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Abstract
Protein–protein interactions and enzyme-catalyzed reactions are the fundamental processes in life, and the quantifica-
tion and manipulation, kinetics determination, and ether activation or inhibition of these processes are critical for fully 
understanding physiological processes and discovering new medicine. Various methodologies and technologies have been 
developed to determine the parameters of these biological and medical processes. However, due to the extreme complexity 
of these processes, current methods and technologies can only determine one or a few parameters. The recent development 
of quantitative Förster resonance energy transfer (qFRET) methodology combined with technology aims to establish a 
high-throughput assay platform to determine protein interaction affinity, enzymatic kinetics, high-throughput screening, 
and pharmacological parameters using one assay platform. The FRET assay is widely used in biological and biomedical 
research in vitro and in vivo and provides high-sensitivity measurement in real time. Extensive efforts have been made to 
develop the FRET assay into a quantitative assay to determine protein–protein interaction affinity and enzymatic kinetics 
in the past. However, the progress has been challenging due to complicated FRET signal analysis and translational hurdles. 
The recent qFRET analysis utilizes cross-wavelength correlation coefficiency to dissect the sensitized FRET signal from the 
total fluorescence signal, which then is used for various biochemical and pharmacological parameter determination, such 
as KD, Kcat, KM, Ki, IC50, and product inhibition kinetics parameters. The qFRET-based biochemical and pharmacological 
parameter assays and qFRET-based screenings are conducted in 384-well plates in a high-throughput assay mode. Therefore, 
the qFRET assay platform can provide a universal high-throughput assay platform for future large-scale protein characteriza-
tions and therapeutics development.
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• A high-throughput quantitative FRET(qFRET) technology platform has been developed for basic biochemical, pharma-
cological, and system biology research and development.
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Introduction of FRET and FRET 
quantification

Some molecules from an excited state, after excitation by 
light or photo, would emit photons with lower energy from 
the lowest-lying singlet excited state, so-called fluores-
cence, and undergo a thermal energy loss to the environment 
through vibrations. Fluorescent technologies and associated 
tools have revolutionized our ability to probe biological pro-
cesses, such as reporter gene expression, protein trafficking, 
and molecular dynamics, particularly at the cellular and even 
single-cell levels [1–3]. Various fluorescence imaging tech-
niques, such as fluorescence lifetime imaging microscopy 
(FLIM), fluorescence recovery after photobleaching(FRAP), 
fluorescence localization after photobleaching (FLAP), fluo-
rescence loss in photobleaching(FLIP) and Förster resonance 
energy transfer (FRET) have been developed for cellular pro-
cesses [4–7]. Many fluorescent sensors have been developed, 
utilizing either fluorescent proteins or small-molecule dyes, 
to monitor proteins, DNA, RNA, small molecules, ions, and 
even cellular properties, such as phosphorylation, pH, and 
membrane potential [8–11].

At the same time, some fluorescence technologies have 
played significant roles in translational research and drug 
discovery, such as time-resolved fluorescence energy trans-
fer (TR-FRET)/ homogeneous time-resolved fluorescence 
(HTRF) assays, fluorescence polarization/fluorescence 
anisotropy (FP/FA) assays [12–14]. The TR-FRET/HTRF 
combines fluorescence resonance energy transfer technology 
(FRET) with time-resolved measurement (TR), utilizing the 
long half-life of Lanthanide, such as Europium cryptate (Eu)
or Terbium cryptate (Tb) as a fluorescence donor to avoid 
background fluorescence noise, which half-life normally is 
very short. The principle of FP derives from the changes of 
polarization of a fluorophore, which is inversely related to 
its molecular rotation, before and after binding to another 
molecule: the emission light intensity parallel and perpen-
dicular to the excitation light plane normalized by the total 
fluorescence emission intensity [4, 12]. The FP has been 
used for various drug target classes, including small mole-
cule-protein, ligand-receptor GPCRs, and substrate-enzyme 
interactions to determine ligand/inhibitor-target interac-
tions and affinity [15]. However, all the above fluorescence 
technologies have yet to be expanded to comprehensive 

quantitative measurements for both basic research and HTS 
drug discovery.

FRET, a physical phenomenon in which dipole-dipole 
resonance interaction leads to the energy transfer from an 
excited donor to an acceptor chromophore, has been widely 
used to detect molecular interactions or molecules in bio-
medical and chemical research, such as molecular and cel-
lular processes, signal transduction, medical diagnostics, 
and optical imaging. The FRET phenomena and energy 
transfer efficiency were first proposed by a German scien-
tist, Theodor Förster, in 1948 [16]. The interaction of two 
fluorophores, either genetic or organic molecule, occurs 
between oscillating dipoles with overlapped emission and 
excitation resonance frequencies and depends on geometric 
properties of the donor-acceptor pair. FRET can occur when 
the donor fluorophore (D) and acceptor fluorophore (A) are 
within a distance of 1–10 nm in general, which is compa-
rable to the size of small organic or biological molecules, 
and the distances of molecular interactions (Fig. 1A). This 
high sensitivity of FRET efficiency to the distance of two 
fluorophores serves as the basis of two FRET-based appli-
cations, 1) FRET is used as spectroscopic ruler to precisely 
measure molecular distance between the donor and acceptor 
if the distance is not far from their Förster radiuses,  R0; 2) 
the “on” and “off” status of FRET can determine the status 
of molecular interaction, which fits well with biomolecule 
interaction distance.

Accurate determination of the FRET signal is critical for 
measuring the distance between two fluorophores or associ-
ated molecules and the molecular interaction events associ-
ated with FRET. However, the emissions of free donors at 
acceptor emission wavelength and free acceptors can cause 
FRET signal contamination, which includes 1) Bleed-
through emission of an acceptor when excited by the donor’s 
excitation wavelength; 2) Cross-talk of a donor emission 
contributes to the acceptor emission wavelength (Fig. 1A). 
FRET signal quantifications, such as FRET efficiency and 
FRET indices, requires corrections of signals for the bleed-
through and the cross-talk.

A direct method to quantify the FRET signal is the ratio-
metric approach. When a FRET occurs between two fluo-
rescent molecules, the acceptor fluorescence emission is 
increased and the donor fluorescence emission is quenched. 
Therefore, this makes it easy to quantify the FRET signal 
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by the traditional ratiometric method, meaning the fluores-
cent signal at the acceptor emission wavelength divided by 
the fluorescent signal of donor emission at the donor emis-
sion wavelength [17–19]. However, the ratiometric method 
cannot correct the FRET contamination because it does not 
differentiate the contributions of the free donor, the free 
acceptor, from the total fluorescence signals. Therefore, 
FRET signal contamination, through the bleed-through or 
the cross-talk, affects the accurate FRET signal measure-
ment and needs to be eliminated. Several more rigorous 
approaches, mainly for quantitative FRET imaging analysis, 
have been developed to elucidate the FRET signal from the 
contaminated signals. The first one employs “three-cube” 
FRET signal analysis for FRET imaging analysis [20–22]. 
To dissect the fluorescence contamination, two images are 
also acquired: acceptor fluorescence emission during accep-
tor excitation  (IAA) and donor fluorescence emission dur-
ing donor excitation  (IDD), together with the fluorescence 
emission at the acceptor emission wavelength during donor 
excitation  (IDA image). The crosstalk coefficiencies of the 
acceptor or donor are given as α and β, respectively, which 

are constant and assume only these two contaminating com-
ponents [20, 23]. In this way, the sensitized FRET emission, 
Fc, can be calculated by the subtraction of the  IDA intensity 
with those contributions of the free donor and free accep-
tor as

Based on the “three-cube FRET” analysis method, sev-
eral methods were developed to extract the FRET signal and 
applied in biological research. A technique developed by 
Tsuji et al. assumes that the acceptor was not excited at the 
donor excitation wavelength, and thus, there was no fluo-
rescence contamination from the donor. They applied this 
method to directly measure a specific messenger RNA in a 
single living cell [24]. This method is most appropriate for 
monitoring quick dynamic FRET events, as only one signal 
is required during detection.

