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Abstract

The high macromolecular crowding in the intracellular environment can be 
quantified with FRET-based sensors. To assess the influence of fluorophore 
maturation on FRET, we varied both the protein expression conditions and 
the pairs of fluorescent proteins. We built a model to quantify the influence 
of the maturation efficiency on the measured FRET efficiency. Our findings 
show that artifacts from slow maturing fluorescent proteins can be signifi-
cant in case of rapid increasing fluorescent protein levels (induced expression) 
but can be minimized by expression with stable protein levels (constitutive 
expression). The model indicates that the ratiometric FRET relates to the mat-
uration of the fluorescent proteins and depends mostly on the maturation of 
 mCitrine (acceptor), while the maturation of mCerulean3 (donor) influences 
the ratiometric FRET at very low level of maturation. These results demon-
strate that the maturation efficiency has significant effect on the measured 
FRET efficiency. Similar outcomes should apply to other fluorescent pro-
tein-based FRET sensors described in the literature, and it shows the need 
for characterizing the maturation of fluorescent proteins to minimize artifacts. 
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Introduction

Fluorescence resonance energy transfer (FRET) is a powerful tool 
that enables real-time measurements of processes in living cells.1−3 
Researchers have developed sensors to detect e.g. the redox and 
energy status4 and metabolite and ion5−12 concentrations in bacte-
rial, fungal, plant and mammalian cells. Typically, protein-based FRET 
sensors for intracellular measurements consist of two fluorescent 
proteins linked by a conformational switchable domain that provides 
specificity for an analyte. The fluorescent protein is essential and its 
properties affect the application of the sensor.

The synthesis of GFP-type fluorescent proteins goes through sev-
eral stages of processing, including, cyclization, dehydration, and ae-
rial oxidation of the fluorophore, which is termed maturation13,14. The 
oxidation step limits the maturation of GFP-type proteins. Bajar et al.15 
summarized that the maturation half-life of commonly used fluores-
cent proteins range from 15 min to 150 min, depending on the fluo-
rescent protein and the organism in which it is expressed.  Hebisch et 
al.16 found that doubling the growth rate of E. coli results in a longer 
maturation time by a factor of 1.4, which might be due to the oxygen 
availability in the cell. Considering the doubling time of E. coli varies 
from 30–120 min17, we assume that the fluorescent proteins of FRET 
sensors are not always fully mature in living cells. 

Due to the presence of immature fluorescent protein, one obtains 
a mixture of three types of FRET sensor (Fig. 1) in the cells: the fully 
matured, only donor-matured, and only acceptor-matured. These dif-
ferent types of FRET sensors will influence the ratiometric FRET by 
bleed-through and cross-excitation artifacts. The bleed-through ar-
tifact is caused by the emission of donor that is detected in the ac-
ceptor channel, and the cross-excitation is due to direct excitation of 
acceptor at the donor excitation wavelength. 

Our recently developed FRET-based crowding sensor (crGE, con-
taining mCerulean3 and mCitrine) is excited at 405nm under the mi-
croscope and the emission is split at 505 nm. The 405-505 nm chan-
nel gives the emission of the donor (Idonor, mCerulean3), and the 
505–786 nm channel gives the emission of the acceptor (Iacceptor, 
mCitrine). The emission in the acceptor channel is composed of three 
components: the cross-excitation of mCitrine (Fig. 1B), the bleed 
through of mCerulean3 (Fig. 1C) and the actual FRET signal. The 
spectrum of the sensor is complicated because it is a sum of the three 
species. When sensor with only matured mCitrine (crGEcit) is present 
in excess, the intensity of Iacceptor is relatively high due to cross-ex-
citation of mCitrine, which causes an apparent increase in ratiometric 
FRET. When mature mCerulean3 (crGEcer) is in excess, Iacceptor is rel-
atively low due to a fraction of sensor that does not have acceptors 
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and there is no FRET possible, which causes a lower ratiometric FRET. 
Hence, the maturation of fluorescent protein has an influence on the 
measured ratiometric FRET15,18. 

In the current study, we investigate the influence of maturation on 
the ratiometric FRET on our recently developed FRET-based crowding 
sensors in E. coli19,20. With the crowding sensor crGE as starting point, 
we varied the fluorescent proteins (Table 1) and the expression vector. 
We find that artifacts can arise from the slow maturing FRET donor, 
and that the FRET donor maturation can be maximized by constitutive 
expression (stable protein levels), leading to accurate ratiometric FRET 
readouts. We built a model for quantification of the influence of fluores-
cent protein maturation on the read-out of the FRET signal. Our results 
show that maturation influences the ratiometric FRET. For crGE sensor, 
artifacts from slower maturing fluorescent proteins depend strongly on 
the maturation of mCitrine, while the maturation of mCerulean3 mostly 
influences the ratiometric FRET at low levels of maturation. 

Fig. 1. Structures of FRET sensors with either the donor or acceptor or both fluorephores fully 
matured. A: Structure and fluorescence emission spectra of both mCerulean3 and mCitrine 

matured (crGEcercit) (λEx = 420 nm). B: Structure and fluorescence emission spectra of 

mCitrine matured (crGEcit) (λEx = 405 nm). C: Structure and fluorescence emission spectra 

of mCerulean3 matured (crGEcer) (λEx = 405nm), which shows the bleed-though. The 450-

505 nm channel is the donor emission channel (Idonor). The 505-786 nm channel is the acceptor 

emission channel (Iacceptor). The spectra show that Iacceptor of crGE can be influenced by 

cross-excitation and bleed-through. The spectra serve as examples and are qualitative.
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Materials and method

Plasmid and protein preparation

The genes encoding crGE, crGEswitch, crGEu, crGO and crYCY in pRSET 
A were obtained from GeneArt. DNA encoding mTurquoise2 (PMK 
plasmid, GeneArt) was cloned with NsiI and BamHI into pRSET A, car-
rying the gene for the crGE probe. crGEL201K (pMA-T, Eurofins) was 
subcloned in the NsiI and BamHI sites of pRSET A, carrying the gene 
for the crGE probe. DNA encoding crGR in pBAD from GeneArt was 
subcloned into pRSET A, carrying the gene for the crGE probe, using 
the SacI and HindIII endonuclease restriction sites. All plasmids with 
sensor genes were transformed into E. coli BL21(DE3) pLysS (Promega). 

E. coli BL21(DE3) pLysS with the pRSET A vector containing the de-
sired sensor (Table 1) was grown to OD600 = 0.6 in LB medium (10 g/L 
tryptone, 5 g/L yeast extract, 10 g/L NaCl), and induced with 1mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 25 °C. 
The cells were spun down at 3000g for 30min, resuspended in buffer 
A (10 mM sodium phosphate (NaPi), 100 mM NaCl, 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF), pH 7.4) and lysed in TissueLyser LT 
(QIAGEN). The lysate was cleared by centrifugation (5 min, 10000 g), 
and the supernatant was supplemented with 10 mM imidazole, and, 
subsequently, the proteins were purified by nickel-nitrilotriacetic 
acid Sepharose (NTA-Sepharose) chromatography (wash/elution buf-
fer: 20/250 mM imidazole, 50 mM NaPi, 300 mM NaCl, pH 7.4). The 
constructs were further purified by Superdex 200 10/300GL size-ex-
clusion chromatography (Amersham Biosciences) in 10 mM NaPi 
100 mM NaCl, pH 7.4. The expression and purification were analyzed 
by 12% SDS-PAGE, and the bands were visualized by in-gel fluores-
cence and subsequent Coomassie staining. Fractions containing pure 
protein were aliquoted and stored at −80 °C. 

