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	Abstract	
 

The cytoskeleton, known as intracellular connected filaments, has a prominent role in cellular 

behavior, motility, and stability. The following three major types of polymers have been characterized 

as cytoskeleton in eukaryotes: microtubules that are 25 nm in diameter, actin filaments that are 7 nm 

in diameter, and intermediate filaments (IF) that are 10 nm in diameter. IFs, unlike actin and 

microtubules, are not polarized and do not facilitate the directional movement of molecular motors. 

Further, IF assembly is different from that of actin and tubulin because they are independent of co-

factors and they undergo instant self-assembly based on hydrophobic interactions. 

Cytoskeleton proteins were initially thought to be unique to eukaryotic cells, but we now know that all 

three cytoskeleton types have bacterial counterparts. Bacterial cytoskeleton is a novel field and it is 

less characterized than the eukaryotic cytoskeleton. The IF subfamily in bacteria are called IF-like 

proteins because of the lack of conserved sequences. FilP is a bacterial IF-like protein that is localized 

to the sub-apical area of Streptomyces coelicolor hyphae tips. Moreover, FilP forms two distinct 

structures in vitro, as follows: 1) filaments in branching bundles with a repetitive striation pattern of 

60 nm intervals between the repeats; and 2) an interconnected hexagonal meshwork, which has a 

three-dimensional morphology with the same 60 nm unit. There have been several studies on different 

IF-like proteins from different bacterial species; however, there are no studies that have investigated 

their assembly mechanism or atomic resolution of their structures before this study. 

We present the first filament assembly model of an IF-like protein. The hierarchical stages of filament 

assembly were characterized and analyzed by utilizing physiological effects of different buffer 

systems. The basic building block was characterized by a single particle classification, revealing the 

length of primary coiled-coil unit. The following steps of protofilament assembly and filament 

bundling were revealed using negative-staining electron microscopy together with solubility assay and 

cryo-electron tomography. We demonstrated similarities and differences of FilP filamentation to 

eukaryotic IF lamin, because they both showed filaments with similar morphology in in vitro 

conditions. In a cytoplasm-mimicking buffer (Polymix), FilP proteins form hexagonal meshworks. By 

subjecting FilP to the ion components of the Polymix buffer, we found that K+ and Na+ triggered FilP 

meshwork formation and increased its solubility.  

Guided by the in vitro assembly studies of FilP we crystallized the FilP amino acid (aa) 184–288 

fragment, which is a tailless construct containing the C-terminal coiled-coil domain of the FilP rod 

domain to 2.3 Å resolution. The crystal structure of the 184–288 fragment revealed that the C-

terminus of FilP rod domain is composed of one single coiled-coil. Arrangement of the crystal 

indicated the formation of parallel homo-dimers and dissociation of the homo-dimers at the C-

terminus, forming an open and fork-like structure. Further, the fork-like structure facilitates the end-
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to-end association of homodimers. These experiments were complimented by testing constructs 

containing different coiled-coil domains for in vitro filament assembly and their in vivo capability to 

restore the FilP phenotype ΔfilP S. coelicolor. Based on these findings, we showed a model for the in 

vitro FilP filament formation. 

We have shown that FilP, like its orthologous in other Streptomyces species, has cellulose affinity. 

Investigation of cellulose affinity of other IF-like proteins and eukaryotic IF protein such as lamin 

showed that cellulose binding of certain coiled-coil domains is an intrinsic property of all the tested IF 

and IF-like proteins and thereby adds IF coiled-coil domains to the list of carbohydrate binding 

motifs. Building upon this, coiled-coil domains of FilP can be utilized to purify recombinant fusion 

proteins from S. coelicolor and Escherichia coli lysates. We used truncated constructs of FilP to find 

the coiled-coil domains with the highest affinity for cellulose, which can be used as a cellulose 

affinity tag. 
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Introduction	
Bacteria were thought to be unorganized membrane bags of enzymes (Ingerson-Mahar and Gitai, 

2012). The development of techniques, such as super resolution and electron microscopy (EM), has 

helped to increase our understanding of how bacteria spatially organize cellular processes. Finding 

homologs of eukaryotic cytoskeleton proteins in bacteria has revealed how bacteria can achieve 

cellular organization in their cytoplasm. However, little is known about bacterial cytoskeleton 

structures and cytoskeleton interacting membrane proteins and carbohydrates. Therefore, there is an 

extensive need to study cytoskeleton in vitro filament assembly, structures, and other interacting 

proteins in vivo. This information will help us to understand their in vivo function and eventually the 

effects that they can have on bacterial viability, morphology, or secondary metabolite production. 

Moreover, studying the similarities and differences between prokaryotic and eukaryotic cytoskeleton 

proteins may lead to a better knowledge about evolution of these proteins. 

Cytoskeleton 

The three known major eukaryotic cytoskeleton polymers include microtubules, actin filaments, and 

intermediate filaments (IFs). Microtubules are stiff and hollow polymers with a diameter of 25 nm. 

They are formed from 13 protofilaments composed of head-to-tail associations of α- and β-tubulin 

(Heidemann and McIntosh, 1980). Actin filaments have a diameter of 7 nm and are formed from two 

helical protofilaments. Actin filaments in vivo form thin and flexible bundles, which can reach several 

micrometers in length (Cooper, 2000). Actin protofilaments are composed of head-to-tail associations 

of actin monomers (Cooper, 2000). IFs with a diameter of 10 nm can bind to each other as well as to 

actin and microtubule filaments (Eger et al., 1997). Unlike actin and microtubules, IFs are not 

polarized and do not facilitate the directional movement of molecular motors. Instead, IFs are 

considered to provide the structural properties of the cells and can provide mechanical support 

(Fletcher and Mullins, 2010).  

Eukaryotic IFs are categorized in six subclasses based on sequence homology. Type I and type II, 

which are acidic and basic keratins, are found in epithelial cells such as skin and kidney cells. Type III 

is desmin, and vimentin, which are found in mesenchymal cells. Type IV is neurofilaments, which are 

found in neurons. Type V is lamin A, B, and C, which are found in the nucleus and type VI is nestin, 

which is found in neuroepithelial stem cells (Lazarides, 1982; Weber and Geisler, 1982; Weber and 

Osborn, 1982; Lendahl, Zimmerman, and McKay, 1990).  

Filament assembly of IF proteins is different from actin and tubulin and it is not completely 

understood. However, high-resolution microscopy studies have shown that IFs from different 
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subfamilies have their own distinct assembly pathway, but they all follow a hierarchical trend that 

involves both lateral and longitudinal association of the primary dimer (Herrmann and Aebi, 2004).  

Filamentation of IFs starts from single proteins with a tripartite molecular structure. These are 

comprised of a central α-helical (rod) domain that is flanked by non-α-helical head and tail domains, 

which contain no sequence homology and have a variable length (Fig. 1A) (Parry and Steinert, 1999; 

Herrmann and Aebi, 2004; Chernyatina, Guzenko, and Strelkov, 2015). The α-helices form coiled-

coil dimers, which is an oligomerization characteristic of IFs structures. Formation of a left handed 

coiled-coil is the result of a twist of two to five α-helices around each other (Burkhard, Stetefeld, and 

Strelkov, 2001). Coiled-coil-forming α-helices are comprised of heptad repeats, which are seven 

amino acid residue repeats, with hydrophobic amino acids at positions one (a) and four (d) (Fig. 1B) 

(Burkhard, Stetefeld, and Strelkov, 2001). In addition to the coiled-coils with the common heptad 

repeats, there have been reports of less common right handed coiled-coils with 11-mer repeats named 

hendecad (Burkhard, Stetefeld, and Strelkov, 2001). The hendecad repeats contain three α-helices, 

which have hydrophobic residues at positions (a), (d), and (h) among the 11 residues (Lupas, 1996; 

Nicolet et al., 2010; Stewart et al., 2012).  

The structure of the eukaryotic IF rod domain was previously predicted to contain four domains, coil 

1A, coil 1B, coil 2A, and coil 2B that are connected with three short non-α-helical linkers (Parry and 

Steinert, 1999; Herrmann and Aebi, 2004; Kirmse et al., 2007). However, the crystal structure of coil 

2A and 2B in human vimentin proposed a single continued coil, which allows the eukaryotic rod 

domain to be recognized as a three-subdomain structure that is comprised of coils 1A, 1B, and 2 (Fig. 

