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Supplemental Methods 

Vector construction 

Vectors encoding fusion constructs with the fluorescent protein variants Cerulean and Venus were 

created by introducing suitable restriction sites by PCR amplification of genes of interest, followed by 

subcloning into the vectors mVenus N1, mCerulean N1, mVenus C1 and mCerulean C1 (Addgene plasmids 

27793-27796) (Koushik et al., 2006), by using standard methods. The plasmid C5V, where Cerulean was 

directly linked to Venus with a 5 amino acid spacer, was used as a positive FRET control (Addgene plasmid 

26394) (Koushik et al., 2006). N-terminal fusion constructs of sACE was created by subcloning into the vectors 

mCerulean C1 and mVenus C1. In an attempt to ensure correct protein processing the sACE signal sequence 

was introduced 5’ to the fluorescent protein, while the remainder of the sACE gene was introduced 3’ with 

respect to the fluorescent protein. The GPCRs AT2R and MAS were PCR amplified from the vectors AT2R-L-

YFP and MAS-L-YFP (a generous gift from Muscha Steckelings) and subcloned into mCerulean N1 and 

mVenus N1, resulting in constructs C-terminally tagged by the respective fluorescent proteins attached to a 

19-amino acid linker region.  

For investigation of interaction by bi-molecular fluorescence complementation (BiFC), genes of interest 

were fused to fragments V1 and V2, which corresponds to amino acid residues 1-158 and 159-239 of the 

Venus fluorescent protein respectively, as previously described (MacDonald et al., 2006). These constructs 

incorporate a flexible glycine linker GGGGSGGGG between the fluorescent protein fragment and the protein 

of interest. The original BiFC constructs GCN4 leucine zipper-V1 and GCN4 leucine zipper-V2 were sourced 

from Stephen W. Michnick, while the constructs AT2R-V1 and AT2R-V2 were gifted by Walter G. Thomas 

(Porrello et al., 2011). V1 and V2 fusion constructs with tACE were created by removing the GCN4 leucine 

zipper cDNA by restriction digest and subsequently subcloning amplified tACE into GCN4 leucine zipper-V1 

and GCN4 leucine zipper-V2 vectors, yielding the vectors tACE-V1 and tACE-V2 respectively. A similar 

strategy was followed to generate the constructs MAS-V1 and MAS-V2 and MAS-L-YFP (sourced from Muscha 

Steckelings) was used as template. V1 and V2 fusion constructs with sACE was created by removing the 

Cerulean cDNA by restriction digest and subsequently subcloning amplified V1 and V2 into mCerulean N1 

sACE, yielding the constructs sACE-V1 and sACE-V2 respectively. These constructs contained a 7-amino acid 

WDPPVAT linker between the protein of interest and each of the V1 and V2 tags respectively in contrast to 

the glycine linker of the other BiFC constructs. The BiFC negative control constructs V1 and V2 was similarly 

constructed by subcloning the amplified V1 and V2 fragments to mCerulean N1. All vectors were sequenced 



to ensure the absence of spurious mutations. Supplemental Tables 1 and 2 lists the oligonucleotides and 

vectors utilized in this work, respectively.  

 

Sensitized emission FRET: Image acquisition and data analysis 

Images of fixed cells were obtained on an Olympus CellR system (Stellenbosch Central Analytical 

Facility) consisting of an Olympus IX81 inverted fluorescent microscope and an F-view-II cooled CCD camera 

with a Xenon-Arc burner as light source. Images were obtained with an Olympus Plan APO N 60x/1.42 Oil 

∞/0.17/FN26.5 objective using 500 ± 10 nm YFP and 430 ± 12.5 nm CFP excitation filters and YFP and CFP 

emission filters. Sensitized emission FRET relies on the evaluation of images taken in the donor (donor 

excitation and donor emission), FRET (donor excitation and acceptor emission) and acceptor (acceptor 

excitation and acceptor emission) channels resulting in fluorescent intensities referred to as ID, IF and IA 

respectively. Data analysis was performed as previously described (Hoppe et al., 2002). The parameters α 

and β, which quantifies the extent of donor and acceptor bleed-through into the FRET channel, was assessed 

from cells singly transfected with Cerulean or Venus constructs using the equations 𝛼 =
𝐼𝐹