Another primary method was developed to elucidate the 
accurate FRET signal by correcting signal bleed-through 
(SBT) through photobleaching or FLIM. Photobleach-
ing is comparatively straightforward to perform on any 

Fc = IDA − aIAA − �IDD

Fig. 1  Quantitative FRET(qFRET) signal analysis and high-throughput qFRET assay: A  Fluorescent emission intensity of FRET donor and 
acceptor mixture at acceptor emission wavelength 530 nm, when excited at 414 nm  (FLDA), can be divided into three components: sensitized 
FRET emission, EmFRET, direct emission from free donor, a*FLDD, direct emission of the free acceptor, b*FLAA, where a and b are correlation 
coefficiency of donor and acceptor, respectively (See B). B The cross-wavelength correlation coefficiency of the donor, a, is defined as the fluo-
rescent emission of the donor at the acceptor emission wavelength, 530 nm, when excited at the donor excitation wavelength, 414 nm  (FLDA), 
divided by the fluorescence emission of the donor at donor emission wavelength, 475 nm, when excited at 475 nm  (FLAA). The cross-wavelength 
correlation coefficiency b of the acceptor is defined as the fluorescence emission of the donor at the acceptor emission wavelength 530 nm, when 
excited at the donor excitation wavelength 414 nm  (FLAD), divided by the fluorescence emission of the donor emission wavelength 530 nm, 
when excited at acceptor excitation wavelength 475 nm  (FLAA). C  FRET generation with Mass action of protein–protein interaction. D The 
qFRET assay is conducted in 384-well plate format in solution as a high-throughput assay
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conventional fluorescence microscope. Photobleaching 
mainly measures the timing and frequency of fluorescence 
emission, and therefore, it is not affected by the concen-
tration-dependent emission intensities of the donor and 
acceptor. The rate of donor bleach is directly related to the 
excited state lifetime of the donor, which the FLIM method 
can determine. FLIM is independent of probe concentration, 
excitation intensity, and other factors that determine steady-
state intensity-based measurements [25]. The measurement 
of fluorescence lifetimes can be divided into the time and 
frequency domains, which can be used in multi-photo FRET-
FLIM microscopy. FLIM can determine FRET efficiency in 
a concentration-independent way and allows the determina-
tion of dynamic events at very high temporal resolution(ns). 
The combination of quenched and unquenched donor life-
times obtained by FRET-FLIM allows a more precise esti-
mate of the distance between donor and acceptor than that 
based on the concentration-dependent FRET signals from 
the donor and acceptor.

The traditional FRET-FLIM technique requires that the 
donor is photolabile, and the acceptor is photostable, so the 
FRET signal only comes from the acceptor. An opposite ver-
sion of the traditional FRET-FLIM is a measurement for the 
photobleaching of the acceptor, which requires the acceptor 
to be photolabile and the donor to be photostable [26–28]. 
This approach determines the donor fluorescence's reappear-
ance after saturating the FRET acceptor signal. The basic 
principle is to measure donor intensity before and after com-
plete acceptor bleaching to provide internal control without 
FRET. The increase in donor intensity can be directly related 
to the FRET efficiency after the correction of the acceptor 
cross-talk in the donor emission wavelength. In principle, this 
method requires that acceptor bleaching be complete, which 
is difficult in most cases due to the low intensity of excita-
tion light for the acceptor. This limitation was overcome by 
a curve-fitting method of continuous measurements of the 
donor and gradual acceptor photobleaching [28].

In addition to the above method, a step-by-step algorithm 
to remove SBT contamination in FRET images was also 
developed, in which the bleed-through ratios were not con-
sidered constant but were determined at each fluorescence 
intensity in confocal and two-photon FRET microscopy [29]. 
Moreover, the FRET signals have been determined using a 
complex matrix of α, β, γ and ζ. The α depicts contaminated 
FRET signal (direct excitation of acceptor by the donor exci-
tation wavelength), the β describes spectral bleed-through 
of the donor, the γ characterizes the ratio of the extinction 
coefficient of acceptor/donor at the donor’s excitation wave-
length, and the ζ represents fluorescence intensity of the 
acceptor’s sensitized emission signal to the fluorescence 
intensity that would have arisen from the quenched donor. 
This complex-matrix approach was used to study the cellular 
protein-binding affinities (KD) of dynamic protein interaction 

in insulin secretory granule behavior by three-dimensional 
FRET microscopy images from the total internal reflection 
fluorescence (TIRF) microscopy [30, 31].

A recent correlation coefficiency method for elucidat-
ing sensitized FRET signal(EmFRET) has been developed 
for spectroscopy/fluorescence plate reader, which can be 
adapted as high-throughput assays [32–34] (Fig. 1A). The 
fundamental principle of correlation coefficiency method is 
based on the facts that emissions of FRET donor or acceptor 
at the FRET signal emission wavelength are correlated to 
their emissions at another wavelength or excitation wave-
length, respectively, resulting from the same chemical 
structure of fluorophores with or without FRET. Therefore, 
determining the emissions of free FRET donors or accep-
tors, which contribute to the bleed-through signals, can be 
achieved through their emissions at another wavelength or 
excitation wavelength times a constant for FRET donor or 
acceptor, respectively. This constant is the so-called cor-
relation coefficiency constant. Specifically, the measure-
ments of donor fluorescence intensities at its own emission 
wavelength(FLDD) and acceptor emission wavelength(FLDA) 
to establish a ratio α, and acceptor fluorescence intensities 
at its excitation wavelength(FLAA) and donor excitation 
wavelength(FLDA) to establish a ratio β in advance (Fig. 1B). 
The sensitized FRET signal(EmFRET) is obtained by sub-
tracting total fluorescence intensity(FLDA) at the acceptor 
emission wavelength by the contribution of the donor and 
acceptor,

The sensitized FRET signal(EmFRET) is correlated with 
the interaction events of the FRET donor and acceptor 
(Fig. 1C). Therefore, it can be used to determine molecular 
interaction affinity or other biochemical or pharmacologi-
cal parameters. Because the engineered FRET donor and 
acceptor, CyPet and YPet, have high quantum yields, all the 
fluorescent signals can be determined using a fluorescence 
plate reader in a 384-well plate, and therefore, all the assays 
can be performed in a high-throughput mode (Fig. 1D).