To obtain mCerulean3 and mCitrine separately, the crGE sensor, 
bound to NTA-Sepharose, was treated on-column with proteinase K 
(Sigma) for 5 min. The mixture was first washed with 20 mM imidaz-
ole, 50 mM NaPi, 300 mM NaCl, pH 7.4 to collect mCitrine, and then 
washed with 250 mM imidazole, 50 mM NaPi, 300 mM NaCl, pH 7.4 
to collect mCerulean3. The fractions containing a single fluorescent 
protein were further purified by size-exclusion chromatography and 
analyzed as above.

Fluorescence spectroscopy

The required amount of Ficoll 70 was dissolved in 10 mM NaPi, 
100 mM NaCl, 2 mg/mL BSA, pH 7.4. To obtain background spectra, 
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1.0 mL of the Ficoll solution was added in a quartz cuvette and its 
fluorescence emission spectrum was recorded after excitation at 
488 nm for crGO and crGR, and at 420 nm for all the other sensors. 
Subsequently, the purified sensor was added, mixed by pipette, and 
the spectra were recorded again. The background spectrum prior ad-
dition of the probe was subtracted to obtain the sensor spectrum.

Maturation measurement

E. coli BL21(DE3) strain, without pLysS, with pRSET A containing the 
gene encoding the probe, was inoculated in 10 mL of filter-sterilized 
MOPS minimal21 medium containing 20 mM glucose. The culture was 
grown to OD600 to 0.1–0.2, and treated with 200 µg/mL chloram-
phenicol to stop protein synthesis. The fluorescence emission spec-
tra (λEx = 420 nm) were recorded every 30 min after the addition of 
chloramphenicol, and the spectra were corrected for OD600. The fluo-
rescence emission of the same strain without plasmid was treated in 
the same manner (in the absence of ampicillin) and the corresponding 
spectra were subtracted from those of cells carry the FRET probe. The 
data were fit to an exponential model to predict the maturation time. 

Confocal fluorescence microscopy

Ratiometric FRET measurements of E. coli by scanning confocal flu-
orescence microscopy were carried out as reported previously20. 
Briefly, the culture was grown in MOPS minimal21 medium contain-
ing 20 mM glucose to OD600 to 0.1–0.2. In parallel, the same E. coli 
strain with the pRSET A plasmid containing monomeric streptavidin 
served as background. For both cultures, the proteins were constitu-
tively expressed, i.e. in the absence of inducer. The cells were com-
bined in a 1:1 ratio and washed by centrifugation and resuspension 
in MOPS minimal medium with the desired amount of NaCl, but with-
out K2HPO4 and glucose to minimize adaptation of the cells to the 
osmotic stress imposed by the addition of NaCl. 10 µL of this mixture 
was added to a coverslip modified with (3-aminopropyl) triethoxysi-
lane (Aldrich) as described in chapter 2. The coverslip was placed on 
a 40× water immersion objective lens on a laser-scanning confocal 
microscope (Zeiss LSM 710). 

For imaging, the cells expressing the crGE, crGEs, crGEu, crYCY 
and crTC sensors, we used a 405 nm diode laser for excitation and the 
emission was split into a 450-505 nm and 505-797 nm channel. The 
cells with the crGO sensor were excited at 488 nm and the emission 
of mEGFP and mKO2 was split into a 500-540 nm and 540-797 nm 
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channel. To correct for bleed through and cross excitation, a droplet 
(20 µL, 10 mM NaPi, 2 mg/mL BSA, 100 mM NaCl, pH 7.4.) contain-
ing the same concentration of either crGE, mCerulean3, or mCitrine 
was placed on the coverslip, and excited by 405 nm and the emis-
sion was split into a 405-505 nm channel and a 505-797 nm channel. 
Then, the fluorescent proteins were excited at 488 nm and the emis-
sion was collected between 505-797 nm.

The model

To quantify the influence of maturation on the observed ratiometric 
FRET, a model consisting of the maturation efficiency of the donor 
and the acceptor was build. The model is based on Eq. 1: 
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intensity of donor in the presence of acceptor. Idonor only is the intensity of 
donor in the absence of acceptor. The difference between Idonor and Idonor only 
is Idonor (Eq. 6), which is due to FRET. With Eq. 6, we can rewrite Eq.5 
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∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 =  𝐹𝐹
1−𝐹𝐹 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 7 

 Eq. 1

Ratiometric FRET is the ratio of intensity of acceptor (Iacceptor) divided 
by intensity of donor (Idonor). For crGE sensor, Idonor is the fluorescent 
emission from the 450-505 nm channel and Iacceptor is the fluorescent 
emission from the 505-797nm channel.

We then dissected the composition of Eq. 1. Idonor depends on the 
donor fluorescent protein and is decreased by FRET (Fig. 1A and C). 
Iacceptor includes three parts (Eq. 2, Fig. 1): Idonor bleed through is bleed through 
from donor. IFRET is the donor’s fluorescence emission from FRET 
by FRET. Iacceptor cross-excitation is the direct excitation of the acceptor at 
405 nm. 
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Now we quantify these three parts, with the assumption that 
crGE is fully matured. First, we quantify the donor bleed through 
( Idonor bleed through), which is proportional to the intensity in the donor 
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intensity of donor (Idonor). For crGE sensor, Idonor is the fluorescent emission 
from the 450-505 nm channel and Iacceptor is the fluorescent emission from 
the 505-797nm channel. 

 
We then dissected the composition of Eq. 1. Idonor depends on the donor 

fluorescent protein and is decreased by FRET (Fig. 1A and C). Iacceptor 

includes three parts (Eq. 2, Fig. 1): Idonor bleed through is bleed through from 
donor. IFRET is the donor’s fluorescence emission from FRET by FRET. 
Iacceptor cross-excitation is the direct excitation of the acceptor at 405 nm.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 = 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ  + 𝐼𝐼 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐 excitation    Eq. 2 
 
Now we quantify these three parts, with the assumption that crGE is 

fully matured. First, we quantify the donor bleed through (Idonor bleed through), 
which is proportional to the intensity in the donor channel (Eq. 3).  

 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ = 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟     Eq. 3 
 
To calculate IFRET, we start with the FRET efficiency, Eq. 522. Idonor is the 

intensity of donor in the presence of acceptor. Idonor only is the intensity of 
donor in the absence of acceptor. The difference between Idonor and Idonor only 
is Idonor (Eq. 6), which is due to FRET. With Eq. 6, we can rewrite Eq.5 
into Eq. 7.  

 

𝐹𝐹 = 1 −  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 𝑎𝑎𝑑𝑑𝑜𝑜𝑜𝑜

      Eq. 5 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟  =  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑎𝑎𝑑𝑑𝑏𝑏𝑜𝑜 − 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 6 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 =  𝐹𝐹
1−𝐹𝐹 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 7 

 Eq. 3

To calculate IFRET, we start with the FRET efficiency, Eq. 422. Idonor is 
the intensity of donor in the presence of acceptor. Idonor only is the in-
tensity of donor in the absence of acceptor. The difference between 
Idonor and Idonor only is ∆Idonor (Eq. 5), which is due to FRET. With Eq. 6, we 
can rewrite Eq. 4 into Eq. 6. 
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The model 
To quantify the influence of maturation on the observed ratiometric 

FRET, a model consisting of the maturation efficiency of the donor and the 
acceptor was build. The model is based on Eq. 1:  
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𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎

      Eq. 1 

Ratiometric FRET is the ratio of intensity of acceptor (Iacceptor) divided by 
intensity of donor (Idonor). For crGE sensor, Idonor is the fluorescent emission 
from the 450-505 nm channel and Iacceptor is the fluorescent emission from 
the 505-797nm channel. 

