domain, 

red), a helical stalk domain (blue), and a lipid-binding module (green). Phospholipid binding is mediated by different structural elements 

located between stalk helices. Classical dynamins use a pleckstrin homology domain (PH) for membrane binding. Other DLPs have either 

transmembrane helices (TM) or exposed loops (L4, helix 9), isoprenylation sites (CaaX), and paddle domains (Pad). A cartoon summarizes 

the modular domain arrangement (G). The classical domain nomenclature is shown above (G, MD, and GED domain). Based on the structural 

data dynamin (A), MxA (B) and BDLP (C) show a clear bundle signaling element (BSE, orange). The bacterial DLP DynA, found in firmicutes, 

is a remarkable fusion of two DLPs, where only the first DLP domain (D1) harbors a membrane-binding paddle domain. The mitochondrial 

fusion GTPase Fzo1 has three coiled-coil motifs (HRN, HR1-2). These coiled coils are likely similar to the stalk domains of other DLPs. Opa1 

contains an N-terminal mitochondria localization signal (MLS) followed by a transmembrane helix. The coiled-coil motif preceding the 

G domain (CC) of Opa1, as well as the HRN in Fzo1, might indeed serve as BSEs.    
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 Figure 3    Oligomerization and assembly of MxA and BDLP. 

 (A, B) The structures of  N. punctiforme  BDLP (Low and L  ö we, 2006 ; Low et al. , 2009 ) show a dramatic domain movement upon binding of 

GTP and lipids. The BDLP structure is closed in its GDP-bound (and in its apo-) form (A, 1J68). However, molecular modeling of the struc-

ture into cryo-electron microscopy reconstructions revealed an extended molecule showing the classical G domain dimerization contacts 

(B, 2W6D). The paddle domain is inserted into the outer leaflet of the lipid bilayer and causes membrane curvature. Although G domain 

dimerization is conserved between bacterial and eukaryotic DLPs and dynamin, there seems to be a significant difference in the assembly 

of the higher oligomers. (C, D) A cartoon illustrates the putative dimer, tetramer and oligomer assemblies of MxA (C) and BDLP (D). The 

macromole cular assembly of dynamin would largely resemble the MxA oligomer, with the exception that dynamin oligomers form a helical 

arrangement. Dimer interfaces in the stalk and G domain are similar in MxA and dynamin. MxA assembles in ring fashion with criss-cross 

contacts of their stalk domains that run in an angle of around 45 °  across the lipid surface. (C). In striking contrast, bacterial BDLP binds to 

the membrane surface (gray) with an orthogonal assembly of the stalk domains. Protein contacts are via lateral contacts of the H4 helix at 

the site of the G domains and also via neighboring BSE domains. G domains are in red, stalk domains are in blue and BSE domains are in 

orange.    

the dimerization interface of the G domains. Dynamin 

and DLPs were therefore classified as G proteins activated 

by nucleotide-dependent dimerizations (GAD) (Gasper 

et al. , 2009 ). This dimerization has been shown for the 

bacterial BDLP (Low and L  ö we, 2006 ; Low et al. , 2009 ), 

dynamin 1 (Chappie et al. , 2010, 2011 ), GBP1 (Ghosh 

et al. , 2006 ), atlastin (Bian et al. , 2011 ; Byrnes and Son-

dermann , 2011 ), and EHD2 (Daumke et al. , 2007 ). Even the 

more distantly related GTPases such as septins display a 

similar G domain dimerization (reviewed in Gasper et al. , 

2009 ). The G domain dimer interface is formed upon GTP-

binding and remains after hydrolysis in the GDP state [for 

review, see Low and L  ö we (2010) ]. Binding of GDP to BDLP 

promotes formation of a crystallographic dimer. Here, 

the nucleotides are positioned between the adjacent G 

domains, and glutamate 245 (helix 9) might contribute to 

the stabilization of the nucleotide bound to the opposing 

G domain (Low and L  ö we, 2006 ). In the GDP bound state 

switch II including the conserved aspartate (D98 in BDLP) 

is largely disordered, allowing access to the active site, 

which is occluded by Asp98 in the nucleotide free form 

(Low and L  ö we, 2006 ). The G domain dimers of GBP1 and 

dynamin 1 show similar dimerization interfaces (Ghosh 

et al. , 2006 ; Chappie et al. , 2010 ). The crystal structure of 

the dynamin 1 G domain (including the GTPase effector 

domain), in the presence of the transition state mimic GDP.

