Bacterial Photography: Engineering E. coli to See Light, Levskaya et al.
Materials and Methods

Strains and Plasmids. E. coli RU1012 [MC4100 ara+ ((OmpC-lacZ) 10-25 (envZ::KanR] was used to screen for active light receptors (obtained from G. Hazelbauer). This strain contains a chromosomally-encoded ompC reporter fused to a lacZ reporter. The PCB biosynthetic pathway was introduced into RU1012 via the pPL-PCB plasmid (obtained from J.C. Lagarias) (Gambetta and Lagarias, 2001), which was modified to replace the Kanamycin resistance with Ampicillin resistance. This plasmid contains a p15a origin of replication (ori). This plasmid contains the two-gene metabolic pathway pcyA and ho1 to convert heme to PCB under the control of a Para/lac promoter. All E. coli strains were grown in Luria-Bertrani Media at 37(C. When used, antibiotics were at the following concentrations: Ampicillin (25 (g/mL), Chloramphenicol (34 (g/mL), Kanamycin (10 (g/mL). To induce PCB synthesis, arabinose was added to the media at a concentration of 2mM. The cph1 gene was isolated from the cyanobacteria Synechocystis PCC6803 (ATCC 27184) after growth and isolation of genomic DNA using the Sigma GenElute kit. Cyanobacterial strains were grown using cyanobacterial medium BG11 (ATCC medium 636) at 37( under broad-spectrum white light. 

E.coli CP919 was transformed with the phytochrome biosynthetic and chimeric light receptor plasmids and used for all bacterial photography experiments.  CP919 is derived from RU1012, and carries an additional transposon insertion which knocks out rbsB and rbsK (ribose binding protein and ribokinase) (Baumgartner et al., 1994).
Plasmid Construction. The chimeric phytochromes were cloned into the pPROTet (Clontech). This plasmid contains a Chloramphenicol resistance gene and a ColE1 ori, which is compatible with the p15a ori pPL-PCB plasmid. This plasmid also contains the tet promoter, which was used to constitutively drive the expression of the chimeric phytochromes (all of the E. coli strains used do not contain the tetR gene). Prior to cloning the phytochrome fragments, the histidine kinase domain of envZ was ligated into pPROTet producing pPRO-HK. This domain consists of the C-terminal 229 amino acids that have been previously successful in constructing sensor chimeras (Utsumi et al.,1989). The wild-type nucleotide sequence at this cut point encodes the NdeI restriction site. The envZ fragment was amplified from E. coli K12 genomic DNA using primers containing the NdeI and XbaI restriction sites and then cloned using these enzymes into the pPROTet plasmid. The phytochrome fragments were then inserted during a second ligation using the KpnI and NdeI sites. 

Phytochrome Libraries. Using the pPRO-HK plasmid, a number of phytochrome signaling domains were inserted using the KpnI/NdeI restriction sites and tested for activity. First, we ran a CLUSTALW alignment of EnvZ against Cph1 (bioweb.pasteur.fr/seqanal/interfaces/clustalw-simple.html). A small library was then produced by varying the number of Cph1 amino acids included (( 9 amino acids), while holding the number of EnvZ amino acids fixed. The most active chimera occurred with one less Cph1 amino acid than predicted from the sequence alignment. The active chimera contains the first 517 amino acids of Cph1 and the last 229 amino acids of EnvZ (cloned into pPRO-HK to form pCPH8). In addition, there is a single I(V mutation at position 136 of the HK EnvZ domain. There were no amino acid substitutions in the Cph1 domain.

Screening Assay for Light Induction. RU1012 strains transformed with pPL-PCB and a plasmid encoding one of the chimeras were grown overnight (~12 hours) at 37(C and shaken at 250 rpm in 5 ml LB containing Ampicillin, Kanamycin, and Chloramphenicol. The overnights are then diluted 1:1000 into 2 mL fresh media containing antibiotics in two Falcon 24-well plates.  One plate was exposed with a standard broad-spectrum glowing lamp (Venture Uni-FORM MH 100W/U/PS R Kr85 M90) and the other was wrapped in aluminum foil and kept in darkness. Both plates were maintained at 37(C. Each strain was then diluted 1:100 into a new, identical set of 24-well plates and the exposure procedure repeated for another 4 hours.  The cells were then collected for analysis of ompC-promoter driven expression of (-galactosidase. To perform the Miller assay, 2 mL of the final culture were spun at 6000 rpm for 10 minutes in a microcentrifuge and then resuspended in 2mL of Z buffer (Miller 1972).  The cell density was recorded by measuring the OD600 using a (HP8453) spectrophotometer.  Then, 0.5 mL of the resuspended cells were diluted to 1mL in Z buffer and permeabilized by the addition of 100(L of chloroform and 50 (L of 0.1% SDS. This mixture was vortexed and allowed to equilibrate at 28(C for 5 minutes.  Then, 0.2 mL of a solution containing 4 mg/ml o-nitrophenyl-(-galactoside (ONPG, Sigma) was added to the permeabilized cells and incubated at 28(C.  The assay was allowed to proceed until sufficient yellow color developed to be seen by eye, the time was recorded and the assay quenched by the addition of 0.5 mL of 1M Na2CO34 with vortexing.  The chloroform was removed by centrifuging 1 mL of the quenched reaction at 13,200 rpm for 5 minutes. Finally, the OD420 and OD550 were measured.  The Miller units were then calculated using the formula: 1000 ( [(OD420  - 1.75 ( OD550)] / [(Time of reaction) ( (volume of cells) ( OD600]. The final OD of the light and dark samples ranged from 0.5 – 0.6.

Bacterial Photography. E. coli strain CP919 was transformed with pPCB and pCPH8 for the bacterial photography experiments.  50 µl of a 5 ml overnight culture grown to saturation was used to inoculate 50 ml of LB plus 4% Seaplaque Agarose (Cambrex, Pittsburg, PA) with appropriate antibiotics at 40°C.  The LB agarose contained 15 mg of the LacZ substrate 3,4-cyclohexenoesculetin--D-galactopyranoside (S-Gal) and 25 mg of ferric ammonium citrate (Sigma Aldrich, St. Louis, MO).  The molten cells/media were poured into a flat-surfaced mold, solidified, and grown at 37°C for 12 hours with the image projected onto the slab surface using a 150W red sodium lamp, focusing on the slab surface (Supplement Figure 1B).  The sodium lamp had power characteristics of 0.35 watts/cm2 from 640-680 nm (phytochrome activating range) and 0.087  watts/cm2 from 715-755 nm (phytochrome inactivating range), as determined by a EPP2000C Concave Grating spectrometer (Stellarnet, Oldsmar, FL). For laser repression, a 5 mW red laser diode with an output of 0.45 watts/cm2 from 640-680 nm and .0018 watts/cm2 from 715-755 nm when projected across the slab surface.
Supplementary Figure 1:  (A) Sigmoidal response of the system to illumination.  Projecting a linear gradient (0-100 % black; left panel) onto the cells and scanning the resulting image (right panel) reveals the light response is modeled well by a sigmoidal response curve (R2=0.99 for a 4-parameter sigmoidal curve) with a relatively linear response saturating in bright illumination. 