 
We then dissected the composition of Eq. 1. Idonor depends on the donor 

fluorescent protein and is decreased by FRET (Fig. 1A and C). Iacceptor 

includes three parts (Eq. 2, Fig. 1): Idonor bleed through is bleed through from 
donor. IFRET is the donor’s fluorescence emission from FRET by FRET. 
Iacceptor cross-excitation is the direct excitation of the acceptor at 405 nm.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 = 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ  + 𝐼𝐼 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐 excitation    Eq. 2 
 
Now we quantify these three parts, with the assumption that crGE is 

fully matured. First, we quantify the donor bleed through (Idonor bleed through), 
which is proportional to the intensity in the donor channel (Eq. 3).  

 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ = 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟     Eq. 3 
 
To calculate IFRET, we start with the FRET efficiency, Eq. 522. Idonor is the 

intensity of donor in the presence of acceptor. Idonor only is the intensity of 
donor in the absence of acceptor. The difference between Idonor and Idonor only 
is Idonor (Eq. 6), which is due to FRET. With Eq. 6, we can rewrite Eq.5 
into Eq. 7.  

 

𝐹𝐹 = 1 −  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 𝑎𝑎𝑑𝑑𝑜𝑜𝑜𝑜

      Eq. 5 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟  =  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑎𝑎𝑑𝑑𝑏𝑏𝑜𝑜 − 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 6 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 =  𝐹𝐹
1−𝐹𝐹 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 7 

 Eq. 4
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The model 
To quantify the influence of maturation on the observed ratiometric 

FRET, a model consisting of the maturation efficiency of the donor and the 
acceptor was build. The model is based on Eq. 1:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎

      Eq. 1 

Ratiometric FRET is the ratio of intensity of acceptor (Iacceptor) divided by 
intensity of donor (Idonor). For crGE sensor, Idonor is the fluorescent emission 
from the 450-505 nm channel and Iacceptor is the fluorescent emission from 
the 505-797nm channel. 

 
We then dissected the composition of Eq. 1. Idonor depends on the donor 

fluorescent protein and is decreased by FRET (Fig. 1A and C). Iacceptor 

includes three parts (Eq. 2, Fig. 1): Idonor bleed through is bleed through from 
donor. IFRET is the donor’s fluorescence emission from FRET by FRET. 
Iacceptor cross-excitation is the direct excitation of the acceptor at 405 nm.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 = 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ  + 𝐼𝐼 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐 excitation    Eq. 2 
 
Now we quantify these three parts, with the assumption that crGE is 

fully matured. First, we quantify the donor bleed through (Idonor bleed through), 
which is proportional to the intensity in the donor channel (Eq. 3).  

 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ = 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟     Eq. 3 
 
To calculate IFRET, we start with the FRET efficiency, Eq. 522. Idonor is the 

intensity of donor in the presence of acceptor. Idonor only is the intensity of 
donor in the absence of acceptor. The difference between Idonor and Idonor only 
is Idonor (Eq. 6), which is due to FRET. With Eq. 6, we can rewrite Eq.5 
into Eq. 7.  

 

𝐹𝐹 = 1 −  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 𝑎𝑎𝑑𝑑𝑜𝑜𝑜𝑜

      Eq. 5 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟  =  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑎𝑎𝑑𝑑𝑏𝑏𝑜𝑜 − 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 6 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 =  𝐹𝐹
1−𝐹𝐹 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 7 

 Eq. 5
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The model 
To quantify the influence of maturation on the observed ratiometric 

FRET, a model consisting of the maturation efficiency of the donor and the 
acceptor was build. The model is based on Eq. 1:  
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𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎

      Eq. 1 

Ratiometric FRET is the ratio of intensity of acceptor (Iacceptor) divided by 
intensity of donor (Idonor). For crGE sensor, Idonor is the fluorescent emission 
from the 450-505 nm channel and Iacceptor is the fluorescent emission from 
the 505-797nm channel. 

 
We then dissected the composition of Eq. 1. Idonor depends on the donor 

fluorescent protein and is decreased by FRET (Fig. 1A and C). Iacceptor 

includes three parts (Eq. 2, Fig. 1): Idonor bleed through is bleed through from 
donor. IFRET is the donor’s fluorescence emission from FRET by FRET. 
Iacceptor cross-excitation is the direct excitation of the acceptor at 405 nm.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 = 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ  + 𝐼𝐼 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐 excitation    Eq. 2 
 
Now we quantify these three parts, with the assumption that crGE is 

fully matured. First, we quantify the donor bleed through (Idonor bleed through), 
which is proportional to the intensity in the donor channel (Eq. 3).  

 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑 𝑎𝑎ℎ𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟ℎ = 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟     Eq. 3 
 
To calculate IFRET, we start with the FRET efficiency, Eq. 522. Idonor is the 

intensity of donor in the presence of acceptor. Idonor only is the intensity of 
donor in the absence of acceptor. The difference between Idonor and Idonor only 
is Idonor (Eq. 6), which is due to FRET. With Eq. 6, we can rewrite Eq.5 
into Eq. 7.  

 

𝐹𝐹 = 1 −  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 
𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎 𝑎𝑎𝑑𝑑𝑜𝑜𝑜𝑜

      Eq. 5 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟  =  𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 𝑎𝑎𝑑𝑑𝑏𝑏𝑜𝑜 − 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 6 

∆𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟 =  𝐹𝐹
1−𝐹𝐹 ∙ 𝐼𝐼𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟    Eq. 7  Eq. 6

When considering the difference in brightness between donor and 
acceptor, we introduce coefficient γ (Eq. 7). 
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When considering the difference in brightness between donor and 

acceptor, we introduce coefficient γ (Eq.8).  

 
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  𝛾𝛾 ∙ ∆𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑    Eq.8 
 
We quantified Iacceptor cross-excitation, which is proportional to the amount of 

acceptor. The number of donors and acceptors is the same in fully matured 
sensor, which means that the cross-excitation part (Iacceptor cross-excitation) is 
proportional to the intensity of the donor in the absence of acceptor (Idonor 

only). Hence, we introduce 𝛽𝛽 to obtain the relation between cross excitation 
of acceptor and Idonor only. The relation is shown in Eq. 9. With Eq. 5, we can 
rewrite Eq. 9 to Eq. 10.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜    Eq. 9 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
1−𝐹𝐹         Eq. 10 

 
Now we can insert Eq. 2, 3, 8, and 10 into Eq. 1, resulting in Eq. 11 which 

need to further simply:   
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=  
𝛼𝛼∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +𝛾𝛾∙ 𝐸𝐸

1−𝐸𝐸∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 1
(1−𝐸𝐸)∙𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
      Eq. 11 

 
Next, we introduced the degree of maturation to obtain Eq. 12, in which 

mdonor is the maturation percentage of donor, macceptor is the maturation 
percentage of acceptor, and I0 indicates the intensity of fully matured 
protein. The bleed through only relates to the maturation of donor and can 
be calculated with Eq. 13. FRET requires that both donor and acceptor are 
matured. Cross-excitation is only related to the maturation of acceptor.  

Lastly, to predict the effect of maturation on ratiometric FRET, we 
determined the coefficients α, ß and γ, and FRET efficiency (E). We 
quantified these parameters with purified fluorescent proteins 
(mCerulean3 and mCitrine) and purified, fully matured crGE. Coefficient 
𝛼𝛼 is related to the emission of mCerulean3 (Fig. 1C). It was determined by 
excitation of purified mCerulean3 (Ex=405nm) and measurement of the 

 Eq. 7

We quantified Iacceptor cross-excitation, which is proportional to the amount 
of acceptor. The number of donors and acceptors is the same in 
fully matured sensor, which means that the cross-excitation part 
( Iacceptor  cross- excitation) is proportional to the intensity of the donor in the 
absence of acceptor (Idonor only). Hence, we introduce  to obtain the rela-
tion between cross excitation of acceptor and Idonor only. The relation is 
shown in Eq. 8. With Eq. 4, we can rewrite Eq. 8 to Eq. 9. 
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When considering the difference in brightness between donor and 

acceptor, we introduce coefficient γ (Eq.8).  