AlF 
4
  − , reveals the coordination of the nucleotides in  cis  and 

 trans  by the G4 motif. Aspartate D211 stabilizes the nucleo-

tides in  trans  by forming hydrogen bonds with the guanine 

base, which is also the case in BDLP (Chappie et al. , 2010 ). 
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 Activation of GTPase activity requires structural rear-

rangements that allow the nucleophilic attack on the 

 γ -phosphate, charge compensation, and stabilization of 

the switch regions (Chappie et al. , 2010 ). For dynamin, it 

has been convincingly shown that  cis  and  trans  interac-

tions occur that stabilize the P-loop and switch 1 confor-

mation. Charge compensation in the dynamin G domain 

may be accomplished by a sodium ion. This is in contrast 

to the case in GBP1, where an arginine residue from the 

P-loop flips toward the phosphates of the nucleotide in 

 cis , enabling efficient nucleotide hydrolysis (Ghosh et al. , 

2006 ). In BDLP, Lys 79 is thought to function in a similar 

way (Low and L  ö we, 2006 ). The conserved P-loop lysine (K 

44 in dynamin 1) coordinates with the  β - and  γ -phosphates 

of the nucleotide and contributes to charge compensation. 

Mutation of the P-loop lysine leads to loss of GTP binding 

and hydrolysis in dynamin 1 (Damke et al. , 2001 ), as 

well as in the bacterial DynA and BDLP (Low and L  ö we, 

2006 ;  B ü rmann et al., 2011 ). Similar mutations have been 

made for GBP1 (Praefcke et al. , 2004 ), Fzo1 (Hermann 

et al. , 1998 ), and Dlp (Zhang et al. , 2011 ). GTPase activa-

tion for dynamin is established in  cis . Mutations in the 

P-loop affect stimulated GTPase activity, while self-assem-

bly is not affected (Chappie et al. , 2010 ). Activation of GTP 

hydrolysis in the  B. subtilis  DynA requires GTP binding to 

both G domains of the full-length protein ( B ü rmann et al., 

2011 ). 

 Dynamins have been termed mechanochemical 

enzymes as they couple GTP hydrolysis to mechanical 

work at the membrane (Warnock and Schmid , 1996 ). 

Although, it is still debated where exactly GTP hydroly-

sis is essential in the reaction process, it is clear that a 

cooperative mechanism must work in all family members 

(a notable exception is the isolated BDLP as described 

below). All dynamin protein family members have a low 

affinity for GTP and exhibit a high basal GTPase activity 

(Praefcke and McMahon , 2004 ; Schmid and Frolov , 2011 ). 

GTPase activity of dynamin is stimulated in the presence 

of liposomes (Warnock and Schmid , 1996 ). In contrast, in 

bacterial DLPs tested so far, BDLP and DynA show no lipo-

some-stimulated GTPase activity. Addition of liposomes to 

DynA has only a marginal effect on activity, which is likely 

due to the local enrichment of the protein on the liposome 

surface. Maximal turnover rates for DLPs range from 26/

min to 190/min (Praefcke and McMahon , 2004 ) to as low 

as 5.6/h for EHD2 (Daumke et al. , 2007 ). The maximum 

turnover rate of  B. subtilis  DynA is around 28/min at 1.5 

 μ  m  protein concentration. This is a sixfold increase in 

specific activity compared to that at 0.25  μ  m  DynA ( ~ 4.5/

min). In common, however, all eukaryotic dynamins show 

a clear cooperative GTP hydrolysis. The situation in the 

bacterial DLPs is not clear with DynA behaving coopera-

tively, leaving BDLP as the exception to the rule. Instead, 

a Michaelis-Menten kinetic of BDLP ( K  
m

  ~ 69  μ  m ,  k  
cat

  