1A) (Strelkov et al., 2002; Nicolet et al., 2010).  

 

Figure 1. A) Domain organization of nuclear lamin and cytoplasmic IF proteins. Helical segments are 
designated as “coil” and are drawn as boxes, with the numbers representing the amino acid length of each 
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Figure 1. A) Domain organization of nuclear lamin and cytoplasmic IF proteins.Helical segments are designated as “coil” 
and are drawn as boxes, with the numbers representing the amino acid length of each segment. The striped parts of coil 2 
indicate regions with hendecad repeats instead of the standard heptad repeats. The red box designates the nuclear localiza-
tion signal (NLS) in lamins. The “Ig-fold” is a structurally conserved domain that is found in nearly all nuclear lamins. 
“CM” indicates conserved amino acid sequence motifs that occur at the amino-terminal and carboxy-terminal end of the 
rod, which are referred to as the IF consensus motif 1 and 2, respectively. L1 and L12 indicate linker segments connecting 
the corresponding helices, although in lamins, they can adopt an ordered state (green boxes) (Herrmann and Aebi, 2016). 
B) Views of the seven positions in the heptad repeat according to their position from brown (a) to grey (g). The residues in 
positions a and d are at the coiled-coil interface and are surrounded by the residues in positions e and g.
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segment. The striped parts of coil 2 indicate regions with hendecad repeats instead of the standard heptad 
repeats. The red box designates the nuclear localization signal (NLS) in lamins. The “Ig-fold” is a structurally 
conserved domain that is found in nearly all nuclear lamins. “CM” indicates conserved amino acid sequence 
motifs that occur at the amino-terminal and carboxy-terminal end of the rod, which are referred to as the IF 
consensus motif 1 and 2, respectively. L1 and L12 indicate linker segments connecting the corresponding 
helices, although in lamins, they can adopt an ordered state (green boxes) (Herrmann and Aebi, 2016). B) Views 
of the seven positions in the heptad repeat according to their position from brown (a) to grey (g). The residues in 
positions a and d are at the coiled-coil interface and are surrounded by the residues in positions e and g. 

 

Vimentin is a cytoplasmic IF and its assembly is initiated by the association of two primary dimers in 

an anti-parallel, half-staggered manner (Herrmann et al., 1996). The lateral association of eight 

tetramers forms a rod-shaped structure called unit length filaments (ULF) (Herrmann et al., 1999; 

Strelkov, Herrmann, and Aebi, 2003). Longitudinal association of the ULFs in a head-to-tail manner 

forms a filament that is approximately 11 nm in diameter (Fig. 2A) (Strelkov, Herrmann, and Aebi, 

2003; Portet et al., 2009). The assembly pathway of nuclear lamin that belongs to the type V 

subfamily of IFs also follows hierarchical trend. Unlike cytoplasmic IFs, there is no evidence of 

filamentous lamin protein in vivo, but rather a meshwork that is comprised of the association of short 

filaments (Aebi et al., 1986; Turgay et al., 2017). However, in in vitro conditions, lamin forms 

filaments. In vitro assembly of lamin filaments starts with the head-to-tail association of dimers, 

forming a dimer strand that is called a protofilament. Lateral association of protofilaments forms 

filament bundles with varying width and a unique 24 nm striation pattern (Fig. 2B) (Stuurman, Heins, 

and Aebi, 1998). 

Two common biochemical characteristics of IFs are as follows: first, their insolubility and their ability 

to refold in to coiled-coil structurte after removing denaturing agents (Chou et al., 1990); and second, 

IFs can form filaments in the absence of nucleotides such as GTP and ATP in buffers that mimic 

physiological conditions (Steinert, Idler, and Zimmerman, 1976). 

Prokaryotic	cytoskeleton	
Cytoskeleton development might have had a prominent role in the transition between prokaryotic and 

eukaryotic cells and the development of eukaryotic cell organization (Faguy and Doolittle, 1998). 

Bacteria are also dependent on a system of filaments in their cytoplasm to accomplish activities such 

as membrane shape, cell polarity, and cell division (Shaevitz and Gitai, 2010; Aylett, Löwe, and 

Amos, 2011). The prokaryotic cytoskeleton proteins that were initially identified were FtsZ and 

MreB, which are tubulin and actin homologs, respectively (Pogliano, 2008; Graumann, 2009; Cabeen 

and Jacobs-Wagner, 2010). 

 

 



 4 

 

 

 

Figure 2: A) Schematic model of the in vitro filamentation of cytosolic IFs, Which shows first, lateral 
association of tetramers forming unit length filamnets (ULF) and then longitudinal annealing, followed by radial 
compaction (reprinted with the permission from Cold Spring Harbor Laboratory Press) (Herrmann and Aebi, 
2016). B) Schematic model of the in vitro filamentation of lamin showing the dimerization and the head-to-tail 
association of dimers forming protofilaments that later laterally associate. 
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Figure 2: A) Schematic model of the in vitro filamentation of cytosolic IFs  Which shows first, lateral 
association of tetramers forming unit length filamnets (ULF) and then longitudinal annealing, followed 
by  radial compaction  (Herrmann and Aebi, 2016).
B) Schematic model of the in vitro filamentation of lamin showing the dimerization and head-to-tail
association of dimers forming protofilaments that later laterally associate. 
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Tubulin-like	protein,	FtsZ,	in	prokaryotes	
FtsZ is an essential protein for the bacteria division because it forms a cytosolic ring known as Z-ring 

in the middle of the cell at the time of division (Erickson, 1995). The Z-ring is suggested to be 

involved in contraction of the cell wall and forming the septum at the division site (Erickson, 1995). 

Overproduction of FtsZ generates additional septas and consequently the appearance of minicells 

(Ward and Lutkenhaus, 1985).  

Eukaryotic α and β-tubulin have a similar structure comprised of the following three domains: N-

terminal domain, which is a GTP binding domain; intermediate domain or taxol-binding domain and 

C-terminal domain, which is the motor protein binding domain (Nogales et al., 1998). Resolving the 

FtsZ crystal structure showed that FtsZ is comprised of two domains, as follows: the N-terminal 

domain, which is reported to be important for nucleotide-binding, localization, and assembly of the 

protein; and the C-terminal domain, which is highly conserved among the prokaryotes (Löwe and 

Amos, 1998; Nogales et al., 1998). The N-terminal domain of FtsZ has been shown to be similar to 

the tubulin N-terminal domain. The C-terminal domain of FtsZ is very short, compared to eukaryotic 

tubulin, and has a fundamental role in interacting with membrane proteins such as FtsA and ZipA 

(Ma, Ehrhardt, and Margolin, 1996; Löwe and Amos, 1998; Ma and Margolin, 1999).  

Both FtsZ and α/β tubulin form protofilaments, rings or spiral structures (Bramhill and Thompson, 

1994; Erickson et al., 1996). Tubulin bound to GTP forms straight protofilaments, while the GDP-

bound tubulin favors the curved conformation. The transition between these two conformations is the 

driving force behind the assembly and disassembly of the filaments during the cell cycle (Erickson, 

1997). It has been suggested that FtsZ bound to GTP forms straight protofilaments (Lu, Reedy, and 

Erickson, 2000) and unlike tubulin, GTP hydrolysis does not happen immediately. Instead, 

protofilaments assemble laterally forming a Z-ring in the middle of the cell, and GTP hydrolysis 

induces this conformational change from the straight to the curved form. Thus, overlapping filaments 

can slide along each other and generate the driving force to contract the membrane (Lu, Reedy, and 

Erickson, 2000).  

Despite the structural similarities between FtsZ and tubulin, sequence alignment of FtsZ and tubulin 

has been shown to be less than 10% (Erickson, 2007). The low sequence homology suggests a 

convergent evolution and the structural similarities suggest the possibility that the eukaryotic 

cytoskeleton originates from its prokaryotic counterpart (van den Ent, Amos and Löwe, 2001).  