 
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  𝛾𝛾 ∙ ∆𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑    Eq.8 
 
We quantified Iacceptor cross-excitation, which is proportional to the amount of 

acceptor. The number of donors and acceptors is the same in fully matured 
sensor, which means that the cross-excitation part (Iacceptor cross-excitation) is 
proportional to the intensity of the donor in the absence of acceptor (Idonor 

only). Hence, we introduce 𝛽𝛽 to obtain the relation between cross excitation 
of acceptor and Idonor only. The relation is shown in Eq. 9. With Eq. 5, we can 
rewrite Eq. 9 to Eq. 10.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜    Eq. 9 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
1−𝐹𝐹         Eq. 10 

 
Now we can insert Eq. 2, 3, 8, and 10 into Eq. 1, resulting in Eq. 11 which 

need to further simply:   
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=  
𝛼𝛼∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +𝛾𝛾∙ 𝐸𝐸

1−𝐸𝐸∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 1
(1−𝐸𝐸)∙𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
      Eq. 11 

 
Next, we introduced the degree of maturation to obtain Eq. 12, in which 

mdonor is the maturation percentage of donor, macceptor is the maturation 
percentage of acceptor, and I0 indicates the intensity of fully matured 
protein. The bleed through only relates to the maturation of donor and can 
be calculated with Eq. 13. FRET requires that both donor and acceptor are 
matured. Cross-excitation is only related to the maturation of acceptor.  

Lastly, to predict the effect of maturation on ratiometric FRET, we 
determined the coefficients α, ß and γ, and FRET efficiency (E). We 
quantified these parameters with purified fluorescent proteins 
(mCerulean3 and mCitrine) and purified, fully matured crGE. Coefficient 
𝛼𝛼 is related to the emission of mCerulean3 (Fig. 1C). It was determined by 
excitation of purified mCerulean3 (Ex=405nm) and measurement of the 

 Eq. 8
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When considering the difference in brightness between donor and 

acceptor, we introduce coefficient γ (Eq.8).  

 
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  𝛾𝛾 ∙ ∆𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑    Eq.8 
 
We quantified Iacceptor cross-excitation, which is proportional to the amount of 

acceptor. The number of donors and acceptors is the same in fully matured 
sensor, which means that the cross-excitation part (Iacceptor cross-excitation) is 
proportional to the intensity of the donor in the absence of acceptor (Idonor 

only). Hence, we introduce 𝛽𝛽 to obtain the relation between cross excitation 
of acceptor and Idonor only. The relation is shown in Eq. 9. With Eq. 5, we can 
rewrite Eq. 9 to Eq. 10.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜    Eq. 9 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
1−𝐹𝐹         Eq. 10 

 
Now we can insert Eq. 2, 3, 8, and 10 into Eq. 1, resulting in Eq. 11 which 

need to further simply:   
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=  
𝛼𝛼∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +𝛾𝛾∙ 𝐸𝐸

1−𝐸𝐸∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 1
(1−𝐸𝐸)∙𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
      Eq. 11 

 
Next, we introduced the degree of maturation to obtain Eq. 12, in which 

mdonor is the maturation percentage of donor, macceptor is the maturation 
percentage of acceptor, and I0 indicates the intensity of fully matured 
protein. The bleed through only relates to the maturation of donor and can 
be calculated with Eq. 13. FRET requires that both donor and acceptor are 
matured. Cross-excitation is only related to the maturation of acceptor.  

Lastly, to predict the effect of maturation on ratiometric FRET, we 
determined the coefficients α, ß and γ, and FRET efficiency (E). We 
quantified these parameters with purified fluorescent proteins 
(mCerulean3 and mCitrine) and purified, fully matured crGE. Coefficient 
𝛼𝛼 is related to the emission of mCerulean3 (Fig. 1C). It was determined by 
excitation of purified mCerulean3 (Ex=405nm) and measurement of the 

 Eq. 9

Now we can insert Eq. 2, 3, 7, and 9 into Eq. 1, resulting in Eq. 10 
which need to further simply:  
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When considering the difference in brightness between donor and 

acceptor, we introduce coefficient γ (Eq.8).  

 
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  𝛾𝛾 ∙ ∆𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑    Eq.8 
 
We quantified Iacceptor cross-excitation, which is proportional to the amount of 

acceptor. The number of donors and acceptors is the same in fully matured 
sensor, which means that the cross-excitation part (Iacceptor cross-excitation) is 
proportional to the intensity of the donor in the absence of acceptor (Idonor 

only). Hence, we introduce 𝛽𝛽 to obtain the relation between cross excitation 
of acceptor and Idonor only. The relation is shown in Eq. 9. With Eq. 5, we can 
rewrite Eq. 9 to Eq. 10.  

 
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜    Eq. 9 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑑𝑑𝑑𝑑 =  𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
1−𝐹𝐹         Eq. 10 

 
Now we can insert Eq. 2, 3, 8, and 10 into Eq. 1, resulting in Eq. 11 which 

need to further simply:   
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=  
𝛼𝛼∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +𝛾𝛾∙ 𝐸𝐸

1−𝐸𝐸∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 1
(1−𝐸𝐸)∙𝛽𝛽∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
      Eq. 11 

 
Next, we introduced the degree of maturation to obtain Eq. 12, in which 

mdonor is the maturation percentage of donor, macceptor is the maturation 
percentage of acceptor, and I0 indicates the intensity of fully matured 
protein. The bleed through only relates to the maturation of donor and can 
be calculated with Eq. 13. FRET requires that both donor and acceptor are 
matured. Cross-excitation is only related to the maturation of acceptor.  

Lastly, to predict the effect of maturation on ratiometric FRET, we 
determined the coefficients α, ß and γ, and FRET efficiency (E). We 
quantified these parameters with purified fluorescent proteins 
(mCerulean3 and mCitrine) and purified, fully matured crGE. Coefficient 
𝛼𝛼 is related to the emission of mCerulean3 (Fig. 1C). It was determined by 
excitation of purified mCerulean3 (Ex=405nm) and measurement of the 

 Eq. 10

Next, we introduced the degree of maturation to obtain Eq. 11, in 
which mdonor is the maturation percentage of donor, macceptor is the mat-
uration percentage of acceptor, and I0 indicates the intensity of fully 
matured protein. The bleed through only relates to the maturation 
of donor and can be calculated with Eq. 12. FRET requires that both 
donor and acceptor are matured. Cross-excitation is only related to 
the maturation of acceptor. 