 ~ 0.53/min) was stated (Low and L  ö we, 2006 ). However, 

here, only isolated BDLP1 paralog was used, while DynA 

is a fusion product encompassing the homologs of BDLP1 

and BDLP2 from  N. punctiforme . Also, mixing recombinant 

D1 and D2 modules of DynA did not restore GTP hydrolysis, 

indicating that intimate contact between the two domains 

is essential for correct functioning ( B ü rmann et al., 2011 ), 

maybe due to a functional interaction of D1 BSE/GED with 

the D2 G domain. Interestingly, the quaternary structure 

of the unassembled dynamin 1 is a tetramer (Schmid and 

Frolov , 2011 ), which would be similar to the observed 

DynA dimer in terms of GTPase domains. GTP binding to 

both GTPase domains is essential for hydrolysis in DynA. 

It has been shown that the D1 and the D2 modules of DynA 

undergo homotypic interactions ( B ü rmann et al., 2011 ), 

likely reflecting the nucleotide-dependent dimerization, 

which is common to dynamin and DLPs.  

  Lipid-binding mechanisms 
 Classical dynamins harbor a pleckstrin homology (PH) 

domain for membrane interaction. The PH domain binds 

to phosphoinositides (phosphatidylinositol (4,5)-bisphos-

phate (PI(4,5)P2) and phosphatidylinositol (3,4,5)-tris-

phosphate (PI(3,4,5)P3). This allows directed binding to 

membrane areas enriched in PIP (Downing et al. , 1994 ; 

Lemmon , 2007 ; Ramachandran et al. , 2009 ; Ford et al. , 

2011 ). The PH domain is embedded in the stalk domain 

(Figure 2). Other dynamin-like proteins have evolved dif-

ferent membrane-binding mechanisms (Figure 2). Mito-

fusins, OPA1 (Mgm1), and atlastins have transmembrane 

helices that anchor the proteins permanently to the target 

membranes. In contrast, interferon-induced human 

guanylate-binding protein GBP1 has a CaaX box motif 

(Schwemmle and Staeheli , 1994 ; Fres et al. , 2010 ), where 

isoprenoids are postranslationally linked to the invariant 

cysteine. The CaaX box in hGBP1 is preceded by a poly-

basic motif that supports binding to negatively charged 

phospholipids (Fres et al. , 2010 ); however, not all GBPs 

contain a CaaX box motif. Lipid-binding mechanisms in 

these proteins remain unclear. The antiviral Mx proteins 

bind via an exposed loop (Loop 4) to membranes (von der 

Malsburg et al. , 2011 ). Distantly related EHD ATPases also 

expose a lipid-binding loop (Daumke et al. , 2007 ). Bacte-

rial dynamins share a similar membrane-binding mecha-

nism. The structure of BDLP revealed a paddle domain 
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that is inserted into the lipid bilayer (Low and L  ö we, 2006 ; 

Low et al. , 2009 ). Similar to other DLPs and dynamin, the 

paddle is embedded in the stalk domain and exposes a 

lipid-binding loop. Mutational analysis has shown that 

two leucine residues (L576 and L577) as well as phenyla-

lanine F583 in the paddle region contribute to lipid-bind-

ing (Low et al. , 2009 ). Thus, all known members of the 

dynamin family share a modular design, with an exposed 

lipid-binding module at the tip of an extended  α -helical 

stalk domain (Figure 2).  

  Mechanisms of membrane fusion by 
bacterial DLPs 
 Dynamins and DLPs are involved in various membrane 

dynamics, such as fusion and scission of membranes. 

