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Engineering adherent bacteria by creating a single synthetic curli operon
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Short Abstract: 
The design of a synthetic operon encoding both the secretory apparatus and the structural monomers of curli fibers is described. Overproduction of these amyloids and adherent polymers allows a measurable gain of adherence of the E. coli chassis
. Easy ways to visualize and quantify adherence are explained.
Long abstract
Adherence plays an important role in bacterial life and virulence. This property is widely studied both for the impact in human health and for the benefits it brings in bioremediation. Biopolymers such as curli amyloid fibrils generate a matrix for surface adhesion and interactions with other bacteria 1. Amyloid materials result from assemblies of formerly soluble proteins bound together through the formation of hydrogen bonds in a periodic structure. This phenomenon occurs in the absence of external energy input such as ATP. Curli materials represent therefore a class of nanoscale structures which can be applied for the modulation of cell adherence in response to specific signal, such as metal pollution.
The method described here consists in redesigning E. coli adherence properties by assembling the minimum number of curli genes under the control of a strong and metal-overinducible promoter, and in visualizing and quantifying the resulting gain of bacterial adherence. This method applies appropriate engineering principles of abstraction and standardization of synthetic biology, and results in the BBa_K540000 BiobrickTM (Best new BiobrickTM device, engineered, iGEM 2011).
The first step consists in the design of the synthetic operon devoted to curli overproduction in response to metal, and therefore in increasing the adherence abilities of the wild type strain. The original curli operon was modified in silico in order to optimize transcriptional and translational signals and escape the “natural” regulation of curli. This approach allowed to test with success our current understanding of curli production. Moreover, simplifying the curli regulation by switching the endogenous complex promoter (more than 10 transcriptional regulators identified) to a simple metal-regulated promoter makes adherence much easier to control and perfectly adapted to the use of E. coli in metal decontamination.
The second step includes qualitative and quantitative assessment of adherence abilities by implementation of simple methods. These methods are applicable to a large range of adherent bacteria regardless of biological structures involved in biofilm formation. Adherence test in 24-well polystyrene plates provides a quick preliminary visualization of the bacterial biofilm after crystal violet staining. This qualitative test can be sharpened by the quantification of the percentage of adherence. Such a method is very simple but more accurate than only crystal violet staining as described previously 2 with both a good repeatability and reproducibility. Visualization of GFP-tagged bacteria on glass slides by fluorescence or laser confocal microscopy allows to strengthen the results obtained with the 24-well plate test by direct observation of the phenomenon.

Introduction: 
Bacterial adherence to abiotic support plays a major role in bioremediation, biocatalysis or microbial fuel cells. Bioremediation processes use the capacities of microorganisms to degrade organic substances, or to modify the metal distribution (immobilization, volatilization) or speciation. These beneficial activities are observed in aquatic and terrestrial ecosystems, but also in the artificial systems developed to treat polluted water of industrial and domestic wastes. The intensity and the quality of the microbial activity depend on physico-chemical factors, but also on the lifestyle of microorganisms (free-floating or embedded into biofilm). The biofilm formation is associated with a metabolism promoting resistance to biocides by diverse mechanisms. This phenomenon will therefore be encouraged in most bioremediation processes. Moreover, engineering Escherichia coli cells to control the biofilm formation has been successfully applied to immobilize whole-cell sensors on biochips
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Adaptation of microorganisms to high concentration of metals occurs via diverse mechanisms such as adsorption to extracellular matrix components, activation of efflux pump or specific carriers able to concentrate the metal into the cell. Boosting these bacterial activities via genetic engineering allows efficient and cheap treatment of metal pollution at the laboratory scale, especially in the case of highly toxic metals in weak quantity. Bacterial remediation represents in this case a competitive and cost saving method compared to classical chemical processes using ion exchange resins. The E. coli chassis was genetically engineered for cobalt uptake and retention first by knocking out the efflux pump encoding gene rcnA, and then by transformation with a multi copy plasmid allowing overproduction of a transporter with preferential uptake for cobalt. Such a strain appears as an efficient alternative to ion exchange resins to treat radioactive effluent, but a key unresolved issue is the recovery of contaminated bacteria at the end of the process 5. The objective of this work was therefore to engineer a custom-designed strain able to stick to abiotic supports such as glass or plastic.