Lastly, to predict the effect of maturation on ratiometric FRET, 
we determined the coefficients α, β and γ, and FRET efficiency (E). 
We quantified these parameters with purified fluorescent proteins 
( mCerulean3 and mCitrine) and purified, fully matured crGE. Coef-
ficient α is related to the emission of mCerulean3 (Fig. 1C). It was 
determined by excitation of purified mCerulean3 (λEx = 405 nm) 
and measurement of the emission in channel 405–505 and channel 
505–797 nm. The coefficient β is employed to build the relation be-
tween the ratio of emission upon cross excitation of acceptor, and do-
nor emission in the absence of acceptor (Idonor only). To determine coef-
ficient β, we need to know the emission intensity of mCitrine (Ex 405 
and 488 nm) and the emission intensity of mCerulean3 (λEx = 405 nm). 
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We excited purified mCitrine and mCerulean at 405nm and 488 nm, 
respectively. We did not observe emission of mCerulean3 when ex-
cited at 488 nm, which indicates that we can quantify the amount of 
mCitrine in crGE with 488 nm excitation. We excited crGE sensor at 
405 and 488 nm separately and recorded the intensity.
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emission in channel 405-505 and channel 505-797nm. The coefficient ß is 
employed to build the relation between the ratio of emission upon cross 
excitation of acceptor, and donor emission in the absence of acceptor (Idonor 

only). To determine coefficient ß, we need to know the emission intensity of 
mCitrine (Ex 405 and 488 nm) and the emission intensity of mCerulean3 
(Ex=405nm). We excited purified mCitrine and mCerulean at 405nm and 
488 nm, respectively. We did not observe emission of mCerulean3 when 
excited at 488 nm, which indicates that we can quantify the amount of 
mCitrine in crGE with 488nm excitation. We excited crGE sensor at 405 
and 488nm separately and recorded the intensity. 

 
 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0 +𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∙𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑∙𝛾𝛾∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

0 ∙ 𝐸𝐸
1−𝐸𝐸 + 1

(1−𝐸𝐸)∙𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ∙ 𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0   

 =  𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝛼𝛼 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0 +  𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∙𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑∙𝛾𝛾∙𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

0 ∙ 𝐸𝐸
1−𝐸𝐸

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0 +  

1
(1−𝐸𝐸)∙𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ∙ 𝛽𝛽 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

0

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0      

Eq. 12 
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

0     Eq. 13 
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0     Eq. 14 
 
Equation 12 can be simplified to Equation 15: 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 =  𝛼𝛼 + 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ∙ 𝛾𝛾 ∙  𝐸𝐸
1−𝐸𝐸 +  1

(1−𝐸𝐸) ∙ 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ∙ 𝛽𝛽
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 Eq.   15 

Results 

In vitro characterization of FRET-based sensors  
We initially set out to vary the fluorescent proteins in the crGE sensor 

in order to improve its performance, and to understand the influence of the 
fluorescent proteins on crowding sensing. To determine the influence of 
the order of translation on maturation, we switched the order of mCitrine 
and mCerulean3 on the gene encoding crGE yielding crGEswitch. To 
determine the influence of the orientation of mCitrine on the ratiometric 

 Eq. 14

Results

In vitro characterization of FRET-based sensors 

We initially set out to vary the fluorescent proteins in the crGE sensor 
in order to improve its performance, and to understand the influence 
of the fluorescent proteins on crowding sensing. To determine the in-
fluence of the order of translation on maturation, we switched the or-
der of mCitrine and mCerulean3 on the gene encoding crGE yielding 
crGEswitch. To determine the influence of the orientation of mCitrine 
on the ratiometric FRET, we employed a circular permitted fluores-
cent protein (cpmVenus), yielding the crGEu sensor. Then, to inves-
tigate the influence of intramolecular hydrophobic interactions, we 
mutated a hydrophobic patch that we identified in mCerulean3 and 
mCitrine to a repulsive electrostatic interaction, yielding crGEL201K 
To minimize the effect of maturation, we replaced slow-maturation 
mCerulean3 with mTurquoise2 which is a brighter and faster matur-
ing fluorescent protein23, yielding crTC. To obtain a red-shifted FRET 
pair, we employed mEGFP and TagRFP, yielding crGR. To increase the 
pH stability of the sensor, we combined EGFP with mKO2, which was 
previously stated pH insensitive24, yielding crGO. To increase the size 
of the sensor, we linked a second mCitrine fused to the N- terminus 
of the crGE, yielding the crYCY sensor, and lastly, we fused non- 
fluorescent GFPs to both the C- and N-terminus of the crGE sensor, 
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yielding crNon-GFP. We anticipated that these larger constructs 
would be more crowding- sensitive due to the size-dependence of 
crowding effects (Table 1).

All sensors (Table 1 and Fig. 2) were purified by size-exclusion 
chromatography. To determine the purity of the sensors, we ran SDS-
PAGE gels and identified the proteins by Coomassie staining and in-
gel fluorescence (Fig. 3). For crTC, crGEswitch, and crGEu, we saw a 
small fraction of more slowly migrating proteins, which could reflect 
a different folding state of the fluorescent proteins in SDS 26 (Fig. 3A). 
For the crGO sensor, a more intense band migrating with apparent 
molecular weight about 10 kDa higher than that of the main protein, 

Table 1. Different crowding sensors

Acronym Donor Acceptor Vector Properties
crGE mCerulean3 mCitrine pRSET A
crGE mCerulean3 mCitrine pACYC Rhamnose inducible

crGEswitch1 mCerulean3 mCitrine pRSET A switched position donor and 
acceptor 

crGEu2 mCerulean3 cpmVenus25 pRSET A acceptor orientation change
crTC mTurquoise2 mCitrine pRSET A Fast maturing donor

crGEL201K3 mCerulean3 mCitrine pRSET A reduced donor/acceptor 
association

crGR mEGFP TagRFP pBAD Red-shifted
crGO mEGFP mKO2 pRSET A pH insensitive
crYCY4 mCerulean3 mCitrine(2x) pRSET A Increased size
crNon-GFP5 mCerulean3 mCitrine pRSET A Increased size

1. The order of mCitrine and mCerulean3 was switched to first mCitrine and then mCerulean3 

(crGEswitch). 2. cpmVenus is a circularly permuted variant of yellow fluorescent proteins see 

[ref 25] for detail. 3. The crGEL201K sensor is crGE sensor with two mutations L201K and 

L557K. 4. An additional mCitrine fused to the N-terminus of the crGE sensor 5. Additional 

non-fluorescent GFPs were linked to both the C-terminus and the N-terminus of the crGE, 

which compromised the folding of sensor in E. coli. 

Fig. 2. Spectral characterization of the probes. A: Fluorescent spectra of the sensors with CFP-

YFP ( = 420nm). B: Fluorescent spectra for the crGO sensor ( = 488nm). 
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which is indicative of a significant fraction of the crGO sensor that 
is not folding/maturing correctly. For the crYCY sensor (Fig. 3B), we 
find multiple bands, indicating that the additional mCitrine causes in-
complete protein synthesis in E. coli.  
All the sensors are characterized by fluorometry with Ficoll 70 as 
crowder. All the sensors respond to crowding (Fig. 4A); the accep-
tor/donor ratio increases when the weight percentage of Ficoll 70 
is increased. The crYCY sensor with an additional mCitrine has a 
higher FRET efficiency and cross-excitation compared to the crGE. 
The crGO has a low acceptor/donor ratio, which is caused by the low 
brightness and maturation of mKO2 in E. coli (Fig. 2). The tagRFP in 
crGR does not give emission (data not shown), which could be due 
to the instability of TagRFP or absence of maturation. Neither mCe-
rulean3 nor mCitrine in crNon-GFP gives any emission, which could 
be due to the misfolding of both donor and acceptor or aggregation 
of the sensors in vivo (Fig. 3C). Further, it is known that misfolding of 
a fusion protein can hamper proper folding of fluorescent proteins27. 

Characterization of the sensors in E. coli

We characterized all the sensors in terms of ratiometric FRET and 
maturation in E. coli. The plasmids carrying the genes for the vari-
ous crowding sensors were transformed into E. coli BL21(DE3) pLysS, 
and the cells were grown in MOPS medium at 30 °C and shaking at 
200rpm. The ratiometric FRET of sensors in the cells was quantified 
by confocal microscopy. Similar to our in vitro data, the cyan-yellow 
sensors crGE, crGEs, crGEu, crTC, and crGEL201K, yield compara-
ble acceptor/donor ratios, the crYCY shows a higher acceptor/donor 
ratio, and the crGO gives the lowest acceptor/donor ratio (Fig. 4B). 
Similar to the purified sensors in fluorescence spectroscopy, the sen-
sors show an increase in ratiometric FRET by osmotic upshift of the 
media in which the cells are incubated (Fig. 4C).