Because this method is straightforward and robust to elu-
cidating sensitized FRET signals, which can be correlated 
with various biochemical reactions, it has been developed 
into a platform of multiple biological and pharmacologi-
cal parameter determinations and high-throughput assays 
[35–37] (Graphic Abstract). The developments of qFRET-
based mathematic algorithms for various reactions and 
experimental procedures and their application for determina-
tions of protein binding affinity (KD), protease endopeptidase 
and Isopeptidase kinetics (kcat/KM), product inhibition for 
both enzyme-product interaction affinity(KD) and enzyme 
kinetics(kcat/KM), peptide transfer reaction kinetics(kcat/
KM), enzyme inhibitor affinity(Ki), Ubl enzyme specificity 

EmFRET = FLDA − ax FLDD − �x FLAA
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determination, HTS for protein-protein interaction and mul-
tiple-enzyme catalyzed cascade inhibitor discovery. deter-
minations in SUMOylation cascade. The new development 
of qFRET assays covers basic research and translational 
research and development, and it can be generally expanded 
to many biological and pathological processes as a generic 
assay platform in the future.

The qFRET method for protein–protein 
interaction dissociation constant KD 
determination in solution

Current techniques for protein interaction affinity 
determination

Protein–protein interaction plays pivotal roles in all the 
physiological processes and pathological developments of 
living organisms, from signal transductions, ligand–recep-
tor interactions, transcript/translation, genome replication, 
cell death, and cell cycles to various diseases, such as can-
cers, infectious diseases, diabetes, and neurodegenerative 
diseases [38, 39]. Accordingly, many technologies have been 
developed to determine protein-protein interaction affinity, 
such as radioactive-labeled binding assay, ultracentrifuga-
tion, surface plasmon resonance (SPR), nuclear magnetic 
resonance (NMR), calorimetric methods (for example, 

ITC—isothermal titration calorimetry and DSC—differen-
tial scanning calorimetry), FP, and FRET (Fig. 2). These 
methods have significantly enable us to understand protein 
functions and dynamics quantitatively for basic research and 
translational studies. However, these methods are limited 
by their intrinsic capabilities, such as the requirement of 
tedious protein expression and purification, a large quantity 
of proteins, expensive instruments, or tedious procedures. 
Therefore, the protein interaction affinities for those “diffi-
cult-to-be expressed” proteins and large-scale networks at 
the proteomics level are still largely unknown so far, result-
ing in a poorly understanding of those proteins in physiol-
ogy and pathology, and even few therapeutics that target 
protein–protein interactions [40–43].

The SPR, a quantitative spectroscopic technique, is a 
popular technology to determine protein-protein or protein-
other molecule interactions [44–46]. The method detects 
the changes of the refractive beam caused by a protein 
binding event at a functional sensing surface, in which 
an interactive partner protein is attached in advance. The 
SPR sensing surface is generally a metallic gold surface 
interfaced with a prism. Monochromatic light is reflected 
from the functionalized metal surface at an angle called 
the SPR angle, which is generated from the plasmon of the 
excited metal surface electrons oscillation after the poten-
tial binding of the interactive protein or other molecules. 
In the event of a biomolecule interacting event, the SPR 
angle of the reflective beam would shift after binding of 

Fig. 2  Comparisons of current major technology and protein–protein interaction assay capability and affinity determination
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one protein to the bound protein [45, 47]. The advantage 
of the SPR method is that it can detect both on and off 
rates in real-time at high sensitivity, leading to the deter-
mination of protein interaction affinity. However, the SPR 
method has some caveats. First, proteins immobilized on 
the metal sensor surface may change their conformation, 
and the different orientations of immobilized ligands on 
the metal surface may result in decreased affinity determi-
nation [48, 49]. Second, the surface-immobilized ligands 
would lead to a higher local concentration than that of the 
solution, resulting in the binding kinetic difference from 
ideal pseudo-first-order binding due to the mass transfer 
effect [49, 50]. Third, the SPR method for  KD determina-
tion might not be valid when a binding event does not fol-
low a simple Langmuir-type binding model [50]. Finally, 
the re-binding effect and nonspecific binding to the sensor 
chip may occur; thus, often leading to significant variations 
of determined parameters [51]. Moreover, the SPR requires 
two binding proteins in the assay to be highly pure.

In addition to SPR, the ITC is also often used for KD 
determination [40, 52]. These methods offer experimental 
convenience, but also have some disadvantages. ITC directly 
measures heat release that are caused by the endothermic 
or exothermic reaction between two interacting molecules 
[53, 54]. The ITC often requires environmentally unfriendly 
labeling and cannot determine impure protein interactions. 
ITC requires relatively large amounts (i.e., millimolar range) 
of highly purified proteins, which often are hard to obtain. 
Systematic errors in heart calibration, cell volume, and other 
errors (e.g., baseline and gas bubbles), can lead to inaccura-
cies in KD values [55–57]. In addition, ITC requires expen-
sive specialized instrumentation. Other methods, such as 
radioactive labeling, ultracentrifugation, and fluorescence 
polarization, are also used to determine molecular interac-
tion affinity with some limitations. For the ultracentrifuga-
tion assay, the elongated centrifugation in a non-physiolog-
ical buffer can shift the equilibrium between bound and free 
proteins, especially for those proteins with fast dissociation 
rates; thus, the determined KD values may not represent true 
equilibrium constants. In addition, large amounts of pro-
teins, which can be nonspecifically adsorbed on the walls 
of centrifuge tubes during high-speed centrifugation, are 
required for ultracentrifugation. In principle, the FP assay, 
which measures the changed of polarized light from one 
interactive partner after binding, can potentially address the 
above issues [58]. The FP assay has successfully determined 
peptide or nucleic acid interaction dissociation constants and 
an HTS platform for small molecule drug screening. How-
ever, the FP method determines polarized light changes of 
free-rotated fluorescence molecules; therefore, one interac-
tive partner must be small and attached to a fluorophore, 
significantly affecting the interaction affinity. When measur-
ing large proteins, the FP assay becomes less sensitive [59]. 

It also typically requires sensitive instruments for accurate 
quantification, such as fluorescence microscopy, preventing 
its high-throughput application.

Recently, several new attempts have been made to develop 
the FRET assay for protein interaction affinity determina-
tion. The three-cube or ratiometric analyses of the FRET 
signal can be used to elucidate the sensitized FRET signal, 
which can be used to determine protein interaction affinity 
(KD). However, the three-cube analysis approach neecds to 
measure the molar extinction coefficients of fluorophores 
and FRET efficiency, which are instrument-dependent and 
variable parameters, making it difficult to turn the approach 
into a general and robust methodology [60, 61]. The recent 
FRET analysis approach measures the sensitized FRET 
signal using a point-to-point subtraction strategy and the 
ratiometric approach, which does not exclude signals from 
direct emissions of donor and acceptor and is not mathemati-
cally rigorous [31, 32]. The ratiometric FRET assay to deter-
mine protein interaction affinity usually generates KD values 
higher than those determined by the SPR or the ITC due to 
the above reasons. The lack of accuracy and robustness of 
these FRET analysis approaches for KD determinations is 
mainly due to the estimations of multiple mathematic and 
fluorescence parameters, resulting in the inaccuracy of sen-
sitized FRET signal determination.