Amongst the whole set of adhesins and adherent fimbriae identified in Gram- bacteria, we chose to design a system allowing curli production. Curli are thin (2–5 nm diameter) and highly aggregative amyloid fibers that protrude from the E. coli and Salmonella surface as a non- crystalline and insoluble matrix 
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. Curli are also involved in the colonization of abiotic surfaces and the development of biofilms 
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. Curli were recently shown to bind mercury ions 9. Amyloids are indeed known to possess high affinity for metals ions such as Cu2+, Zn2+ and Fe3+ 10. This property might further improve the decontamination of metal polluted effluents. The csg cluster is responsible for the production of curli fibers and is constituted of two divergently transcribed operons (figure 1). The csgB, csgA and csgC genes constitute the sens operon, encoding the two curli subunits, CsgA and CsgB. CsgC is an accessory component thought to play a yet unexplained role in curli assembly 11. The csgDEFG operon encodes proteins essential in the regulation and transportation of CsgA and CsgB to the cell surface. CsgD is a transcriptional activator of the of csgBAC operon. CsgE, CsgF and CsgG constitute a curli-specific secretory apparatus in the outer-membrane through which the major curli subunit protein CsgA is secreted as a soluble protein. The polymerization of CsgA is dependent in vivo on the membrane-bound nucleator protein CsgB (reviewed in 12). Complex regulatory pathways involving several two-component systems have been shown to control curli gene expression 
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. These complex regulations allow bacteria to form thick biofilms via the curli production in response to environmental cues, but are difficult to control for industrial applications. To facilitate the recovery of the metal-stuffed bacteria during an industrial process, bacterial fixation to a solid support indeed needs to be controlled by well defined parameter(s). The adherent properties of curli are linked to their amyloid nature 15 and could be used to improve bioremediation processes, but a simpler and easily controlled device has to be created. 
Amongst these 7 genes 16, a set of 5 absolutely required genes for curli synthesis (csgB and csgA encoding fiber monomers) and exportation (csgE csgF and csgG, encoding the curli secretion complex) were selected to construct the synthetic operon. To escape the “natural” regulation of curli, a synthetic operon comprising these 5 csg genes under the control of a strong and cobalt-overinducible promoter (figure 2) was designed and synthesized. The step-by-step analysis of the curli-encoding region and the design procedure for a functional synthetic operon are described. Two methods to visualize and quantify bacterial adherence to polystyrene and glass are explained.

Protocol Text
1) BiobrickTM design and synthesis of the curli operon

1.1) Determine the genetic organization and localize the endogenous transcriptional and translational signals of the curli genes. These informations are gathered in specialized databases such as RegulonDB
 or EcoGene
 and completed by a careful reading of pertinent publications. Data management and in silico preanalysis were performed with Clone Manager software 
.
1.2) Select the pertinent coding sequences. A set of five absolutely required genes for curli synthesis (csgB and csgA encoding fiber monomers) and exportation (csgE csgF and csgG, encoding the curlin secretion complex) were selected to construct the synthetic operon.  Extract the chosen sequences from the data base in FASTA format.

As the csgGFE cluster is antisens in E. coli genome, convert this sequence into its reverse complement counterpart by using the Clone Manager tools Operations> Process molecule> Invert molecule. Paste the csgEFG sequence behind csgBA by using the function “Ligate” (Clone> Ligate).  
1.3) Add the appropriate promoter. By placing the five selected curli genes under control of the promoteur Prcn, curli are predicted to be over-produced in presence of cobalt and nickel. The rcn locus encodes an efflux pump responsible for Ni and Co detoxification (rcnA) and its cognate metallo-regulator (rcnR). RcnR controls the expression of rcnA and its own gene in response to Ni and Co {Blaha, 2011 #1467}. The rcn sequence comprising rcnR CDS, the whole rcn intergenic region plus the 41 first nucleotides of rcnA was placed in front of the csgBAEFG chimerical sequence (figure 1, the sequence of the whole construct is provided as supplementary data).
1.4) Optimize the transcriptional signals. A perfect ribosome binding site (or perfect RBS= AAGGAGGTATATA) was added in front of the first ATG of the csgBA DNA sequence. A second perfect RBS was added in front of the csgEFG sequence. Endogenous RBS for the csgB and csgF and csgG genes were conserved. 
1.5) To fit iGEM standards, the device must be flanked by a standard BioBrickTM prefix and suffix, containing restriction sites for EcoRI, PstI (prefix) and SpeI and XbaI (suffix). Paste the corresponding sequences at each end of the device
.
1.6) Eliminate any EcoRI, PstI, SpeI and XbaI recognition site in the device. To facilitate further assembly process, the BioBrickTM part itself may not contain any of these restriction sites. In silico restriction analysis of the device revealed one PstI site in the csgA sequence, one PstI site in the rcnR sequence and one EcoRI site in the csgE gene. These sites are respectively located in position 80 (Mut1), 1340 (Mut2) and 1830 (Mut3) of the device sequence (supplementary data) and were modified as follow by silent mutations.                                                                                                               
Mut1 PstI site CTGCAG changed in CGTCTG

