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Summary 
FilP is an intermediate filament-like protein in Streptomyces coelicolor. Previous research has 
shown that FilP forms filamentous structures in growing vegetative hyphae and is involved in 
S. coelicolor growth and morphogenesis. To understand how FilP functions in Streptomyces, 
identification of proteins that interact with it can provide important information. Also, with 
the help of a fluorescent protein tagged version of FilP, microscopy could show many details 
of its dynamic patterns during the growth of the cells. 
 
A bacterial two hybrid system based on adenylate cyclase was employed to test if three 
candidate proteins, DivIVA, SCO3114, and SCO597, interact with FilP. The results in this 
study showed that two of them, DivIVA and SCO3114 seemed to interact with FilP, indicating 
that they might be involved in the same process of S. coelicolor growth and morphogenesis. 
 
Two recombinant S. coelicolor strains were established. One of them is a merodiploid strain 
that was designed to express both wild type FilP and the FilP-mCherry fusion protein, and the 
other was designed to express only the fusion protein. However, both of these strains showed 
FilP-deficient phenotype and no filaments were observed under the microscope, indicating 
that the fusion protein does not possess normal functions of FilP and it has a dominant 
negative effect in the merodiploid strain. Further study revealed that both strains had 
established the desired gene structure, but expression of wild type FilP in the merodiploid 
strain was extremely low. This, together with other data, indicated the presence of a 
far-upstream regulation element. 



Introduction 

Prokaryotic cytoskeleton and bacterial morphogenesis 

Bacterial architecture has long been considered simple; however, recent research has shown 
that bacterial cells are also highly organized and prokaryotic cytoskeletal elements 
homologous to eukaryotic actin, tubulin, and intermediate filament proteins have been 
identified (Graumann, 2007). FtsZ, a prokaryotic homologue of β-tubulin has been shown to 
play a key role in morphogenesis of coccus cells as well as in division of both coccus and rod 
cells by forming a ring-shaped structure during cell division (Figure 1A, Cabeen and 
Jacobs-Wagner, 2005), while MreB, an actin homolog in prokaryotic cells that often 
polymerizes into helical structures, is responsible for guiding the formation of rod bacteria 
(Figure 1B, Cabeen and Jacobs-Wagner, 2005). In addition to cocci and rods, there are many 
other bacteria showing more complicated shapes. In these bacteria, intermediate filament-like 
proteins have been shown to play crucial roles (Figure 1C, Ausmees et al, 2003, Cabeen and 
Jacobs-Wagner, 2005). These prokaryotic cytoskeletal elements may influence the cell shape 
by guiding cell wall peptidoglycan synthesis (Cabeen and Jacobs-Wagner, 2005). 
 

 
Figure 1 Cytoskeletal elements and cell shape. A) Cells such as Staphylococcus aureus contain the tubulin-like 
protein FtsZ, which forms a ring-shaped structure (blue) during cell division to ensure normality of the division 
process. And most cells containing only FtsZ as their cytoskeletal element are spherical. B) Cells containing the 
actin-like protein MreB and its homologues can take on a rod-shaped morphology like that seen in Escherichia 
coli. MreB and its homologues often polymerize into helical structures (red) along the long axis in the cell. C) 
Caulobacter crescentus cells contain crescentin (yellow) in addition to FtsZ and MreB, and show 
crescent-shaped cell morphology. (Redrawn from Cabeen and Jacobs-Wagner, 2005) 
 
However, morphogenesis independent of these above-mentioned cytoskeletal elements has 
been observed in the large group of actinobacteria, and Streptomyces coelicolor is one of them. 
This Gram positive bacterium carries a high GC content genome and exhibits a rather 
complicated developmental life cycle (Figure 2): starting from a spore (stage 1), the bacterium 
germinates (stage 2) and grows into vegetative mycelium that extends by branching and tip 
growth (stage 3). Then later some of the vegetative mycelia turn into aerial hyphae (stage 4) 
that can produce spores (stage 5) (McGregor, 1954). 
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Figure 2 life cycle of Streptomyces coelicolor. A spore germinates and grows by branching into vegetative 
mycelia, and then the mycelia perform aerial growth to form aerial hyphae. The aerial hyphae carry on 
synchronous septation and produce unigenomic spore compartments that later mature and separate to obtain the 
next generation of spores. (Drawn according to McGregor, 1954) 
 
The only known determinant of tip growth in S. coelicolor is DivIVA, a coiled coil protein 
that localizes to the actively growing zone at the tip of the hyphae and most probably recruits 
components of the essential peptidoglycan machinery (Flärdh, 2003). 
Another protein, FilP, has recently been discovered to be involved in growth and 
morphogenesis of S. coelicolor. FilP is an intermediate filament-like protein that has been 
predicted to confer a coiled-coil structure. Purified FilP forms filamentous structures in vitro 
(Figure 3A) and discontinuous filaments are observed in growing vegetative hyphae of the 
merodiploid strain filP:filP-egfp (Figure 3B). Furthermore, FilP is needed for normal growth 
and morphology (Figure 3C and 3D, Bagchi et al, 2008). However, the detailed mechanism of 
FilP cytoskeletal functions has remained unknown. 
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Figure 3 FilP forms filaments and influences S. coelicolor growth. A) Filamentous structures formed by 
purified FilP in vitro. B) Discontinuous filaments observed in the merodiploid strain filP: filP-egfp. C) 
Phenotypes of the mutant strain ΔfilP and wild type observed under microscope. D) Growth curve of the mutant 
strain ΔfilP and the wild type strain. (Reproduced from Bagchi et al., 2008, with permission) 

 

The bacterial adenylate cyclase two-hybrid system 

The bacterial adenylate cyclase two-hybrid (BACTH) system is based on interaction-mediated 
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reconstitution of the adenylate cyclase activity in Escherichia coli (Karimova et al. 2000). 
The two components of Bordetella pertussis adenylate cyclase (Ladant and Ullmann, 1999, 
Karimova et al. 2000), T18 and T25, do not show their catalytic activity when physically 
separated (Figure 4B). When each of the two fragments is fused to one of two interacting 
proteins, they will be brought together upon the interaction of the two interacting proteins and 
regain their catalytic activity and produce cAMP (Figure 4C). Together with the catabolite 
activator CAP, cAMP is able to activate the expression of several genes including genes of the 
lac and mal operons that are involved in lactose and maltose catabolism (Figure 4D). As a 
result, the bacteria become capable of utilizing lactose or maltose and growing on minimal 
medium supplemented with one of these sugars, or produce color on indicator media.  
 