Actin-like	proteins	in	prokaryotes	
Phylogenetic studies of bacterial actin homologs have characterized over 20 different subfamilies of 

actin-like proteins (Derman et al., 2009). The two first and the most studied actin-like proteins are 

MreB and ParM (Jensen and Gerdes, 1997; Jones, Carballido-López, and Errington, 2001). MreB and 
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ParM have low sequence similarity to actin (Shaevitz and Gitai, 2010). However, studies of MreB and 

ParM have shown that both proteins can form cytoskeleton-like filaments in a nucleotide-dependent 

manner both in vivo and in vitro (Jones, Carballido-López, and Errington, 2001; Van den Ent et al., 

2001; Moller-Jensen et al., 2002). Although both proteins have been characterized as bacterial actin 

homologs, there are some major differences between MreB and ParM. While MreB is encoded on 

chromosomes in many different species of bacteria, ParM is encoded on plasmids and is involved in a 

very specific functions, such as chromosome segregation (Daniel and Errington, 2003). 

ParM polymerization is ATP dependent. In vitro polymerization of purified ParM forms straight 

filaments, while in vivo, it was observed to form curved ParM filaments bundles of ParM that showed 

a subtle curve in its structure that spanned the entire length of a rod shaped bacterium (Moller-Jensen 

et al., 2002). The dynamic characteristic of ParM is very similar to actin in a way that ATP-bound 

monomers can bind stably to the ParM filaments while ADP-bound monomers caused separation of 

the monomers from the ends of the polymers (Moller-Jensen et al., 2002). The dynamic nature of the 

ParM is in agreement with its function during chromosome segregation. ParM is part of a machinery 

and it is comprised of three proteins: ParC, ParR, and ParM. ParM is the driving force behind plasmid 

segregation by directing the plasmids toward the bacterial poles (Dam and Gerdes, 1994). Attachment 

of ParM to plasmids through ParR/ParC forms a stable ParM filament, which elongates and drives the 

plasmids to the opposite ends of the cell poles (Deht et al., 2004).  

MreB is the most conserved and variable bacterial actin-like protein, and there is at least one MreB 

homolog in all non-spherical bacteria (Daniel and Errington, 2003). MreB has been shown to be 

involved in diverse cellular processes such as cell growth, polarity, morphogenesis, protein 

localization, cell division, and chromosome segregation (Carballido-López, 2006).  

In vivo studies of MreB in Caulobacter crescentus have shown that this protein can be found in two 

different structures. In the early stage of the cell cycle, a helical α-helical or coiled-coil structure that 

spans through the length of the C. crescents is found and as the cell cycle progresses, the α-helical 

structure condenses and forms a ring-like structure at the future division site. Before cell division, the 

ring-like structure changes back to the α-helical structure extending from pole to pole so that each of 

the daughter cells retrieves a similar polymer structure of the MreB protein (Figge, Divakaruni, and 

Gober, 2004). 

Despite the low sequence similarity between MreB and actin (15%), the two proteins have strong 

structural similarities (Van den Ent et al., 2001; Erickson, 2007). Moreover, both MreB and actin are 

widespread proteins among bacteria and eukaryotic cells. Therefore, it is suggested that these two 

proteins have a common ancestor (Erickson, 2007).  
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The	model	organism	Streptomyces	coelicolor 

Streptomyces species are Gram-positive bacteria that belong to the large group of Actinomycetes. 

Their natural environment is soil. They are very well known for their biological significance and 

secondary metabolite production such as antibiotics, anti-cancer drugs, immune-modulators, and 

geosmin, which is responsible for the characteristic earthy odor of soil (Challis and Hopwood, 2003). 

Actinomycetes are responsible for production of two-thirds of antibiotic production and within 

Actinomycetes, 70−80% of the antibiotic production has been attributed to the Streptomyces genus 

(Challis and Hopwood, 2003). Streptomyces coelicolor contains a linear chromosome with 8.7 million 

base pairs, and these bacteria have high GC rich genomes (Bentley et al., 2002). S. coelicolor have 

been widely used in cell biology studies because of their unique life cycle and differentiation stages, 

which resemble that of filamentous fungi (Flärdh, 2003b; Flärdh, and Buttner, 2009).  

 

Spore	germination,	vegetative	growth,	and	polar	growth		
The S. coelicolor life cycle starts from a single spore growing to vegetative hyphae, aerial hyphae, 

spore chains, and finally, production of individual spores providing the next generation of S. 

coelicolor (Fig. 3). Spore germination leads to growth of multicellular branching vegetative hyphae, 

and the hyphae become divided by the cell membrane and cell wall, called septas, into compartments. 

Each compartment contains its own copy of the genome, but cell separation does not occur. Further, 

each compartment can grow to a new branch and each new branch continues to grow by tip extension 

(McCormick et al., 1994). The tip elongation of vegetative hyphae occurs through incorporation of 

peptidoglycan into the cell wall at tips, causing polar growth of S. coelicolor (Flärdh, 2003b). 

DivIVA, a coiled-coil protein in S. coelicolor, is known to be essential for polar growth. The DivIVA 

forms protein complexes by recruiting proteins to the cell poles that are involved in the synthesis of 

peptidoglycan (Flärdh, 2003a, 2003b). Moreover branching is initiated by localization of DivIVA to 

the lateral wall and from that location, growth of a new branch starts (Hempel et al., 2008). In cells 

lacking the polar growth phenomenon, such as for Escherichia coli, the rod shaped cell growth occurs 

through incorporation of peptidoglycan into the lateral cell wall rather than at poles. Lateral cell wall 

growth is MreB-dependent, and a lack of MreB results in loss of the rod shape and production of 

spherical bacterial cells (Doi et al., 1988). However, in S. coelicolor, MreB is important for the 

integrity of aerial hyphae and the spore chain (Mazza et al., 2006). 

 

Aerial	hyphae	and	spore	formation	
By decay of vegetative hyphae and subsequently release of nutrients, several important transitions 

start, such as formation of aerial hyphae, development of secondary metabolites, and antibiotic 
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production (Miguélez, Hardisson, and Manzanal, 1999). Genomic analyses have revealed three groups 

of genes that are involved in the formation of aerial hyphae: ram, chp, and bld (Claessen et al., 2003; 

Elliot et al., 2003; Kodani et al., 2004). Moreover, the SapB peptide has been shown to be important 

in the transition from vegetative to aerial hyphae and developmental genes such as bld are required for 

the synthesis of this peptide (Willey, Schwedock, and Losick, 1993). Development of the aerial 

hyphae continues with the formation of spores. S. coelicolor spores survive in soil and preserve the 

genetic material in harsh environments. To fulfill this task, a thick wall encloses the genetic material 

during spore maturation (Kelemen et al., 1998). Besides formation of thick walls around the spores, 

other important events take place during the transition of aerial hyphae into spores, such as formation 

of Z-rings, condensation and segregation of chromosomes, cell division, and separation of the 

individual spores (Chater, 2000). One of the genes that is up-regulated during sporulation is the 

tubulin homolog, FtsZ, which forms Z-ring structures along the hyphae (Flärdh et al., 2000). FtsZ has 

been shown to be essential for cell division of S. coelicolor, but not for survival and growth, i.e. 

deletion of ftsZ causes growth of vegetative hyphae without any septa (McCormick et al., 1994). The 

FtsZ interacting protein, FtsA, is absent in S. coelicolor. FtsA binds to the C-terminus of FtsZ and 

facilitates recruitment of other proteins that are involved in cell division. However, other genes such 

as ssgA and ssgB have been found to participate in cell division (van Wezel et al., 2000; Keijser et al., 

2003; Pogliano, 2008). For a proper distribution of a single copy of the genome to each compartment 

during the synchronized multiple septation, a sophisticated nucleotide partitioning, DNA transfer, and 

genome segregation is needed. Studies have shown that, similar to other bacteria, chromosome 

segregation in S. coelicolor occurs with the contribution of the ParA and ParB protein family 

(Jakimowicz and van Wezel, 2012). It is suggested that ParA, by supplying energy to ParB, facilitates 

the movement of the ParB protein complex. (Jakimowicz and van Wezel, 2012). In S. coelicolor, 

chromosome segregation and condensation is synchronized with aerial hyphae growth reduction and 

replication. To ensure that every pre-spore in S. coelicolor receives a copy of a chromosome, ParB 

forms a higher order nucleoprotein complex at the origin of replication and aligns the chromosomes in 

regular intervals along the hyphae. Deletion of ParAB causes disturbed chromosome segregation and 

septation (Kim et al., 2000; Jakimowicz et al., 2005, 2007). Because the constriction of sporulating 

septa starts before complete nucleotide partitioning in Streptomyces, it has been suggested that there 

might be another mechanism for the DNA transportation to the spores (Miguelez et al., 1998; Noens 

et al., 2005). FtsK in S. coelicolor is a candidate protein for pumping the DNA through the closing 

septum. However, deletion of ftsK does not affect the chromosome inheritance in each spore and it is 

suggested that other mechanisms must be involved (Ausmees et al., 2007; Wang et al., 2007).  