Acceptor emission‑based qFRET assay for KD 
determination

The newly developed qFRET analysis can accurately and 
robustly determine the sensitized FRET signal, which is 
determined by the subtraction of the total fluorescence sig-
nal at FRET wavelength with the fluorescence signals of the 
free donor and the free acceptor at the FRET wavelength, 
which are obtained from the donor or acceptor emissions 
multiplied by their cross-wavelength correlation coefficien-
cies, α and β, respectively [32, 62] (Fig. 1B and C). The 
FRET donor and acceptor interactions lead to both acceptor 
emission and donor quenching (Fig. 3A) as demonstrated 
in the case of CyPet-SUMO1 and YPet-Ubc9 interaction, 
which are the small Ubiquitin-like peptide and E2 conjugat-
ing enzyme in the SUMOylation cascade (Fig. 3B). Accord-
ing to the fundamental mass action law for molecular inter-
action, the sensitized FRET signal can be correlated with 
protein-protein interaction events for the KD determination if 
both fluorescence emissions of free FRET donor and accep-
tor can be determined (Fig. 3C).

The qFRET signal analysis method uses the cross-wave-
length correlation coefficiency for both donor and accep-
tor to determine the emissions of free donor and acceptor 
and, therefore, extrapolate sensitized FRET signal from 
the emissions of free donors and acceptors (Fig. 1). In this 
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approach, the first step is to determine the direct emissions 
of the FRET donor and acceptor. In order to measure the 
direct emissions of the donor and acceptor, a cross-wave-
length coefficiency method has been developed. First, a 
correlation coefficiency constant ratio, α, which is defined 
as the direct emission of the donor at the acceptor emission 
or FRET wavelength  (FLDA) is divided its emission at 475 
nm when excited at 414 nm  (FLDD),  FLDA/FLDD, and the 
α can be predetermined using pure donor fluorescent pro-
tein (Fig. 1B). Therefore, the emission of the donor at the 
FRET emission wavelength (530 nm) can be calculated as 

α*FLDD. A similar but mathematically different approach 
for the acceptor direct emission determination. The emis-
sion of the free acceptor at the FRET emission wavelength 
(530 nm) when excited at the donor excitation wavelength 
(414 nm)  (FLAD) is proportional to its emission at the 
FRET emission wavelength (530nm) when excited at 475 
nm  (FLAA), which can be extrapolated with a constant, β 
defined as  FLAD/FLAA, and could be predetermined using 

a pure acceptor protein (Fig. 1B). Second, after α and β 
are determined, when two interactive proteins are mixed, 
the emissions of the FRET donor at 475 nm when excited 
at 414 nm and the FRET acceptor at 530 nm when excited 
at 475 nm is determined, the sensitized FRET emission 
signal can be calculated by subtracting the sum emissions 
of free donor and acceptor,

Once the  EmFRET is determined, following the general 
mass action law for molecular interaction,

where Protein 1-FRET donor indicates Protein1 tagged to 
the FRET donor and Peotein2-FRET acceptor indicates Pro-
tein 2 tagged to the FRET acceptor.

The equilibrium constant, KD, can be defined as in Eq. 
(3) or Fig. 1C.

(1)EmFRET = FLDA − a∗FLDD − b∗FLAA

(2)Protein1 − FRET donor + Protein2 − FRET acceptor ⇌ Protein1 − FRET donor ⋅ Protein2 − FRET acceptor

(3)KD =
[Protein1 − Donor]free[Protein2 − Acceptor]free

[Protein1 − Donor ⋅ Protein2 − Acceptor]

Fig. 3  The qFRET assay for both acceptor emission and donor quenching based-protein–protein interaction dissociation constant  KD determina-
tion. A. FRET spectrum diagram of both acceptor sensitized emission and donor quenching when two fluorophores are close to each other. B. 
FRET signals increase as the acceptor concentration increases. C. Diagram of fluorescence signals of protein–protein interaction dissociation 
constant  KD determination. D.  KD values of SUMO1-Ubc9 determined by the qFRET at four donor concentrations in both acceptor emission and 
donor quenching modes, as compared with the  KD values determined by the SPR and ITC
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After rearrangement,

where [Protein2-Acceptor]boundmax is the maximal Protein2-
Acceptor bound to Protein1-donor in theory. [Protein2-
Acceptor]bound is proportional to the FRET signal from the 
bound proteins,

Then, Eq. (4) can be converted into Eq. (6) using the 
relationship shown in Eq. (5):

where the A is the fixed concentration of Protein1-Donor 
and X is the different titration concentrations of Protein2-
Acceptor added into the assay. The KD and  EmFRETmax val-
ues can be determined through the multivariable regression 
using Eq. (6) after the  EmFRET values are determined using 
Eq. (1) at various Protein2–Acceptor concentrations.

Many protein–protein interaction affinity KD values were 
determined using the FRET acceptor emission approach. For 
example, the KD value between SUMO1 peptide and Ubc9 
was determined at 0.41 ± 0.02 μM, which is compatible with 
the value of 0.35 μM from the SPR, or the value of 0.25 ± 
0.07 μM from ITC [38, 39, 52] (Fig. 3D).

Donor quenching‑based qFRET assay for KD 
determination

When FRET happens between a donor and an acceptor, the 
transferred energy from the donor to the acceptor leads to 
a reduced fluorescence emission of the donor, called fluo-

rescence quenching (Fig. 3A). As the FRET signal emit-
ted by the FRET acceptor is proportional to the amount of 
FRET donor and acceptor bound complex, the decrease of 
the FRET donor signal, also called the quenching of donor, 
is proportional to the bound complex, and therefore could 
be used for KD determination [63]. In contrast to the FRET 
acceptor emission method, fluorescence quenching is a more 
general approach than fluorescence emission, as all FRET 
acceptors can quench donor fluorescence, especially in small 

(4)[Protein1 − Donor ⋅ Protein2 − Acceptor] =
[Protein2 − Acceptor]bound max[Protein2 − Acceptor]free

KD + [Protein2 − Acceptor]free

(5)[Protein2 − Acceptor]bound∕[Protein2 − Acceptor]boundmax = EmFRET∕EmFRETmax

(6)EmFRET = E��������

⎛
⎜⎜⎜⎝
1 −

2KD

X − A + KD +

��
X − A − KD

�
2 + 4KDX

⎞⎟⎟⎟⎠

molecule FRET pairs, while not all acceptors can emit light 

during the FRET assay [64]. The fluorescence quenching 
energy is positively proportional to the amount of accep-
tor bound to the donor, or the concentrations of the pro-
tein–protein interaction complex (Fig. 3B). The fluorescence 

quenching approach was first demonstrated in characterizing 
antibody–hapten binding by Velick et al. and later macro-

molecules by Liu and Schultz [65, 66].
The emission intensity of Protein 1–FRET donor 

decreases as FRET occurs, following the law of mass 
action for the protein-protein interaction in Eq. (2) 
(Fig.  3B). Because the quenching energy of Protein 
1–FRET donor when FRET occurs is proportional to the 
number of bound protein complexes, the relationship of 
the decreased donor light emission and the concentration 
of bound protein can be represented as follows:

where ΔEmdonor is the decrease of emission intensity at the 
donor emission wavelength when excited at its wavelength 
at each specific concentration of Protein 2–FRET acceptor, n 
is a constant related to the FRET efficiency, affinity, and dis-
tance between Protein 1–FRET donor and Protein 2–FRET 
acceptor, and n can be experimentally determined; [Protein 
2–FRET  acceptor]bound is the concentration of bound Protein 
2–FRET acceptor. As follows,

where x is the concentration of the FRET acceptor in the 
FRET assay.