Dependent on their role, the proteins have evolved spe-

cific characteristics. Fusion processes have in common 

that membranes are tethered in  trans , before fusion 

occurs. This has been nicely shown for fusion of the outer 

and inner mitochondrial membrane (Westermann , 2010 ). 

Recently, atlastins have been shown to mediate membrane 

fusion of ER tubes (Orso et al. , 2009 ; Moss et al. , 2011 ). 

Strikingly, here, a three-way junction is established. Struc-

tures of atlastin show a 90 °  rotation of the GTPase domain 

with respect to the stalk (Bian et al. , 2011 ; Byrnes and Son-

dermann , 2011 ). A similar rotation has been proposed for 

the bacterial BDLP (Low et al. , 2009 ). Upon lipid-binding, 

BDLP adopts an extended conformation seen as radial 

spikes decorating the lipid tube in cryo-EM images (Figure 

3) (Low et al. , 2009 ). The  B.   subtilis  DLP DynA was shown 

to tether membranes in  trans  in a cellular environment as 

well as  in vitro  ( B ü rmann et al., 2011 ). 

 Strikingly, only the DynA D1 module confers lipid-bind-

ing ( B ü rmann et al., 2011 ). Structural modeling of DynA 

reveals that likely only the D1 module has a paddle region 

similar to BDLP, while the D2 module lacks this region 

(Figure 2G). The biochemical data thus support well the 

structural model. The isolated D1 module alone binds 

with high affinity to membranes, similar to full-length 

DynA. Binding is not influenced by guanosine nucleotides 

( B ü rmann et al., 2011 ). Recent experiments have revealed 

that DynA binds to negatively charged phospholipids such 

as cardiolipin and phosphatidylglycerol at physiological 

salt concentrations (P. Sawant and M. B., unpublished). 

Transmission EM clearly revealed an ordered self-assembly 

of DynA on liposome surfaces in the absence of a nucleo-

tide, leading to a deformation of the vesicle ( B ü rmann et 

al., 2011 ). Thus, induction of curvature is not a result of GTP 

hydrolysis, but merely a result of organized assembly into 

a macromolecular complex.  In vivo  visualization of DynA 

in  B. subtilis  using GFP fusion constructs shows membrane 

association of the protein, and often, focal localization can 

be observed ( B ü rmann et al., 2011 ). However, this focal 

localization of DynA is not an innate property of the proteins 

as expression of DynA-GFP in baker ’ s yeast never revealed 

focal localization. Of note, expression of DynA in yeast leads 

to a striking tethering of vacuolar membranes to the cyto-

plasmic membrane, indicating the ability of DynA to tether 

membranes in  trans  in a cellular environment. FRAP exper-

iments showed that DynA-GFP was entirely mobile when 

assayed in yeast ( τ  ~ 5 s). In contrast FRAP experiments in  B. 
subtilis  revealed that only one-third of the protein is mobile, 

and half-maximal recovery was reached after 17 s (M.B. 

and Nina Ebert, unpublished). Interestingly, a GTP-binding 

mutant (K56A/K625A) has a half-maximal recovery close to 

the values detected in yeast ( τ  ~ 5 s). A plausible explana-

tion is that mobility of DynA and focal concentration of the 

protein in bacterial cells depends on a  trans -acting factor, 

likely a lipid or a protein partner. Further, these results 

show that GTP-binding (and likely hydrolysis) do affect 

the mobility on the membrane. It might be speculated that 

GTP binding/hydrolysis is needed for the release of bacte-

rial dynamins from the membrane. This idea is supported 

by a structural analysis of lipid-bound BDLP. BDLP does 

not bind efficiently to liposomes in its GDP-bound state, 

suggesting that hydrolysis and, in turn, the subsequent 

conformational change may help to release the protein 

from the membrane (Low et al. , 2009 ). However, it seems 

essential at least for BDLP to bind GTP in order to open the 

closed conformation and allow lipid binding (Figure 3A). 

