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ABSTRACT

Characterization of protein—protein interactions (PPIs) is essential for understanding cellular signal transduction
pathways. However, quantitative measurement of the binding strength remains challenging. Building upon the
classical bacterial adenylate cyclase two-hybrid (BACTH) system, we previously demonstrated that the relative
reporter protein expression (RRPE), defined as the level of reporter expression normalized to that of the inter-
acting protein, is an intrinsic characteristic associated with the binding strength between the two interacting
proteins. In this study, we inserted fluorescent protein tdTomato in the chromosome as the reporter protein by
CRISPR/Cas9 technology and employed a 12-amino acid tetracysteine (TC) to tag one of the interacting proteins,
which can be further labeled by a membrane-permeable biarsenical dye. The combined use of tdTomato and TC-
tag offers rapid and high-throughput analysis of the expression levels of both the reporter protein and one of the
interacting proteins at the single-cell level by multicolor flow cytometry, which simplifies the quantitative
measurement of PPL. The use of the as-developed RRPE-tdTomato-TC-BACTH approach was demonstrated in
three demanding applications. First, binding affinities could be correctly ranked for discriminating interaction
strengths with a tenfold difference or of the same order of magnitude. We demonstrate that the method is
sensitive enough to discriminate affinities with a small difference of 1.4-fold. Moreover, residues involved in PPI
can be easily mapped and ranked. Lastly, protein interaction inhibitors can be rapidly screened.

1. Introduction

comparison of different pairs.
To achieve quantitative PPI analysis of the bacterial two-hybrid

Characterization of protein—protein interactions (PPIs) is essential in
understanding and revealing cellular mechanisms [1-3]. Compared
with in vitro approaches for PPI study, such as isothermal titration
calorimetry (ITC), surface plasmon resonance (SPR), and mass spec-
trometry, in vivo methods are based on genetic assays and do not require
protein purification [4]. Two-hybrid systems of yeast or bacteria (Y2H
or B2H) are among the most widely used in vivo approaches, which are
based on the expression of a downstream reporter gene mediated by the
binding between proteins of interest [5-8]. In particular, the signaling
cascades of the two-hybrid methods enable the detection of weak and
transient interactions [9]. However, the two-hybrid systems lack quan-
titation capability and are not suitable for interaction strength
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system, we previously developed an RRPE-BACTH method by using
relative reporter protein expression (RRPE), defined as the level of re-
porter expression normalized to that of the interacting protein, in a
bacterial adenylate cyclase two-hybrid (BACTH) system [10]. Through
simultaneous flow cytometric measurement of one of the two interacting
proteins and the p-galactosidase ($-gal) reporter protein of single bac-
teria upon dual immunofluorescence staining, the RRPE-BACTH method
provides an efficient approach for the detection and affinity ranking of
PPIs. However, immunofluorescent staining requires fixation and is
time-consuming, and the sorted cells cannot be re-cultured.

To overcome these limitations, herein, fluorescent protein tdTomato
was used as the protein interaction reporter, and one of the two
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Fig. 1. Schematic depiction of the tdTomato-TC-BACTH system for PPI study at the single-cell level. (a) The tdTomato reporter cassette is inserted into the asl
position in the chromosome of reporter strain through CRISPR/Cas9 technology to make an engineered tdTomato-BACTH reporter strain. (b) The mechanism of
tdTomato-TC-BACTH system along with the simultaneous detection of both the interacting protein and reporter protein via flow cytometry.

interacting proteins was fluorescently labeled using the tetracysteine
(TC) biarsenical system, so that the PPIs can be measured in real time.
Moreover, the small-size TC-tag (12 amino acids containing
FLNCCPGCCMEP) renders minimal interference with the natural in-
teractions between the two interacting proteins and can be specifically
labeled by a membrane-permeant fluorogenic biarsenical dye, such as
fluorescein arsenical helix binder (FIAsH) [11,12]. The FIAsH/TC tag is a
powerful tool for fluorescent labeling of proteins and has been widely
used for in vivo protein labeling and cellular localization studies
[13-17]. The RRPE for protein interaction quantification was confirmed
in the present tdTomato-TC-BACTH system with great simplicity, and
the measurement can be shortened from 5 h to less than 1 h. Based on the
coiled-coil and the well-known TolB-Pal interactions as models, suc-
cessful applications of the as-developed tdTomato-TC-BACTH method

were demonstrated for the high-throughput (i) discrimination and
ranking of the binding affinities for interaction strengths between
tenfold and of the same order of magnitude, (ii) identification of
important residues in PPI, and (iii) screening of PPI inhibitors.