To simplify the mathematic procedure, we set the total 
concentration of Protein 1–FRET donor as a constant A, 
the concentrations of Protein 2–FRET acceptor as a vari-
able X, and ΔEmdonor as the variable Y, we can convert 
the concentration of bound and free Protein 1–FRET or 
Protein 2–FRET acceptor proteins in Eq. (2) to:

(7)ΔEmdonor = n × [Peotein2 − FRET acceptor]bound

(8)ΔEmdonor = Emdonor([Protein 2−FRET acceptor]=X) − Emdonor([Protein 2−FRET acceptor]=0)
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and

and

Therefore, we can derive KD as following using Eqs. 
(9, 10, 11),

We can determine the value of  KD and the constant n using 
the multi-variable regression with Eq. (12) by fitting ΔEm bound 
(Y) and the total Protein 2–FRET acceptor concentration, X.

The qFRET quenching method has been used to deter-
mine the protein–protein interaction disassociation constant 
KD value of the same protein pair of SUMO1–Ubc9 as before. 
The KD value was determined as 0.47 ± 0.03μM, which is 
very compatible with the value of 0.41 ± 0.02 μM determined 
using the acceptor emission approach as well as the KD values 
determined with the SPR and the ITC (Fig. 3D).

Both acceptor emission and donor quenching qFRET 
measurements are carried out in the 384-well plates, and 
fluorescence signals are determined using fluorescence 
plate readers, which can quickly assess fluorescence inten-
sity. Therefore, this approach can be implemented in a 
high-throughput assay mode for large-scale measurement.

The qFRET methods for high‑throughput 
enzymatic kinetics determinations

Current approaches for protease endopeptidase 
kinetics determinations

Enzyme catalytic efficiency and specificity for a substrate are 
generally best described by its ratio of the turnover number 
vs Michaelis constant, kcat/KM, and so-called enzyme kinet-
ics. Many biochemical and biophysical methods are used to 
examine enzyme kinetics, including Western blotting, radi-
oactive-labeled substrate, colorimetric assays, fluorescence-
labeled substrate, and substrate mimics. However, most cur-
rent enzymatic kinetics methods have some limitations and 
drawbacks due to non-natural substrates, poor sensitivity or 
slow kinetics of detection methods. For example, the pro-
tease kinetics of the sentrin-specific protease 1(SENP)1 for 
maturations of pre-SUMO, 2 and 3 by was determined in 
solution for product formation using sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) [67, 

(9)[Protein 2 − FRET acceptor]bound = Y∕n

(10)[Protein 1 − FRET donor]free = A − Y∕n

(11)[Protein 2 − FRET acceptor]free = X − Y∕n

(12)Y =
n

2

(
A + X + KD −

√(
A + X + KD

)2
− 4AX

)

68]. This approach showed SENP1’s preference but did not 
detail quantitative kinetics due to the limitations of slow 
detection of product formation. In another study of SENP, 
an organic fluorophore, 7-amino-4-carbamoylmethylcou-
marin (ACC), was used to label a tetrapeptide substrate 
(QTGG), which mimicked the substrate terminal amino acid 
sequence. The ACC moiety was quenched in the labeled 
substrate and became highly fluorescent upon cleavage by 
SENPs. The kcat/KM determined for SENP1 for the QTGG 
peptide was ~ 300  M−1  s−1, which was at least two orders 
of magnitude lower than the natural substrates due to the 
distorted binding affinity of the small peptide substrate by 
the enzymes [68, 69]. Another study produced an assay-
tagged 7-amino-4-methylcoumarin (AMC) with mature full-
length SUMO peptide at its C-terminus. The values of kcat/
KM were 2.4 ×  106  M−1  s−1 for SUMO1 and 5.6 ×  105  M−1 
s−1 for SUMO2, But these values are generally lower than 
traditionally considered enzyme kinetics numbers. Moreo-
ver, this system could not differentiate the activities between 
SENPs’ isopeptidase and endopeptidase as there is no spe-
cific sequence of either SUMO tail or SUMO-specific con-
jugated substrate after the AMC moiety [70].

Recently, a TR-FRET assay has been developed for pro-
tease kinetics determinations due to the nature of delayed 
fluorescence determination in TR-FRET and strong fluo-
rescent signals from metals. For example, in the studies of 
SENPs or deubiquitinating enzymes (DUBs), the FRET pair 
Eu-cryptate and allophycocyanin (APC) were conjugated to 
the anti-Myc and anti-FLAG antibodies, which interacted 
with pre-Nedd8 with Myc and FLAG fusions on the N- and 
C-terminuses, respectively [71]. In another TR-FRET assay 
for SENP kinetics study, FRET pair, Terbium (Tb) and YFP 
(yellow fluorescence protein), were tagged on SUMO and 
anti-RanGAP, respectively, to study SENP isopeptidase 
kinetics during SENP’s deconjugation [72]. However, these 
FRET-based assays require additional steps for FRET assay 
development, including the conjugation of immune antibod-
ies or the chemical conjugation of thiol-reactive Tb chelate 
to ubiquitin-AC or other fluorophores. The variable conjuga-
tion efficiencies and the indirect measurement may add addi-
tional variables during the quantitative analysis. Further-
more, all of the above FRET-based protease assays use the 
traditional ratio metric method to quantify the FRET signal, 
and thus emissions from free FRET donor and acceptor that 
would lead to an inaccurate FRET signal determination are 
not considered in these assays [23, 73].

qFRET method for protease endopeptidase kinetics 
determination, kcat, KM, and kcat/KM

The qFRET assay can also track the sensitized FRET sig-
nal changes during the protease digestion reaction in real-
time (Fig. 4A). The initial efforts focused on development 
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of qFRET analysis to differentiate donor, acceptor, and 
sensitized FRET signal to correlate the absolute FRET 
signal with molecular interaction events for the protein 
interaction affinity KD by calibration curve or direct esti-
mation of absolute FRET signal via the correlation coeffi-
ciency constant [32, 74]. A similar methodology was then 
modified for the protease endopeptidase kinetics determi-
nations. The first development was to determine the sen-
sitized absolute FRET signal, which corresponded to the 
undigested substrate, such as CyPet-preSUMO1-YPet, and 

direct emissions of the digested free donor and acceptor 
using two external standard curves of the digested sub-
strate with donor, CyPet-SUMO, and the acceptor, YPet, 
and substrate, CyPet-preSUMO-YPet, at different concen-
trations, respectively [75]. Then, emissions of digested 
YPet and CyPet-SUMO1 and the remaining substrate in 
the protease digest reaction were determined. The sensi-
tized FRET signals were converted into substrate concen-
trations by pre-established fluorescence protein standard 
curves. This method needs several steps to determine the 

Fig. 4  qFRET assays for protease endopeptidase and Isopeptidase kinetics determinations. A Schematic diagram of qFRET-based protease endo-
peptidase assay. B Schematic diagram of qFRET-based protease isopeptidase assay involves two steps-isopeptide substrate preparation and pro-
tease digestion. C The FRET spectrum change of FRET-protease substrate before and after protease digestion
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sensitized FRET signal and convert it to protein concen-
trations, and during the conversions, variability is intro-
duced in each step of measurements. Therefore, a more 
straightforward method to determine the sensitized FRET 
signal by taking advantage of our recent development of 
“cross-talk” ratio or correlation coefficiency methodology 
for qFRET analysis [32, 37].