In contrast to this assumption, DynA binds perfectly well 

to lipid in the absence of any nucleotide ( B ü rmann et al., 

2011 ). This obvious difference between BDLP and DynA 

may result from DynA being a fusion of two DLPs, likely in 

back-to-back orientation. Thus, DynA might show differ-

ent conformational dynamics compared to BDLP, leaving 

the enzyme in a structurally more expanded conformation 

even in its apo form. GTP hydrolysis as part of the mem-

brane-binding cycle has also been proposed for dynamin 

(Bashkirov et al. , 2008 ; Pucadyil and Schmid , 2008 ). GTP 

addition to membrane-assembled dynamin triggers disas-

sembly of the oligomer (Pucadyil and Schmid , 2008 ). Thus, 

GTP hydrolysis is not coupled to membrane deformation 

 per se , but rather is needed for the correct cycling between 

membrane-bound and soluble form. A passive model of 

membrane deformation has also been proposed for BDLP 

(Low et al. , 2009 ). In summary, oligomerization of the DLPs 

on the target membrane provides enough binding energy to 

deform the membrane. 
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 As described above, DynA is able to tether mem-

branes in  trans .  In vitro , mixing of DynA with pre-

formed liposomes shows quick aggregation of liposomes 

( B ü rmann et al., 2011 ). This aggregation critically depends 

on the D1 module, while the isolated D2 module is not able 

to support membrane tethering. Using isolated DynA-GFP, 

the aggregation process could be visualized and suggests a 

cooperative mechanism for membrane tethering in  trans . 

When lipid-bound DynA was proteolytically removed from 

the aggregates  in vitro , large unilamellar fusion products 

were observed ( B ü rmann et al., 2011 ). Importantly, fusion 

was nucleotide independent, only requiring magnesium 

ions. Again, this would argue in favor of nucleotide hydrol-

ysis as being important for protein release from the mem-

brane. Tethering as an important prerequisite for fusion 

has been described for Mgm1 (OPA1). Mgm1 functions as a 

large and a small isoform in fusion of the inner mitochon-

drial membrane. Both isoforms are inactive on their own, 

but together, they form a functional dimer in  trans  that 

serves as nucleation point for the generation of a higher-

order scaffold (DeVay et al. , 2009 ). Interestingly, dimer 

formation is cardiolipin dependent, and hence, similari-

ties to DynA are evident. The formation of  trans  tethering 

complexes has partially been solved for mitofusins. Here, 

a heptad repeat region in helix HR2 is discussed to assist 

in the dimerization of mitofusins in  trans  by establishing 

an antiparallel coiled coil (Koshiba et al. , 2004 ). However, 

these data are controversial (Low and L ö we, 2009). Likely, 

the tethering mechanism is more complex. The yeast mito-

fusin Fzo1 shows G domain-dependent homodimeriza-

tion. Upon further oligomerization, the outer membranes 

of the mitochondria are tied together, allowing membrane 

fusion (Anton et al. , 2011 ; Cohen et al. , 2011 ). Interestingly, 

Fzo is ubiquitinated by Mdm30, priming Fzo for degrada-

tion. The degradation is an essential step to achieve full 

fusion, likely by removing the DLP scaffold and leaving 

the membrane in an energetically unfavorable, highly bent 

state that relaxes upon fusion (Anton et al. , 2011 ; Cohen 

et al. , 2011 ). This is an interesting parallel to the observa-

tions reported for bacterial DynA. Visualization of large 

liposomes was only possible after removal of the DynA 

scaffold with proteases  in vitro  ( B ü rmann et al., 2011 ). How 

bacterial DLPs mediate  trans  tethering remains elusive. 

Possibly, the formation of G domain dimers of opposing 

DynA molecules is sufficient, but interaction of the stalk 

domains may also be involved. 