To date, we do not have a complete view of the signaling pathways that are related to the transition 

from vegetative to aerial hyphae and later to individual spores, and new pathways and related genes 

have not yet been discovered. 
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Figure 3: Three stages of the Streptomyces coelicolor life cycle: germination and vegetative growth, 
formation of aerial mycelia, and sporulation 

	

	

	

Cell	polarity	

Cell polarity is asymmetric localization of proteins within the cells and it includes all features of cell 

function such as growth, division, cell cycle regulation, differentiation, motility, signal transduction, 

and multi-enzyme complexes (Treuner-Lange and Søgaard-Andersen, 2014). Observing the 

localization of FtsZ at the division sites was one of the first steps in the initiation of cell polarity 

studies in bacteria (Bi and Lutkenhaus, 1991).  

Protein localization in a polar cell is a highly dynamic procedure, and therefore, understanding how 

proteins find their localization and how their localizations can change over time is crucial (Treuner-

Lange and Søgaard-Andersen, 2014). The following mechanisms for protein localization have been 

suggested: (1) diffusion and capture, which a synthetized protein diffuses in three dimensions in case 

of cytosolic and two dimensions in case of membrane proteins until they reach and bind their 

localizing signal; (2) matrix-dependent self-organizing ParA/MinD ATPases; and (3) small GTPases, 

Vegetative hyphae

Aerial hyphae Spore chain

Scattered spores

Figure 3: Three stages of  Streptomyces coelicolor life cycle: germination and vegetative growth, 
formation of aerial mycelia, and sporulation. 
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which are emerging as important for protein localization (Treuner-Lange and Søgaard-Andersen, 

2014). 

DivIVA is a coiled-coil protein in S. coelicolor, which has a key role for polar growth. However, 

DivIVA is not the only determinant of the polar growth. Together with the IF-like proteins, Scy and 

FilP, DivIVA forms a protein complex called Tip Organizing Centre (TIPOC) at the tips of the 

hyphae or at new branching sites (Fuchino et al., 2013; Holmes et al., 2013). No molecular details are 

known about the complex assembly of TIPOC, but in vivo interactions of the components have been 

shown using the bacterial two-hybrid assay in E. coli (Fuchino et al., 2013; Holmes et al., 2013). 

 

Intermediate	filament-like	proteins	in	prokaryotes	

For a long time, IFs were thought to primarily be involved in providing structural support for cells and 

tissues (Hyder et al., 2008). However, this view changed by reports of IFs being involved in functions 

such as cell adhesion and migration (Ivaska et al., 2007), cell organelle shaping and positioning 

(Toivola et al., 2005), and as a signal transduction platform (Pallari and Eriksson, 2006). The 

prokaryotic counterparts of IFs are referred to as IF-like proteins because there is a lack of conserved 

sequence between bacteria and eukaryotic IFs. Lack of sequence conservation even exists in IF-like 

proteins among different bacterial species (Fuchino et al., 2013). The IF-like protein that was 

discovered was crescentin in Caulobactor crescentus (Ausmees, Kuhn, and Jacobs-Wagner, 2003). 

Shortly after the discovery of crescentin, other IF-like proteins in diverse bacterial species were 

reported, such as CfpA (Izard et al., 2003), Scc (Mazouni et al., 2006), FilP (Bagchi et al., 2008), and 

Scy (John Walshaw, Gillespie, and Kelemen, 2010). 

Despite the very low sequence similarity of IF-like proteins and eukaryotic IFs, they have structural 

and biochemical similarities. Both IF-like proteins and eukaryotic IFs have a tripartite domain 

organization (head, tail, and rod domain) and spontaneous in vitro self-assembly to filamentous 

structures without the existence of any co-factors (Ausmees, Kuhn, and Jacobs-Wagner, 2003; 

Herrmann and Aebi, 2004; Waidner et al., 2009; Fiuza et al., 2010). 

Bactofilins	

Bactofilins, are widespread and very conserved filament-forming bacterial proteins (Kü Hn et al., 

2009). Bactofilins are distinguished by their conserved DUF583 domain, which is flanked by non-

structured N- and C-terminal domains of variable sizes. Similar to IF-like proteins, bactofilin proteins 

can self-assemble into stable filaments without any co-factors (Kü Hn et al., 2009; Koch, McHugh, 

and Hoiczyk, 2011). The first identified bactofilins were BacA and BacB in C. crescentus, and they 



 11 

can self-assemble to stable filament bundles (Kü Hn et al., 2009). BacA and BacB exist in equal 

amounts in the cytoplasm, but during the formation of a new stalk, they copolymerize, condense, and 

form a sheet-like structure at the stalk-forming pole. During this process, they recruit the cell wall 

synthesis enzyme, PbpC. However, lack of BacA and BacB in C. crescentus does not stop stalk 

formation, but the length of the stalk is shortened (Kü Hn et al., 2009). BacA and BacB 

overexpression changed their structure from patches to ribbon-like structures, causing a strong 

positive curvature in the bacteria (Kü Hn et al., 2009). 

The other characterized bactofilin proteins, BacM-P, are found in Myxococcus xanthus (Koch, 

McHugh, and Hoiczyk, 2011). BacM was shown to form helical or rod-shaped filaments, which can 

elongate from pole to pole or accumulate at polar regions. Growth of M. xanthus lacking BacM in 

liquid medium showed a kinked morphology and its deletion increased the sensitivity of the M. 

xanthus towards antibiotics, targeting peptidoglycan biosynthesis. This suggests that BacM filaments 

may interact with the cell wall biogenesis complex (Kü Hn et al., 2009; Koch, McHugh, and Hoiczyk, 

2011). It has been suggested that the three other Bactofilins (BacN, BacO, and BacP) are important 

for type 4 pilus motility (Koch, McHugh, and Hoiczyk, 2011). However, deletion of the three genes 

showed that only ΔbacP was important for the type 4 pilus-dependent motility (Bulyha et al., 2013). 

Crescentin	

Crescentin from C. crescentus was the first IF-like protein that was discovered to be encoded by the 

gene creS. The crescent shape of C. crescentus during the stationary and growing life cycle is 

dependent on the existence of crescentin (Ausmees, Kuhn, and Jacobs-Wagner, 2003). Although 

crescentin has a very low sequence homology with eukaryotic IFs, it has the same domain 

organization as eukaryotic IFs, which comprise an α-helical rod domain consisting of four 

subdomains that are flanked by head and tail domains (Ausmees, Kuhn, and Jacobs-Wagner, 2003).  

In vitro filament assembly of crescentin showed that crescentin, like eukaryotic IFs, forms 10–20 nm 

thick filaments without co-factors in the assembly buffer at physiological pH (Ausmees, Kuhn, and 

Jacobs-Wagner, 2003; Cabeen, Herrmann, and Jacobs-Wagner, 2011). Cabeen et al. showed the 

importance of the different domains of crescentin in its filament formation and maintenance of its in 

vivo function by making different crescentin mutants and combining in vivo and in vitro studies on 

these mutants (Cabeen, Herrmann, and Jacobs-Wagner, 2011).  

