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Experimental Section 

Construction of Plasmid pGBPAEQ. The apoaequorin cysteine-free mutant gene was used as the template for PCR. The following primers 
were designed to obtain the genes, which encode for aequorin amino acids 1-47 and aequorin amino acids 48-189: 

(1) GTGGAATTCCAATGGTGAAACTGACCAGCGACTTCGACAACCCAAGATGG  
(2) GCCAGAGAGCTCGAGCTGCAGGCTACCACCACCACCCGTGTTATTGATGACAATATCAG  
(3) CACAGGCTTTTAGGGGACAGCTCCACCGTAGAGCTTTTCGGAAGCAGGATC  
(4) GTAGCCTGCAGCTCGAGCTCTCTGGCGGTGGCGGTTCTCTTGGAGCAACACCTGAGCAAG  

Primers 1 and 2 were used to amplify the aequorin sequence coding for amino acids 1-47. Primer 1 introduced an EcoR I restriction site 
(underlined) on the 5’ end of the coding sequence, and primer 2 introduced a sequence coding for a six amino acid linker (SGGGGS) 
followed by restriction sites Pst I and Sac I (underlined) on the 3’ end. Primers 3 and 4 were used to amplify the aequorin sequence coding 
for residues 47-189. Primer 3 introduced a Hind III restriction site (underlined) on the 3’ end and primer 4 introduced the Pst I and Sac I 
restriction sites (underlined) followed by the SGGGGS linker on the 5’ end. 

The AEQ1-47 and 48-189 gene sequences amplified above were then used as templates in an overlap PCR. Primers 1 and 3 from 
above were used in this PCR.  This resulted in a DNA sequence of AEQ containing the EcoR I site on the 5’ end and Hind III on the 3’ end 
with the linker, Pst I site, Sac I site, and linker between amino acids 47 and 48. The overlap PCR product was subcloned in the pCR2.1-
TOPO vector, using the TOPO TA Cloning method by Invitrogen (Carlsbad, CA). Plasmid DNA was isolated using the Qiagen Mini Prep 
Kit (Valencia, CA). 

The overlap AEQ DNA was digested with EcoR I and Hind III restriction enzymes. The plasmid, pIN4, which has a lpp-lac 
promoter and ompA leader sequence followed by a multiple cloning site was also digested with EcoR I and Hind III. Then, the digested 
aequorin DNA insert was ligated into pIN4 yielding pIN4-OLAEQ. The pIN4-OLAEQ vector was transformed into E. coli TOP10 cells, and 
the DNA was isolated. DNA sequencing was preformed at the University of Kentucky Advanced Genetics Technology Center (AGTC) to 
confirm the DNA sequence. 

To amplify GBP, the wild type GBP gene sequence, isolated from E. coli, was used as a template. The following primers were 
designed to obtain the GBP gene sequence: 

(5.) GAGCTGCAGGCTGATACTCGCATTGGTGTAAC 

(6.) CTTGAGCTCTTTCTTGCTGAGTTCAGCCAG 

Primer 5 introduced a Pst I restriction site (underlined) on the 5’ end of the coding sequence and primer 6 introduced a Sac I restriction site 
(underlined) on the 3’ end. The DNA obtained by the PCR and plasmid pIN4-OLAEQ were digested with Pst I and Sac I restriction 
enzymes. The digested GBP fragment was ligated into pIN4-OLAEQ yielding pGBPAEQ. DNA sequencing was preformed to verify the 
gene sequence encoding for AEQ1-47-linker-GBP-linker-AEQ 48-189 fusion protein. 