 
Figure 4 Principle of the BACTH System A) The two fragments of adenylate cyclase show catalytic activity 
when they are physically close. B) Catalytic activity is lost when T18 and T25 fragments are separated. C) T18 
and T25 fragments regain catalytic activity when they are brought together via interaction between proteins they 
are fused to. D) cAMP activates several operons in the presense of CAP. (Redrawn from Karimova et al. 2000) 
 
 
The high copy number vectors pUT18 and pUT18C express the T18 fragment as well as an 
ampicillin resistance, with their multiclonal site (MCS) sequence either in front of (Figure 5A) 
or after (Figure 5B) the sequence encoding T18. The low copy number vector pKT25 contains 
a kanamycin resistance cassette as well as a sequence encoding the T25 fragment with a MCS 
after it (Figure 5C). Co-transformation of derivates of pKT25 and pUT18 or PUT18C that 
each carries a gene of interest to an E. coli strain BTH101 that is adenylate cyclase deficient 
(cya-) will result in co-expression of two proteins fused to T18 and T25 in the same cell and 
assays can be taken to determine if the two proteins interact with each other. 
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Figure 5 Vectors used in the BACTH system. The high copy number vectors pUT18 and pUT18c are derived 
from the vector pUC19 and contain genes encoding the T18 fragment and ampicillin resistance (red). The MCS 
(yellow) in pUT18 is in front of the T18 sequence (blue), resulting C-terminally tagged fusion proteins, while the 
one in pUT18c is after it, resulting N-terminally tagged fusions. The low copy number vector T25 is a derivative 
of the vector pSU40, and contains the gene encoding the T25 fragment (green) as well as a kanamycin resistance 
marker (purple). The MCS (yellow) is after the T25 sequence and the resulting fusion proteins are N-terminally 
tagged (Redrawn from Karimova et al. 2000). 
 
Candidate proteins for two-hybrid analysis  
Results from literature and bioinformatics have indicated three proteins that are putative 
interaction partners of FilP (Ausmees, personal communication) 
 
The first candidate protein is DivIVA. In addition to involvement in S. coelicolor growth and 
morphogenesis of both DivIVA and FilP, the two proteins have shown partial subcellular 
colocalization: DivIVA is localized to the tips of growing hyphae (Flärdh, 2003), while FilP is 
shown to form filamentous structures near the tips of growing hyphae (Bagchi et al, 2008), 
suggesting that the two proteins may interact with each other.  
 
The second candidate is SCO3114, an annotated protein with weak amino acid sequence 
similarity to FilP (Bagchi and Ausmees, personal communication).  
 
The third candidate is SCO5397. The gene SCO5397 is an annotated 4-kb gene that lies next 
to filP in the chromosome (Figure 6A) and encodes a large protein almost entirely in coiled 
coil conformation. A knock-out mutant of SCO5397 shows similar but more severe 
morphological and growth defects compared to a filP mutant (Figure 6B) , and double 
knockout of both filP and SCO5397 is not viable (Bagchi and Ausmees, personal 
communication). Therefore, it is quite likely that FilP and SCO5397 interact with each other.  
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Figure 6 A) SCO5397 lies just upstream of filP in S. coelicolor chromosome. (Redrawn from Bentley et al, 2002) 
B) Morphology of S. coelicolor cells from three strain Δ5397. Δ5397 cells show similar but more severe 
morphological defects compared to those of ΔfilP. (Data from Ausmees, N., with permission)  
 
Previously, two S. coelicolor strains, ΔfilP:filP-gfp and filP:filP-gfp had been constructed to 
study the subcellular localization of FilP (Ausmees N., personal communication). The first 
strain expresses a fusion protein FilP-GFP (FilP fused N-terminally to the green fluorescent 
protein GFP) instead of wild type FilP. However, the ΔfilP:filP-gfp strain exhibits a phenotype 
similar to the filP deletion mutant, indicating that the fusion protein is not functional. 
FilP-GFP filaments are seen predominantly at sites of hyphal branching, but not close to the 
growing tips. The second strain, which is a merodiploid expressing both wild type FilP and 
the FilP-GFP fusion protein, has shown discontinuous filamentous structures in growing 
vegetative hyphae, with a predominant localization at or close to the growing tip. (Figure 3B). 
However, depending on growth conditions and other uncontrollable factors, the merodiploid 
strain sometimes had aggregates of FilP-GFP as dominant structures, instead of filaments. 
This always correlated with a typical morphology caused by filP deletion, whereas the 
presence of FilP-GFP apical filaments always correlated with a wildtype morphology of the 
hyphae. This suggested that FilP-GFP has a dominant negative effect, which at occasion takes 
overhand, perhaps due to fluctuations in the respective expression levels of wildtype filP and 
filP-gfp.  
 
Aims 
 
Identification of interaction partners of FilP would provide information about how FilP carries 
out its function and influences growth and morphogenesis of S. coelicolor.       Based on the 
assumption that interactions with other proteins are important for cytoskeletal functions of 
FilP, one aim of this investigation was to find interaction partners of FilP using the BACTH 
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system. 
 
To improve the functionality of the FilP fusion derivatives and to further extend the 
knowledge about FilP subcellular localization, a fusion construct that has a long flexible 
linker between FilP and the fluorescent tag mCherry (FilP-LL-mCherry) was designed and 
two S. coelicolor strains expressing either the fusion protein alone or both the fusion protein 
and wildtype FilP were constructed. 
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Results 

BACTH analysis 
To study the physical associations of FilP, SCO3114, SCO5397 and DivIVA, systematic test 
for pairwise interaction of the four proteins were performed with the BACTH system.  
 

