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Abstract: 20 Cell-based two-hybrid assays have been key players in identifying pairwise 21 interactions, yet quantitative measurement of protein-protein interactions in vivo 22 remains challenging. Here, we show that using relative reporter protein expression 23 (RRPE), defined as the level of reporter expression normalized to that of the 24 interacting protein measured in single cell, quantitative analysis of protein interactions 25 in bacterial adenylate cyclase two-hybrid (BACTH) system can be achieved. A 26 multicolor flow cytometer was used to measure simultanously the expression levels of 27 one of the two putative interacting proteins and the β-galactosidase (β-gal) reporter 28 protein upon dual immunofluorescence staining. Single cell analysis revealed that for 29 every bacterial culture co-transformed with the two-hybrid plasmids, there exist two 30 cell populations with or without the expression of interacting protein and reporter 31 protein. Using Pal and TolB protein as the model of an interacting bait and pray pair, 32 the RRPE was found to be constant regardless of the inoculation colonies and the 33 cultivation time. Decreased RRPE was detected for TolB mutants with two 34 N-terminal truncations (TolB Δ 22-25 or TolB Δ 22-33 ), suggesting that the RRPE was an 35 intrinsic characteristic associated with the binding strength between the two 36 interacting proteins. This hypothesis was verified with acid base coiled coils formed 37 by two α-helices of various binding affinities, for which the measured RRPE 38 progressively decreased as the affinity decreased. Several useful applications of our 39 RRPE-BATCH method can be expected for the quantitative detection, strength 40 comparison, and affinity ranking of pairs of interacting proteins.
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genes such as the lactose or maltose operons. Particularly, this technique enabled the 78 study of membrane proteins because cAMP is a diffusible molecule and the BACTH 79 system does not require the hybrid proteins to be located in the nucleus as that of Y2H 80 [START_REF] Karimova | Interaction network among Escherichia coli 508 membrane proteins involved in cell division as revealed by bacterial two--hybrid analysis[END_REF]. However, the BACTH system as well as the Y2H system is not suitable for the 81 quantitative measurement of pairwise protein interactions due to the lack of 82 understanding of how the strength of the interactions correlate with the level of 83 reconstituted reporters [START_REF] Hu | Yeast surface two--hybrid for 511 quantitative in vivo detection of protein--protein interactions via the secretory pathway[END_REF].
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Flow cytometry is a well-established tool for the rapid, quantitative, and 85 multiparameter analysis of single cells. Employing a codon-optimized yeast enhanced 86 green fluorescent protein (yEGFP) as the reporter, Chen et al. developed a high 87 throughput approach to study protein-protein interactions inside the cell via flow 88 cytometric measurement [START_REF] Chen | A yEGFP--based reporter system for high--throughput yeast two--hybrid 514 assay by flow cytometry[END_REF]. Through the development of a yeast surface two-hybrid 89 (YS2H) system, Hu et al. reported quantitative flow cytometric measurement of 90 protein-protein interactions via the secretory pathway [START_REF] Hu | Yeast surface two--hybrid for 511 quantitative in vivo detection of protein--protein interactions via the secretory pathway[END_REF]. On the other hand, 91 anchored periplasmic expression (APEx) bacterial two-hybrid system has been 92 developed for the study of protein pairs on the basis of affinity or expression [START_REF] Harvey | Anchored periplasmic expression, a versatile technology for the 516 isolation of high--affinity antibodies from Escherichia coli--expressed libraries[END_REF][START_REF] Jeong | APEx 2--hybrid, a quantitative 519 protein--protein interaction assay for antibody discovery and engineering[END_REF].
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In both the YS2H and the APEx two-hybrid systems, the bait protein has to be 94 produced at the surface of the cell, and the tag-fused prey protein has to be secreted in 95 solution. Then, the strength of bait-pray interaction can be measured via antibody 96 binding to the epitope tag appended to the prey protein. Compared to the surface 97 bacterial two-hybrid system, the classic BACTH system is a well-established and 98 much simpler approach for protein-protein interaction studies [START_REF] Karimova | A bacterial two--hybrid system based on 504 a reconstituted signal transduction pathway[END_REF][START_REF] Battesti | The bacterial two--hybrid system based on adenylate cyclase 506 reconstitution in Escherichia coli[END_REF]. Particularly, 6 / 26 the signaling cascade in the BACTH system ensures higher sensitivity for the weak 100 and transient interactions. Therefore, a quantitative approach for the BACTH system 101 shall greatly advance the protein-protein interaction study due to the general 102 applicability of the BACTH system and its sensitivity for low affinity interaction. The heterogeneity in the BACTH system has been well recognized because there 267 exist a big difference in plasmid copy number in different bacterial cells [START_REF] Battesti | The bacterial two--hybrid system based on adenylate cyclase 506 reconstitution in Escherichia coli[END_REF] and 268 stochasticity inherent in the biochemical process of gene expression [START_REF] Elowitz | Stochastic gene expression in a single cell[END_REF]. In order to To further validate the applicability of the RRPE-BACTH method in affinity 328 assessment, five pairs of acid (En) and base (Kn) α-helices with various heptad 329 repeats (n) that associate into coiled coils were constructed into the BACTH system 330 (Fig. 6A). E coil and K coil interacts through hydrophobic interaction at the interface 331 and electrostatic attraction between the oppositely charged residues from the helix, 332 and higher affinity is associated with longer helix [START_REF] De Crescenzo | Real--time 533 monitoring of the interactions of two--stranded de novo designed coiled--coils: effect of chain 534 length on the kinetic and thermodynamic constants of binding[END_REF]. Among the five coiled-coils 333 chosen in the present study, the dissociation constants (K D ) measured by surface 334 plasmon resonance (SPR) using a BIAcore were 30000 ± 3000, 7000 ± 800, 116 ± 8, 335 14 ± 1, and 0.063 ± 0.005 nM for the interactions of E3-K3, E5-K3, E4-K4, E5-K4, 336 and E5-K5, respectively [START_REF] De Crescenzo | Real--time 533 monitoring of the interactions of two--stranded de novo designed coiled--coils: effect of chain 534 length on the kinetic and thermodynamic constants of binding[END_REF]. E. coli BTH101 cells were co-transformed with 337 pUT18C-Flag-En/pKT25-His-Kn plasmids and plated. For each protein pair, three 338 individual colonies were picked and inoculated into LB broth separately. These 339 samples were immunofluorescence stained and analyzed on the flow cytometer. Fig. 340 6B shows the representative bivariate dot-plots of β-gal green fluorescence versus 341 His-Kn red fluorescence along with the fluorescence distribution histograms for these 342 five interaction pairs. The measured RRPE values were 3.8 ± 0.1, 6.4 ± 0.5, 9.9 ± 0.1, 343 11.8 ± 0.3, and 5.9 ± 0.6 for E3-K3, E5-K3, E4-K4, E5-K4, and E5-K5, respectively.