To compare the different FRET ratios, we calibrated the purified 
sensors with Ficoll 70 as crowder and converted the ratiometric FRET 
in vivo to %w/w equivalents of Ficoll 70. The results are shown in 
Fig. 4. In MOPS medium, the ratiometric FRET of the sensors (crGE, 
crGEs, crGEu, crTC, and crGEL201K) is equivalent to ~19% w/w Fi-
coll 70. The equivalent fraction for crYCY is only ~8%, which may due 
to truncation of crYCY sensor in cell. The crGO does not give a real-
istic value with the equivalents of Ficoll 70 lower than 0%, likely due 
to the low maturation of mKO2. The difference in %w/w equivalents 
of Ficoll 70 could be due to the difference in maturation, which may 
relate to the expression condition, the concentration of the sensors 
which may result in formulating dimer, and other factors.
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Fig. 3. SDS-PAGE of different FRET sensors. The left panels are stained with Coomassie Brilliant 

Blue and the right panels are in gel fluorescent images at an excitation of 535nm. A: SDS-PAA 

gels showing the purity of crTC, crGEswitch, and crGEu after Ni-Sepharose and size-exclusion 

chromatography. B: Characterization of crYCY under different expression conditions by SDS-

PAGE; (-) indicates sample buffer at room temperature and (+) indicates incubation in sample 

buffer at 80°C for 10 min. Lane 1: Purified CrYCY purified by size exclusion chromatography, 

LB medium, shaking at 25°C. Lane 2: Cell lysate from E. coli BL21(DE3) with constitutively 

expressed crYCY, MOPS mineral medium, shaking at 30°C. Lane 3: As in B, with 1 mM IPTG 

induction, MOPS mineral medium, shaking at 30°C. Land 4: Cell lysate form E. coli BL21(DE3) 

under constitutive expression (slow expression), LB medium, shaking at 25°C. C: SDS-PAGE gel 

electrophoresis of crNon-GFP isolated from E. coli BL21(DE3) pLysS. Characterization of crNon-
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Fig. 4. Characterization of FRET-based crowding sensors. The donor and acceptor pairs are 

shown in Table 1. A: Effect of Ficoll 70 on the purified crowding sensors. B: Acceptor/Donor ratio 

of different sensors in exponential growing (MOPS-glucose medium) E. coli. C: The same as B 

but after osmotic upshift (NaCl, 250 and 500 mM). D: % w/w Ficoll equivalents for the different 

sensors expressed in in exponential growing E. coli. E: C: The same as B but after osmotic upshift 

(NaCl, 250 and 500 mM). Error bars are the standard deviation of data from >100 cells.

To figure out the difference in %w/w equivalents of Ficoll 70 for dif-
ferent sensors, we initially tried to control the sensor concentration 
in vivo. We transferred the crGE gene from pRSET A to pACYC, with 
expression controlled by a rhamnose-inducible promoter. Interest-
ingly, the crGE sensor in the low-copy number pACYC vector gives 
a much higher acceptor/donor ratio compared to the same sensor in 
the high-copy number pRSET A plasmid.  

The increase in FRET efficiency is also observed when the sen-
sor is induced by IPTG with the pRSET A plasmid. To explain the 

GFP sensor under different expression conditions. Lane 1: The cells were incubated at 20°C, 

200rpm, under IPTG induction. Lane 2: The cells were incubated at 20°C, 200rpm, constitutive 

expression (slow expression). Lane 3: The cells were incubated at 30°C, 200rpm, IPTG induction. 

Lane 4: The cells were incubated at 30°C, 200rpm, constitutive expression (slow expression).
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unexpected increase in acceptor/donor ratios of induced expression 
as compared to constitutive expression, we tracked mCitrine/mCeru-
lean3 during a post-induction period. We incubated E. coli BL21DE3 
with crGE sensor in pACYC in MOPS mineral medium (at 30 °C and 
200 rpm of shaking), and induced expression with 0.1% rhamnose 
overnight. The next day, we stopped induction by spinning down the 
cells and resuspending them in MOPS medium without rhamnose. 
We determined the mCitrine/mCerulean3 ratio over time (Fig. 5). At 
t = 0, after induction overnight, the acceptor/donor ratio of crGE in 
pACYC was ~1.32. The ratio dropped to 1.05 at 6 h post-induction. 
This ratio is comparable to that of cells constitutively expressing crGE 
with pRSET A. 

To confirm that induced expression itself does not cause over-
crowding of the cell, and hence change the sensor readout, control 
cells with pACYC containing the gene for maltose-binding protein 
(MBP, a non-fluorescent protein) and crGE in pRSET A were tested. 
Overexpression (induced/high expression) of MBP in the cytoplasm 
with 0.1% rhamnose did not lead to changes in the FRET ratio of 
the constitutively expressed crGE sensor, indicating that intracellular 
crowding does not change during induced expression.

The high ratiometric FRET ratio of crGE in pACYC could be caused 
by incomplete maturation of mCerulean3 when produced from the 
pACYC vector, rather than crowding changes. When we stop in-
duction, the cells stop synthesizing the protein and the immature 
mCerulean3 continues to mature. The newly matured mCerulean3 

Fig. 5. The mCitrine/mCerulean3 ratio of crGE in pACYC decreases in the post-induction 
period and approaches the ratios obtained with constitutive expression. Black squares: crGE 

sensor in pACYC after induction with 0.1% rhamnose overnight, and the induction was halted 

at t = 0. Red circles; cells expressing MBP in pACYC, induced overnight and stopped at t = 0, 

and crGE in pRSET A, which is constitutively expressed. All the experiments were performed in 

E. coli BL21DE3 incubated in MOPS mineral medium at 30 °C and 200rpm of shaking. Error 

bars are the standard error over 100 E. coli cells.
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significantly increases the intensity of Idonor. As a result, the ob-
served ratiometric FRET decreases. Hence, inducible expression of 
the sensor decreases the fraction of mature mCerulean3; the matu-
ration can be optimized by giving the proteins more to time mature, 
e.g. as under our conditions of constitutive expression.  

The maturation of fluorescent proteins

To investigate the relation between maturation and the FRET ratio 
of crGE and crTC sensor in E. coli further, we determined the kinetics 
of maturation of the fluorescent proteins in the spectrophotometer. 
E. coli BL21(DE3) cells were grown to OD600 of 0.1–0.2, after which 
they were treated with chloramphenicol to stop protein synthesis. 
We tracked the fluorescence over time (Fig. 6) and fitted the data 
with an exponential model. For crGE, it took 30-60 min for mCitrine 
to reach full maturation with 80% of the mCitrine already matured 
at t = 0. mCerulean3 was matured in 100-140 min with 50% of the 
mCerulean3 already matured at t = 0. For crTC sensor, we found the 
same maturation for mCitrine as mCitrinie in crGE, while the mTur-
quoise2 matures faster than mCerulean3 (60–90 min with 70% al-
ready matured at t = 0). The results demonstrate that crTC shows an 
improved maturation while neither fluorescent protein in the crTC or 
crGE is fully matured in vivo. 