 
Figure 7 BACTH analysis results. A) BACTH analysis results on LB plates. Representative samples from eight 
replicates are shown in the figure. B) BACTH analysis results on minimal medium plates. Only combinations 
showed positive results on LB plates were analyzed on minimal plates. Each sample represents four replicates. C) 
Results of liquid assays. Left: strains with the plasmid pKT25-FilP; right: strains with the plasmid 
pKT25-DivIVA. Y-axis indicates β-galactosidase activity; eight samples of each strain corresponding to the 
streaks on LB plates were analyzed. Blue columns represent the average of the eight samples, red and green 
columns represent positive (cells containing pKT25-Cres pUT18C-Cres) and negative (cells containing an empty 
pUT18C and a respective pUT18/pUT18C derivative) controls respectively. 
 
Genes encoding FilP and its potential interaction partners, DivIVA, SCO3114 and SCO5397, 
were cloned into the three BACTH vectors to generate plasmids that expressed hybrid 
proteins with these polypeptides either fused N- or C-terminally into T18 (pray) or 
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C-terminally to T25 fragment (bait). SCO5397 was only cloned in the vectors pUT18 and 
pUT18C, as there wasn’t any suitable restriction enzyme site available in the MCS of pKT25. 
Corresponding bait and pray pairs were electroporated into the BTH101 cells. Interacting 
protein partners would lead to lacZ activation, generating a blue color on Luria-Bertani broth 
(LB) plate containing bromo-chloro-indolyl-galactopyranoside (X-gal). Since some of the 
pairs gave weak blue color, a minimal medium was employed to perform a more stringent test. 
Also a quantitative assay based on ortho-nitrophenyl-ß-D- galactopyranoside (ONPG) was 
carried out. The results from the BACTH analysis are shown in Figure 7  

Cells containing the baits were transformed with an empty pUT18C vector and grown on LB 
X-gal plates. In the combination pUT18C pKT25-3114 a positive result was observed. Thus, 
the tests using pKT25-3114 as bait are not reliable. The other two combinations, i.e. pUT18C 
pKT25-FilP and pUT18C pKT25-DivIVA showed negative results. Therefore the other tests 
are reliable. 
 
The strain pUT18C-FilP pKT25-FilP showed strong positive result on LB X-gal plate as well 
as in the ONPG assay, and it grew quite well on minimal medium plate with a strong blue 
color, which is consistent with its filament-forming property (Bagchi et al, 2008). However, 
the assays for pUT18-FilP pKT25-FilP showed weak positive results and it grew more slowly 
on minimal medium. This may indicate that the C-terminal of FilP is important for its 
polymerization. LB X-gal plate assays of both the strains pUT18C-DivIVA pKT25-FilP and 
pUT18C-FilP pKT25-DivIVA showed positive results, and these two strains successfully 
grew on minimal medium plate with a strong blue color, indicating the existence of an 
interaction between DivIVA and FilP. In addition, the interaction between FilP and DivIVA 
has been verified by co-immunoprecipitation experiments (Bergman, J., personal 
communication). Cells of the strain pUT18C-3114 pKT25-FilP showed blue color on LB 
X-gal plate and they grew well on minimal medium plate, meaning that SCO3114 has high 
potential of being an interaction partner of FilP. Both of the strains pUT18-5397 pKT25-FilP 
and pUT18C-5397 pKT25-FilP gave negative results in LB X-gal assays, indicating that 
SCO5397 did not show interaction with FilP in this study. The strain pUT18C-DivIVA 
pKT25-DivIVA gave positive results on LB X-gal plate and it grew well on minimal medium 
plate, ONPG assay of this strain also showed a positive result. This indicates that DivIVA 
might form polymers. 
 
To sum up, DivIVA and SCO3114 interacted with FilP in the bacterial two-hybrid system, 
while SCO5397 did not. In addition, self interactions were observed in both FilP and DivIVA.  
 
Study of subcellular localization of FilP 

To improve the functionality of the FilP fusion derivatives and to further extend the 
knowledge about FilP subcellular localization, a fusion construct that has a long flexible 
linker between FilP and the fluorescent tag was designed. The long flexible linker, as 
described by Shimozono and Miyawaki (2008), is composed of three continuous repeats of 
(Gly-Gly-Gly-Gly-Ser). Glycine, the amino acid that carries the smallest side chain, confers 
maximal flexibility, while serine residues are interspersed along the long peptide chain to 
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improve the solubility. Incorporation of this linker dramatically improved the functionality of 
the cytoskeletal protein actin when fused to a fluorescent tag. The vector pEGFP-N2 was 
employed to construct the recombinant strains. This vector encodes kanamycin resistance and, 
upon transformation, is able to integrate itself into the chromosome of S. coelicolor via 
insert-mediated homologous recombination. 
 
To construct a recombinant S. coelicolor strain expressing only FilP-mCherry (a red 
fluorescent protein), DNA fragments encoding a truncated version of FilP (about 600 bp from 
the 3’ end of filP), the flexible long linker (LL), and mCherry were cloned in the vector, 
yielding plasmid pEGFP-N2-FilPc-LL-mCherry (pNA934). For construction of a merodiploid 
strain expressing both wildtype and tagged FilP, a DNA fragment encoding the entire FilP 
together with 200 bp upstream sequence (including a possible promoter region) was used 
(plasmid pEGFP-N2-FilP-LL-mCherry, or pNA933). These constructs were used to transform 
S. coelicolor protoplasts, and selected with kanamycin. Homologous recombination, as shown 
in Figure 8, would yield a strain expressing only the fusion protein FilP-LL-mCherry (strain 
filPc:filP-LL-mCherry), as well as a merodiploid strain that could express both wildtype FilP 
and the fusion protein FilP-LL-mCherry (strain filP:filP-LL-mCherry). 
 