2. Materials and methods
2.1. Materials and reagents

The TC-FlAsH In-Cell Tetracysteine Tag Detection Kit was purchased
from Molecular Probes of Invitrogen, Inc. (Eugene, OR, USA). The o-
nitrophenyl-j-galactoside (ONPG), isopropyl p-p-1-thiogalactopyrano-
side (IPTG), and X-gal were acquired from Sangon Biotech (Shanghai,
China). The peptides of CPP-TBE and CPP-TBE-m used in this study are
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Fig. 2. Simultaneous measurement of the expression of the reporter protein and one hybrid protein of the tdTomato-TC-BACTH System by nFCM. (a, b, ¢, and d)
Representative burst traces of side scatter (1), green fluorescence (2), and red fluorescence (3) and the bivariate dot-plots of red fluorescence burst area versus green
fluorescence burst area (4) for E. coli BTH101-tdTomato co-transformed with plasmids of pUT18C/pKT25 (a), pUT18C-pal/pKT25-tolB (b), and pUT18C-pal/pKT25-
TC-tolB (d). E. coli BTH101 co-transformed with plasmids of pUT18C-pal/pKT25-TC-tolB are shown in (c). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

presented in Table S1. The peptides were synthesized at China Peptides
Co., Ltd (Shanghai, China) and dissolved in ultrapure water to achieve a
stock solution of 5 mM. Other reagents were purchased from Sinopharm
Chemical Reagent (Shanghai, China). Phosphate-buffered saline (PBS)
was prepared using 137 mM NacCl, 2.7 mM KCl, 10 mM Nay;HPOy4, and
1.8 mM KH3POy4. All the buffers were filtered through a 0.22 pm filter
and used within 3 weeks.

2.2. Bacterial strains and plasmids

The reporter strain cya- E. coli BTH101-tdTomato (F~, cya 99,
araD139, galE15, galK16, rpsL1, hsdR2, mcrAl, and mcrB1) was con-
structed by inserting a 1741-bp DNA sequence encoding the lac pro-
moter followed by the tdTomato gene into the asl position in the
chromosome through clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 technology [18]. The primers used are listed in
Table S3.

Escherichia coli ER2738 was used for the cloning experiments. The
recombinant plasmids used in the present study are summarized in
Table S2 and were verified by sequencing. Oligonucleotides were syn-
thesized by Sangon Biotech and are listed in Table S3. To introduce the
TC sequence FLNCCPGCCMEP into pKT25-tolB, oligonucleotide primers
that are complementary to each other were synthesized with the se-
quences listed in Table S3 and annealed by heating at 95 °C for 5 min.
The primers were then cooled to room temperature, and the products
with cohesive ends were inserted into plasmid pKT25-tolB at the Pstl-

EcoRI sites to obtain plasmids pKT25-TC-tolB. Plasmids with T25-TC-Kn
were constructed likewise but with suitable primers. To introduce TolB-
binding epitope (TBE) into the BACTH vector, the pal fragment was
replaced by TBE fragment using Gibson Assembly [19] with primers
containing TBE sequences. Other vectors expressing TBE mutants were
constructed likewise but with suitable primers.

2.3. Bacterial cell culturing

The E. coli BTH101-tdTomato strains were transformed with recom-
binant plasmids expressing the T25 and T18 hybrids. Afterword, the
transformation mixtures cultured in Luria-Bertani (LB) liquids contain-
ing 100 pg/mL ampicillin and 50 pg/mL kanamycin for 36 h with
shaking at 250 rpm and 30 °C were directly analyzed via flow cytometry.

2.4. FlAsH staining

When the bacteria reached the exponential phase (with an OD600 of
0.5), 15 pL of bacterial solution was preloaded with 10 pM F1AsH-EDT5.
For the inhibition experiment, inhibiting peptide was added at the same
time with a final concentration of 50 pM. The bacteria continued incu-
bation for 8 h in the dark at 30 °C with vigorous shaking (250 rpm) to
express the interaction protein together with FIAsH staining at the same
time. After 8 h incubation in the dark at 30 °C with vigorous shaking
(250 rpm), the mixture was centrifuged and washed twice with 0.5 mM
BAL washing buffer. The bacterial cells were suspended in 50 pL of PBS
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Fig. 3. RRPE measurement for four pairs of coiled-coil interactions using the tdTomato-TC-BACTH system via nFCM. (a) Bivariate dot-plots of tdTomato fluorescence
versus TC-Kn green fluorescence and fluorescence distribution histograms for E. coli BTH101-tdTomato cells transformed with plasmid encoding En and TC-Kn
helices. (b) Reported Kp and measured RRPE in this study of the coiled-coils interaction. (c) Correlation of the RRPE values measured via nFCM for coiled-coil
interactions occurring in the tdTomato-TC-BACTH system with the literature-reported affinities. The error bars represent the standard deviation of three repli-
cates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

for flow cytometry analysis.

2.5. Flow cytometry analysis

A laboratory-built nano-flow cytometer (nFCM) equipped with a
solid-state 488 nm CW laser was used in present study [20,21]. The light
emitted from individual bacterial cells was directed by the first dichroic
beam splitter into two light paths. The reflected side-scattering light was
directly detected by a photomultiplier tube. The transmitted light was
then separated by the second dichroic beam splitter into two light paths
for green (520/34 nm bandpass filter) and red (670/30 nm bandpass
filter) fluorescence detection. The green and red channels were used to
detect the fluorescence of FIAsH-EDT, and fluorescent protein tdTo-
mato, respectively; 60 s of data acquisition were used for each sample.
The fluorescence excitation and emission spectra of FIAsH-EDT, and
tdTomato and the transmission spectra of the bandpass filters used for
the green and red fluorescence detection are provided in Fig. S2.