𝐼𝐴
 and 𝛽 =

𝐼𝐹

𝐼𝐷
. In our 

system, the values of α = 0.151 ± 0.014 (N = 22) and β = 0.528 ± 0.016 (N = 39) was obtained for singly 

transfected, fixed HEK293 cells. The additional system dependent constants γ (ratio of the extinction coefficient 

of the acceptor to the donor at the donor excitation) and ξ (proportionality constant relating the sensitized 

acceptor emission to the decrease in donor fluorescence due to FRET), as described by the equations 𝛾 =

𝐸𝐶

[
𝐼𝐹−𝛽𝐼𝐷
𝛼𝐼𝐴

−1]
 and 𝜀 =

𝛾𝐼𝐷𝐸𝐶

(1−𝐸𝐶)(𝐼𝐹−𝛼𝐼𝐴−𝛽𝐼𝐷)
, were determined by investigation of cells transfected with the well-

characterized FRET positive control C5V, where Cerulean was directly fused to Venus with a five amino acid 

spacer (Koushik et al., 2006). In these equations EC refers to the FRET efficiency of the control fusion 

constructs, which was determined to equal 0.44 by Koushik and co-workers (Koushik et al., 2006), using the 

accurate technique of fluorescence lifetime imaging microscopy (FLIM) FRET. In our system, these constants 

had the values of γ = 0.0746 ± 0.0065 (N = 59) and ξ = 0.0338 ± 0.0052 (N = 59), as determined from fixed 

HEK293 cells transfected with C5V. The above constants was used to determine the apparent FRET 

efficiencies EA (dependent on the fraction of acceptor in the complex) and ED (dependent on fraction of donor 

in the complex), as well as R (the molar ratio of acceptor to donor as determined from FRET stoichiometry), 

using the relationships 𝐸𝐴 = 𝛾[
𝐼𝐹−𝛽𝐼𝐷

𝛼𝐼𝐴
− 1] , 𝐸𝐷 = [1 −

𝐼𝐷

(𝐼𝐹−𝛼𝐼𝐴−𝛽𝐼𝐷)(
𝜀

𝛾
)+𝐼𝐷)

] and 𝑅 =
[𝐴𝑇]

[𝐷𝑇]
= (

𝜀

𝛾2
)(

𝛼𝐼𝐴

(𝐼𝐹−𝛼𝐼𝐴−𝛽𝐼𝐷)(
𝜀

𝛾
)+𝐼𝐷)

), 

as described by Hoppe and co-workers (Hoppe et al., 2002). The values of IA, ID and IF was taken as the mean 

intensity values determined from cells selected by using the spline contour selection tool of ZEN lite 2011 (Carl 



Zeiss Microscopy). Background subtraction was performed by subtracting the mean intensity of a region of the 

image not containing fluorescent cells. In general cells that express widely varying amounts of donor and 

acceptor (with R values lower than 0.5 or higher than 1.5) were discarded and not used for the estimation of 

FRET efficiencies. Similarly, cells with very low (less than 10) or high (more than 900) mean fluorescence 

intensities were discarded. The average apparent FRET efficiencies and the corresponding standard error of 

the mean was plotted in Graphpad Prism 6 (GraphPad Software), while statistical analysis was performed by 

One-way ANOVA, followed by Tukey’s multiple comparison test.  

 

 

  



Supplemental Tables 

Table S1: List of oligonucleotides used in this study. Endonuclease restriction sites are underlined and touchdown primer 

sites for single overlap extension (SOE) PCR are shown in bold. 

Oligonucleotide Utilization Sequence 

sACE fw (EcoRI) 

Construction of mCerulean N1 sACE Fr1, 

mVenus N1 sACE Fr1, mCerulean N1 ACE 

NEG and mVenus N1 ACE NEG 

5’-CCGCGCAGAATTCCATGGGGGCCGCCTCGG-3’ 

sACE rev (BamHI) 

Construction of mCerulean N1 sACE Fr1, 

mVenus N1 sACE Fr1, mCerulean N1 ACE 

NEG and mVenus N1 ACE NEG 

5’-CGGGTCGGATCCCATGAGTGTCTCAGCTCCAC-3’ 

sACE half rev (SalI, 

BamHI) 