 
Figure 8 Strategies of constructing recombinant S.coelicolor strains Plasmids modified from the vector 
pEGFP-N2 were transformed into S. coelicolor protoplasts to allow homologous recombinations and obtain 
strains that either expressed both FilP and FilP-LL-mCherry or merely the fusion protein. 
 
To test whether the recombination was successful, diagnostic PCR with two pairs of primers 
was carried out. As shown in Figure 9A, ideally, PCR with the primers N141 and mChIR 
would produce a product with a length of about 1500 bp for both recombinant strains, while 
PCR with the primers N145 and N129 would produce a product with the length about 1100bp 
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(for the merodiploid strain) or 800bp (for the filPc: filP-LL-mCherry strain). Neither reaction 
should produce any product when the wild type strain was used as template. Since the primers 
N145 and mChIR were not optimized for the high-GC Streptomyces genome, there could be 
several background bands in the PCR. As Figure 9B shows, bands with correct size were 
obtained from both recombinant strains, but not from the wildtype strain, indicating the 
recombinations were successful. 
 

 
Figure 9 PCR diagnoses of recombinant strains. A) Binding sites of the primers. The forward primer N141 
binds at a site about 500bp upstream filP in the chromosome, while the reverse primer mChIR binds in the very 
beginning part of mCherry; the forward primer N145 binds at a site in the vector pEGFP-N2 that is about 100bp 
upstream the multiclonal site, and the reverse primer N129 binds at a site about 100 bp downstream filP in the 
chromosome. Green box: DNA fragments derived from the plasmid. B) Agarose gel analysis of the PCR 
products. White arrows indicate target bands, black arrows indicate bands of background product. Lane 0: 
GeneRuler 1kb DNA ladder (Qiagen®). Lane 1-3: filPc: filP-LL-mCherry, lane 4 and lane 5: 
filP:filP-LL-mCherry, lane 6: wild type S. coelicolor. 
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In order to test whether the fusion protein was expressed in the cell, Western blot experiments 
using anti-FilP antiserum as primary antibody were also made. Both recombinant strains 
showed normal expression of the fusion protein, but the merodiploid strain did not show 
expression of wild type FilP (Figure 10), indicating that the 200 bp filP upstream sequence 
was too short to accommodate a promoter or other gene regulation elements that are crucial 
for the expression 

 
Figure 10 Western blot analysis of recombinant strains. Lane 0: PageRuler protein ladder (Qiagen®). Lane 1: 
S. coelicolor wild type grown for 48 hours in TSB medium, lane 2: S. coelicolor wild type grown for 48 hours in 
YEME medium, lane 3: S. coelicolor wild type protoplast prep, lane 4: ΔfilP, lane 5: filP:filP-LL-mCherry, lane 
6: filPc:filP-mCherry. Rabbit-anti-FilP antiserum was used as primary antibody, and swine-anti-rabbit IgG 
antibodies were used as the secondary antibodies. The large bands in lane 1-4 and the intermediate band in lane 4 
might be caused by unspecific binding of the antiserum. 

 
To test the functionality of the fusion proteins, fluorescence microscopy was used. As shown 
in Figure 11, the merodiploid strain filP:filP-LL-mCherry showed a Δfilp morphology with 
more twisted hyphae, and a diffuse fluorescence pattern, indicating that the FilP-LL-mCherry 
fusion protein did not function normally. 

 
Figure 11 Microscopy of the merodiploid strain filP: filP-LL-mCherry. The cells showed a phenotype similar 
to that of Δfilp strain, and the fluorescent fusion protein showed a diffuse pattern. 
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The strain filP:filP-mCherry did not show expression of wild type FilP, indicating that the 
intergenic sequence between SCO5397 and filP (as shown in Figure 6A) is not sufficient to 
support the expression of filP. In addition, a merodiploid strain filP:filP-gfp shows FilP 
expression, but the expression of FilP-GFP is much higher than wild type version (Bergman, 
J., personal communication). This strain was constructed in a similar way as in this study but 
contains 500 bp upstream of filP, including the intergenic region and part of SCO5397 
sequence. Therefore, this part of SCO5397 sequence may carry partial promoter activity for 
filP. To check if the complete promoter region of filP overlaps with SCO5397, Western blot 
was carried out for the strains Δ5397, where the entire coding sequence of SCO5397 was 
deleted, and Δ5397:5397-egfp, where a GFP coding sequence had been inserted just 
downstream SCO5397. The result is shown in Figure 12: both of the strains showed normal 
expression of FilP. 

 
Figure 5 FilP expression in the strains Δ5397 and Δ5397:5397-egfp. Lane 0: PageRuler protein ladder 
(Qiagen®). Lane 1 and 2: S. coelicolor wild type; lane 3: S. coelicolor Δ5397; lane 4: S. coelicolor Δ5397: 
5397-egfp. Rabbit-anti-FilP antiserum was used as the primary antibodies and swine-anti-rabbit IgG antibodies 
were used as secondary antibodies. 
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Discussion 

DivIVA, SCO3114 and FilP may be involved in the same process 

DivIVA has been shown to be essential for tip growth and hyphal branching and localizes to 
growing hyphae tips (Flärdh, 2003). FilP-GFP filaments also localized to the apical parts of 
growing hyphae. A FilP mutant strain shows a growth defect and less rigidity (Bagchi et 
al.2008). Thus, both DivIVA and FilP localize close to the active growth zone and affect 
growth and morphology. DivIVA has been proposed to recruit cell wall synthesis machinery. 
One possible explanation for the effects of filP deletion could be that FilP also affects 
peptidoglycan synthesis, and thus cell growth and cell rigidity. Recently, research has shown 
that Crescentin, the funding member of bacterial intermediate filaments, controls cell shaping 
by influencing kinetics of coordinated hydrolysis and synthesis of the cell wall (Cabeen et al, 
2009). It is possible that FilP also works in a similar manner. The fact that DivIVA and FilP 
interacted with each other in this study has strengthened the suspicion that they both play a 
role in regulating peptidoglycan synthesis. FilP might affect peptidoglycan synthesis directly, 
or by modulating DivIVA function. If more proteins that are involved in this process are 
discovered, especially if something that interacts with both DivIVA and FilP can be 
discovered, then a deeper understanding of their functions could be obtained. In addition, 
localization and functions of the protein SCO3114 is yet to be characterized, and the fact that 
it interacted with FilP may imply that this protein also could play a play in the process where 
FilP and DivIVA are involved. 
 
