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Development of TOXGFP Assay to Measure Transmembrane Interactions 

Claire Armstrong, Department of Biochemistry, Spring 2015 

Abstract 
 
Association of transmembrane α-helices is a fundamental part of membrane 
protein structure. The development of an assay (TOXGFP) allows for the efficient 
study of transmembrane helix oligomerization in live cells. The N-terminal DNA 
binding domain ToxR is a dimerization-dependent transcriptional activator, which 
is fused to the transmembrane domain of interest. Association of the 
transmembrane domains, leads to the activation of the reporter gene encoding 
green fluorescent protein (GFP). The level of fluorescence indicates the amount 
of GFP expressed, which correlates with the strength of the transmembrane 
association. Using a known dimerizing transmembrane domains and a mutant 
variant known for low dimerization, the sensitivity of the TOXGFP system is 
shown. The TOXGFP assay allows for the high throughput analysis of a large 
range of transmembrane domain oligomerization motifs. 
 

Introduction 

 Interactions between the transmembrane domains of cellular membrane 

proteins affect a variety of biological functions in the cell1. Membrane proteins 

consist of transmembrane domains, which pass through the lipid bilayer, as well 

as cytosolic and juxtamembrane 

domains (see Fig. 1) 1,2,3. The 

dimerization (association) of single-

pass α-helices in the ransmembrane 

region of the protein plays a key role 

in the signaling of many biological 

processes 1,3. Major cellular 
Figure 1. This is a hypothesized oligomerization of the 
divisome proteins FtsB and FtsL in the bacterial division 
complex. The red circles indicate the site of dimerization in 
the transmembrane region of the protein, with coiled-coiled 
structure shown in the juxtamembrane region. 
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processes require the helix-helix interactions of transmembrane proteins, 

including process of bacterial cell division. It has been shown in E. coli that 

divisome proteins FtsB and FtsL must dimerize to recruit late divisome proteins, 

which are required for cell division (see Fig. 1) 2,4. This process is just one of the 

cellular biological functions which is driven by the dimerization of the self-

association of the proteins within the membrane 4. The ability to characterize 

these interactions is vital to understanding the molecular processes observed.  

The dimerization of transmembrane proteins is very difficult to study due to 

the requirement of a lipid bilayer for the proteins to form the correct tertiary and 

quaternary structures. Transmembrane proteins could potentially be studied in 

vitro using detergents, however this poses unknown errors in correct protein 

insertion in the membrane and association. The in vivo study of the proteins in 

the membrane is the only way to ensure correct formation of higher order 

oligomeric structures of the transmembrane proteins, which would require a 

transcriptional activator of a reporter gene. Several assays currently exist using 

these methods, including GALLEX and TOXCAT, which measure 

heterodimerization and homodimerization respectively 5,6. While these methods 

allow for the measure of dimerization directly from proteins integrated in the 

membrane, they are limited in that they are time consuming and require 

enzymatic activity to quantify the levels of the reporter protein present in the cell 

5,6.   
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The TOXGFP assay we have developed addresses these limitations in the 

change of the reporter gene. Using the same stabilizing maltose binding protein 

C-terminus and transcription factor toxR mediated activation of the ctx promoter 

N-terminus as TOXCAT, the TOXGFP assay differs in its reporter gene (see Fig. 

2) 6,7. The TOXCAT signal of transmembrane constructs with known levels 

dimerization can be compared directly to TOXGFP signals of the same 

constructs, validating the proportional production of GFP. Rather than producing 

chloramphenicol acetyl transferase (CAT) under the ctx promoter in proportional 

amounts to the proteins level of dimerization, the TOXGFP assay produces green 

fluorescent protein (GFP), in this case specifically super folded GFP (sfGFP), 

which is more stable and reaches maturation more quickly that wild type GFP 8,9.      

 

GFP is an autocatalytic fluorescent protein, which after being produced by 

the cell required no further enzymatic activity to be quantifiably measure. The 

amount of GFP present in the cell can be measured by its emission of light at 

510nm, when excited by light at 485nm 8,9,10. The maturation of GFP’s central 

Figure 2. The TOXGFP 
assay consists of a 
transmembrane domain of 
interest with an N-terminal 
maltose binding protein  
(MBP) region and a C-
terminal ToxR transcriptional 
activator region. Association 
of the ToxR region results in 
the binding of the ctx 
promoter and the expression 
of the GFP reporter gene.  
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chromophore requires only oxygen to form its fluorescent conjugated pi structure 

at the center of its β-barrel structure (see Fig. 3) 8,10. Intensity of light emitted at 

510nm in the TOXGFP assay is proportional to the levels of dimerization of the 

transmembrane proteins in the cell membrane. The use of this reporter gene 

addresses the limitations previously described for commonly used dimerization 

assays.  

 

 

Materials and Methods  

Subcloning 

 Unless otherwise stated, all techniques used were standard molecular 

biology practices. All constructs produced were verified by DNA sequencing. The 

plasmid pccKANGFP used for the TOXGFP assay was generated from the 

plasmid pccKAN using restriction free cloning, as was described previously 11. 

Cloning consisted of the PCR- amplification of the sfgfp gene from the pccKAN-

sfgfp-thrombin construct, with over hangs matching the pccKAN sequence 

Figure 3.  Depiction of the biosynthetic pathway of the chromophore of GFP. In the presence of 
O2 the molecule undergoes oxidation to produce the fluorophore shown in the upper right, which 
has a conjugated pi structure capable of emitting light at 510nm when excited at 485nm 10.   
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surrounding the CAT gene. This was followed by quikchange mutagenesis of the 

sfgfp gene, with the addition of 0.25 µL per sample. The plasmid pccKANGFP is 

shown in Fig. 4. The sequences of primers used for subcloning of the plasmid are 

given in Table 1.  