Fig. 6. The maturation of fluorescent proteins in E. coli. A: the maturation of mCitrine (excited 

at 505 nm) and mCerulean3 (excited at 405 nm) in crGE expressed in E. coli. B: the maturation 

of mCitrine and mTurquise2 in crTC expressed in E. coli. The E. coli BL21(DE3) strain, without 

pLysS, with pRSET A containing the gene encoding the probe, was grown in glucose-MOPS 

mineral medium as described in the Methods section. The intensity of both fluorescent proteins 

was recorded every half hour after the addition of chloramphenicol. To compare the signal 

change, the fluorescent intensity was normalized to t = 0. 
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The model

We use eq. 15 to quantify the effect of maturation on the FRET ratio.  
To determine how the bleed-though, the FRET, and the cross-exci-
tation influence the observed ratiometric FRET signal, we quantified 
the coefficients α, β and γ with purified mCerulean3, mCitrine, and 
crGE. The value of , which is only related to the emission of mCe-
rulean3, is 0.66. Coefficient γ is the brightness difference between 
mCerulean3 and mCitrine, and is ~2 according to Cranfill et al.28. The 
coefficient β, which is employed to build the relation between the 
ratio of emission upon cross excitation of acceptor, and donor emis-
sion in the absence of acceptor (Idonor only), is 0.05. We know that 
the FRET efficiency (E) of crGE in pRSET A is about 12±2%19 in expo-
nentially growing E. coli cells in MOPS minimal medium. Inserting all 
parameters into Eq. 15, yields the following relationship. 
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Fig. 6. The maturation of fluorescent proteins in E. coli. A: the maturation 
of mCitrine (excited at 505 nm) and mCerulean3 (excited at 405 nm) in crGE 
expressed in E. coli. B: the maturation of mCitrine and mTurquise2 in crTC 
expressed in E. coli. The E. coli BL21(DE3) strain, without pLysS, with pRSET A 
containing the gene encoding the probe, was grown in glucose-MOPS mineral 
medium as described in the Methods section. The intensity of both fluorescent 
proteins was recorded every half hour after the addition of chloramphenicol. To 
compare the signal change, the fluorescent intensity was normalized to t=0.  

The model 
We use eq. 15 to quantify the effect of maturation on the FRET ratio.  To 

determine how the bleed-though, the FRET, and the cross-excitation 
influence the observed ratiometric FRET signal, we quantified the 
coefficients 𝛼𝛼, ß and γ with purified mCerulean3, mCitrine, and crGE. The 
value of 𝛼𝛼, which is only related to the emission of mCerulean3, is 0.66. 
Coefficient γ is the brightness difference between mCerulean3 and 
mCitrine, and is ~2 according to Cranfill et al.28. The coefficient ß, which 
is employed to build the relation between the ratio of emission upon cross 
excitation of acceptor, and donor emission in the absence of acceptor (Idonor 

only), is 0.05. We know that the FRET efficiency (E) of crGE in pRSET A is 
about 12±2%19 in exponentially growing E. coli cells in MOPS minimal 
medium. Inserting all parameters into Eq. 15, yields the following 
relationship.  

 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝑅𝑅𝐹𝐹𝐹𝐹 = 0.66 + 0.34 ∙ 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 +  0.06 ∙  𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟 

𝑚𝑚𝑑𝑑𝑎𝑎𝑑𝑑𝑎𝑎𝑟𝑟
  Eq. 16  Eq. 15

The data are plotted in Fig. 7 for different degrees of mCitrine and 
mCerulean3 maturation. We notice that the ratiometric FRET relates 
to the maturation of fluorescent protein and depends strongly on the 
maturation of mCitrine, while the maturation of mCerulean3 mostly 
influences the ratiometric FRET at low levels of maturation. A lower 
maturation of mCitrine will decrease the mCitrine/mCerulean3, and 
a lower maturation percentage of mCerulean3 will increase the ratio-
metric FRET. Hence, the maturation of mCitrine (acceptor) and mCe-
rulean3 (donor) have opposing effects on the ratiometric FRET, and 
when the maturation of both decreases, the change in ratiometric 
FRET will be compensated to a certain extent. 

Fig. 7. The effect of maturation of fluorescent proteins on FRET sensor read-out. We assumed 

the FRET efficiency (E) of crGE in pRSET A is about 12±2% in exponential growing cells in 

MOPS minimal medium. 



85

Co
m

pa
ris

on
 o

f f
lu

or
es

ce
nt

 p
ro

te
in

s 
in

 a
 c

ro
w

di
ng

 s
en

so
r a

nd
 th

e 
im

po
rt

an
ce

 o
f e

ff
ic

ie
nt

 m
at

ur
at

io
n 

in
 E

sc
he

ric
hi

a 
co

li
D

is
cu

ss
io

n

Discussion

In this study, we compared a set of fluorescent proteins in the con-
text of their performance as crowding sensors, and observed a strong 
dependence of the FRET ratios on the expression conditions. We 
quantified the maturation of the fluorescent proteins of a sensor in E. 
coli and built a model to predict the effect of maturation on the rati-
ometric FRET values. The maturation of both donor and acceptor in-
fluence the ratiometric FRET, while slower expression can maximize 
the maturation of the fluorescent proteins. 

By determining the maturation in E. coli, grown in MOPS minimal 
medium at 30 oC (doubling time of ~ 2h), we find that mCerulean3 
matures to about 50% and mCitrine to 80% during constitutive ex-
pression from the T7 promoter (Fig. 6). The maturation efficiency 
decreases during induced expression because synthesis rate will be 
faster than the maturation rate which increase the fraction of imma-
ture protein. Additionally, under these conditions, the concentration 
of oxygen may be limiting for maturation16. Given that maturation 
times of fluorescent proteins range from 10 min to 500 min28, we can 
infer that many will not fully mature under the ambient conditions in 
the cell, which will influence the ratiometric FRET readout. 

To predict the influence of maturation on ratiometric FRET, we 
quantified the influence of bleed-through, cross-excitation and ac-
tual FRET on the ratiometric FRET. We employed crGE as an example 
and obtained a model for ratiometric FRET as a function of the de-
grees of maturation of mCerulean3 and mCitrine. The model assumes 
that the purified crGE sensor is fully matured, while the fluorescent 
protein mCerulean3 and mCitrine may not be fully mature in reality. 
Our gel analysis to discriminate fully folded/matured proteins from 
misfolded proteins, based on Geertsma et al.26 indicates that the as-
sumption is valid however. 

The maturation of both donor and acceptor fluorescence influ-
ences the ratiometric FRET. It would be ideal to use an acceptor that 
is not cross-excited, which would remove the last part of Eq. 16. Then, 
the ratiometric FRET is only dependent of the acceptor maturation. 
Hence, a sensor with a fast-matured acceptor that cannot be cross-ex-
cited would be the preferred fluorophore for FRET-based readout.

An alternative way to minimize the influence of maturation is to 
maximize the maturation of both donor and acceptor. We find that 
constitutive expression (expression with stable protein levels) in 
MOPS medium yields the most stable ratiometric FRET. Under con-
stitutive expression, the concentration of proteins remains lower 
than under overexpression (induced/high expression). Furthermore, 
cells grown in mineral MPOS medium have a longer doubling time 
compared to cells grown in rich medium.17. As a result of these two 
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factors, the fluorescent protein has more time to mature leading to 
an increased maturation efficiency.

Conclusion

We delineate the influence of maturation on the ratiometric FRET 
of a set of crowding-sensitive probes. We show that the maturation 
of both donor and acceptor fluorophores are key parameters to con-
sider for the interpretation of FRET signals. In E. coli, a relatively slow 
expression of the sensors in MOPS minimal medium yields the most 
complete maturation and thus a stable ratiometric FRET readout. The 
choice of fast maturing fluorescent proteins is desirable for FRET-
based readout in living cells. Nevertheless, we advise to quantify the 
maturation of the fluorescent proteins in the FRET sensors when em-
ploying the FRET sensors for a given condition in vivo.  