3. Results and discussion

3.1. Design of the tdTomato-TC-BACTH system for quantitative
measurement of PPI

The principle for the quantitative measurement of PPI is shown in
Fig. 1. A tdTomato-BACTH reporter strain, cya” E. coli BTH101-tdTomato,
was constructed by inserting a DNA sequence encoding the lac promoter
followed by the tdTomato gene into the asl position in the chromosome
through CRISPR/Cas9 technology (Fig. 1a and Fig. S1). The asl loci in
the E. coli chromosome has been confirmed as a high-expression location
for reporter gene [22]. The negligible effect of tdTomato insertion was
demonstrated with identical growth of wild type bacteria E. coli BTH101
and E. coli BTH101-tdTomato (Fig. S3). Plasmids carrying the hybrids
with adenylate cyclase T25 and T18 domains were transformed into the
reporter strain cya” E. coli BTH101-tdTomato. A TC tag of 12 amino acids

(FLNCCPGCCMEP) was inserted between the T25 domain and the
hybrid protein to report the expression of the hybrid protein. The
interaction of the two hybrid proteins results in reconstituted adenylate
cyclase activity through functional complementation between T25 and
T18 fragments, which leads to cyclic adenosine monophosphate (cAMP)
synthesis. The produced cAMP interacts with the catabolite activator
protein (CAP), and the cAMP/CAP complex binds to the promoter and
turns on the transcription of the red fluorescence reporter protein
tdTomato (Fig. 1b). The cell-membrane-permeant biarsenical dye FIA-
sH-EDT5 (EDT = 1, 2-ethanedithiol) was then incubated with the sample
to stain the hybrid proteins green via TC tag binding. The hybrid bac-
terial samples were then analyzed using the laboratory-built nFCM. Both
the green fluorescence of the hybrid protein and the red fluorescence of
the tdTomato reporter protein of single bacteria were measured simul-
taneously in a high-throughput manner. Thus, the RRPE can be easily
calculated for single bacterial cells.

3.2. Simultaneous measurement of the expression of both reporter protein
and interacting protein

To examine the feasibility of the proposed tdTomato-TC-BACTH
system for PPI measurement, a laboratory-built nFCM was used for
this study. The association of Pal and TolB is important for bacterial
outer membrane integrity, and these two proteins were chosen as the PPI
model [23]. Fig. 2(a-d) (1-3) shows representative burst traces obtained
on the side scatter (SS), green fluorescence (FL), and red fluorescence
channels for the engineered tdTomato-BACTH reporter strain upon
FIAsH-EDTy staining. Fig. 2(a-d)4 shows the bivariate dot-plots of
tdTomato reporter protein versus TolB expression (via TC-tag labeling).
Quadrant gates were created for all the samples. For the blank control
with E. coli BTH101-tdTomato co-transformed with pUT18C/pKT25 (no
interacting protein expression), no discernible fluorescence bursts were
detected on either the green or the red fluorescence channel (Fig. 2a2
and Fig. 2a3), and most cells (99.78%) fell in the Q4 region (Fig. 2a4).
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These results indicate that both the nonspecific binding of FIAsH-EDT,
and the false positive expression of the tdTomato reporter were negli-
gible for the as-developed tdTomato-TC-BACTH system. A significant
signal was observed on the red fluorescence channel for E. coli
BTH101-tdTomato co-transformed with plasmid encoding interacting
proteins without TC tags (pUT18C-pal/pKT25-t0olB) owing to the
expression of tdTomato reporter (Fig. 2b3). Moreover, it was found that
57.1% of cells fell in the Q1 region (Fig. 2b4). For the wild type E. coli
BTH101 co-transformed with plasmid encoding interacting proteins
with TC tag (pUT18C-pal/pKT25-TC-tolB), a significant signal on the
green fluorescence channel was observed owing to the expression of the
TC-tagged TolB protein (Fig. 2c2). Moreover, 61.6% of the cells fell into
the Q3 region (Fig. 2c4). For the E. coli BTH101-tdTomato
co-transformed with plasmid encoding interacting protein with TC tag
(pUT18C-pal/pKT25-TC-tolB), distinct fluorescence bursts on both the
green and red fluorescence channels were observed (Fig. 2d2 and
Fig. 2d3). The bivariate dot-plot of Fig. 2d4 indicates that the

references to color in this figure legend, the reader is referred to the Web version of

percentages of positive cells (with concurrent expression of the inter-
acting proteins and the tdTomato reporter) and negative cells (with
either the expression of interacting protein or the expression of tdTo-
mato but not both) were 66.1% (Q2 region) and 32.3% (Q4 region),
respectively. This can be attributed to the all-or-none phenomenon
observed during the bistability in the lactose utilization network [24,25]
and the autoamplification positive feedback of cAMP on the expression
of hybrid protein. That is, the positive feedback loop of the lactose uti-
lization network leads to two stable states of tdTomato reporter
expression in E. coli; one is fully activated with high expression, and the
other is inactivated with only basal expression. The observed two pop-
ulations of ON and OFF in the tdTomato-TC-BACTH system agreed well
with our previous study, of which immunofluorescent staining was used
to label both the B-galactosidase reporter protein and one of the inter-
acting protein. Compared with immunofluorescent labeling, the fixation
and permeabilization treatment can be eliminated to greatly speed up
the sample analysis rate. Simultaneous quantitative analysis of the
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Fig. 5. FCM-based RRPE-tdTomato-TC-BACTH strategy for the quick mapping and ranking of key residues of PPIs. (a) Bivariate dot-plots of tdTomato fluorescence
burst area versus side scatter burst area for E. coli BTH101-tdTomato transformed with plasmids carrying tolB and TBE mutants. (b) Bivariate dot-plots of tdTomato
fluorescence burst area versus TC-tag green fluorescence burst area and the fluorescence distribution histograms for TolB interacting with wild type TBE and its
mutants. (c) Literature reported Kp and RRPE measured in this study for the interactions between TolB and wild-type TBE or its mutants. (d) Comparison between the
measured RRPE values and literature-reported Kp, for different interactions. The error bars represent the standard deviation of three replicates. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

expression of interacting protein and reporter protein can be accom-

plished

3.3. Evaluation of the RRPE-tdTomato-TC-BACTH approach for

in less than 1 h.

