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Appendix II 
 

Quantification of FRET using 
spectrofluorometry 

 
 
Theodorus Gadella Jr., Svetlana Alexeeva, Ginette Ploeger and Tanneke den 

Blaauwen 

 

Sensitized emission was derived from the total spectrum essentially as 
described by Clegg and co-workers (Clegg, 1992; Clegg et al., 1992; Clegg, 2009; 
Murchie et al., 1989). Here the outline of the method is presented. The donor 
excitation wavelength s

ex and acceptor excitation wavelength a
ex were for 

mKO/mCherry 538 nm and 590 nm, respectively.  
(Uncorrected) emission spectra excited at s

ex were recorded for cells bearing 
two “empty” plasmids ( )(sB ) (i.e., background), cells expressing only donor 
( )(sDb ), cells expressing only acceptor ( )(sAb ), and cells expressing both 
donor and acceptor (i.e. samples, )(sSb ) (Figure II-1, solid lines). Emission 
spectra excited at a

ex were recorded for background ( )(aB ), cells expressing only 
acceptor ( )(aDb ), and cells expressing both donor and acceptor ( )(aSb ) (Figure 
II-1, dashed lines).  

Figure II-1 and following figures in fact contain three samples: a negative 
control comprised of mKO and mCherry expressed from separate plasmids (no 
FRET), a positive control comprised of an mKO-mCherry fusion protein (FRET) 
and an actual sample comprised of mKO-FtsZ and mCherry-FtsZ (FRET unknown). 

From the recorded spectra, the background ( )(sB  or )(aB ) was 
subtracted, resulting in the following spectra (Figure II-2): 

)()()(  sss BDbD   
)()()(  sss BAbA   
)()()(  sss BSbS   
)()()(  aaa BAbA   

)()(Sb)( a  aa BS    
Because not all the energy of the donor is transferred to the acceptor, the 

)(sS  spectrum contains 3 components: remaining donor fluorescence )(s
SDI  , 

sensitized acceptor emission )(s
SI  and directly excited acceptor fluorescence 
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)(s
AI , i.e. )()()()(  s

A
s

SD
s
S

s IIIS   . The donor component of the 
)(sS  spectrum was determined by defining a wavelength region in the spectrum 

obtained by excitation at s
ex where only the donor fluorescence was observed and 

no acceptor fluorescence. In the current example, this wavelength region would be at 
 = 563-566 nm (see Acceptor graph in Figure II-2). The fluorescence intensities of 
the spectra were averaged in this wavelength region for )(sS  and )(sD  yielding 

s
SDI   and s

DI , respectively. The ratio s
D

s
SD II  was defined as   (Jalink and van 

Rheenen, 2009) and reflects how much donor the sample contains compared to the 
donor only sample. In the current example the wavelength region was chosen to be 
563-566 nm which resulted in s

DI =425063 and s
SDI  =55418 which means that 

s
D

s
SD II  = 0.130 (Table II-1). After knowing  , the total acceptor fluorescence 

spectrum (both sensitized emission and direct excitation) in the FRET spectrum 
)(sS can be calculated by subtracting )( sD  (see Figure II-3 and Figure II-4).  

 
 
 

 
 
Figure II-1. Fluorescence spectra recorded for a FRET experiment. Spectra were recorded with 
538 (solid lines) and 590 nm (dashed lines) excitation.  
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Figure II-2. Background corrected emission spectra. The background spectra shown in Figure 
II-1 were subtracted from the other spectra shown in the same figure. The resulting spectra are 
shown in this figure. The solid lines represent  538 nm excitation and the dashed lines 590 nm. 

 
 
 
Table II-1. Fluorescence at wavelengths 
chosen to calculate s

DI and s
SDI  . 

 (nm) )(sD  )(sS  

563 436517 56777 

564 430109 56008 

565 421553 55038 

566 412074 53847 

Average 425063 55418 
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Figure II-3. Spectra used to correct for donor ( )( sD  solid line) and acceptor 
( )( sA dashed line) contributions. The solid lines are the product of   and the background 
corrected spectra recorded at 538 nm (Figure II-2 solid lines) whereas the dashed lines are the 
product of   and the background corrected spectra recorded at 590 nm (Figure II-2 dashed 
lines). 