FilP may polymerize via its C-terminal region 

Although both products of the plasmids pUT18-FilP and pUT18C-FilP interacted with the 
T25-FilP fusion, the latter gave stronger signals in both liquid and plate assays. This may 
indicate that a free C-terminal region is important in the process of polymerization. Another 
possibility is that the T18 and T25 fragments had a more favorable conformation for 
interaction when being C-terminally linked to the fusion partner, as opposed to being 
N-terminally linked. In addition, the fusion protein FilP-LL-mCherry, where mCherry was 
fused to the C-terminus of FilP via the long flexible linker, could not form filaments and could 
not carry out normal functions of FilP. This phenomenon also supports the hypothesis that the 
C-terminal region is crucial for polymerization and functionality of FilP. Therefore, fusion 
proteins with fluorescent tags at the N-terminal of FilP would be more likely to be functional.  
 
Liquid β-galactosidase assay is only sensitive to strong interactions 

Only the self-interactions of FilP or DivIVA showed positive results in the liquid assay while 
all other dimers that showed positive results in the plate assay did not. Considering the fact 
that streaks of the strains for testing these self-interactions turned blue within 24 hours while 
the other strains turned blue after about 72 hours, it is possible that the liquid assay is less 
sensitive than the plate assay, and a possible explanation is that weak or transient interactions 
may need more time to accumulate sufficient cAMP to trigger activation of β-galactosidase. 
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This accumulation is possible on plate, but in liquid culture the cells enter stationary phase too 
soon. 
 
FilP expression is probably controlled from far-upstream 

Western Blot analysis showed that the merodiploid strain filP:filP-LL-mCherry had little 
expression of FilP, indicating that the intergenic sequence between SCO5397 and filP is not 
sufficient for expressing filP. The fact that FilP showed a lower level compared to FilP-GFP 
in the strain filP:filP-gfp (Bergman, J., personal communication) indicates that the 500 bp 
sequence upstream filP, which partially overlaps with SCO5397, carries partial functionality 
for filP expression. Therefore, there’s a local regulatory sequence that overlaps with SCO5397 
and can partially control filP expression. In addition, FilP was still detected by Western Blot 
in the strains Δ5397 and Δ5397: 5397-egfp, indicating either complete deletion or insertion of 
the SCO5397 sequence would not fully inactivate filP expression. Thus, it is quite likely that 
there’s a far-upstream element that controls filP expression together in addition to the local 
regulatory sequence. 
 
Future work 

A two-hybrid library of S. coelicolor will be constructed in order to identify more 
protein-protein interactions systematically at a genome wide scale. The search starts with FilP, 
but it will end much more beyond.  
 
In eukaryotes, intermediate filaments have been shown to interact with microfilaments and 
microtubes either directly or via scaffolding proteins (Godsel et al, 2005, Windoffer et al, 
2006, Herrmann and Aebi, 2000, Wald et al, 2005), and evidence shows that Crescentin 
interacts with MreB, the prokaryotic actin homolog (Charbon et al, 2009). Therefore, it is 
possible that FilP also interacts with prokaryotic microfilament and microtube homolog 
proteins, and these proteins should be taken into consideration at priority. 
 
Co-immunoprecipitation experiments should be carried out to test the putative interaction 
partners identified in the BACTH analysis to check if they show interactions in Streptomyces 
cells. New strategies can be taken to establish functional fusions of FilP and fluorescent 
proteins that will present the dynamics of FilP. A strain expressing 3114-mCherry is being 
constructed and hopefully could be used to perform co-immunoprecipitation experiments to 
confirm interaction between FilP and SCO3114. The strain could also be used to study 
localization of SCO3114. 
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Materials and Methods 

Strains, plasmids and primers 

Strains used in this study are listed in Table 1. 

Table 1 strains 

 Strain Description source 
E. coli    
 DH5α Cloning strain, electrocompetent Lab stock 
 TOP10 Cloning strain, chemically competent Invitrogen® 
 GM2929 dam-13::Tn9 dcm-6 hsdR2 recF143 galK2 

galT22 ara-14 lacY1 xyl-5 thi-1 tonA31 
rpsL136 hisG4 tsx-78 mtl-1 glnV44 leuB6 rfbD 

Kieser et al., 
2000 

 ETX dam-13::Tn9 dcm-6 hsdM, carries RK2 
derivative with defective oriT for plasmid 
mobilization 

Kieser et al., 
2000 

 BTH101 F- cya-99 araD139 galE15 galK16 rpsL1 (Strr) 
hsdR2 mcrA1 mcrB1 

BACTH kit, 
Euromedex® 

 NA913 BTH101 pKT25-3114 This study 
 NA914 BTH101 pKT25-DivIVA This study 
 NA915 BTH101 pKT25-FilP This study 
 NA581 BTH101 pUT18C-Crescentin pKT25-Crescentin Lab stock 
S. coelicolor   
 M145 Plasmid-free, prototroph Kieser et al., 

2000 
 NA360 M145 ΔSCO5397::SCO5397-egfp, expressing 

only SCO5397-GFP 
Bagchi et al. 
2008 

 NA483 M145 ΔSCO5397::aac(3)IV Bagchi et al. 
2008 

 NA884 M145 ΔfilP:: loxP   Bagchi et al. 
2008 

 
The plasmids used are listed in Table 2. 
 