measurement of protein interaction strength

To investigate the quantification property of RRPE on estimating the

we compared the interaction of four pairs of acid (En) and base (Kn)

a-helices with various heptad repeats (n) that associate into coiled coils.
The E coil and K coil interact through hydrophobic interactions and
electrostatic attraction, and higher affinity is associated with a longer

helix [26]. The dissociation constants (Kp) of the four coiled-coils

measured via surface plasmon resonance (SPR) using a BIAcore instru-
ment were 30 000 & 3000, 7000 £ 800, 116 & 8, and 14 &+ 1 nM for the

interaction strength of protein pairs in the tdTomato-TC-BACTH system,

interactions of E3-K3, E5-K3, E4-K4, and E5-K4, respectively [26].
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E. coli BTH101-tdTomato cells were transformed with plasmid encoding
T18-En and T25-TC-Kn (n = 3, 4, 5) and plated. For each protein pair,
three individual colonies were picked and inoculated into LB broth
separately. Fig. 3a shows the bivariate dot-plots of tdTomato red fluo-
rescence versus TC-Kn green fluorescence along with the fluorescence
distribution histograms for these four interaction pairs. We calculated
the RRPE with the median fluorescence intensity (MFI) of the positive
POPUIation via (MFIthomato, Positive‘MFIthomato, Negative)/ (MFITC-TOIB, Pos-
itive MFITC TolB, Negative)- The measured RRPE values were 1.71 + 0.03,
6.53 £ 0.28, 9.08 & 0.03, and 11.73 4+ 0.54 for the interactions of
E3-K3, E5-K3, E4-K4, and E5-K4, respectively (Fig. 3b). Fig. 3c shows
that the measured RRPE exhibited a strong inverse linear correlation
with the logarithm of the dissociation constant Ky, of the four interaction
pairs, demonstrating the ability of RRPE to quantify PPIs using the
tdTomato-TC-BACTH  systems. The RRPE-tdTomato-TC-BACTH
approach can measure and rank a wide range of interactions with
tight (K4 < 100 nM) to moderate (100 nM < K4 < 1000 nM) and to weak
(Kq > 1000 nM) binding affinities.

3.4. Application of the FCM-Based tdTomato-BACTH approach for rapid
identification of target cells for PPI study: elimination of agar plating

Traditional BACTH system normally consists of multiple steps, and
the whole process from bacterial transformation, agar plate selection,
and cultivation to beta-galactosidase assay spanned 4-5 days (Fig. 4a-i).
Since FCM can quickly analyze rare target cells in a large number of
surrounding cells, we aimed to directly identify target cells that have
been successfully co-transformed with plasmid encoding interacting
proteins, through tdTomato reporter fluorescence analysis by FCM. This
way, the labor-intensive and time-consuming agar plating and colony
selection steps can be bypassed to speed up the analysis rate of PPI study
by the BACTH system (Fig. 4a—ii). To evaluate the feasibility of using the
FCM-based tdTomato-BACTH approach for rapid PPI analysis, a time-
course study on tdTomato reporter expression was conducted. The
transformation mixtures cultured in liquid medium were harvested at
different growth times and analyzed using FCM. The bivariate dot-plots
of red fluorescence burst area versus side scatter burst area for E. coli
BTH101-tdTomato transformed with plasmid encoding Pal and TC-TolB
and cultivated for different time periods are displayed in Fig. 4b. Single-
cell measurement via FCM indicates that after 12, 24, 36, 48, 60, and 72
h cultivation upon transformation, the fractions of cells expressing
tdTomato were 4.4%, 13.5%, 32.6%, 30.1%, 31.4%, and 32.6%,
respectively. We can see from Figs. 4c and 3d show that both the pop-
ulation of tdTomato-positive cells and the MFI of tdTomato reporter
initially increased with the increase in cultivation time and reached a
plateau around 36 h. For the negative control of E. coli BTH101-tdTo-
mato transformed with empty vectors, the percentage of tdTomato-
positive cells remained close to zero after prolonged cultivation
(Fig. 4c and Fig. S4). These results indicate that the tdTomato reporter
can hardly be triggered by self-activators; therefore, the false positive
rate is negligible. These results demonstrate that the FCM-based tdTo-
mato-BACTH approach can eliminate the conventional agar plating step
and thus offer high-throughput identification of target cell; therefore, it
has potential for high-throughput PPI study.