In vivo studies of crescentin mutants have also been performed. CrescentinΔN27 (lacking head domain), 

crescentinΔL1 (lacking linker 1), crescentinΔSAT (lacking stutter), and crescentinΔT (lacking tail domain) 

showed that all these domains are essential for the in vivo function of the crescentin (Charbon, 

Cabeen, and Jacobs-Wagner, 2009; Cabeen, Herrmann, and Jacobs-Wagner, 2011). However, 

crescentinΔT, was able to partly restore the curvature in a Δcrescentin background, suggested that the 
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tail domain might be of less importance in restoring the crescentin function (Cabeen, Herrmann, and 

Jacobs-Wagner, 2011). These findings were in agreement with similar studies that were performed on 

mutated cytosolic and nuclear eukaryotic IFs (Hatzfeld and Burba, 1994; Harald Herrmann et al., 

1996; Herrmann et al., 1999; Heitlinger et al., 1992). 

In vitro studies have shown that crescentin filament assembly is dependent on pH and ionic strength 

of the buffers (Cabeen, Herrmann and Jacobs-Wagner, 2011). Crescentin, like the eukaryotic IF 

vimentin, favors filamentation in buffers with low pH and high ionic strength (Herrmann and Aebi, 

2004; Cabeen, Herrmann, and Jacobs-Wagner, 2011). Investigation of the ionic strength effects on in 

vitro filamentation of crescentin showed that a low ionic strength caused increased crescentin 

solubility, and the presence of cations, such as Mg2+, caused filamentation of crescentin in buffers 

with a high pH of 7.5–8.5 (Cabeen, Herrmann, and Jacobs-Wagner, 2011). The crescentin mutants 

were tested for their in vitro filamentation under different buffer conditions and in the presence of 

Mg2+ and K+. CrescentinΔN27 and crescentinΔT formed filaments as wild type (WT) crescentin. Unlike 

WT crescentin, the crescentinΔL1 mutant formed short filaments in low ionic strength buffer, while the 

WT crescentin was soluble in this buffer. Additionally, crescentinΔL1 enhanced the lateral association 

of crescentin filaments in high ionic strength and low pH buffers. However, crescentinΔL1 in the 

presence of physiological K+ concentrations formed aggregates, suggesting the important role of 

linker 1 in the correct arrangement and assembly of crescentin. CrescentinΔSAT, which lacks the stutter, 

failed to form filaments in buffers containing a physiological concentration of K+, but in a low pH 

buffer and in buffer containing 5 mM Mg2+, it formed striated filaments with a distance of 59 nm 

between each of the repeats. The striation pattern observed in crescentinΔSAT shows a great similarity 

with the in vitro filament assembly of eukaryotic lamin filaments (Herrmann and Aebi, 2004; Cabeen, 

Herrmann and Jacobs-Wagner, 2011). 

Unfortunately, there is no detailed information regarding the crescentin filament assembly pathway. 

However, the in vivo filament assembly of crescentin occurs in two phases. First, a thin filament 

covers the pole-to-pole length of the cell, and second, the assembly continues by an increase in the 

crescentin diameter through a lateral association of crescentin filaments (Godefroid Charbon, Cabeen, 

and Jacobs-Wagner, 2009). Similar to eukaryotic IFs, crescentin has a stable structure with no sign of 

recognizable exchange of already existing and integrated subunits in the filaments, and it has been 

shown that crescentin dynamics, especially its dissociation, is slow (Godefroid Charbon, Cabeen and 

Jacobs-Wagner, 2009; Esue et al., 2010). 

 In vivo nucleation of eukaryotic IF proteins has always been a mystery. Chang and Goldman have 

suggested a possible solution through nucleation of IFs by connecting to other filamentous 

cytoskeleton proteins such as actin, tubulin, and cytolinker proteins (Chang and Goldman, 2004). A 

crescentin pull-down-assay has shown the interaction between crescentin and MreB, a bacterial actin 
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homolog (Cabeen et al., 2009). Moreover, by introducing crescentin to E. coli, crescentin caused 

curvature in the cells, while introducing crescentin to the more closely related bacterium 

Agrobacterium tumefaciens, which lacks MreB, did not cause curvature, suggesting that the IF-like 

nucleation also occurs because of the interaction with other cytoskeletal proteins (Godefroid Charbon, 

Cabeen, and Jacobs-Wagner, 2009).  

How does crescentin cause the cell curvature in C. crescentus? Crescentin spans the whole length of a 

cell on one side in the inner curvature of the cell membrane, but upon chemical detachment of 

crescentin from the cell wall, crescentin collapsed into curved or helical shapes (Cabeen et al., 2009). 

Attachment of crescentin cables to the cell wall has been suggested to cause a mechanical force, 

which affects the peptidoglycan production rate in a way that reduces the cell wall synthesis in the 

inner curvature, and increases synthesis at the opposite side in the WT C. crescentus (Cabeen et al., 

2009).  

Crescentin under laboratory conditions was not essential for C. crescentus and a creS mutant did not 

have any effect on cell growth, cell division, or chromosome segregation. Thus, what is the biological 

importance of the cell curvature for C. crescentus? There has been a suggestion regarding the crescent 

shape of C. crescentus and its survival in its natural environment (Persat, Stone, and Gitai, 2014). The 

natural environment of C. crescentus is freshwater lakes, where bacterial survival and colonization is 

dependent on their ability to attach to a solid surface and consequently forming micro-colonies and 

biofilms in the presence of natural moving fluids (O’Toole, Kaplan, and Kolter, 2000). C. crescentus 

has two types of cells: stalk cells containing a stalk and swarmer cells containing type IV pili. Both 

cells use their stalk and pili for adhesion to solid surface. A recent study has shown that the crescent 

shape of swarmer cells is very important for the effective attachment of pili to a solid surface in the 

pre-divisional cells and to secure their attachment to the surface even after division and consequently 

formation of a biofilm (Persat, Stone, and Gitai, 2014). 

Other	bacterial	IF-like	proteins		

After crescentin was discovered in C. crescentus (Ausmees, Kuhn, and Jacobs-Wagner, 2003), other 

IF-like proteins in different bacteria such as S. coelicolor and Helicobacter pylori were found. Despite 

the similar properties of IF-like proteins, such as tripartite structures and biochemical and biophysical 

aspects, there is a large structural diversity among IF-like proteins (Bagchi et al., 2008; Waidner et 

al., 2009; Walshaw, Gillespie, and Kelemen, 2010; Specht et al., 2011; Fuchino et al., 2013; Holmes 

et al., 2013).  

Scy		

Scy (Streptomyces cytoskeletal element) is an IF-like protein in S. coelicolor that has a long coiled-
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coil structure that is comprised of 1326 amino acids (Walshaw, Gillespie, and Kelemen, 2010). Scy is 

part of the TIPOC and it is important for hyphal growth and cell division in S. coelicolor (Holmes et 

al., 2013). Bioinformatic studies have suggested that Scy, like crescentin and IFs, have a tripartite 

structure, but their rod domain consists of only two subdomains, which are called coiled-coil 7 (CC7) 

and coiled-coil 51 (CC51) and which are connected by a 7–9 amino acid linker (Walshaw, Gillespie, 

and Kelemen, 2010). Similar to the coil 1A subdomain in eukaryotic IFs, the CC7 subdomain of Scy 

consists of 46 amino acids that can form six complete amino acid heptads, which forms the left 

handed twists in the coiled-coil structure (Walshaw, Gillespie, and Kelemen, 2010; Chernyatina, 

Guzenko, and Strelkov, 2015). Bioinformatic analysis showed that CC51 forms a novel and highly 

ordered 51-amino acid (penindaenad) repeat periodicity (Walshaw, Gillespie, and Kelemen, 2010; 

Holmes et al., 2013). The suggested model for a penindaenad repeat is one heptad repeat followed by 

four hendecads (7,11,11,11,11), which is assumed to form a right-handed twist in the coiled-coil 

structure (Walshaw, Gillespie, and Kelemen, 2010). The existence of hendecads in Coil 1A and Coil 2 

of vimentin has been reported previously (Chernyatina, Guzenko, and Strelkov, 2015). Based on the 

residues at position (a) and (h) (Fig. 1B) of a hendecad, and their packing, it is suggested that Scy 

forms a homodimer as its elementary assembly unit (Walshaw, Gillespie, and Kelemen, 2010). The 

elementary dimer structure of Scy can assemble to larger structures and form a network of long 

filaments, >100 nm, in in vitro conditions, which has been shown by negative-staining electron 

microscopy (EM) (Holmes et al., 2013). Deletion of scy in S. coelicolor caused a defect in hyphal 

growth, extensive hyphae branching, apical branching or tip splitting, aberrant septa formation in 

spore chains, and uneven chromosome division (Holmes et al., 2013). Overexpression of Scy showed 

that Scy is involved in the recruitment of DivIVA to the new branching site, but it did not affect the 