Construction of mCerulean N1 sACE Fr1 and 

mVenus N1 sACE Fr1 
5’-CCCGGATCCCACTGGTCGACCAAGTAGCCAAAGG-3’ 

sACE half fw (SalI) 
Construction of mCerulean N1 sACE Fr1/2 

and mVenus N1 sACE Fr1/2 
5’-CTTTGGCTACTTGGTCGACCAGTGGCGCTGG-3’ 

tACE Fw (EcoRI) 
Construction of mCerulean N1 tACE and 

mVenus N1 tACE 
5’-CAAAAAGAATTCCATGGGCCAGGGTTGGGCTAC-3’ 

sACE signal fw 

(NheI) 

Construction of mCerulean Signal C1 and 

mVenus Signal C1 
5’-GAATTCCCAGCTAGCATGGGGGCCGCCTC-3’ 

sACE signal rev 

(AgeI) 

Construction of mCerulean Signal C1 and 

mVenus Signal C1 
5’-GAAAAGTTAACCGGTTGCAGCCCAGGGTC-3’ 

ACE no signal fw 

(EcoRI) 

Construction of mCerulean Signal C1 sACE 

and mVenus Signal C1 sACE 
5’-CCCGCGAATTCGTTGGACCCCGGGCTGCAG-3’ 

ACE no signal rev 

(stop, BamHI) 

Construction of mCerulean Signal C1 sACE 

and mVenus Signal C1 sACE 
5’-GACCCAGCCGGGGATCCTCAGGAGTGTCTC-3’ 

tACE fw (HindIII) 
Construction of mCerulean N1 tACE G13 and 

mVenus N1 tACE G13 
5’-CAAAAAAAGCTTCATGGGCCAGGGTTGGGCTAC-3’ 

AT2 fw (EcoRI) 
Construction of mCerulean N1 AT2 and 

mVenus N1 AT2 
5’-GGAATTCGCCACCATGAAGGGCAACTCC-3’ 

AT2/MAS rev 

(BamHI) 

Construction of mCerulean N1 AT2, mVenus 

N1 AT2, mCerulean N1 MAS and mVenus N1 

MAS 

5’-CTTGCTCACCGGATCCTGCATGCTCG-3’ 

MAS fw (EcoRI) 
Construction of mCerulean N1 MAS and 

mVenus N1 MAS 
5’-GTGGAATTCGCCTCCTCATGGATGGGTC-3’ 

MAS fw (NotI) Construction of MAS-V1 and MAS-V2 5’-GGCGGCCGCGACTCCTCATGGATGGGTC-3’ 

MAS rev (ClaI) Construction of MAS-V1 and MAS-V2 5’-GATCGATGACGACAGTCTCAACTGTGAC-3’ 

ACE NotI mut fw Construction of pBS tACE NotI Neg 5’-CTCCCAGACAGCGGACGCGTCAGCTTC-3’ 

ACE NotI mut rev Construction of pBS tACE NotI Neg 5’-GAAGCTGACGCGTCCGCTGTCTGGGAG-3’ 



sACE rev (ClaI) Construction of tACE-V1 and tACE-V2 5’-GTCATCGATTGAGTGTCTCAGCTCCAC-3’ 

tACE fw (Not1) Construction of tACE-V1 and tACE-V2 5’-CAAAAGCGGCCGCATGGGACAGGGTTGGGCTAC-3’ 

V1/2 fw (BamHI)  
Construction of sACE-V1, sACE-V2, V1 and 

V2 
5’-CGCGGATCCTGGTGGCGGTGGCTCTG-3’ 

V1/2 rev  
Construction of sACE-V1, sACE-V2, V1 and 

V2 
5’-GCTGATCAGCGGGTTTAAACGGGCC-3’ 

 

 

Table S2: List of plasmids used in this study 

Plasmid Utilization Origin/Reference 

mCerulean N1 Construction of C-terminally tagged Cerulean fusions 
Addgene plasmid 27795 (Koushik et 

al., 2006) 

mVenus N1 Construction of C-terminally tagged Venus fusions 
Addgene plasmid 27793 (Koushik et 

al., 2006) 

mCerulean C1 Construction of N-terminally tagged Cerulean fusions 
Addgene plasmid 27796 (Koushik et 

al., 2006) 

mVenus C1 Construction of N-terminally tagged Venus fusions 
Addgene plasmid 27794 (Koushik et 

al., 2006) 