 Fusion DLPs interact with membrane proteins that 

help to assemble the DLP scaffold. Fzo1 interacts with Ugo1 

in the mitochondrial outer membrane (Sesaki and Jensen , 

2001, 2004 ). Atlastins interact with the reticulons and DP1 

proteins in the ER membrane (Shibata et al. , 2008 ; Hu 

et al. , 2008, 2009 ). Recently, several membrane integral 

proteins have been identified that interact with DynA. 

The cell division proteins MinJ (Bramkamp et al. , 2008 ; 

 B ü rmann et al., 2011 ) were shown to be essential for 

correct localization of DynA, and a bacterial two-hybrid 

screen identified the uncharacterized membrane protein 

YneK as the interaction partner of DynA ( B ü rmann 

et al., 2012 , see below). Thus, one might speculate about 

a common mecha nism for targeting fusion DLPs to the 

correct sites on the membranes. Further, the membrane 

interaction partners may serve as nucleation points to 

start oligomerization. 

 A major challenge during the process of membrane 

scission and fusion is maintenance of the integrity of 

the membrane throughout the process in order to avoid 

content leakage. Although fusion and fission of biologi-

cal membranes are opposing events, both processes likely 

have a hemifusion state as intermediate. Fusion of just one 

leaflet of the lipid bilayer prevents leakage of the soluble 

components encapsulated in the membrane compartment. 

The fact that the hemifusion state is a common intermedi-

ate for fusion and fission events explains how members 

of the dynamin protein family can catalyze fusion and 

fission (Chernomordik and Kozlov , 2003 ; Kozlovsky and 

Kozlov , 2003 ). Thus, a central step in the reaction cycle is 

the coordinated assembly of the protein at the membrane, 

thereby imposing curvature on the membrane. The highly 

curved membrane enters a fusogenic state in which, first, 

a hemifusion stalk/interface is produced (Kozlovsky and 

Kozlov , 2003 ; Pawlowski , 2010 ). Using a FRET-based lipid-

mixing assay, it could be shown that DynA is at least able 

to promote hemifusion. However, visualization of large 

unilamellar vesicles suggests that also content mixing 

occurs after DynA-mediated membrane fusion ( B ü rmann 

et al., 2011 ).  

  Cellular role of bacterial dynamin-
like proteins 
 Although structural data and biochemical analyses of bac-

terial DLPs are available, a clear-cut cellular role remains 

somewhat elusive. Eukaryotic dynamin is involved in the 

release of clathrin-coated vesicles, but so far, no similar 

process has been observed in bacteria. Bacteria do release 

membrane vesicles to the environment (Deatherage et 

al. , 2009 ; Deatherage and Cookson , 2012 ). However, if a 

dynamin-like function of bacterial DLPs would be pre-

dicted, their localization must be extracellular (where 

nucleotides are unavailable) rather than cytoplasmatic. 
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So far, there is no evidence for any export of bacterial DLPs. 