3.5. Quick mapping and ranking of key residues for PPI via FCM-Based
RRPE-tdTomato-TC-BACTH strategy

The determination of key residues in PPIs is essential in under-
standing the molecular basis of recognition [27]. We sought to test the
ability of the FCM-based tdTomato-BACTH approach for the rapid
screening of the determinant amino acid residues of PPIs. A 16-residue
TBE that is part of colicin E9 (ColE9) was subjected to alanine sub-
stitutions at various positions. These TBE mutations fall into two cate-
gories in the interaction with TolB: those that abolish binding, such as
D35, S37, W39, E42, and W46A, and those that result in weak binding,
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such as S40A, S41A, N43A, and N44A [28,29]. Reporter strains trans-
formed with plasmids carrying tolB and TBE mutants were grown in
liquid medium for 36 h as described in the previous section and
measured directly via FCM. Fig. 5a shows the bivariate dot-plots of
tdTomato red fluorescence versus side scatter burst area for TolB
interaction with various TBE mutations. Positive signals were observed
for all the interaction pairs, even for the mutant pairs with interaction
affinities too low to be detected through other methods (Fig. 5a). For
example, for the mutants D35, S37, W39, E42, and W46A for which the
interaction was reported to be abolished, the rates of positive population
were 2.4%, 1.3%, 2.6%, 1.1%, and 5.2%, respectively. These values are
significantly higher than the 0.4% for the negative control. Moreover,
for the weak binding mutants S40A, S41A, N43A, and N44A, the rates of
positive population were measured as 10.8%, 38.3%, 46.4%, and 34.7%,
respectively. The results indicate that essential residues for PPIs can be
easily discriminated via the FCM-based tdTomato-BACTH approach. In
particular, the signaling cascade in the BACTH system ensures a higher
sensitivity for the weak and transient interactions that are undetectable
by traditional methods.

To rank the interaction strength of different TBE mutations with
TolB, The RRPE values of four weak binding mutations (S40A, S41A,
N43A, and N44A) and a strong binding mutant W46A were measured.
Fig. 5b shows the bivariate dot-plots of tdTomato red fluorescence
versus TC-TolB green fluorescence for these interaction pairs and the
fluorescence distribution histograms. The measured dissociation con-
stants Kp of these interactions were 13800 + 300 pM, ND, 92000 + 250
pM, 51500 =+ 150 pM, 19400 + 200 pM, and ND for wild-type TBE and
mutants containing S40A, S41A, N43A, N44A, and W46A, respectively,
determined by SPR using a BIAcore X biosensor (Uppsala, Sweden) [29].
The measured RRPE values in the present study were 8.81 + 1.58, 5.28
+ 0.23, 6.38 + 0.52, 6.80 + 0.59, 7.22 + 1.13, and 4.84 + 0.42,
respectively  (Fig. 5c). The measured RRPE values and
literature-reported Kp are plotted together in Fig. 5d, with the x-axis
ranked in the sequence of RRPE values from high to low. For the five TBE
mutants, the detected RRPE values were all smaller than that of the
wild-type TBE. For the wild-type TBE and its three mutants with avail-
able Kp scores, similar to that of Fig. 3¢, an inverse linear correlation was
identified between the RRPE and the logarithm of the Kp (Fig. 5d). That
is, a higher RRPE value was observed for a strong interaction or a lower
Kp score. For mutants S40A and W46A of TBE, whose interactions with
TolB were too weak to be measured via SPR, the newly developed
FCM-based RRPE-tdTomato-TC-BACTH strategy can measure their
RRPE values and rank their binding affinities. These results suggest that
the FCM-based RRPE-tdTomato-TC-BACTH method is useful in
providing a relative ranking for key residues of interacting proteins.
Moreover, this method is sensitive enough to discriminate and rank not
only the interaction strengths of the same order of magnitude but
strengths with a difference as small as 1.4-fold (wild-type TBE-TolB
versus mutant N44A-TolB).

3.6. Identification of PPI inhibitors using the FCM-Based RRPE-
tdTomato-TC-BACTH approach

The inhibition of PPIs is an attractive strategy for developing drugs
against various diseases [30-32]. In this study, we monitored the
disruption of the Pal-TolB interaction with TBE to assess the ability of
the FCM-based RRPE-tdTomato-TC-BACTH approach to identify PPI
inhibitors. ColE9 uses TBE to competitively recruit TolB from the
Pal-TolB complex, which causes local instability of the OM as a prelude
to toxin import [29]. Structural comparison reveals that TBE and Pal
bind at the same TolB site [33]. This TBE peptide is therefore a good
candidate to inhibit Pal-TolB interaction [34]. However, TBE lacks cell
permeability, which is essential for targeting intracellular proteins in
vivo. To solve this issue, we conjugated the TBE peptide to a
cell-penetrating peptide (CPP), (RFR)4XB, which is an effective carrier
for the intracellular delivery of molecules into E. coli [35]. The TBE
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Fig. 6. FCM-based RRPE-tdTomato-TC-BACTH approach to identify PPI inhibitors. (a, b, and c) Bivariate dot-plots of tdTomato reporter protein versus TolB
expression for E. coli BTH101-tdTomato transformed with plasmids of pUT18C-pal/pKT25-TC-tolB without the addition of any peptide (a, blank control), with the
addition of CPP-TBE-m peptide (b, negative control), and with the addition of CPP-TBE (c). (d) Column chart of the RRPE measurements. The error bars represent the

standard deviation of three replicates.