 

Expression and Purification of GBP-AEQ fusion protein. The pGBPAEQ vector was transformed into chemically competent E. coli Top10 
cells. The bacterial cells were grown overnight at 37 oC in 5 mL of Luria Bertani  broth containing 100µg/mL ampicillin. This culture was 
used to inoculate 500 mL of broth containing 100 µg/ml ampicillin, and this was grown at 37 oC. When the culture reached an OD600 of 0.4, 
IPTG was added to 1 mM final concentration, and the bacteria were left to grow overnight. The cells were harvested by centrifugation at 
12,000 rpm at 4 oC. The pellet was resuspended in 30 mM Tris/HCl, pH 7.5, 2 mM EDTA buffer and sonicated on ice using 10-s bursts 
followed by 10-s rest for 5 min total using a Fischer Scientific 550 Sonic Dismembrator (Pittsburg, PA). The suspension was centrifuged at 
12,000 rpm at 4 oC for 15 min to obtain the pellet containing the inclusion bodies. The pellet was resuspended in 30mM Tris/HCl, pH 7.5, 2 
mM EDTA, 150 mM NaCl buffer followed by centrifugation at 12,000 rpm at 4 oC. The pellet was washed once with 30 mM Tris/HCl, pH 
7.5, 2 mM EDTA, 1 % (v/v) Triton X-100 buffer, and then with 30 mM Tris/HCl, pH 7.5, 2 mM EDTA, 5 mM CaCl2 buffer with 
centrifugation at 12,000 rpm, at 4 oC, for 10 min between washes to pellet the inclusion bodies. The pellet was resuspended in 30 mM 
Tris/Cl, pH 7.5, 2 mM EDTA, 6 M urea buffer and left to rotate at 4 oC overnight to denature the fusion protein. Urea is a chaotropic agent 
and high concentrations of urea will disrupt the hydrophobic interactions of a protein thus denaturing the protein. After 24 hours, the 
denatured inclusion bodies were centrifuged at 12,000 rpm at 4 oC for 20 min to obtain the supernatant containing the denatured fusion 
protein. 

The denatured protein was purified using a BioCAD Sprint Perfusion chromatography system of PerSeptive Biosystems 
(Framingham, MA) with a DEAE Sepharose-ion exchange column. The column was equilibrated with 30 mM Tris/HCl, pH 7.5, 2 mM 
EDTA, 6 M urea buffer. The supernatant containing the protein was loaded on the column, and the column was washed with 3 column 
volumes of the equilibration buffer. The protein was eluted using a gradient of 0 % (no elution buffer) to 50 % elution buffer (30 mM 
Tris/HCl, pH 7.5, 2 mM EDTA, 6 M urea, 1 M NaCl) over 10 column volumes. Five milliliters fractions were collected. An SDS-PAGE was 
run to verify the fractions containing the denatured fusion protein, which were pooled together. Excess salt was removed from the combined 
fractions by buffer exchange with 1 L of 30 mM Tris/HCl, pH 7.5, 2 mM EDTA, 6 M urea using a hollow fiber filter and a peristaltic pump.  

The urea must be removed from the denatured protein to allow the protein to refold into its active conformation. To do this, the 
denatured protein was renatured and purified using the BioCAD Sprint Perfusion chromatography system with a Poros 50 HQ ion exchange 
column in the absence of urea. The column was equilibrated with 30 mM Tris/HCl, pH 7.5, 2 mM EDTA buffer. The fractions containing the 
denatured protein were loaded on the column and the column was washed with 3 column volumes of the equilibration buffer. The fusion 



protein was eluted using a gradient of 0 % to 50 % elution buffer (30 mM Tris/Cl, pH 7.5, 2 mM EDTA, 1 M NaCl) over 10 column 
volumes. Five milliliter fractions were collect. An SDS-PAGE gel determined the purity of the fractions. The fractions containing the pure 
renatured apofusion protein were pooled together. The protein concentration was determined by the Bradford protein assay, with BSA as a 
standard.  

 

Bioluminescence Emission Study.  A 3 molar excess of coelenterazine was added to the apoaequorin-GBP fusion protein, and the mixture 
was left at 4 0C for 18 h. Ten microliters of GBP-AEQ fusion protein (6.14 x 10-7 M) was assayed in an Optocomp I Test Tube Luminometer 
(MGM Instruments, Inc., Hamden, CT). Bioluminescence was triggered by injecting 50µL of 100mM Tris/Cl pH 7.5 100mM CaCl2 buffer. 
The bioluminescence signal was integrated for 6-s. 