 

 
Figure II-4. Fluorescence spectra corrected for the donor contribution )()(  ss DS  . The 
solid line represents the sample, the dashed line the tandem fusion of the donor and acceptor 
fluorophores and the dotted line the donor and acceptor fluorophores as single molecules.  

 

As can be seen in Figure II-5, the absorption spectra of mKO and mCherry 
partially overlap. This means that when mKO is excited, part of the mCherry present 
will be cross-excited, even in the absence of FRET. Therefore, the FRET signal has 
to be corrected for direct excitation of the acceptor (mCherry). To determine the 
amount of direct acceptor excitation in )(sS , we compared the relative amount of 
acceptor fluorescence in the background-corrected acceptor )(aA  and FRET pair 

)(aS  spectra excited at the acceptor wavelength a
ex . The fluorescence intensities 

observed in the wavelength region of )(aA  and )(aS  where we detected a clear 
acceptor signal (see Donor graph in Figure II-2) was averaged yielding a

SI  and a
AI , 
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respectively. The relative acceptor concentration   in the FRET sample was defined 
as a

A
a
S II . Because we measured )(sA , we know exactly how much acceptor 

fluorescence in the )(sS  spectrum originated from direct excitation at s
ex . In the 

current example, the wavelength region chosen was 615-622 nm, and thus in a
AI  = 

395339  and a
SI  = 42878  which then results in  = 0.108 (Table II-2). 

Knowing  and  , the FRET spectrum )(sS can be corrected for donor 
bleed through and direct excited acceptor fluorescence by subtracting both 
components yielding the net sensitized emission spectrum )(s

SI   (Figure II-6) 
according to: 
 

)()()()()()()(  ssss
A

s
SD

ss
S ADSIISI     (Eq. II-1) 

 

 
Figure II-5. Absorption (dashed lines) and emission (solid lines) spectra of mKO (emission, 
black line), mKO (absorption, black line) and mCherry (grey lines) (Karasawa et al., 2004; 
Shaner et al., 2004).   

 

Finally the apparent FRET efficiency ( AE ) is defined as the fraction of 
acceptor signal that is derived from energy transfer from the donor and can be 
calculate using Equation II-1 (Clegg, 2009; Jalink and van Rheenen, 2009, eq 
7A25), resulting in Equation II-2. 
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1       (Eq. II-2) 

where IAD  is the total acceptor fluorescence in the presence of the donor and IA  is the total 
acceptor fluorescence in the absence of the donor and A

s
 and D

s
 are the molar extinction 

coefficients of the acceptor and donor at ex
s

, respectively. 
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Table II-2. Fluorescence at 
wavelengths chosen to calculate a

SI  
and a

AI . 

 (nm) )(aA  )(aS  

615 417361 45163 

616 412151 44601 

617 406527 44002 

618 400195 43293 

619 393174 42629 

620 385636 41886 

621 377922 41163 

622 369742 40291 

Average 395339 42878 

 
 
 

 
 

 
Figure II-6. FRET or net sensitized emission spectra ( )(s

SI ) of a sample (solid line), a 
tandem fusion of the donor and acceptor fluorophores (dashed line, positive control) and the 
donor and acceptor fluorophores as single molecules (dotted line, negative control). The 
negative control is considered to have no FRET whereas the positive control has very strong 
FRET due to the fact that the donor and acceptor fluorophores are present in the same 
molecule. As the sample trace is clearly above that of the negative control, it is considered to 
FRET. These spectra are obtained by subtracting the )( sA  spectra (Figure II-3) from the 
corresponding donor corrected spectra (Figure II-4). 
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Equation II-2 can then be written as Equation II-3. From this equation, EA can 
be calculated at each wavelength (Figure II-7). Clearly AE  is a constant (not 
dependent on ). In the case of the examples used here, AE  would on average be 
11%, 2% and 35% for the sample, negative control and positive control, 
respectively. As the negative control reflects no FRET, any AE  well above the AE  
of the negative control will reflect FRET. Therefore, the donor and acceptor in the 
sample and positive control are considered to interact. 
 

)(

)()()(







s

sss

s
D

s
A

A
A

ADS
E


      (Eq. II-3) 

 
 

 
Figure II-7.  Energy transfer efficiency at various wavelengths of a sample (solid line), a tandem 
fusion of the donor and acceptor fluorophores (dashed line, positive control) and the donor and 
acceptor fluorophores as single molecules (dotted line, negative control). The averages of these 
lines are used as the value for EA .   