Table 2 plasmids used in this study 
Stock Name Plasmid Description Source 
pUT18 Vector for two hybrid analysis BACTH kit, Euromedex®  
pUT18C Vector for two hybrid analysis BACTH kit, Euromedex®  
pKT25 Vector for two hybrid analysis BACTH kit, Euromedex®  
pEGFP-N2 Vector for cloning and transformation Lab stock 
pNA930  pUT18-3114 This study 
pNA898  pUT18C-3114 This study 
pNA931  pUT18-5397 This study 
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pNA932 pUT18C-5397 This study 
pNA903  pUT18-DivIVA This study 
pNA899  pUT18C-DivIVA This study 
pNA896  pUT18-FilP This study 
pNA897 pUT18C-FilP This study 
pNA900 pKT25-3114 This study 
pNA904 pKT25-DivIVA This study 
pNA901 pKT25-FilP This study 
pNA933 pEGFP-N2-FilP-LL-mCherry This study 
pNA934 pEGFP-N2-FilPc-LL-mCherry This study 
 
Primers used in this study are listed in table 3 
 
Table 3 primers used in this study 
Stock 
Name 

Primer Description  Sequence 

N482 XbaI_3114F Forward primer for cloning 
SCO3114, with XbaI site 

ATTATATCTAGAGAGCGGTGCAT
CGGCGTCT 

N483 KpnI_3114R Reverse primer for cloning 
SCO3114, with KpnI site 

TATTAAGGTACCCATTCCACCTC
CACCGCACG 

N484 XbaI_5397F Forward primer for cloning 
SCO5397, with XbaI site 

ATATTATCTAGAGCGGGGCTACG
AGAGCCAG 

N485 EcoRI_5397R Reverse primer for cloning 
SCO5397, with EcoRI site 

AATATTGAATTCCTGCCGTCTGA
CGACTTGCC 

N486 XbaI_DivIVAF Forward primer for cloning divIVA, 
with XbaI site 

AATATTTCTAGAGCCGTTGACC
CCCGAGGAC 

N487 KpnI_DivIVAR Reverse primer for cloning divIVA, 
with KpnI site 

TATATTGGTACCCAGTTGTCGTC
CTCGTCGA 

N488 XbaI_FilPF Forward primer for cloning filP, with 
XbaI site 

TAATATTCTAGAGAGCGACACT
TCCCCCTAC 

N489 KpnI_FilPR Reverse primer for cloning filP, with 
KpnI site 

TTATAAGGTACCATGCGGGACT
GCTGGGCCGG 

N236 KT25F Forward primer for sequencing the 
vector pKT25 

GTTCGCCATTATGCCGCATC 

N237 KT25R Reverse primer for sequencing the 
vector pKT25 

GGATGTGCTGCAAGGCGATT 

N238 UT18F Forward primer for sequencing the 
vector pUT18 

GTGTGGAATTGTGAGCGGAT 

N239 UT18R Reverse primer for sequencing the 
vector pUT18 

TTCCACAACAAGTCGATGCG 

N332 pUT18cF2 Forward primer for sequencing the 
vector pUT18c 

ATACGGCGTGGCGGGGAAAA 

N241 ut18cR Reverse primer for sequencing the 
vector pUT18c 

CTTAACTATGCGGCATCAGAGC 
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N129 5396 cloning 
wt rev 

Reverse primer for cloning filP, used 
for diagnosis 

AGAACGGGACGAGGCCCGCT 

N141 Entgene5396_f
orw 

Forward primer for cloning filP, used 
for diagnosis 

ATTATAAAGCTTGGTGCGCATC
GCCGCCGTCA 

N145 pGFP_forw Forward primer binding to the gfp 
sequence in the vector pEGFP-N2, 
used for diagnosis 

GGGCGGTAGGCGTGTACGGT 

N206 mCh Internal 
Reverse 

Reverse primer binding to the mChe 
sequence, used for diagnosis 

GATCTCGAACTCGTGGCCGT 

 
Cultivation 

E. coli strains were cultivated at 37 oC in LB medium (Trypton 10 g, yeast extract 5 g, NaCl 
10 g, add H2O to 1000 ml, pH 7.0) as described in Sambrook et al. (1989), those used for 
BACTH analysis were first cultivated in LB medium and then treated as described below. S. 
coelicolor strains were grown on soy flour agar plates (SFM), on R2YE agar plates, in yeast 
extract-malt extract medium (YEME), or in tryptone soy broth (TSB) medium (Kieser et al., 
2000) 
 
Polymerase chain reaction 

A 50 μl reaction system was used for PCR, with 0.2 μM primers, 0.2 mM dNTP (each), and 
0.5 to 2 μg/μl templates. A PCR kit (Qiagen® ) containing Taq polymerase and buffers was 
used according to the manufacturer’s instruction. The PCR was started with 96 oC for 10 
minutes, followed by 30 cycles of 95 oC for 1 minute, 52 oC for 2 minutes, and 72 oC for 1 
minute/kb. 72 oC for 10 minutes was added after the cycles. 
 
Agarose gel electrophoresis 

1% agarose gel was prepared with TAE buffer (Sambrook et al., 1989). 10 to 50 μl DNA 
sample was mixed with 6X loading dye (12 % glycerol (by volume), 60 mM Na2EDTA, pH 
8.0, 0.6% Sodium dodecyl sulfate (SDS), 0.003% bromphenol blue, 0.003% xylene cyanol) 
and loaded and horizontal electrophoresis was performed at 100 volts in a tank containing an 
appropriate amount of TAE buffer. 
 