 

Bioluminescence Emission Spectra.  A 3 molar excess of coelenterazine was added to the apoaequorin-GBP fusion protein (6.14 x 10-7 M), 
and the mixture was left at 4 0C for 18 h. Also the stock solution of GBP-AEQ fusion protein (6.14 x 10-7 M) was serial diluted in 30 mM 
Tris/HCl, pH 7.5, 2 mM EDTA buffer. Then, 100 µL of each dilution was added to three 1.5 mL polypropylene microcentrifuge tubes. A 
final concentration of 1 µg/mL coelenterazine was added to each concentration of the apoaequorin-GBP fusion protein and this mixture was 
left at 4 0C for 18 h. For each concentration, a volume of 10 µL of GBP-AEQ fusion protein was added to a Microtiter plate, and 
bioluminescence was triggered by injecting 50 µL of 100 mM Tris/Cl, pH 7.5, 100 mM CaCl2 buffer. The bioluminescence signal was 
between 400 and 1200 nm was determined on a Luminoskan Ascent CCD camera luminometer (Thermo LabSystems, Waltham, MA). 

 

Bioluminescence Half Life Study. A 3 molar excess of coelenterazine was added to the apoaequorin-GBP fusion protein and this mixture 
was left at 4 0C for 18 h. A volume of 10 µL of the GBP-AEQ fusion protein (6.14 x 10-7 M) was added to a disposable glass tube. 
Bioluminescence was triggered by injecting 50 µL of 100 mM Tris/HCl, pH 7.5, 100 mM CaCl2 buffer, and bioluminescence was measure 
on the Optocomp I luminometer. The bioluminescence signal was collected for 6-s and the half-life was calculated using the one phase 
exponential decay kinetics equation in GraphPad Prism. The same procedure was preformed for the native protein using a concentration of 
1.13 x 10-9 M. 

 

GBP-AEQ Characterization . The stock solution of apoaequorin-GBP fusion protein (6.14 x 10-7 M) was diluted to 5.0 x 10-8 M in 30 mM 
Tris/HCl, pH 7.5, 2 mM EDTA buffer and coelenterazine was added to a final concentration of 1 µg/mL. Immediately, 90 µL was added to 
separate 1.5 mL polypropylene microcentrifuge tubes. A 1 M stock solution of glucose was serial diluted in 30 mM Tris/HCl, pH 7.5, 2 mM 
EDTA. Ten microliters of each glucose concentration was added to separate tubes containing the fusion protein. The tubes were left to 
charge overnight at 4 oC. Ten microliters from each tube was added to a disposable glass tube. Bioluminescence was triggered by injecting 
50 µL of 100 mM Tris/HCl, pH 7.5, 100 mM CaCl2 buffer, and bioluminescence was measured in the Optocomp I luminometer.  The data 
was plotted as total intensity (RLU) versus log[glucose]. The data was fitted using the sigmoidal dose-response (variable slope) equation of 
GraphPad Prism 4. 

To determine the selectivity of the GBP-AEQ, the stock solution of apoaequorin-GBP fusion protein (6.14 x 10-7 M) was diluted to 5.0 x 10-8 

M in 30 mM Tris/HCl pH 7.5 2 mM EDTA buffer and coelenterazine was added to a final concentration of 1µg/mL. Immediately, 90 µL was 
added to separate 1.5ml polypropylene microcentrifuge tubes. One hundred millimolar solutions of galactose, ribose, sucrose, maltose, 
mannose, xylose, and lactose were prepared in 30 mM Tris/HCl, pH 7.5, 2 mM EDTA buffer. Ten microliters of each sugar was added to 
separate tubes containing the fusion protein. The tubes were left to charge overnight at 4 oC. Ten microliters from each tube was added to a 
disposable glass tube. Bioluminescence was triggered by injecting 50 µL of 100 mM Tris/HCl pH 7.5 100 mM CaCl2 buffer, and 
bioluminescence was measure in the Optocomp I luminometer. 
 