The idea of a “cross-talk” ratio or correlation coefficiency 
method to determine a fluorophore’s direct emission is to 
use two pre-determined ratios for donor and acceptor, α and 
β, respectively (Fig. 1A and B). Then, during the kinetics 
assay, the reaction was monitored to determine three emis-
sions simultaneously, the total fluorescence emission at the 
FRET wavelength, the emission of the donor at its maximum 
emission wavelength, such as 475 nm, when excited at the 
FRET excitation wavelength, such as 414 nm, and the emis-
sion of acceptor at its maximum emission wavelength, such 
as 535 nm, when excited at its maximum excitation wave-
length, such as 475 nm.

Similarly to the correlation coefficiency for protein-pro-
tein interaction dissociation constant determination using 
qFRET, the correlation coefficiency constant of donor self-
fluorescence (α) is determined using  FLDA/FLDD, and the 
correlation coefficiency constant of the acceptor self-fluo-
rescence (β) is determined using  FLDA/FLAA

Then, we can differentiate the total fluorescence signal at 
530 nm when excited at 414 nm (FLDA) as the contributions 
of three components: sensitized FRET emission(EmFRET) the 
donor’s direct emission (Id530/414) and the acceptor’s direct 
emission (Ia530/414):

or

where Id475/414 is the donor emission at 475 nm when excited 
at its excitation wavelength, 414 nm, and Ia530/475 is the 
acceptor emission at 530 nm when excited at its own excita-
tion wavelength, 475 nm.

After digestion by the protease, such as SENP1, the fluo-
rescence signal at 530 nm decreased, and the fluorescence 
signal at donor emission wavelength, 475 nm, increased 
because of substrate digestion (Fig. 4B). The remaining fluo-
rescence emission at 530 nm (FL’DA) could still be divided 
into similar three components:

where FL’DA is the remaining emission at FRET or accep-
tor wavelength, FLDD’ is the fluorescence emission of the 
FRET donor during digestion, which consists of two parts: 
the undigested substrate, CyPet-(pre-SUMO)-YPet, and the 
digested donor, CyPet-SUMO, and  FLDD’ is the fluorescence 

FL
530∕414 = EmFRET +∕d530∕414 + ∕a

530∕414

FLDA = EmFRET + a∗FLDD + �∗FLAA

(13)FL
�
DA

= Em
FRET

� + a
∗
FL

�
DD

− �∗FL�
AA

emission of the acceptor, YPet, which is constant whether 
the substrate is digested or not.

The amount of digested substrate is proportional to the 
decrease of sensitized FRET signal. Hence, during digestion 
of protease SENP1, the remaining substrate-induced accep-
tor’s emission  EmFRET',

where C is the original concentration of substrate, CyPet-
(Pre-SUMO)-YPet, and x is the concentration of digested 
substrate, CyPet-SUMO and -YPet, at the specific measure-
ment time.

Therefore, the fluorescence emission at the FRET wave-
length can be expressed as

In the internal calibration method,  FLDA’,  FLDD’  FLAA’ 
can be directly measured during the experiment, whereas 
 FLDA,  FLDD,  FLAA, α and β are predetermined. So, the 
amounts of the digested substrate are determined during 
the experiment in real-time using the fluorescence sig-
nals determined during the reaction. The enzyme kinetics 
were determined using the internal calibration method, or 
a “cross-talk” ratio or correlation coefficient method, and 
compared to those determined by the standard curve method. 
The kinetics parameters determined by the internal calibra-
tion method were very similar to those determined by the 
standard curve method but with significantly less variation 
[34]. The internal calibration method eliminates the need 
for standard curves and reduces experimental procedures.

qFRET method for protease isopeptidase specificity 
and kinetics determination

A unique application of qFRET assay for proteins is pro-
tease isopeptidase kinetics determination. Protease iso-
peptidase activity refers to the breakage of a peptide bond 
between a peptide and a side chain of amino acids in a 
protein. Isopeptidase activity of proteases plays critical 
roles in protein degradation and activity regulations of 
physiological and pathological processes in living organ-
isms, such as cancers and protein activity in infectious 
diseases. However, due to a lack of methodology, the 
kinetics of protease isopeptidase activity has yet to be 
explored.

Similar to the FRET-based protease assay design to 
study the endopeptidase activity of SENPs [34, 75, 76], 
the qFRET has also been developed for the deconjuga-
tion of peptide SUMO1 from the conjugated substrate 
RAnGap1c by the protease SENPs [77] (Fig. 4C). In this 

(14)
EmFRET

� =
C − x

C
x EmFRET =

C − x

C
x (FLDA − �∗FLDD − �∗FLAA)

(15)
FLDA

� =
C − x

C
x (FLDA − �∗FLDD − �∗FLAA) + �∗FLDD

� − �∗FLAA
�
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approach, the first step is to develop a pure peptide con-
jugated substrate with an isopeptide bond. The His-tagged 
FRET donor, CyPet, and the GST-tagged FRET acceptor, 
GST-YPet, were first genetically tagged to the SUMO1/2 
and RanGAP1c, respectively. In the presence of SUMO 
activating E1 enzyme, Aos1/Uba2, and conjugation E2 
enzyme, Ubc9, and ATP, His-CyPet-SUMO1/2 was cova-
lently linked to GST-YPet-RanGAP1c to form the conju-
gated substrate, resulting a substrate with FRET signal. 
After SUMOylation, the reaction mixture was first flown 
through glutathione agarose beads to recover His-CyPet-
SUMO1/2-GST-YPet-RanGAP1c and un-SUMOylated 
GST-YPet-RanGAP1C from the other proteins. The 
eluted proteins were then run through a Ni-NTA agarose 
beads, to capture the His-CyPet-SUMO1/2-GST-YPet-
RanGAP1c as a pure substrate for isopeptidase kinetics 
determination.

The SUMO-conjugated substrate provided a unique 
reagent for the unique studies in both qualitative and 
quantitative analysis of protease SENP isopeptide activi-
ties. The FRET substrate, His-CyPet-SUMO-GST-YPet-
RanGAP1C, was then incubated with different SENPs 
for isopeptidase kinetics study. In this study, the ratio 
matric  (FL530/FL475) method of FRET analysis was 
used to characterize the changes in FRET signals for 
the digested substrate determination during the reaction. 
The results show that different specificities of SENPs 
towards different SUMO deconjugation: both SENP1C 
and SENP2C can deconjugate SUMO1 and SUMO2 
from target substrate, RanGAP1C, at high efficiency, 
while as SENP5, SENP6, and SENP7 prefer SUMO2 
but not SUMO1 for de-conjugation. All of these are in 
agreement with previous observations in biochemical 
assays [67, 78–80].