Mut2 PstI site CTGCAG) changed in CAGCAG

Mut3 EcoRI site GAATTC) changed in GAATT
1.7) Run through the translation simulation using the Clone Manager software (Operation>Process molecules>Translate molecules). Use the sequence alignment program BLAST to verify the perfect homology between the wild type curli protein and the proteins encoded by the synthetic operon.
1.8) Order the synthetic operon. Commercial gene synthesis services are available from numerous companies worldwide, our partner was Genecust (Luxembourg). 4 g of the artificial operon (3165 bp) were received few weeks later and inserted into pUC57 (pIG2). 
2) Visualize and quantify adherent bacteria on polystyrene
2.1) Fill each well of a 24-well polystyrene plate with 2 ml of M63 minimal medium (glucose 0.2%) and inoculate each well with 106 cells of an overnight culture. Grow bacteria at 30°C for 18 to 48h without shaking. Each column (4 wells) represents a modality. Add the proper amount of cobalt (25 to 100M) and antibiotic (ampicilline 100 µg.L-1) when needed. The 3 first line of the 24-plate are used to quantify the adherent bacteria by averaging the 3 repetitions, the last line left is used to visualize the biofilm. 
2.2) For the 3 first lines of the 24-well plate: for each well, recover the supernatant containing the planktonic cells.

2.3) Carefully rinse each well with 1 ml of M63 and pool the 1 ml wash with the initial supernatant  obtained in 2.2). This pool is referred to as swimming cells.
2.3) Recover the biofilm in 1 ml of M63 by scraping and pipetting up and down. Vortex 15 seconds. Estimate the number of surface-attached and swimming bacteria from the optical density at 600 nm (OD600) to give the adherence percentage corresponding to each modality.

2.4) Only for the last line of the 24-well plate: discard planktonic cells.

2.5) Rinse with 1 ml of M63 the biofilm which had developed on the bottom of the plate. 
2.6) Dry the open plate for 1 h at 80°C. 

2.7) Add a drop of 20% crystal violet for a few min in each well followed by extensive washes with water to visualize the surface-attached bacteria.
Three independent assays (plates) have to be performed to ensure reproducibility.
3) Visualize adherent bacteria on glass by microscopy

3.1) Get a fluorescent chassis. The E. coli SCC1
 strain which constitutively expresses green fluorescent protein (GFP) with no observable difference from the parent strain MG1655 


17 ADDIN EN.CITE  is a perfect host for the plasmid bearing the synthetic curli operon.
3.2) Transform SCC1 with the pIG2 plasmid (=synthetic curli operon inserted at the EcoRI/PstI site of the pUC57 plasmid) to obtain the S23 strain. Transform SCC1 with a control plasmid (pUC18) to obtain the control strain S24 18.
3.3) Grow overnight precultures of the S23 and of the control (S24) strains at 30°C in MG63 medium supplemented with glucose (0,2 %) and ampicilline (100 µg.L-1). 