DivIVA level of expression (Holmes et al., 2013). Moreover, overproduction of Scy for 5 hours 

caused extensive branching with specific phenotype, which was introduced as a “hook-on-hook” 

phenotype. The “hook-on-hook” phenotype showed that Scy exists at the tip of each hyphae, but these 

hyphae were mostly abnormal because of a lack of DivIVA and consequently, a lack of cell wall 

production, which is believed to be the reason behind the formation of the phenotype (Holmes et al., 

2013). Scy was also suggested to affect cell division because S. coelicolor that lacks scy showed 

aberrant FtsZ-EGFP localization in the aerial hyphae (Holmes et al., 2013). The interaction of Scy 

with ParA coordinates the transition from aerial hyphae elongation arrest to chromosome segregation 

(Ditkowski et al., 2013). This hypothesis was supported by observing the interaction of both proteins 

in a bacterial two-hybrid assay, showing dependence of short-term ParA tip localization on its 

interaction with Scy and that both ParA and Scy can inhibit each other’s assembly in vitro (Ditkowski 

et al., 2013). 
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FilP		

FilP (filament forming protein) is a conserved protein, which has an orthologous that is widely spread 

among Streptomyces species (Söderholm et al., 2018). For example, cellulose binding protein  (AbpS) 

is a FilP ortholog in Streptomyces reticuli, with 93% sequence identity to FilP in S. coelicolor (Walter 

et al., 1999; Walter and Schrempf, 2003; Kelemen, 2017). FilP shares common biochemical and 

structural properties with eukaryotic IFs and IF-like proteins, such as the tripartite structure. Similar to 

IFs, FilP spontaneously forms filaments in vitro without the existence of co-factors (Bagchi et al., 

2008). In vitro filament formation of FilP revealed that FilP forms two different structures: filaments 

with a 60 nm striation pattern with a great similarity to in vitro filamentation of eukaryotic lamin, and 

a meshwork (Bagchi et al., 2008; Fuchino et al., 2013). Despite the large size difference between Scy 

and FilP, which are 1326 and 310 amino acids, respectively, several structural similarities for the two 

IF-like proteins have been suggested. For example, the FilP rod domain is predicted to be comprised 

of two subdomains, CC7 and CC51, and it forms homo-dimers as the FilP primary filament-forming 

unit (Walshaw, Gillespie, and Kelemen, 2010). The latter is in agreement with the primary structure 

of the FilP ortholog, AbpS, which showed the formation of dimers in the purified full length or 

truncated AbpS samples (Walter and Schrempf, 2003; Walshaw, Gillespie, and Kelemen, 2010).  

Dialysis of recombinantly expressed and purified FilP in a commonly used buffer for IF in vitro 

assembly (50 mM Tris pH7) formed thick filaments with a 60 nm repetitive striation pattern (Bagchi 

et al., 2008). Immuno-staining of FilP has shown a gradient of FilP in the sub-apical area, and also a 

cable-like structures of FilP that is adjacent to branch formation during the artificial expression of 

DivIVA (Fuchino et al., 2013). A new study on FilP in S. venezuelae has confirmed the gradient and 

sub-apical localization of FilP (Fröjd and Flärdh, 2019). These observations suggest the possibility 

that the different observed FilP structures in in vitro conditions might reflect the two distinct in vivo 

FilP assemblies, although FilP cables were observed because of the artificial induction of DivIVA 

(Fuchino et al., 2013). Time lapse imaging of FilP-mCherry showed that the sudden growth arrest of 

some aerial hyphae in S. venezuelae caused the FilP gradient in the sub apical area to disappear within 

10 minutes. Furthermore, a fluorescence recovery after photobleaching experiment showed that FilP 

has a rapid, three-minute, turnover, which suggests that FilP is a dynamic protein and can have a 

rather fast exchange rate during the aerial hyphae growth. However, by arresting new FilP synthesis 

for up to one hour, Fröjd et al. showed that the dynamic exchange of FilP subunits during hyphal 

growth does not result from the constant new production and degradation of FilP, but that it is the 

result of an exchange of subunits within the existent cytosolic pool of FilP (Fröjd and Flärdh, 2019). 

FilP interacts with DivIVA but these two proteins do not co-localize (Fuchino et al., 2013). Although 

it has been proposed that FilP is recruited to the pole via DivIVA, co-expression of FilP and DivIVA 

in E. coli showed that the FilP gradient formation was independent of the DivIVA formation (Fuchino 
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et al., 2013). DivIVA positioned at the poles in E. coli were unable to recruit FilP to the pole and 

random localization of FilP within E. coli was observed (Fuchino et al., 2013). FilP can affect 

DivIVA distribution at the tips and consequently it can affect the size and structure of the TIPOC. In 

the absence of FilP, TIPOC showed a large variation in size, which affects the hyphae morphology 

(Fröjd and Flärdh, 2019).  

FilP mutation causes a crooked hyphae morphology with reduced rigidity that was measured using 

atomic force microscopy (Bagchi et al., 2008) (Fig. 4). However, FilP deletion did not affect the 

thickness of the cell wall or its sensitivity towards lysozyme or vancomycin (Fuchino et al., 2013). 

Expression of filP is suppressed by WhiA and WhiB. WhiA and WhiB hinder the de novo production 

of FilP at the time of sporulation (Bush et al., 2013, 2015, 2016). Moreover, it has been suggested that 

FilP filamentation is controlled by post-translational modification and that FilP becomes 

phosphorylated at the stage of aerial hyphae growth and spore production (Manteca et al., 2011). This 

suggests that, at the time of sporulation, in addition to stopping filP transcription via WhiA and WhiB, 

the remaining transcribed FilP proteins are dissociated through phosphorylation. FilP N-acetylation 

has also been documented, but the effect of this modification on FilP is not known (Hesketh et al., 

2002). 

The mechanism of FilP filament assembly, the components that trigger meshwork formation and the 

atomic resolution of the FilP remain unclear. However, in our recent studies, paper I and II, we 

investigated the basic steps of assembly from coiled-coil dimerization to the primary building blocks 

of FilP polymerization. We also demonstrated the hierarchical model for FilP filament assembly, 

which continues with the protein structure by crystallography of partial FilP rod domain structure in 

paper II.  

 
Figure 4: Morphological defect caused by the deletion of filP in S. coelicolor hyphae. Live hyphae of the ∆filp 

and wild-type strains visualized by phase contrast microscopy. 
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Figure 4:  A) Morphological defect caused by the deletion of filP in S. coelicolor hyphae. 
Live hyphae of the ¨filp and wild-type strains visualized by phase contrast microscopy.
B) Crystal structure of FilP fragment,184-288.
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Aim	of	the	study		
 

The aims of this thesis are addressed under the following specific objectives: 

Paper I: 

• To purify non-tagged FilP without using fusion-tags and probe its filament assembly 

compared to N- and C-terminally tagged FilP. 

• To characterize filament assembly conformation, and the effects of different buffers and salt 

conditions on the IF-like protein polymer structure. 

• To develop a model of FilP assembly, from coiled-coil subunits filament bundle. 

• To use cryo-electron tomography to visualize the FilP protein filament bundle and investigate 

how the three-dimensional (3D) volume can contribute to our understanding of filament 

assembly. 

 

Paper II: 

• To identify which FilP domain, head, tail, and/or the coiled-coil domains, are important and 

contribute to filament assembly. 

• To identify the role of FilP individual coiled-coil domains for hyphal stability and 

morphology and for in vitro filament assembly. 

• To solve the atomic structure of FilP using crystallography. 

 

Paper III: 

• To characterize the cellulose binding capacity of FilP and its affinity for cellulose, 

carbohydrates and similar compounds. 

• To explore reagents causing FilP elution from cellulose. 

• To identify the cellulose binding domain of FilP. 

• To identify other IF and IF-like proteins with a potentially better or alternative cellulose 

binding capacity. 