Circular Dichroism (CD) . The concentration of each protein was determined by their absorbance at the 280 nm. Aequorin and GBP-AEQ 
without glucose were charged overnight at 4oC with coelenterazine to a final concentration of 1µg/mL. Glucose was added to GBP to a final 
concentration of 10 mM and kept overnight at 4oC. For GBP-AEQ with glucose, 10 mM glucose and 1 µg/mL coelenterazine were added to 
the protein and kept overnight at 4oC. The  CD spectra were collected with a JASCO J-810 spectrometer (JASCO Ltd. UK) with a 1 nm 
bandwidth using a 0.1 cm pathlength cuvette for the far UV scans, and a 1.0 cm pathlength cuvette for the near UV scans. The protein 
samples were dialyzed with a low salt buffer (5 mM phosphate buffer 2mM EDTA pH 7.0) before the CD measurement. The wavelength 
scan was performed at 20oC, and corrected for the blank.  For aequorin and GBP-AEQ without glucose, the blank was composed of  the low 
salt buffer and coelenterazine. For GBP, the blank was composed of the low salt buffer and 10 mM glucose, and for GBP-AEQ with glucose, 
the blank was composed of the low salt buffer, coelenterazine, and 10 mM glucose. 
 
 
 
Characterization of GBP-AEQ versus native aequorin: 
The specific activity of the hybrid protein was found to be 7.5 x 109 RLU (Relative Light Units)/mg; in comparison that of parent aequorin 
was 3.65 x 1012 RLU/mg.  Thus, while the insertion of GBP into the AEQ structure lowered the activity of the protein, due to aequorin being 
in a less active conformation, it is still able to allow for the reunion of the two spliced fragments of AEQ, maintaining the protein recognition 
of GBP for glucose, as well as the emission of significant bioluminescence.  Thus, the ligand bound to the fusion protein leads to a more 
normal active conformation of aequorin.  The  λmax  of GBP-AEQ was found to be 471 nm, which is essentially the same as the λmax of 472 
nm of the parent aequorin.  In addition, the GBP-AEQ fusion protein demonstrated the same flash-type kinetics as the parent aequorin.  The 
half-life of the GBP-AEQ fusion protein charged with the native coelenterazine chromophore was found to be 2.16 s, which is considerably 
different than the 0.70 s half-life of the parent aequorin.  The longer half-life could be attributed to GBP inserted in between the split halves 



of AEQ. As shown by the specific activity, the insertion of GBP reduces the luminescence activity to some extent; however, it does not 
considerably affect the spectral properties of photoprotein aequorin. 
 
Characterization of GBP-AEQ via Circular Dichroism 

 
  
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1. Far UV CD spectra. The spectra were collected with a JASCO J-810 spectrometer 
(JASCO Ltd. UK) with a 1 nm bandwidth and using a 0.1 cm pathlength cuvette. The 
wavelength scans were corrected for the blank and converted into molar ellipticity. The molar 
ellipticity of the hybrid protein in the far UV CD is smaller than the sum of that from the native 
GBP and native aequorin. However, the hybrid protein has retained the overall structure of both 
GBP and aequorin to bind with glucose, as well as emit significant bioluminescence.   

Figure 2. Near UV CD spectra. The spectra were collected with a JASCO J-810 spectrometer 
(JASCO Ltd. UK) with 1 nm bandwidth and using a1.0 cm pathlength cuvette. The wavelength 
scans were corrected for the blank and convered into molar ellipticity. The addition of glucose 
to GBP-AEQ induced a change in the teritary structure of the protein. This is indicated by the 
peak shift at approximately 290 nm as well as the difference in spectra between 280 and 260nm.