mutant (TBE-m) GASWGDGSSSGNNPWE was synthesized as a negative
control, in which the key residues D35, S37, W39, and E42 of TBE were
mutated to abolish the binding to TolB. The negligible effects of
CPP-TBE on the bacterial growth, physiology and morphology were
compared through growth curves and microscope imaging (Fig S5).
Fig. 6(a—c) shows the bivariate dot-plots of tdTomato reporter protein
versus TolB expression for E. coli BTH101-tdTomato transformed with
plasmid encoding Pal and TolB without the addition of any peptide (a,
blank control), with the addition of CPP-TBE-m peptide (b, negative
control), and with the addition of CPP-TBE (c). Fig. 6d indicates that
cells treated with CPP-TBE exhibited a much lower RRPE than both the
blank control and the negative control; the RRPE values of the blank
control, negative control, and the CPP-TBE-treated cells were 4.06 +
0.22, 4.04 + 0.07, and 3.14 + 0.18, respectively. Thus, the RRPE value
can reveal the inhibition effect of the inhibiting protein in vivo.
Compared with researches studying the competitive inhibition of the
TBE on Pal-TolB interaction [23,29,36,37], this is the first in vivo
approach revealing the inhibition effect of TBE. Therefore, the
FCM-based tdTomato-TC-BACTH approach holds a great potential for
screening inhibitors of a given PPI.

4. Conclusions

In summary, we developed a FCM-based RRPE-tdTomato-TC-BACTH
method for PPI measurement based on the simultaneous detection of the
tdTomato reporter and the TC-tagged interacting protein. The major
advantages of the present technique are its high sensitivity, great
simplicity, and quantitative characterization of protein-protein in-
teractions. Using multicolor flow cytometry and RRPE, we showed a
good correlation between RRPE and reported binding affinities for
several coiled-coil interactions and for TolB protein interacting with
wild-type TBE and various TBE mutants. It is worth noting that the
proposed RRPE method only provides a relative ranking for interaction
pairs of the same interaction mechanism. The RRPE does not allow for
the absolute quantification of protein interaction affinity. Because the
En/Kn, TolB/TBE, and Pal/TolB interaction pairs are of different
mechanisms, their RRPE values cannot be directly compared with each
other for affinity ranking.

This method provides a quick way of screening and ranking key
residues for PPIs. The ranking of coiled-coil interactions and protein
interacting key residues demonstrates that the RRPE-tdTomato-TC-
BACTH approach can readily distinguish interaction strengths with a

ten-fold difference and the same order of magnitude. The method is
sensitive enough to discriminate the interaction strengths with a 1.4-fold
difference. We also showed that the RRPE-tdTomato-TC-BACTH
approach can be used for the identification of protein interaction in-
hibitors. When combined with cell sorting, this FCM-based RRPE-
tdTomato-TC-BACTH approach is expected to hold great potential for
the high-throughput measurement of the binding strengths between
designed library proteins and multiple target proteins, along with the
rapid screening of inhibiting candidates. This platform can also be easily
transferred to other hybrid systems for protein interaction
quantification.

Credit author statement

L. Wu conceived the project. L. Wu, L. Su, and M. Deng performed the
experiments and analyzed the data. X. Hong, M. Wu, M. Zhang, and E.
Bouveret were helpful with the methodology. L. Wu and L. Su wrote the
original draft. L. Wu and X. Yan acquired funding, supervised the proj-
ect, and reviewed & edited the manuscript.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Xiaomei Yan declares competing financial interest as a cofounder of
NanoFCM Inc., a company committed to commercializing the nanoflow
cytometry (nFCM) technology.

Acknowledgments

We acknowledge support from the National Natural Science Foun-
dation of China (21877091, 21472158, 21627811, 21934004, and
21521004), the Fundamental Research Funds for the Central Univer-
sities (20720160028), the Natural Science Foundation of Fujian Prov-
ince, China (2016J01076), the NFFTBS (No. J1310024).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.talanta.2021.122549.


https://doi.org/10.1016/j.talanta.2021.122549
https://doi.org/10.1016/j.talanta.2021.122549

L Wuetal

References

[1]
[2]

[3

—

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

L. Bonetta, Protein-protein interactions: interactome under construction, Nature
468 (2010) 851-854.

E.L. Huttlin, R.J. Bruckner, J.A. Paulo, J.R. Cannon, L. Ting, K. Baltier, G. Colby,
F. Gebreab, M.P. Gygi, H. Parzen, J. Szpyt, S. Tam, G. Zarraga, L. Pontano-Vaites,
S. Swarup, A.E. White, D.K. Schweppe, R. Rad, B.K. Erickson, R.A. Obar, K.

G. Guruharsha, K. Li, S. Artavanis-Tsakonas, S.P. Gygi, J.W. Harper, Architecture of
the human interactome defines protein communities and disease networks, Nature
545 (2017) 505-509.

M. Vidal, M.E. Cusick, A.L. Barabasi, Interactome networks and human disease,
Cell 144 (2011) 986-998.

S.P. Ouellette, G. Karimova, M. Davi, D. Ladant, Analysis of membrane protein
interactions with a bacterial adenylate cyclase-based two-hybrid (BACTH)
technique, Curr. Protoc. Mol. Biol. 118 (2017) 20, 12.21-20.12.24.

A.C. McKitterick, K.D. Seed, Anti-phage islands force their target phage to directly
mediate island excision and spread, Nat. Commun. 9 (2018) 2348.