Preparation of electrocompetent cells 

2 ml of cells from a fresh overnight culture were inoculated into 200 ml LB medium in a 500 
ml flask and grown overnight at 37 oC with vigorous shaking to mid-log phase. Then the 
culture was cooled on ice and centrifuged at 10000g for 10 minutes. The supernatant was 
discarded and the pellet was washed twice with 200 ml ice cold sterile H2O and centrifuged at 
10000g for 10 minutes. Then the pellet was resuspended in 5 ml ice cold 10% glycerol and 
centrifuged at 15000g for 5 minutes. The supernatant was discarded and the pellet was 
resuspended in 0.75 ml ice cold 10% glycerol. 50 l aliquots of the cells were placed in 1.5 
ml Eppendorf tubes and frozen at -80 oC. 
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Construction of plasmids and transformation 

The desired gene fragments were PCR amplified from S. coelicolor genome prep (Ausmees, 
N. and Bagchi, S.) with the primers listed in table 3, and the PCR products were purified with 
a PCR purification kit (Qiagen® ). Then the fragments as well as the plasmid backbone were 
digested with KpnI/XbaI or EcoRI/XbaI (Fermentas® ) following guide of enzyme digestion 
from the manufacturer. After digestion, the fragments and plasmid backbone were purified 
with the PCR purification kit (Qiagen® ) again and ligated with T4 ligase (Fermentas® ) for 2 
hours as instructed in the manual from the manufacturer. Then the constructs were purified 
with the PCR purification kit (Qiagen® ) for electroporation or chemical transformation. 
Transformation to E. coli electrically competent cells (DH5α and BTH101) were done with a 
BIO-RAD® Gene Pulser® at a voltage of 1500 V, a resistance of 400 Ω, and a capacitance of 
25 μF, chemical transformation to TOP10 (Invitrogen® ) competent cells was done according to 
the manufacturing company’s protocol. The constructs were sequence-verified before further 
usage (Uppsala Genome Center). 
 
Construction of strains for BACTH analysis 

BTH101 electro-competent cells were transformed with pKT25-3114, pKT25-DivIVA, or 
pKT25-FilP and selected on LB plates (Trypton 10 g, yeast extract 5 g, NaCl 10 g, agar 10 g, 
add H2O to 1000 ml, pH 7.0) with kanamycin (50 μg/ml). Then electrocompetent cells were 
made from these three new strains for transformation of the plasmids derived from pUT18 or 
pUT18C. After the second transformation, cells were spread on LB plates containing both 
ampicillin (50 μg/ml) and kanamycin (50 μg/ml) for selection. Colonies were taken from the 
plates and grown in 2 ml LB overnight and the fresh growing cells were used for assays of 
β-galactosidase activity. Usually eight colonies were assayed from the same strain. Two 
colonies of the strain BTH101 pUT18C-Cresentin pKT25-Cresentin were used as positive 
control, and two samples of a BTH101 strain containing an empty pUT18C and the same 
pKT25 derivate were used as negative control. These negative controls were tested in 
preliminary experiment and since the strain BTH101 pUT18C pKT25-3114 showed positive, 
one of the other two strains was taken instead. 
 
Liquid β-galactosidase activity assay 

100 μl of an overnight culture was re-inoculated into a 5 ml LB (with proper antibiotics as 
needed and 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)) flask and grown at 37 oC 
overnight. The OD600 of the culture was measured with a spectrometer, and 100 μl of the 
culture was mixed with 700 ul Z-buffer (0.06M Na2HPO4, 0.04M NaH2PO4, 0.01M KCl, 
0.001M MgSO4, 0.1%(v/v) β-mercaptoethanol, pH 7.0), 25 μl 0.1% sodium dodecyl sulfate 
(SDS), 200 μl ortho-nitrophenyl-ß-D- galactopyranoside (ONPG) (4 mg/ml) and 50 μl 
chloroform in an Eppendorf tube. The mixture was incubated at 37 oC for 10 minutes with 
shaking and then 500 μl 1 M Na2CO3 solution was added to stop the reaction. After standing 
still for about 15 minutes, OD420 and OD550 values were measured, and the relative 
β-galactosidase activity was calculated according to the equation: 
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Y = (OD420 – 1.75*OD550)/ (time (minutes)*volume of bacteria*OD600) 
 
Plate β-galactosidase activity assay 

Samples of the overnight cultures were streaked on a LA or minimal medium (M63 medium 
supplemented with maltose: 2 g (NH4)2SO4, 13.6 g KH2PO4, 0.5 mg FeSO4.7H2O and 15 g 
agar in 1000 ml H2O (adjust pH to 7.0 with KOH). After autoclaving, add 1 ml of 1 M 
MgSO4.7H2O, 15 ml of 20% maltose, 2 ml of 0.05% vitamin B1 (thiamin)) plate containing 
X-gal (1 mM), IPTG (1 mM), ampicillin (50 μg/ml) and kanamycin (50 μg/ml) with 
inoculation loops. The plates were kept at 37 oC in dark and observed several times until 72 
hours. 
 
Construction of Streptomyces coelicolor recombinant strains 

The plasmids designed for Streptomyces coelicolor recombination were constructed as 
following: A DNA fragment encoding LL-mCherry had been constructed with XbaI/EcoRI 
sites (Bagchi, S.). DNA fragments of the entire gene filP or the truncated version filPc were 
PCR amplified with primers listed in table 3, purified with PCR purification kit (Qiagen® ), 
and digested with BamHI/XbaI or XhoI/XbaI. The pEGFP-N2 plasmid was digested with 
BamHI/EcoRI or XhoI/EcoRI (Fermentas® ). Then triple ligations were done with T4 ligase 
(Fermentas® ) following instructions from the manufacturer’s manual to obtain the desired 
constructs. Then these constructs were electroporated into E. coli DH5α cells. The constructs 
were verified by sequencing (Uppsala Genome Center), and then electroporated into E. coli 
GM2929 strain to obtain unmethylated plasmids, which were used for S. coelicolor protoplast 
transformation. The protoplast transformation was done according to standard protocols 
(Kieser et al., 2000). 
 