• To assess a coiled-coil domain of FilP as a fusion tag for affinity purification. 
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Results	and	discussion	

Assembly	mechanisms	of	the	bacterial	cytoskeletal	protein	FilP	(Paper	I)	

In paper I, FilP, the IF-like protein in S. coelicolor, was used to study its polymerization kinetics and 

filament assembly characteristics, to elucidate the first suggested model for the in vitro filament 

assembly mechanism of IF-like proteins.  

N-terminally histidine-tagged (His-tag) FilP that formed filaments with a 60 nm striation pattern were 

shown to be similar to what has been observed with eukaryotic lamin (Herrmann and Aebi, 2004; 

Ausmees et al., 2007). To ensure that the polypeptide 6×His-tag does not affect in vivo localization, 

and to investigate if the periodic assembly of FilP into bundled filaments is an intrinsic property of 

FilP and not an artifact of the His-tag, we compared N- and C-terminally His-tagged FilP with non-

tagged FilP. Immunofluorescent labeling of FilP showed that the His-tag, regardless of its position, 

did not affect FilP localization. Moreover, EM studies of negatively stained recombinant purified FilP 

showed that filament formation and the striation pattern is an intrinsic property of FilP, although the 

C-terminally tagged FilP showed an altered striation pattern. We further report the FilP protein 

concentration affects its in vitro filament formation, resulting in differences in the thickness and 

bending properties of the filaments in the tagged and non-tagged FilP. At a high concentration, 200 

μg/ml, FilP formed thick paracrystals with approximately 60 nm intervals between each striation 

pattern, while the C-terminally His-tagged FilP formed paracrystals without any striation pattern. At a 

low concentration, N-terminally His-tagged FilP still formed the 60 nm striation pattern, while C-

terminal and non-tagged FilP formed filaments with a shorter striation pattern, which was 28 nm and 

29 nm, respectively. Moreover, at lower concentrations (<20 μg/mL), all recombinantly expressed and 

purified FilP proteins formed thinner filaments with more branching and bending capacities.  

A turbidity assay of FilP filament polymerization showed that reduction in FilP concentration resulted 

in less filament formation and that 33 µg/mL was the critical concentration for in vitro FilP filament 

formation. To put the in vitro FilP self-assembly experiments into a more biological perspective, we 

measured the in vivo FilP concentration to 63 μg/mL, which is within the concentration range in 

which FilP spontaneously formed filaments in vitro.  

The buffer contents and pH drastically affect the structure and filament assembly of IFs and the IF-

like protein, crescentin (Herrmann and Aebi, 2004; Cabeen, Herrmann, and Jacobs-Wagner, 2011). 

We showed that FilP filaments are dissociated and become soluble in alkaline buffers. A high pH 

buffer such as ethanolamine (pH 11) increased FilP solubility up to 72% and the negative-staining EM 

of this sample showed that FilP, instead of forming filaments, formed soluble rod-shaped modules. 

Dialysis of FilP in different buffers showed that in the presence of phosphate buffer, FilP filaments, 
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like their eukaryotic counterparts, lamin, start to unwind and consequently, their solubility increases. 

Moreover, we probed the effect of cations such as Mg2+, K+, and Na+, on in vitro filamentation of 

FilP. In our experiments, we observed that FilP solubility was enhanced in presence of all these 

cations. Combination of 200 mM K+ and 1 M Na+ increased FilP solubility compared to each cation 

alone, and therefore FilP recovery in the supernatant was up to 63%. While FilP dialyzed in buffer 

containing 5 mM Mg2+ had the lowest solubility and only formed filamentous FilP, in the presence of 

200 mM K+ and/or 1 M Na+, it formed 3D meshwork comprised of interconnected hexagonal modules 

alongside the thin filaments with a 60 nm striation pattern. The same structure was observed when 

FilP was dialyzed in cytoplasmic-mimicking Polymix buffer. 

Eukaryotic IFs have shown different forms of assembly in in vitro conditions. Cytoplasmic IFs such 

as vimentin form filaments via end-to-end attachment of ULF to form higher-order structures (Portet 

et al., 2009). However, in vitro filament assembly of lamin has shown a different path. Head-to-tail 

attachment of lamin dimers forms thin protofilaments and a lateral association of protofilaments forms 

higher-order filament bundles with a 25 nm striation pattern (Aebi et al., 1986; Heitlinger et al., 

1991). We used different techniques to identify the in vitro filamentation path of FilP. Single particle 

analysis of negatively stained FilP dialyzed in ethanolamine pH 11 showed that FilP formed rod-

shaped modules that were 37 nm in length. The length of FilP modules was consistent with the 

theoretical estimation of the FilP length (40 nm) using COILS software (Lupas, Dyke, and Stock, 

1991). Thus, we suggested that FilP rod-shaped modules could be the probable primary building 

block of FilP. Next, low concentration dialysis of FilP in HEPES or Tris buffer showed that FilP 

primary units tended to attach to each other in a head-to-head and tail-to-tail manner, and thus, 

forming thin protofilaments. Cryo-electron tomography of in vitro assembled FilP filaments showed 

that FilP protofilaments, which are similar to lamin, laterally associated with each other in a repetitive 

manner to form higher order filament bundles. Protofilaments overlap with each other forming a 

protein-dense area that we called the major band. FilP protofilaments longitudinally bridge between 

the two major bands, but not in a very orderly and straight manner. Transverse protofilaments, from 

one major band to the other, showed a slightly more protein dense area in the middle, which is called 

the minor band. 

In conclusion, in this study, we systematically studied polymerization and filament assembly 

conditions of the IF-like protein, FilP, using biochemical analysis and EM techniques and compared 

them to other studied IF-like proteins and to its eukaryotic counterparts. These studies revealed the 

importance of cations for the solubility and, more importantly, the reason behind the formation of the 

3D meshwork. Moreover, using these findings enabled us to establish the first model of FilP filament 

assembly.  
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Coiled-coil	domain	structure	of	the	intermediate	filament	like	protein,	FilP,	

provides	an	assembly	model	(Paper	II)	

Despite the biochemical and structural similarities between eukaryotic IF and IF-like proteins, it has 

been suggested that the rod domain of two IF-like proteins from S. coelicolor, FilP and Scy, have 

different arrangements compared to crescentin and eukaryotic IFs (Walshaw, Gillespie, and Kelemen, 

2010; Holmes et al., 2013). Studies have suggested that the FilP and Scy rod domain is comprised of 

two coiled-coil domains, coiled-coil 7 (CC7) and coiled-coil 51 (CC51), which are connected with a 

short linker (Walshaw, Gillespie, and Kelemen, 2010). Unlike IFs, no atomic resolution structures of 

IF-like proteins are currently available.  

To resolve the FilP structure, we used the divide and conquer strategy to design FilP fragments with 

different coiled-coil domains. To probe the importance of each fragment in the in vitro assembly of 

FilP filaments, we dialyzed the fragments and analyzed them using negative staining EM. The EM 

studies showed that in the absence of the head domain and the first coiled-coil, FilP still formed 

filaments with a striation pattern. However, the protofilaments within the filamentous bundles were 

loosely packed and had smaller major bands compared to the full length FilP. A fragment containing 

only the last two coiled-coils, aa 184–288, also formed very thick filaments with a very short, 16 nm 

striation pattern. This indicates the importance of the FilP C-terminal of the rod domain in filament 

formation. Protein crystals could be formed from the aa 184–288 fragment. Phasing of the 

corresponding construct was achieved using selenomethionine labelling and it was diffracted to 2.3-

Å-resolution (Fig. 5). The crystal structure of the 184–288 fragment showed α-helical strings, which 

were parallel homo-dimers that were 15.3 nm in length. Unlike the suggested bioinformatic model of 

the FilP rod domain, the 184–288 fragment was comprised of one α-helical domain without any 

linkers. The arrangement of amino acids in the interface between two molecules was comprised of 

hydrophobic residues, mostly leucine (L) and isoleucine (I) at a and d positions, which facilitated 

dimerization of two 184–288 molecules via hydrophobic interactions. In the structure of each homo-

dimer, the hydrophobic interactions at the position of L at 263 in molecule a and L at 270 in molecule 

b were dissociated, forming a fork-like structure that can bind to the C-terminal of another 184–288 

homo-dimer (Fig. 5). The interaction between the two 184–288 homo-dimer molecules at their fork-

like structures provides a protein-dense area that can explain the short striation pattern that is observed 

in the negative-staining EM studies and also the minor band that was observed in the previous study 

of the full-length FilP. 