E. Moura, T. Baeta, A. Romanelli, C. Laguri, A.M. Martorana, E. Erba, J.P. Simorre,
P. Sperandeo, A. Polissi, Thanatin impairs lipopolysaccharide transport complex
assembly by targeting LptC-LptA interaction and decreasing LptA stability, Front.
Microbiol. 11 (2020) 909.

A. Paiano, A. Margiotta, M. De Luca, C. Bucci, Yeast two-hybrid assay to identify
interacting proteins, Curr. Protein Pept. Sci. 95 (2019) e70.

M. Vidal, S. Fields, The yeast two-hybrid assay: still finding connections after 25
years, Nat. Methods 11 (2014) 1203-1206.

A. Bruckner, C. Polge, N. Lentze, D. Auerbach, U. Schlattner, Yeast two-hybrid, a
powerful tool for systems biology, Int. J. Mol. Sci. 10 (2009) 2763-2788.

L. Wu, X. Wang, J. Zhang, T. Luan, E. Bouveret, X. Yan, Flow cytometric single-cell
analysis for quantitative in vivo detection of protein-protein interactions via
relative reporter protein expression measurement, Anal. Chem. 89 (2017)
2782-2789.

S.R. Adams, R.Y. Tsien, Preparation of the membrane-permeant biarsenicals FIAsH-
EDT2 and ReAsH-EDT2 for fluorescent labeling of tetracysteine-tagged proteins,
Nat. Protoc. 3 (2008) 1527-1534.

B.A. Griffin, S.R. Adams, R.Y. Tsien, Specific covalent labeling of recombinant
protein molecules inside live cells, Science 281 (1998) 269-272.

S.R. Adams, R.E. Campbell, L.A. Gross, B.R. Martin, G.K. Walkup, Y. Yao, J. Llopis,
R.Y. Tsien, New biarsenical ligands and tetracysteine motifs for protein labeling in
vitro and in vivo: synthesis and biological applications, J. Am. Chem. Soc. 124
(2002) 6063-6076.

K.A. Hecht, Y. Xiong, D.A. Barrack, N.R. Ford, G. Roesijadi, T.C. Squier, Distance-
matched tagging sequence optimizes live-cell protein labeling by a biarsenical
fluorescent reagent AsCy3_E, ACS Omega 3 (2018) 2104-2110.

C. Hoffmann, G. Gaietta, A. Zurn, S.R. Adams, S. Terrillon, M.H. Ellisman, R.

Y. Tsien, M.J. Lohse, Fluorescent labeling of tetracysteine-tagged proteins in intact
cells, Nat. Protoc. 5 (2010) 1666-1677.

A. Pomorski, A. Krezel, Biarsenical fluorescent probes for multifunctional site-
specific modification of proteins applicable in life sciences: an overview and future
outlook, Metall 12 (2020) 1179-1207.

L. Wu, T. Huang, L. Yang, J. Pan, S. Zhu, X. Yan, Sensitive and selective bacterial
detection using tetracysteine-tagged phages in conjunction with biarsenical dye,
Angew. Chem. Int. Ed. 50 (2011) 5873-5877.

Y. Jiang, B. Chen, C. Duan, B. Sun, J. Yang, S. Yang, Multigene editing in the
Escherichia coli genome via the CRISPR-Cas9 system, Appl. Environ. Microbiol. 81
(2015) 2506-2514.

D.G. Gibson, L. Young, R.Y. Chuang, J.C. Venter, C.A. Hutchison, H.O. Smith,
Enzymatic assembly of DNA molecules up to several hundred kilobases, Nat.
Methods 6 (2009) 343-345.

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Talanta 233 (2021) 122549

H. Lian, S. He, C. Chen, X. Yan, Flow cytometric analysis of nanoscale biological
particles and organelles, Annu. Rev. Anal. Chem. 12 (2019) 389-409.

L. Wu, S. Wang, Y. Song, X. Wang, X. Yan, Applications and challenges for single-
bacteria analysis by flow cytometry, Sci. China Chem. 59 (2016) 30-39.

J.A. Bryant, L.E. Sellars, S.J. Busby, D.J. Lee, Chromosome position effects on gene
expression in Escherichia coli K-12, Nucleic Acids Res. 42 (2014) 11383-11392.
D.A. Bonsor, I. Grishkovskaya, E.J. Dodson, C. Kleanthous, Molecular mimicry
enables competitive recruitment by a natively disordered protein, J. Am. Chem.
Soc. 129 (2007) 4800-4807.

A. Novick, M. Weiner, Enzyme induction, an all or none phenomenon, Proc. Natl.
Acad. Sci. U.S.A. 43 (1957) 553-566.

E.M. Ozbudak, M. Thattai, H.N. Lim, B.I. Shraiman, A. van Oudenaarden,
Multistability in the lactose utilization network of Escherichia coli, Nature 427
(2004) 737-740.

G. De Crescenzo, J.R. Litowski, R.S. Hodges, M.D. O’Connor-McCourt, Real-time
monitoring of the interactions of two-stranded de novo designed coiled-coils: effect
of chain length on the kinetic and thermodynamic constants of binding,
Biochemistry 42 (2003) 1754-1763.

A.A. Tbarra, G.J. Bartlett, Z. Hegedus, S. Dutt, F. Hobor, K.A. Horner,

K. Hetherington, K. Spence, A. Nelson, T.A. Edwards, D.N. Woolfson, R.B. Sessions,
A.J. Wilson, Predicting and experimentally validating hot-spot residues at protein-
protein interfaces, ACS Chem. Biol. 14 (2019) 2252-2263.