The kinetics parameter determinations for both iso-
peptidase and endopeptidase of protease SENP1 were 
performed using the qFRET method as described above. 
The digested substrate was determined (Fig. 4 right). 
The results indicated that SENP1 exhibited higher activ-
ity toward SUMO deconjugation than pre-SUMO matu-
ration (especially for SUMO2). The initial velocity and 
kinetics parameters were then determined. This is the 
first time to determine protease isopeptidase kinetics 
accurately.

qFRET method for transfer reaction kinetics kcat, KM, 
and kcat/KM determination

The flexibility of the qFRET method to track product forma-
tion either through FRET signal generation or disappearance 
quantitatively enables it to measure many biochemical reac-
tions, which are normally difficult for other methods. For 

example, a very common peptide transfer reaction in the 
cells is the activation immediately followed with a trans-
fer reaction of Ubiquitin or other Ubls, such as SUMO and 
NEDD8. Ubiquitin and Ubls play important roles in protein 
degradation and activity regulations, and recent new technol-
ogy developments related to Ubl, such as Proteolysis Target-
ing Chimeric (PROTAC) or Molecular Glu, are very promis-
ing for the next wave of therapeutics for cancers, infectious 
diseases, and others. Both Ubiquitination and SUMOylation 
processes involve an enzymatic cascade that includes E1 
activating enzyme, E2 conjugating enzyme, and E3 ligase 
[81]. In the SUMOylation, the E1 activating enzyme, a het-
erodimer of Aos1 and Uba2 (or SUMO activating enzyme, 
SAE1 and SAE2), plays a vital role in initiating the cascade 
by using ATP to form a high-energy thioester bond inter-
mediate [82].

The traditional methods for determining the kinetics of 
the E1 in ubiquitination and ubiquitination-like protein path-
ways need radioisotope or organic fluorescent dye-labeling 
of peptides in the enzyme reactions. Radioisotope measure-
ment for the adenylation activating step was performed as an 
ATP:PPi exchange assay, and the  [32P]ATP concentrations 
were measured on activated charcoal powder [83, 84] or 
paper [85]. The adenylation process of Ubiquitin required 
 [3H]labeled substrate in adenylate assay [84]. Oregon green 
(Og) label was used in a steady-state kinetic analysis of 
human ubiquitin E1 [86]. In all above assays, the procedures 
are not only very time- and labor-consuming but also not 
environmentally friendly.

The transfer reaction kinetics of SUMOylation E1 activ-
ity was based on the pseudo-first-order association kinetics 
with a qFRET tracking for the product formation, CyPet-
SUMO1•YPet-Ubc9 (Fig. 5A). The E1 activating enzyme 
in SUMOylation has three substrates: ATP, SUMO, and 
Ubc9. In the kinetics assay, one substrate concentration, 
such as CyPetSUMO1, was changed while maintaining 
saturated concentrations of the other two substrates, such 
as ATP and YPet Ubc9, as various substrate concentrations 
and vice versa. The product formation was tracked with the 
fluorescence signal  (FLDA) (Fig. 5B), and initial velocity was 
calculated in the first 30 sec of the reaction (Fig. 5B). The 
Michelis-Menton curve was generated to determine  KM and 
 VMAX, for example of CyPet-SUMO1 as the substrate. The 
kinetics parameters for SUMO1,2,3 and ATP were deter-
mined (Fig. 5C). For the first time, we detailed the steady-
state kinetic for the E1 activating enzyme of the SUMOyla-
tion pathway, and the approach can be used for other peptide 
transfer reaction characterizations. In addition, the quantita-
tive FRET assay was conducted in a 384-well plate platform 
that can increase the efficiency of the steady-state kinetics 
assays by reading multiple samples simultaneously [87].
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The qFRET method for high‑throughput 
screening (HTS) for chemical biology 
and drug discovery

Numerous small chemical compounds or biological mol-
ecules, which involved in modulations of other molecule 
activities, such as proteins, have been used as regulators 
used in biological research and drug discovery. Most bioac-
tive molecules target enzymes and function by activating or 
inhibiting enzymatic activities. Another class of bioactive 
molecules activates receptors, such as GPCRs, or disrupt 
protein-protein interactions. Those bioactive molecules are 
usually discovered through high-quality HTS against a large 
collection of chemical or degenerative biological libraries. 
A good HTS assay must have good reproducibility, a high 
signal-to-noise ratio, low variation, and low cost. Due to the 
high sensitivity and potential low cost, the qFRET assays 
have also been developed into HTS assays for discovering 
protein-protein interaction inhibitor, protease inhibitor, and 
enzyme-catalyzed cascade inhibitor.

qFRET‑based HTS for protein‑protein interaction 
inhibitor discovery

Although many technologies have been developed to 
determine protein–protein interaction and affinity, disrupt-
ing these interactions with chemical compounds has been 

challenging partially because of the large and often flat inter-
action interfaces of two interactive molecules and as a result, 
few drugs have been developed to disrupt protein–protein 
interactions [88]. However, there has been significant efforts 
have been put into the search for small chemical compounds 
that could disrupt protein–protein interactions resulting in 
an increasing number of small molecules with reasonable 
potency have been identified. Those include nutlin-3, an 
inhibitor of p53-Mdm2 interaction [89], chelerythrine, an 
apoptosis-inducing compound that disrupts Bak/Bcl interac-
tion [90], and Memoquin, an anti-Alzheimer drug that dis-
rupts the aggregation of Amyloid-β [91]. The discovery of 
the inhibitors disrupting protein-protein interaction could 
open a new avenue to dissect biological processes in physi-
ology and diseases.

A HTS assay seeking for inhibitors that can disrupt the 
interaction of SUMOyaltion E2 conjugating enzyme, Ubc9, 
and E3 ligase, PIAS1, was developed [36] (Fig. 6A). The 
FRET donor, CyPet, and the FRET acceptor were fused with 
Ubc9 and PIAS1, respectively. Then the fusion proteins were 
expressed in the bacterial cells and purified. To optimize 
the assay with a higher signal-to-background (S/B) ratio, 
the CyPet-Ubc9 and Ypet-PIAS1 ratio was set up to 1:1 and 
increased the concentrations of both proteins from 0.25 μM 
to 2 μM in order to achieve the strongest signal with  EmFRET 
as readout. For quality assessment of HTS, a statistic factors, 
Z’, have been developed,

Fig. 5  Peptide SUMO1 activation transfer kinetics assay. A The scheme of SUMO1 peptide activation and conjugation to its E2 conjugating 
enzyme Ubc9 in the presence of E1 heterodimer Aos1/Uba2 and ATP. B The FRET signal increases as CyPet-SUMO1 are conjugated to YPet-
Ubc9. C Determined kinetics parameters of SUMOs peptide transfer reaction
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where �p is the standard deviation of the positive control, 
�n is the standard deviation of the negative control, �p is the 
mean of the positive control, and �n is the mean of the nega-
tive control in the HTS assay development and campaign. 
The Z’ values between 0.5 and 1 are regarded as excellent, 
values between 0 and 0.5 may be acceptable, and values 
less than 0 indicate that the assay is unable to perform in a 
high-throughput context.