Because of the reduction in the major cross-band distance, identified by EM, in filaments formed by 

the 71–310 fragment, which lacked the head and the first coiled-coil domains, we suggest that the FilP 

major band protein is comprised of the protein-dense area that is formed by the N-terminal part of the 

FilP rod domain. Moreover, analytical ultra-centrifugation (AUC) showed that the first coiled-coil (1–
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64) only forms a dimer. We propose that the N-terminal part of the FilP forms a protein-dense area 

and consequently forms the major band. The area of aa 1–64 folds back on the rod domain using its 

flexible linker. Crystallography data showed that the minor band is formed by interaction of the fork-

like structures in the C-terminal part of FilP. Moreover, 184–288 fragment crystals confirmed the 

lateral association of FilP protofilaments, which was suggested in previous studies (Javadi et al., 

2019). 

To understand the importance of FilP fragments in restoring the FilP in vivo function, we transformed 

the FilP fragments 1–123, 1–176, 71–310, and 184–288 to the WT strain of S. coelicolor and to the 

∆filP strain. We showed that the non-filament forming fragment, aa 1–123, did not compliment the 

∆filP strain. However, the other non-filament-forming fragment, aa 1–176, which was shown by AUC 

to form tetramers, could restore the WT phenotype in the transformed ∆filP strain, similar to both FilP 

filament-forming fragments, 71–310 and 184–288. 

Our results show the first crystallographically solved structure of an IF-like protein, FilP, to atomic 

resolution, but only one part of the protein could be solved. Unfortunately, the N-terminal domain of 

FilP remains unresolved, but this new structure has helped us to confirm the previously suggested 

model for in vitro filament assembly (Javadi et al., 2019) by showing which parts of the FilP domains 

were involved in forming major and minor bands. Additionally, this provided more detailed 

information about FilP filamentation and its similarities and differences with the eukaryotic IF, lamin. 

Moreover, we showed the importance of different FilP fragments in in vitro filamentation and in 

preserving FilP in vivo function. More studies are required to determine the exact function and the 

interacting proteins of FilP. 
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Figure 4:  A) Morphological defect caused by the deletion of filP in S. coelicolor hyphae. 
Live hyphae of the ¨filp and wild-type strains visualized by phase contrast microscopy.
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Crystal structure FilP fragment, 184-288 
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Affinity	to	cellulose	is	a	shared	property	among	coiled-coil	domains	of	

intermediate	filaments	and	prokaryotic	intermediate	filament-like	

proteins	(Paper	III)	
 

Hydrolysis of cellulose leads to the formation of microcrystalline cellulose (Avicel). S. reticuli uses 

microcrystalline cellulose as its carbon source. Affinity of the FilP ortholog, AbpS, for cellulose 

suggested the theory of its involvement in cellulose metabolization (Walter, Wellmann, and 

Schrempf, 1998). Moreover, AbpS may anchor the cellulose-like molecules to the surface of the 

bacteria (de Jong et al., 2009). 

In this study we tested the affinity of Avicel for several different proteins: FilP and Scy from three 

different Streptomyces strains, DivIVA (a coiled-coil protein but not an IF-like protein) from S. 

coelicolor, crescentin from C. crescentus, and lamin, a eukaryotic IF from C. elegans. These 

experiments showed that all the mentioned proteins had Avicel affinity.  

Cellulose is formed from units of β (1 → 4) linked by D-glucose units, and Avicel-binding proteins 

interact with these glucose units. To investigate what, besides 6 M urea, can disrupt the FilP protein-

Avicel interaction, different sugars, polyols, and detergents were used. FilP elusion from Avicel was 

observed from all the tested sugars and polyols. However, water, a high salt concentration, and 

different pHs ranging from 3–10 did not elute FilP from Avicel. An anionic detergent such as SDS 

eluted FilP from Avicel as well as 6 M urea, but non-ionic detergents, such as Triton X-100 and 

Tween-20, did not disrupt the FilP–cellulose interaction. 

To find the interacting domain or epitope of FilP, Scy, and lamin with Avicel, we made constructs 

containing different coiled-coil parts of their rod domain. Our experiments showed that all the 

mentioned protein constructs containing a combination of coiled-coils in the N- or C-terminal part of 

the rod domain bound to Avicel. Therefore, we suggest that the coiled-coil formation is responsible 

for the protein interaction with cellulose. 

Because of the high yield and purity of purified FilP using Avicel, we decided to use a FilP fragment 

as a fusion tag for Avicel purification from their native source or recombinantly expressed in E. coli. 

For this, the 184–288 fragment, which was the shortest FilP construct with a high level of interaction 

with Avicel, was chosen. Purification of recombinantly expressed FilP tagged with maltose-binding 

protein (MBP) in E. coli and a FilP-YPet fusion in S. coelicolor strain NA1062 expressing a FilP-

YPet showed that FilP-fusion proteins can be isolated with high purity from cell lysates compared to 

parallel purification of the proteins using talon resin. Moreover, we demonstrated that the oligomeric 

state of proteins is necessary for their cellulose affinity property, suggesting that Avicel-protein 

interaction occurs via the hydrophobic outer surface of the coiled-coils. Disruption of this interaction 
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was accomplished using 6 M urea via dissociation of the protein coiled-coils. However, different 

sugars and small polyols could successfully dissociate this interaction by out-competing the proteins. 

For the first time, we introduced cellulose affinity of coiled-coils rather than the full-length proteins 

by designing constructs of FilP and lamin that contained different coiled-coils of their rod domains. 

Coiled-coil affinity for Avicel led to the idea of using a FilP fragment as a tag for cellulose affinity 

purification. For this, we chose the 184–288 fragment because it is the shortest FilP fragment with a 

high affinity for Avicel and low background. 

Conclusions	

• The FilP C-terminal is important for its in vivo function and its in vitro filament bundle 

assembly with a 60 nm repeating pattern.  

• FilP concentration affects its in vitro filamentation. A lower FilP concentration formed 

thinner filaments that were capable of turning and bending. 

• The in vivo FilP concentration in S. coelicolor was estimated to be 63 μg/mL, which is in the 

range of in vitro FilP self-assembled filaments. 

• FilP in vitro filamentation is affected by monovalent and divalent cations. Na+ and K+, or a 

combination of both, solubilized FilP and caused formation of a hexagonal interconnected 

meshwork. Mg2+ solubilized FilP less than the two mentioned monovalent cations and did not 

form any meshwork. 

• In our suggested model of in vitro FilP filamentation, FilP dimers bind to each other in a 

head-to-head or tail-to-tail manner forming protofilaments. Lateral association of FilP 

protofilaments form thicker FilP filaments. 

• Head and the first coiled-coil of FilP are not important for in vitro filamentation or in vivo 

function. 

• The C-terminus of FilP coiled-coil rod domain is important for in vitro filamentation and in 

vivo function. 

• The crystal structure of the FilP fragment aa 184–288 showed that the C-terminal part of the 

FilP rod domain is comprised of one coiled-coil. 

• The aa 184–288 fragment dimers at their C-terminus form a fork-like structure. Two of 184–

288 dimers bind to each other from their fork-like structure in an end-to-end manner forming 

a protein-dense area. 
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• Observed reduction of major band protein density in the 71–310 fragment lacking the head 

and the first coiled-coil showed that the FilP N-terminus is involved in the major band 

formation while the minor band is formed because of the interaction between the fork-like 

structures. 

• FilP showed the same cellulose affinity as its ortholog in S. reticuli. 

• Other IF-like proteins, lamin, which is an IF protein from C. elegance, and DivIVA, which is 

not an IF-like protein but, rather, a coiled-coil protein, showed the same affinity towards 

cellulose. 

• Oligomeric states of the proteins are important for their cellulose affinity. 

• Using the FilP fragment 184–288 as a fusion tag resulted in a high yield of protein with a high 

purity from the recombinantly expressed proteins in E. coli or from their native sources.  
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