S.L. Hands, L.E. Holland, M. Vankemmelbeke, L. Fraser, C.J. Macdonald, G.

R. Moore, R. James, C.N. Penfold, Interactions of TolB with the translocation
domain of colicin E9 require an extended TolB box, J. Bacteriol. 187 (2005)
6733-6741.

S.R. Loftus, D. Walker, M.J. Mate, D.A. Bonsor, R. James, G.R. Moore,

C. Kleanthous, Competitive recruitment of the periplasmic translocation portal
TolB by a natively disordered domain of colicin E9, Proc. Natl. Acad. Sci. U.S.A.
103 (2006) 12353-12358.

L. Mabonga, A.P. Kappo, Protein-protein interaction modulators: advances,
successes and remaining challenges, Biophys. Rev. 11 (2019) 559-581.

D. Ni, S. Lu, J. Zhang, Emerging roles of allosteric modulators in the regulation of
protein-protein interactions (PPIs): a new paradigm for PPI drug discovery, Med.
Res. Rev. 39 (2019) 2314-2342.

M. Zhong, G.M. Lee, E. Sijbesma, C. Ottmann, M.R. Arkin, Modulating protein-
protein interaction networks in protein homeostasis, Curr. Opin. Chem. Biol. 50
(2019) 55-65.

D.A. Bonsor, O. Hecht, M. Vankemmelbeke, A. Sharma, A.M. Krachler, N.

G. Housden, K.J. Lilly, R. James, G.R. Moore, C. Kleanthous, Allosteric beta-
propeller signalling in TolB and its manipulation by translocating colicins, EMBO J.
28 (2009) 2846-2857.

J.L. Arenas, J. Kaffy, S. Ongeri, Peptides and peptidomimetics as inhibitors of
protein-protein interactions involving beta-sheet secondary structures, Curr. Opin.
Chem. Biol. 52 (2019) 157-167.

M.F. Abushahba, H. Mohammad, S. Thangamani, A.A. Hussein, M.N. Seleem,
Impact of different cell penetrating peptides on the efficacy of antisense
therapeutics for targeting intracellular pathogens, Sci. Rep. 6 (2016) 20832.

S.L. Hands, L.E. Holland, M. Vankemmelbeke, L. Fraser, C.J. Macdonald, G.

R. Moore, R. James, C.N. Penfold, Interactions of TolB with the translocation
domain of colicin E9 require an extended TolB box, J. Bacteriol. 187 (2005)
6733-6741.

G. Papadakos, N.G. Housden, K.J. Lilly, R. Kaminska, C. Kleanthous, Kinetic basis
for the competitive recruitment of TolB by the intrinsically disordered
translocation domain of colicin E9, J. Mol. Biol. 418 (2012) 269-280.


http://refhub.elsevier.com/S0039-9140(21)00470-7/sref1
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref1
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref2
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref3
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref3
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref4
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref4
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref4
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref5
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref5
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref6
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref6
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref6
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref6
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref7
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref7
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref8
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref8
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref9
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref9
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref10
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref10
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref10
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref10
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref11
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref11
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref11
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref12
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref12
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref13
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref13
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref13
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref13
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref14
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref14
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref14
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref15
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref15
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref15
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref16
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref16
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref16
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref17
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref17
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref17
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref18
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref18
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref18
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref19
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref19
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref19
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref20
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref20
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref21
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref21
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref22
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref22
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref23
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref23
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref23
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref24
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref24
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref25
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref25
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref25
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref26
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref26
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref26
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref26
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref27
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref27
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref27
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref27
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref28
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref28
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref28
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref28
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref29
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref29
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref29
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref29
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref30
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref30
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref31
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref31
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref31
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref32
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref32
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref32
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref33
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref33
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref33
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref33
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref34
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref34
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref34
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref35
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref35
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref35
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref36
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref36
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref36
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref36
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref37
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref37
http://refhub.elsevier.com/S0039-9140(21)00470-7/sref37

	Dual-fluorescent bacterial two-hybrid system for quantitative Protein–Protein interaction measurement via flow cytometry
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Bacterial strains and plasmids
	2.3 Bacterial cell culturing
	2.4 FlAsH staining
	2.5 Flow cytometry analysis

	3 Results and discussion
	3.1 Design of the tdTomato-TC-BACTH system for quantitative measurement of PPI
	3.2 Simultaneous measurement of the expression of both reporter protein and interacting protein
	3.3 Evaluation of the RRPE-tdTomato-TC-BACTH approach for measurement of protein interaction strength
	3.4 Application of the FCM-Based tdTomato-BACTH approach for rapid identification of target cells for PPI study: eliminatio ...
	3.5 Quick mapping and ranking of key residues for PPI via FCM-Based RRPE-tdTomato-TC-BACTH strategy
	3.6 Identification of PPI inhibitors using the FCM-Based RRPE-tdTomato-TC-BACTH approach

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