Reference

1 Joo, C., Balci, H., Ishitsuka, Y., Buranachai, C. & Ha, T. Advances in single-molecule 

fluorescence methods for molecular biology. Annual Review of Biochemistry 77, 

51-76, doi:10.1146/annurev.biochem.77.070606.101543 (2008).

2 Medintz, I. L. & Mattoussi, H. Quantum dot-based resonance energy transfer and 

its growing application in biology. Physical Chemistry Chemical Physics 11, 17-45, 

doi:10.1039/b813919a (2009).

3 Merzlyak, E. M. et al. Bright monomeric red fluorescent protein with an extended 

fluorescence lifetime. Nature Methods 4, 555-557, doi:10.1038/nmeth1062 (2007).

4 Abraham, B. G., Santala, V., Tkachenko, N. V. & Karp, M. Fluorescent protein-based 

FRET sensor for intracellular monitoring of redox status in bacteria at single cell 

level. Analytical and Bioanalytical Chemistry 406, 7195-7204, 

 doi:10.1007/s00216-014-8165-1 (2014).

5 Peroza, E. A., Ewald, J. C., Parakkal, G., Skotheim, J. M. & Zamboni, N. A genetically 

encoded Forster resonance energy transfer sensor for monitoring in vivo treha-

lose-6-phosphate dynamics. Analytical Biochemistry 474, 1-7, 

 doi:10.1016/j.ab.2014.12.019 (2015).

6 Zhao, F. L., Zhang, C., Tang, Y. & Ye, B. C. A genetically encoded biosensor for in 

vitro and in vivo detection of NADP(+). Biosensors & Bioelectronics 77, 901-906, 

doi:10.1016/j.bios.2015.10.063 (2016).

7 Ahmad, M., Ameen, S., Siddiqi, T. O., Khan, P. & Ahmad, A. Live cell monitoring 

of glycine betaine by FRET-based genetically encoded nanosensor. Biosensors & 

Bioelectronics 86, 169-175, doi:10.1016/j.bios.2016.06.049 (2016).

8 Ameen, S. et al. Designing, construction and characterization of genetically en-

coded FRET-based nanosensor for real time monitoring of lysine flux in living cells. 

Journal of Nanobiotechnology 14, doi:10.1186/s12951-016-0204-y (2016).



87

Co
m

pa
ris

on
 o

f f
lu

or
es

ce
nt

 p
ro

te
in

s 
in

 a
 c

ro
w

di
ng

 s
en

so
r a

nd
 th

e 
im

po
rt

an
ce

 o
f e

ff
ic

ie
nt

 m
at

ur
at

io
n 

in
 E

sc
he

ric
hi

a 
co

li
Re

fe
re

nc
e

9 Mohsin, M. & Ahmad, A. Genetically-encoded nanosensor for quantitative mon-

itoring of methionine in bacterial and yeast cells. Biosensors & Bioelectronics 59, 

358-364, doi:10.1016/j.bios.2014.03.066 (2014).

10 Monsin, M., Diwan, H., Khan, I. & Ahmad, A. Genetically encoded FRET-based 

nanosensor for in vivo monitoring of zinc concentration in physiological environ-

ment of living cell. Biochemical Engineering Journal 102, 62-68, 

 doi:10.1016/j.bej.2015.03.012 (2015).

11 Okada, S., Ota, K. & Ito, T. Circular permutation of ligand-binding module im-

proves dynamic range of genetically encoded FRET-based nanosensor. Protein 

Science 18, 2518-2527, doi:10.1002/pro.266 (2009).

12 Vanoaica, L., Behera, A., Camargo, S. M. R., Forster, I. C. & Verrey, F. Real-time 

functional characterization of cationic amino acid transporters using a new FRET 

sensor. Pflugers Archiv-European Journal of Physiology 468, 563-572, 

 doi:10.1007/s00424-015-1754-9 (2016).

13 Remington, S. J. Fluorescent proteins: maturation, photochemistry and photophysics. 

Current Opinion in Structural Biology 16, 714-721, doi:10.1016/j.sbi.2006.10.001 (2006).

14 Tsien, R. Y. The green fluorescent protein. Annual Review of Biochemistry 67, 

509-544, doi:10.1146/annurev.biochem.67.1.509 (1998).

15 Bajar, B. T., Wang, E. S., Zhang, S., Lin, M. Z. & Chu, J. A Guide to Fluorescent Pro-

tein FRET Pairs. Sensors 16, doi:10.3390/s16091488 (2016).

16 Hebisch, E., Knebel, J., Landsberg, J., Frey, E. & Leisner, M. High Variation of Fluo-

rescence Protein Maturation Times in Closely Related Escherichia coli Strains. Plos 

One 8, 9, doi:10.1371/journal.pone.0075991 (2013).

17 Volkmer, B. & Heinemann, M. Condition-Dependent Cell Volume and Concentra-

tion of Escherichia coli to Facilitate Data Conversion for Systems Biology Model-

ing. Plos One 6, doi:10.1371/journal.pone.0023126 (2011).

18 Elder, A. D. et al. A quantitative protocol for dynamic measurements of protein in-

teractions by Forster resonance energy transfer-sensitized fluorescence emission. 

Journal of the Royal Society Interface 6, S59-S81, 

 doi:10.1098/rsif.2008.0381.focus (2009).

19 Liu, B. Q. et al. Design and Properties of Genetically Encoded Probes for Sensing 

Macromolecular Crowding. Biophysical Journal 112, 1929-1939, 

 doi:10.1016/j.bpj.2017.04.004 (2017).

20 Boersma, A. J., Zuhorn, I. S. & Poolman, B. A sensor for quantification of macromo-

lecular crowding in living cells. Nature Methods 12, 227-+, 

 doi:10.1038/nmeth.3257 (2015).

21 Neidhard.Fc, Bloch, P. L. & Smith, D. F. CULTURE MEDIUM FOR ENTEROBACTE-

RIA. Journal of Bacteriology 119, 736-747 (1974).

22 Lakowicz, J. R. & Masters, B. R. Principles of Fluorescence Spectroscopy. 3rd edn, 

(2006).

23 Goedhart, J. et al. Structure-guided evolution of cyan fluorescent proteins towards a 

quantum yield of 93%. Nature Communications 3, doi:10.1038/ncomms1738 (2012).

24 Nakano, M., Imamura, H., Nagai, T. & Noji, H. Ca2+ Regulation of Mitochondrial 

ATP Synthesis Visualized at the Single Cell Level. ACS Chemical Biology 6, 709-715, 

doi:10.1021/cb100313n (2011).



88

3

25 Nagai, T. et al. A variant of yellow fluorescent protein with fast and efficient 

maturation for cell-biological applications. Nature Biotechnology 20, 87-90, 

doi:10.1038/nbt0102-87 (2002).

26 Geertsma, E. R., Groeneveld, M., Slotboom, D. J. & Poolman, B. Quality control of 

overexpressed membrane proteins. Proceedings of the National Academy of Sciences of 

the United States of America 105, 5722-5727, doi:10.1073/pnas.0802190105 (2008).

27 Pedelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C. & Waldo, G. S. Engineering 

and characterization of a superfolder green fluorescent protein. Nature Biotech-

nology 24, 79-88, doi:10.1038/nbt1172 (2006).

28 Cranfill, P. J. et al. Quantitative assessment of fluorescent proteins. Nature Meth-

ods 13, 557-+, doi:10.1038/nmeth.3891 (2016).






	Chapter 3