3.4) Inoculate 15 mL of the same medium in Petri dishes with 100 µL of the precultures. Add cobalt (25 µM) when needed. Introduce 3 rectangular glass coverslip in each Petri dish. Incubate overnight at 30°C without shaking.
3.5) Remove the coverslip from the Petri dish and carefully drain it.  Carefully clean the lower face with a small cotton stuff impregnated with 70° ethanol by wiping off every bacterial residue. For confocal observation, clean both upper ends on a few millimeters to allow further fixation of the coverslip.
3.6) Adherent bacteria can be visualized directly but quickly under fluorescence microscope, but carefully avoid drying of the sample.
3.7) Pile and stick together with varnish twice two square coverglasses (Zeiss 18x18mm and 0,17 mm thick, class 1.5). Stick one pile to each cleaned end of the rectangular coverslip. Invert the setup so that the biofilm will be now on the lower face. The rectangular coverslip is now disposed like a bridge with the biofilm hanging down. 
3.8) Place the setup under the confocal laser microscope. A right Axioplan2 LSM510 (Zeiss) confocal laser microscope was used at the Platim platform
. 
3.9) Setting. Excite GFP at 488 nm, and collect the bacterial fluorescence in the range 500 to 600 nm. Use 40x oil immersion objective for acquiring images in laser scanning confocal mode. Scan the overall three-dimensional structures of the biofilms from the solid surface to the interface with the growth medium, using a step of 1 μm.  
3.10) Perform three-dimensional projections with IMARIS software (Bitplane, Zürich, Switzerland). Determine biofilm thickness by the analysis of the average z value along statistical longitudinal sections. Quantification of biofilm biovolumes can be extracted from confocal z-stacks as described elsewhere 19.
Representative Results
In silico annotation of the wild type csg sequence of E. coli K12 associated with the optimization of transcriptional and translational signals has allowed to design the single synthetic curli operon Prcn-csg shown in figure 3 (full sequence in supplementary data). Protocol 2 and protocol 3 were used to visualize and quantify adherence associated with curli production. Using crystal violet staining on 24-well polystyrene plates (protocole 2) biofilm formation at the bottom of each well can be rapidly visualized and it appears that the wild type strain is less adherent than the engineered strain as shown by the difference in purple color intensity (figure 4A). This qualitative approach is strengthened by quantitative measurement which reveals that the percentage of adherence is 1.5 fold higher in the engineered strain (figure 4B). Moreover, accuracy of the quantitative approach allows measurement of a significant reinforcement of adherence in presence of increasing concentrations of cobalt. Indeed, in media with cobalt concentrations of 0 µM, 25 µM or 50 µM, percentages of adherent cells reach 25%, 30% and 40% respectively (figure 4B). Adherence abilities can also be compared using microscopy with GFP-tagged bacteria grown on glass slides. Epifluorescence microscopy observations (green bacteria on black background) reveal that the engineered strain forms a several layers large aggregate considered as a biofilm whereas the wild type strain forms only micro-colonies (figure 5). Confocal microscopy analysis provides an overall view of the biofilm three-dimensional structure and confirms that the engineered strain is more adherent, forming a denser and thicker biofilm (figure 6). 
Tables and figures
Figure 1. Curli wild-type system. Pathogenic bacteria such as enterohemorrhagic strain O157:H7 E. coli or Salmonella spp produce curli. These highly adhesive proteinaceous fibers allow bacteria to stick to a variety of living surfaces (other bacterial cells, uro or intestinal mammalian epithelia, vegetables…) or abiotic supports such as sand, glass or plastics.  The curli are made of two monomers encoded by the csgB and csgA genes.  Thanks to their signal peptide, the CsgA and CsgB curli monomers are translocated across the cytoplasmic membrane via the Sec system. A specific machinery composed of 3 main components, namely CsgE, CsgF and CsgG allows the translocation of curli monomers across the outer membrane.
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Figure 2. A strong and cobalt inducible-promoter (BBa_K540001). The promoter PrcnA is controlled by the transcriptional repressor RcnR. The rcnR gene is transcribed from its endogenous promoter PrcnR, divergently from PrcnA. The presence of the rcnR gene ensures a correct ratio of repressor copies versus PrcnA regulatory region. In absence of cobalt, RcnR binds to the RcnR box on DNA and prevents the full transcriptional activation of the downstream genes. If the intracellular concentration of cobalt rises, the binding of cobalt to the RcnR protein prevents the fixation of the repressor to the promoter and the transcriptional activity of PrcnA increases 
 ADDIN EN.CITE 
20
.

[image: image5.png]PrenR PrcnA

% RcnR (active)
N T

‘ RcnR (inactive)

co'balt




.

Figure 3. The synthetic curli operon. Curli genes are placed under the control of PrcnA.  The rcnR gene expressed from its own promoter should provide enough repressor to control the expression of curli genes in a cobalt dependent manner. To avoid periplasmic traffic jam due to curli monomer overproduction (CsgB and CsgA), the components of the curli specific secretion apparatus (CsgE, CsgF a,d CsgG) have to be overproduced too. Added traductional signals are indicated in grey (RBS= Perfect RBS). E= EcoRI X= XbaI S= SphI P= PstI. This synthetic part referred to as Bba_K540000 allows the engineered strain to become adherent to glass, sand or plastics via curli overproduction. 