Extraction of Streptomyces total DNA 

10 ml cells grown in TSB or YEME medium were harvested by centrifugation at 4000g, 
washed twice with 10 ml 10.3% sucrose and centrifuged at 4000g. The pellet was 
resuspended in 170 μl lysozyme solution (0.3 M sucrose, 25 mM Tris-HCl, pH 8, 25 mM 
EDTA, 2 mg/ml lysozyme, 50 μg/ml RNase A) and incubated at 30 oC for an hour. Then 90 μl 
10% SDS was added, carefully mixed and incubated at room temperature for 5 minutes. Then 
9 μl Proteinase K (20 mg/ml) was added, and the sample was mixed and incubated at 37 oC 
for an hour. Then 300 μl of 5 M NaCl was added and mixed thoroughly. And then 240 μl of 
prewarmed cetyl trimethyl ammonium bromide (CTAB)-NaCl solution (10% CTAB, 0.7 M 
NaCl) was added and incubated at 65 oC for 10 minutes. Then 2.25 ml chisam (chloroform/ 
isoamylalcohol (v/v) = 24:1, Kieser et al., 2000) was added, and the sample carefully mixed 
and incubated at room temperature for 10 minutes. Then the mixture was centrifuged at 5000g 
for 10 minutes and the supernatant was transferred to a new tube. After adding equal volume 
of phenol/chisam (v/v = 1:1) and gentle mixing, the mixture was centrifuged at 5000g for 10 
minutes. The supernatant was transferred to a new tube and 0.6 volume of isopropanol was 
added and mixed. Then the mixture was centrifuged at 5000g and the pellet was washed with 
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70% ethanol, air-dried, and dissolved in 300 μl distilled water. 
 
Preparation of Streptomyces lysate 

10 ml cells grown in TSB or YEME medium were harvested by centrifugation at 4000g and 
washed with 10 ml 10.3% sucrose solution. Then the mixture was centrifuged at 4000g for 10 
minutes, and the pellet was kept on ice. The pellet was resuspended in 1ml lysozyme (2 
mg/ml) in P-buffer (Kieser et al., 2000) with protease inhibitor cocktail (Sigma-Aldrich, 
P8340-5ML, 10 μl/ml buffer) and incubated at 30 oC for an hour. After being resuspended and 
incubated for an additional 15 minutes at 30 oC, the mixture was centrifuged at 4000g for 5 
minutes. 200 μl of buffer B (8 M urea, 0.1 M sodium phosphate, 0.01 M Tris-HCl, pH 8.0) 
was added to resuspend and sonicate (5 times, 5 seconds at 500W each time) the pellets. The 
mixture was shaken at room temperature for about an hour and then frozen for further use. 
 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

10% polyacrylamide gel (separating gel: 4.1 ml H2O, 2.5 ml 1.5 M Tris-HCl, pH 8.8, 0.05 ml 
20% (w/v) SDS, 3.3 ml 30%/0.8% (w/v) acrylamide/bis-acrylamide, 0.05 ml 10% (w/v) 
ammonium persulfate, 0.02 ml TEMED; stacking gel: 3.075 ml H2O, 1.25 ml 0.5M Tris-HCl, 
pH 6.8, 0.025ml 20% (w/v) SDS, 0.67 ml 30%/0.8% (w/v) acrylamide/bis-acrylamide, 0.025 
ml 10% (w/v) ammonium persulfate, 0.005 ml TEMED) was prepared with BIO-RAD®  
Mini-PROTEAN Tetra Electrophoresis System. The gel was run vertically at 80 volts for 
stacking gel and 120 volts for separating gel in a BIO-RAD cassette with proper amount of 
running buffer (25 mM Tric-HCl, 200mM glycine, 0.1% (w/v) SDS). A prestained protein 
ladder (PageRuler, Qiagen® ) was used to monitor the electrophoresis. 
 
Western blot 

When the SDS-PAGE was done, the stacking gel was discarded. A piece of PVDF membrane 
(Millipore Immobolin–P transfer membrane) with approximately the same size as the 
separating gel which was placed in 100% methanol for 1 minute and then placed against the 
gel, and the two were put in the transfer cassette between pads and three layers of filter paper. 
The transfer was run with a BIO-RAD transfer kit in standard transfer buffer (1.6 L H2O, 28.8 
g glycine, 6.04 g Tris base, 200 ml methanol) at 4 oC either at 20 mA overnight or at 100 mA 
for 2 hours. 
 
After transfer, the membrane was washed twice with PBS-T buffer (PBS buffer (NaCl 8 g, 
KCl 0.2 g, Na2HPO4 1.44 g, and KH2PO4 0.24 g, dissolved in 1000 ml H2O, pH 7.4) with 
0.1% Tween-20) (10 minutes each), then blocked in PBS-T with 5% milk protein (w/v, nonfat 
dry milk dissolved in PBS buffer) for 2 hours or overnight, washed with PBS-T twice (10 
minutes each), incubated with primary antibody (rabbit-anti-FilP antiserum (Innovagen® ), 
diluted 1:1000 in PBS-T with 5% milk protein) for 1 to 2 hours, washed with PBS-T four 
times (10 minutes each), incubated with secondary antibody (swine-anti-rabbit IgG polyclonal 
antiserum (Kado® ), diluted 1:3000 in PBS-T) for 1 hour, and washed 4 times with PBS-T (15 
minutes each time). Then the membrane was developed with an ECL kit (GE Healthcare, 
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RPN2132) and several films with different exposure time were taken. 
 
Purification of anti-FilP antibody 

To obtain better specificity and efficiency, the rabbit anti-FilP antiserum (Innovagen® ) was 
saturated with Bovine serum albumin (BSA) (12 mg/ml) and incubated at 37 oC for four hours. 
Purified FilP (from Bagchi S.) was run on a 10% SDS-PAGE gel with one big well and 
transferred to a PVDF membrane following the same procedure as for Western Blot. Then the 
membrane was stained with Ponceau to visualize and cut the desired band. After being 
blocked for one hour at room temperature in PBS-T with 5% nonfat dry milk, the membrane 
was put into the BSA-saturated antiserum in a 15 ml Falcon™ tube and incubated with 
agitation at room temperature for four hours. Then the membrane was washed with PBS-T 
three times for 15 minutes each time and once more with PBS. Then the membrane was cut 
into pieces and the antibody was eluted with 0.9 ml of 0.2 M HCl-glycine (pH 2.2) in an 
Eppendorf™ tube at room temperature for 15 minutes. After removing the membrane pieces, 
the solution was neutralized with 0.36 ml of 1 M K2HPO4. After dialysis against PBS 
overnight at 4oC, the antibody was stabilized with BSA (final concentration of 5%) and frozen 
for future use. 
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