C5V Expression of FRET control construct 
Addgene plasmid 26394 (Koushik et 

al., 2006) 

pBS sACE Source of sACE DNA Sturrock lab 

pBS tACE Source of tACE DNA Sturrock lab 

pcDNA3.1 sACE Expression of wt sACE Sturrock lab 

pcDNA3.1 tACE Expression of wt tACE Sturrock lab 

pLEN tACE G13 Construction of tACE G13 constructs Sturrock lab 

pBS sACE C1062S Construction of tACE C496S constructs Sturrock lab 

pECE sACE H959K H963K Construction of tACE KO Sturrock lab 

mCerulean N1 sACE Fr1 Intermediate construct This work 

mVenus N1 sACE Fr1 Intermediate construct This work 

mCerulean N1 sACE Fr1/2 Expression of sACE-Cerulean This work 

mVenus N1 sACE Fr1/2 Expression of sACE-Venus This work 

mCerulean N1 tACE Expression of tACE-Cerulean This work 

mVenus N1 tACE Expression of tACE-Venus This work 

mCerulean N1 Ndom Expression of Ndom-Cerulean This work 

mVenus N1 Ndom Expression of Ndom-Venus This work 

mCerulean N1 tACE G13 Expression of tACE G13-Cerulean This work 



mVenus N1 tACE G13 Expression of tACE G13-Venus This work 

mCerulean N1 tACE C496S Expression of tACE C496S-Cerulean This work 

mVenus N1 tACE C496S Expression of tACE C496S-Venus This work 

mCerulean N1 tACE KO Expression of tACE KO-Cerulean This work 

mVenus N1 tACE KO Expression of tACE KO-Venus This work 

mCerulean Signal C1 Intermediate construct This work 

mVenus Signal C1 Intermediate construct This work 

mCerulean Signal C1 sACE Expression of Signal-Cerulean-sACE This work 

mVenus Signal C1 sACE Expression of Signal-Venus-sACE This work 

AT2-L-YFP Source of AT2 cDNA Muscha Steckelings 

MAS-L-YFP Source of MAS cDNA Muscha Steckelings 

mCerulean N1 AT2 Expression of AT2-Cerulean This work 

mVenus N1 AT2 Expression of AT2-Venus This work 

mCerulean N1 MAS Expression of MAS-Cerulean This work 

mVenus N1 MAS Expression of MAS-Venus This work 

GCN4 leucine zipper-V1 BiFC positive control, Source of V1 Stephen W. Michnick 

GCN4 leucine zipper-V2 BiFC positive control, Source of V2 Stephen W. Michnick 

AT2-V1 Expression of AT2-V1 Walter Thomas (Porrello et al., 2011) 

AT2-V2, Expression of AT2-V2 Walter Thomas (Porrello et al., 2011) 

pBS tACE Not Neg Intermediate construct This work 

tACE-V1 Expression of tACE-V1 This work 

tACE-V2 Expression of tACE-V2 This work 

sACE-V1 (Kan) Expression of sACE-V1 This work 

sACE-V2 (Kan) Expression of sACE-V2 This work 

V1 (Kan) Expression of V1 This work 

V2 (Kan) Expression of V2 This work 
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Supplemental Figure S1: Localization of protein expression of transiently HEK293 cells expressing various ACE fusion 

constructs: i) mCerulean N1 tACE, ii) mCerulean N1 sACE vi) mCerulean N1 AT2R. v) mCerulean N1 MAS, 

 

 

Supplemental Figure S2: ACE catalytic activity of lysates of cells transiently transfected with ACE fusion constructs. 

i ii 

iii iv 



 

 

Supplemental Figure S3: Western blot of cell lysates transfected with different ACE constructs probed with a polyclonal 

anti-C domain antibody. Lane 1: Marker; Lane 2: Purified tACE G13 (positive control); Lane 3: wt tACE; Lane 4: mV N1 

tACE; Lane 5: mV tACE G13; Lane 6: mV N1 tACE C496S; Lane 7: mV N1 tACE KO; Lane 8: mV N1 sACE; Lane 9: 

Marker 

 

 



 

Supplementary Figure S4: Positive sensitized emission FRET of tACE homodimerization in fixed CHO-KI cells.  Interaction 

specificity was established in CHO-KI cells by reduced FRET in the presence of co-transfected unlabeled tACE. 

Significance was evaluated by one-way ANOVA followed by Tukey’s multiple comparison test (***, P ≤ 0.001). Error bars 

indicate the standard error of the mean of the FRET efficiency calculated from the number of cells indicated in brackets on 

the x-axis labels. (mC = Cerulean fluorescent protein tag; mV = Venus fluorescent protein tag; mCV = co-transfected 

Cerulean and Venus tagged protein). 
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