The Z’ factor of the HTS assay for CyPet-Ubc9 and 
YPet-PIAS1 interaction screening was 0.76 with an S/B 
ratio of 6.88, suggesting a high quality and well suited 
to HTS (Fig. 6B). The HTS screening campaign for dis-
rupting CyPet-Ubc9 and YPet-PIAS1 interaction inhibitor 
was carried out in 384-well plates. Since no Ubc9-PIAS1 
interaction inhibitor were reported at the time, Sodium 
lauryl sulfate, which nonspecifically disrupts protein 
interactions, was used as the positive control. After the 
addition of compounds (0.5 μL in 1 mg/mL), the plates 
were incubated at room temperature for 30 min, and the 
fluorescence intensity signals,  FLDA,  FLDD and  FLAA were 

Z� = 1 − 1 −
3x(�p + �n)

�p − �n

measured by an EnSpire® multimode plate reader (Perki-
nElmer). A hit rate of 1.1% was achieved after secondary 
and confirmatory assays, in good agreement with general 
HTS assays. A compound with KD value of 1.93 ± 0.62 
μM was finally confirmed with the SPR assay, indicat-
ing a reliable HTS assay. Another HTS assay to discover 
potential inhibitors disrupting SUMO1 and E2 Ubc9 was 
also developed based on the qFRET [35]. The optimiza-
tion of CyPet-SUMO1 and YPet-Ubc9 ratio (12 pmole of 
CyPetSUMO1 and 21.6 pmole of YPetUbc9) was opti-
mized leading to the Z’ factors above 0.7, indicating a 
reliable and robust HTS assay.

The qFRET‑based HTS for full‑pathway inhibitor 
discovery

Although extensive efforts have been taken to discover 
potent and specific SUMOylation inhibitors, the discovery of 
SUMOylation inhibitors has been very challenging because 
most of these inhibitors are either not potent or have no cel-
lular SUMOylation inhibition activity [92–101]. Almost all 
other SUMOylation inhibitors reported in public have been 
tested but without potent activity in cells. Another strategy 
to discover the SUMOyaltion initiator was mimicking ATP 

Fig. 6  The qFRET-based high-throughput screening(HTS) assays. A Design of qFRET-based HTS for discovering protein–protein interaction 
inhibitor discovery. B The signal-to-noise (S/B) and Z’ of the qFRET-based SUMO E2 Ubc9 – E3 PIAS1 protein–protein interaction inhibitor 
discovery. C  qFRET-based SUMOyaltion full-pathway(except E3) HTS, including SUMOylation and deSUMOylation. D The qFRET signal 
changes during the HTS assay of SUMOylation and deSUMOylation reactions
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and its analogs as the SUMOylation pathway utilizes it to 
activate SUMO peptides. However, the ATP analog design 
strategy is challenging for potential side activities and cel-
lular permeability. The unavailability of potent and cellular 
active SUMOyaltion inhibitors is probably partially due to 
the need for robust HTS assay.

A unique capability of qFRET-based HTS format is a 
full SUMOylation/deSUMOylation pathways screening, 
which carries the peptide SUMO1 to the substrate conju-
gation in the presence of SUMOylation E1, E2 enzymes 
and then deconjugation with the addition of protease 
SENP1 (Fig. 6C). Even with this very complicated multi-
enzyme involved HTS, the Z’ factor of both screening assay 
and got 0.56 and 0.61 for the SUMOylation and deSU-
MOylation inhibitor screening, respectively, suggesting a 
robust HTS assay. After an HTS campaign for screening 
more than 220,000 compounds, STE025 was discovered 
with high potency(Ki=0.6μM) and good cellular activity 
 (IC50=1.6μM) was discovered with excellent specificity 
against Ubiquitination.

This full SUMOylation cycle screening has the potential 
to discover any inhibitor(s) in the cascade reactions, includ-
ing protein-protein interactions, adenylation, transfer reac-
tion, thioester formation, and isopeptidase digestion. So it 
would be a very efficient inhibitor discovery approach for 
SUMOylation and other Ubls. Due to the sensitivity and 
throughput, the potent SUMOyaltion inhibitor, STE025, and 
other inhibitors could be discovered. This is the first HTS 
assay for Ubl full-pathway screening, which can provide a 
powerful tool for Ubl inhibitor discovery in the future.

Future perspectives for the qFRET 
as a universal method in quantitative 
systems biology and medicine

The qFRET methodology and technology can be expanded 
to more comprehensive applications and new fields, such as 
protein interaction affinity determination without purifica-
tion, induced protein degradation, and antibody discovery 
and development. For example, because the qFRET method 
only requires the fluorescence signal to monitor the interac-
tion complex, the surrounding molecules, such as proteins 
and metabolites, as long as they do not interfere with the 
FRET fluorescence signals, the qFRET can determine pro-
tein interaction affinities in mixtures, such as cell extract 
or not very pure samples. The qFRET assay can provide 
data closer to physiological data in vivo as it can determine 
protein interaction affinity ex vivo directly in cell extracts 
without purification. These data may provide a better under-
standing of physiological and pathological processes, such 
as protein post-translational modification-induced activity 

changes, and opportunities for drug discovery modulating 
these processes.

Although the qFRET technology can be used for many 
biochemical and pharmacological parameter determination 
and high-throughput screenings that cannot be done with 
current technologies (Fig. 2), it also has some limitations. 
First, the biomolecules must be labeled with fluorescence 
proteins, which may change protein properties, such as pro-
tein interaction affinity. We had validated the interaction 
affinities of fluorescence protein-labeled SUMO1 and Ubc9 
vs unlabeled SUMO1 and Ubc9. We did not find any signifi-
cant differences between labeled and unlabeled proteins. But 
this can be protein dependent. Second, fluorescence-labeled 
proteins used in the assay need to be full-length proteins, 
as truncated proteins may either interfere with the fluores-
cent signals or act as a dominant-negative inhibitor. The 
full-length fluorescence-labeled proteins can be obtained 
through HPLC purifications. Third, although we observed 
that fluorescence protein may help most protein expressions, 
the fluoresce-labeled protein increases protein sizes and 
may affect protein expressions, especially in bacterial cells. 
Different expression systems, such as yeast, insect cells, or 
mammalian cells, can be used to express fluorescence-fused 
proteins.

The induced protein degradation, such as PROTAC and 
Molecular Glue, has become an exciting drug discovery and 
basic research approach. The induced protein degradation 
utilizes enhanced Ubiquitin E3 ligase-substrate interactions 
or other protein degradation pathways by small molecules 
or biologics for rapid substrate protein degradations, such as 
oncoproteins. The qFRET technology can be used to moni-
tor and determine the E3-substrate interactions. In addition, 
the qFRET method can discover small molecules or biolog-
ics that induce or enhance the E3-substrate approximately 
or affinity. inter and screenings for molecules to enhance 
E3-substrate interactions.

The qFRET assays are carried out in a solution without a 
high purity requirement, and this condition is very similar to 
the physiological environment. Therefore, the qFRET-based 
measurements are closer to physiological events in living 
cells. In addition, the qFRET assay is very sensitive. Depend-
ing on the photonic detectors of the PMT or CCD camera, the 
concentration of fluorescence-tagged proteins required in the 
qFRET assay can be as low as nM to pM; therefore, a minimal 
amount of proteins is needed for the kinetics determinations. 
Third, the qFRET assay is environmentally friendly without 
any chemicals involved. Fourth, the genetic labeling of the 
fluorescence method is universal for any protein. Applica-
tions of the qFRET method as a universal approach to various 
protein-protein interactions, enzymatic kinetics, and enzy-
matic catalyzed pathways should provide high-quality protein 
interaction and catalytic affinities of systems, networks, and 
proteomes and provide comprehensive quantitative biological 
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and biomedical maps without the need of laborious protein 
purification, especially for those difficult-to-be-expressed pro-
teins. Finally, the qFRET assays are conducted in a 384-well 
or even higher-density plate format, which can be adapted to 
high-throughput large-scale network kinetics determination 
and quantitative systems biology.
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