[image: image2.png]BBa_K540000

csgB | ¢csgA y csgE csgF csgG

RBS

Q o Fiber components
i’ @  Componentsof the specific

secretion machinery




Figure 4. Visualization and quantification of the adherent bacteria on 24-well polystyrene plate. A. Crystal violet stained biofilm formed by adherent bacteria on polystyrene. B. Percentage of adherence on polystyrene of the wild type and the engineered strains with various concentrations of cobalt.
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Figure 5: Epifluorescence microscopy images of adherent GFP-tagged bacteria on glass slides. Bacteria are green on a black background. Arrows point at microcolonies.
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Figure 6: Confocal microscropy assisted three-dimensional reconstructions of biofilm structure on glass slides: A. Top view reconstructions B. Side view reconstructions.
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Discussion

Critical steps
 The most critical step in this synthetic biology approach is the gene design. Synthetic gene design has to be meticulous to ensure an efficient system production. Two genes encoding the fiber monomers and three genes encoding proteins involved in their secretion system have been assembled with a strong and metal-inducible promoter to create a new functional unit for a novel application: the bio-decontamination of nuclear effluent. As planned and predicted, this device leads to an enhanced high curli production, which is reinforced by increasing amount of cobalt in the medium. Such a success results from the presence of both the appropriate transcriptional signals in the chosen promoter (PrcnA), and the efficient translational signals added in front of each set of curli genes (csgBA and csgEFG) (see figure 3). In addition, when working with a multicopy plasmid, attention has to be paid to the copy number of the regulator(s) involved in the promoter control. Here, multicopies of the main regulator RcnR of the used promoter (PrcnA) were provided from the same plasmid (figure 3).
Limitations, possible modifications
To ensure a perfect reproductibility, the adherence test has always to be performed in the same brand of polystyrene plates (see Table). Fluorescence microscopy is easier with fluorescent-tagged strains, but this requirement can be overcome by using fluorescent dyes such as Syto®, or plasmid carrying lac-GFP fusions 21. Bacterial attachment to abiotic surfaces such as polystyrene and glass depends on the ionic strength or osmolarity of the medium. Best results are usually obtained in minimal medium or diluted LB 19, 22.
Future applications or directions after mastering this technique
The method described here to quantify bacterial adherence is rapid and cheap. However, to characterize a large number of strains or culture conditions, and/or to obtain a detailed structural characterization of biofilms, high throughput method based on confocal laser scanning microscopy combined with the use of 96-well microtiter plates has to be considered 23.
 The MBEC™ screening system, formerly Calgary Biofilm Device 24 can also be used. This system is based on the use of a microtiter plate with a removable lid that hold 96 pegs substratum allowing microscopic observations of biofilm structure 25, or quantification of cells in biofilm after disruption by sonication on a water table sonicator (The MBEC™ High-throughput (HTP) Assay, Innovotech, Edmonton, Canada). Another system, the Biofilm Ring Test®, monitors how inert paramagnetic beads included in the culture medium are immobilized during the formation of the biofilm 26, and can be used to quantify biofilm formation. MBEC™ and Biofilm Ring Test® require specific materials that are more expensive than basic consumables used in this study. 
Significance of the technique with respect to existing methods
To create a single independent curli operon, we tried two methods in parallel: a synthetic approach described here, and a classic method involving mutagenesis to remove internal EcoRI and PstI restriction sites, and PCR steps followed by ligations. Both approaches were initiated at the same time, but sequencing analysis of the operon obtained by the classical method revealed undesirable mutations. Therefore, synthesis of the device has been more efficient and more rapid than classical cloning and mutagenesis procedures.
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	pIG2
	
	
	pUC57(pMB1 ori, 2710 bp) with a 3165 bp EcoRI/PstI fragment containing the synthetic Prcn-csgBAEFG operon ; Ampr


	pUC18
	
	
	Multicopy plasmid (pMB1 ori, 2686 bp), Ampr

	S23
	
	
	SSC1 (= GFP-tagged MG1655, gift of C.C. Sze)/pIG2

	S24
	
	
	SSC1/pUC18

	CoCl2
	Sigma
	
	0,1M stock solution kept at Room Temperature

	M63
	
	
	27

	24-well plate 
	Nunc
	55429
	Polystyrene 24-well plates
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� Chassis:  in synthetic biology, the term chassis depicts the frame in which you introduce new DNA devices to confer new functions to the organism.


� RegulonDB provides mechanistic information about operon organization and their decomposition into transcription units, promoters and their sigma type, genes and their ribosome binding sites, terminators, binding sites of specific transcriptional regulators, as well as their organization into regulatory phrases. � HYPERLINK "http://regulondb.cs.purdue.edu/index.jsp" �http://regulondb.cs.purdue.edu/index.jsp�


� The EcoGene database contains updated information about the E. coli K-12 genome and proteome sequences, including extensive gene bibliographies. A major EcoGene focus has been the re-evaluation of translation start sites.  � HYPERLINK "http://ecogene.org/" �http://ecogene.org/�


� http://www.scied.com/dl_cmp9d.htm


� http://partsregistry.org/wiki/index.php?title=Help:BioBrick_Prefix_and_Suffix
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