Another scenario would be a role similar to Mx proteins 

in eukaryotes, which act as antiviral proteins. However, 

influence of bacterial DLPs on phage infection has not 

been described yet. Localization of BDLP in  N. punctiforme  

and DynA in  B. subtilis  reveals a septal enrichment (Low 

and L  ö we, 2006 ;  B ü rmann et al., 2011 ) of an otherwise 

uniform or punctuate pattern. This might be in line with a 

role of bacterial dynamins in cytokinesis. Indeed, it could 

be shown that localization of DynA is grossly altered in the 

absence of MinJ, a cytokinetic protein in  B. subtilis  (Bram-

kamp et al. , 2008 ; Patrick and Kearns , 2008 ;  B ü rmann et 

al., 2011 ). A  dynA  null mutation in  B. subtilis  has, however, 

no effect on vegetative growth. Only under osmotic shock 

conditions did transmission EM reveal deformed septa in 

cells lacking DynA (S. van Baarle, F. B ü rmann and M.B., 

unpublished). Thus, it could be speculated whether DynA 

helps in catalyzing membrane fusion at the end of cytoki-

nesis at least under osmotic stress conditions. In line with 

this idea, it seems plausible that many bacterial species 

encode bacterial dynamins, as osmotic stress is one of the 

most often encountered stresses for bacteria, and many 

emergency systems have evolved to counteract osmotic 

stress (Kr  ä mer, 2010 ; Wood , 2011 ). A putative model of 

how DynA might assist membrane fusion during cytokine-

sis is shown in Figure  4  . DynA is accumulating at the site 

of septation, likely due to protein-protein contacts (MinJ, 

EzrA) and/or attraction by negatively charged phospho-

lipids that are highly enriched at the septum. Owing to 

DynA membrane binding in  trans , the septal membrane is 

tethered, and likely curvature is induced, thereby leading 

to efficient fusion. This membrane fusion model is similar 

to the membrane fusion models for atlastin. Atlastin 

molecules on opposing membranes dimerize due to GTP 

binding (Moss et al. , 2011 ). The induced conformational 

change stabilizes the atlastin oligomer and induces strong 

membrane curvature, which leads via a hemifusion state 

to full fusion (Moss et al. , 2011 ). 

 In order to get more insights into the cellular roles of 

bacterial dynamins, screening experiments trying to iden-

tify physical or genetic partners are a valuable source. We 

have used a bacterial two-hybrid method (Karimova et al. , 

2005 ) to construct a  B. subtilis  whole genome library and 

screened for interacting proteins ( B ü rmann et al., 2012 ). 

Three candidate proteins were identified, RNaseY, YneK, 

and YwpG. RNaseY is a major RNA-degrading protein in 

 Bacillus , involved in the degradation of messenger RNA and 

ribosomal RNA (Commichau et al. , 2009 ; Segev et al. , 2012 ). 

Interaction of RNaseY depends on the full-length DynA, 

which indicated that the membrane-associated DynA 

oligomer could be the target. Identification of DynA/

RNaseY interaction might indicate a role for bacterial 

dynamins other than supporting membrane fusion during 

cytokinesis. YneK and YwpG are both uncharacterized 

proteins. Interestingly, YneK is a putative transmembrane 

protein and interacts selectively with the membrane-bind-

ing domain D1 of DynA. Localization of YneK, YwpG, and 

RNaseY is similar compared to DynA showing membrane 

 Figure 4    Putative function of  Bacillus  DynA during cytokinesis. 

 The  B. subtilis  protein DynA is localized in the cytoplasm, but can bind to negatively charged phospholipids. Although, a clear phenotype 

of  dynA  mutants has not been described, septal defects during osmotic shock and binding to cytokinetic proteins such as MinJ, suggest 

that DynA might participate in cytokinesis. A plausible function would be induction of membrane curvature to the inward-growing septal 

membranes, bringing them into a fusogenic state. Induction of curvature is achieved by insertion of the paddle domain (orange) of the D1 

module (dark green). Homotypic contacts between D1 and D2 (light green) allow membrane tethering in  trans , finally leading to membrane 

fusion. Cooperative GTP hydrolysis likely releases the protein from the membrane.    
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association and distinct foci ( B ü rmann et al., 2012 ). All 

three proteins are losing the ability to form foci in the 

absence of MinJ, which in turn was shown to be necessary 

for correct localization of DynA. This suggests that DynA 

plays a role in organizing subcellular localization of its 

binding partners.  

  Conclusion 
 We are just at the beginning to understand the molecu-

lar function of bacterial DLPs, and their biological role 

seems still an enigma. However, the broad conservation 

of these large GTPases in many bacterial genomes sug-

gests an important role for the cell biology of bacteria. The 

close homology to DLPs of the mitofusin/Fzo class makes 

bacterial dynamins ideal tools to unravel the biochemical 

mechanism of membrane fusion. The bacterial dynamins 

are, like the bacterial actins a decade ago, a fascinating 

class of proteins that were long thought to be eukaryotic 

achievements. Thus, bacterial cell biology still offers 

many rewarding topics for future research.   
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