Transmembrane constructs, ANPRC, VAS1, and SPCT3, were PCR-

amplified and cloned into NheI/BamHI sites as NheI/DpnII fragments (constructs 

were amplified from primers provided by graduate student Ben Mueller). 

Plasmids with positive and negative control constructs, GpA and G83I, were 

constructed by the 

restriction digestion of the 

NheI/BamHI sites, 

separation of the 

transmembrane domain by 

gel electrophoresis, and 

ligation using T4 DNA 

ligase overnight at 16°C.  

   

 

 

 

 

 

Figure 4. Plasmid pccKANGFP, which includes the ToxR-TM-MBP 
region, which transcribe the protein to be integrated into the membrane 
with the ToxR C-terminus, oriented in the cytoplasm. The GFP reporter 
gene under the ctx promoter which will be activated by the ToxR domain. 
The ampicillin marker allows for selection cells with the plasmid.  
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TOXGFP Assay 

 The pccKANGFP plasmid was transformed into E. coli strain MM39, and 

streaked onto selective LB plates (100 µg/mL ampicillin). Two biological 

replicates were picked from each plate and grown in 3 mL of selective LB media 

for 16 hours at 37°C and at 200 rpm. After 16 hours the cultures were diluted 

1:100 in 6mL of selective LB media, two technical replicates produced from each 

biological replicate. These cultures were grown to OD600 of 0.8-1.2, and had 4mL 

of culture spun down and lysed by sonication. The soluble portion of the lysis was 

removed and 200 µL of sample was placed in a black 96-well, clear bottom plate 

(Thermoscientific). Fluorescence intensity was measured using a Tecan infinite 

M1000 Pro plate reader. Emission spectra was collected at 510nm, and 

fluorescence emission scan was done from 500nm to 600nm (both excited at 

485nm wavelength). All results were reported as the ratio of fluorescence 

emissions at 510nm to the OD600 value. Empty pccKANGFP plasmids were used 

to determine the fluorescent background. Results were normalized to the positive 

control GpA, and rescaled so that the positive control was equal to a value of 

100%.  

Gene Primer Sequence 5’ to 3’ 

sfgfp Forward GATT TTC AGG AGC TAA GGA AGC TAA AAT GGG CAA AGG CGA AGA GCT G 

sfgfp Reverse GTT TAA GGG CAC CAA TAA CTG CCT TAA AAA AAC TTT GTA CAG TTC ATC CAT ACC ATG CG 

Table 1. Primers used for the first PCR in restriction free cloning, DNA sequence shown in green 
correspond to the sfgfp gene, sequence shown in black correspond to the pccKAN plasmid. 
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Results 

 It was show that the TOXGFP assay produces GFP levels proportional to 

the levels of dimerization of constructs in the cell membrane. Using a known 

dimerizing protein GpA as the positive control, and a mutant variant of GpA 

(G83I), as a negative control it was demonstrated that TOXGFP produces GFP in 

levels proportional to the levels of dimerization (see Fig. 5). Other constructs 

tested were ANPRC, VAS1, and SPCT3, whose dimerization was determined 

through the TOXCAT assay; the levels of TOXCAT signal and the TOXGFP 

signal were each scaled to GpA being equal to 100% to compare signal levels 

directly (see Fig. 5). Levels of signal seen in the TOXGFP assay are similar to 

those seen in the TOXCAT assay, validating that the assay produces GFP in 

response to dimerization of the constructs.    

 

 

 

 

 

 

 

 

 

 
Figure 5. Shown are the respective levels of TOXCAT to TOXGFP signal, 
normalized to the positive control GpA value of 1. Samples shown are the 
negative control G83I, positive control GpA, and the transmembrane 
constructs ANPRC, SPCT3, and VAS1, measuring GFP and CAT 
respectively.  
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Discussion 

 The TOXGFP assay provides a clear advantage over previously used 

dimerization assays. The ability to measure the GFP levels in up 96 samples 

simultaneously with no enzymatic activity required allows for a significantly 

reduced completion time compared to TOXCAT. The TOXCAT assay requires 

the enzymatic activation of chloramphenicol acetyl transferase for each sample 

and takes on average over four minutes per sample to measure 6. TOXGFP in 

comparison can measure more samples in a fraction of the time.  

Having a high-throughput assay to measure transmembrane domain 

dimerization allows for the testing of a wider range of point mutations to a site of 

interest, giving greater insight into the function of a specific amino acid or a 

sequence of amino acids. It also allows for a greater number of replicates to be 

tested per construct, reducing the error rate of measurements and giving a 

greater sense of the dimerization levels present in a given construct. The 

TOXGFP assay can be used to measure the dimerization of transmembrane 

proteins with a wide variety of functions, from a wide variety of organisms.  

 The use of GFP as a reporter protein also gives the capacity for a 

diverse means of measurement. In future experiments, flow cytometry could be 

used to measure the GFP levels directly from the live E. coli cells 12. Measuring 

the GFP levels from live cells would reduce the effects of cell lysis which can 
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increase error and in certain cases could show the development of 

transmembrane association as it happens in the cell.  
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