344

It should be noted that taking advantage of high sensitivity of the RRPE-BATCH 345 method, we can discriminate interactions with K D lower than 10 4 nM. Fig. 6C shows 346 that the measured RRPE exhibited a strong correlation with the interaction affinity 347 from E3-K3 to E5-K4 except for E5-K5. This could be explained by the fact that 348 E5-K5 fits an interacting model with a relatively fast association and a very slow 349 dissociation, which is different from the other pairs [START_REF] De Crescenzo | Real--time 533 monitoring of the interactions of two--stranded de novo designed coiled--coils: effect of chain 534 length on the kinetic and thermodynamic constants of binding[END_REF]. In contrast, in the BACTH 350 system, the synthesis of cAMP is irreversible and depends mainly on the rate at which 351 two coils associate (on-rate) to initiate complementation of T25 and T18. Because the 352 E5 coil was fused to T18 or T25 domain in the BATCH system, the on-rate of binding 353 with K5 could be reduced which leads to a lower binding affinity as demonstrated 354 with a decreased RRPE value [START_REF] De Crescenzo | Real--time 533 monitoring of the interactions of two--stranded de novo designed coiled--coils: effect of chain 534 length on the kinetic and thermodynamic constants of binding[END_REF]. However, it needs to be pointed out that the 355 proposed RRPE method does not allow for the absolute quantification of protein 356 interaction affinity, because the BACTH system itself is an indirect method to detect 357 protein-protein interaction. Nonetheless, the good correlation between the measured 
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  Herein, we demonstrate that through flow cytometric detection and 104 immunofluorescent staining, the relative reporter protein expression (RRPE), defined 105 as the normalized report protein expression to that of the interacting protein in a 106 single cell, can be used to quantitatively estimate the binding strength between two 107 interacting proteins in the classical BACTH system. This feature allowed us to 108 confirm interacting pairs of proteins, investigate determinant residues in 109 protein-protein interaction, and compare interaction strength of different pairs. The 110 RRPE-BACTH method described here provides a practical and powerful method for 111 the rapid and quantitative in vivo measurement of protein-protein interactions. 112 Results and Discussion 113 Design of the BACTH System for Flow Cytometric Analysis. Scheme 1 illustrates 114 the experimental design of the flow cytometric BACTH system. Two compatible 115 plasmids carrying the hybrids with T25 and T18 domains respectively were 116 co-transformed into the reporter strain cya -E. coli BTH101. Between T25 or T18 117 domain and the hybrid proteins, His and Flag tags were inserted respectively, and 118 were used to follow the expression of the hybrid proteins. The interaction of the 119 hybrid proteins results in a functional complementation between T25 and T18 120 fragments, which reconstitutes the activity of adenylate cyclase and leads to cAMP 7 / 26 synthesis. The produced cAMP interacts with the catabolite activator protein (CAP) 122 and the cAMP/CAP complex binds to the promoter and regulates the transcription of 123 lacZ gene coding for the β-galactosidase (β-gal) reporter expression. β-gal was 124 specifically labeled green with rabbit-anti-β-gal antibodies and FITC-conjugated goat 125 anti rabbit IgG. Meanwhile, anti-His/Flag mouse monoclonal antibody and DyLight 126 649-conjugated goat anti mouse IgG were used to label the hybrid proteins red. Upon 127 dual immunofluorescence labeling, the bacterial sample was analyzed by flow 128 cytometer. FITC and DyLight 649 fluorophores can be excited by the 488 nm and 640 129 nm lasers respectively, and the emitted green and red fluorescence signals were 130 detected concurrently on the FL1 and FL2 fluorescence channels. Therefore, for a 131 bacterial two hybrid sample, the expression level of both the β-gal reporter and the 132 hybrid proteins can be detected and quantified simultaneously.
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 1183122822603 Scheme 1. Depiction of protein-protein interaction study at the single-cell level based 135
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 45 Fig. 4. Flow cytometric analysis of the expression of β-gal reporter protein and 291 interacting protein His-TolB for bacterial samples inoculated with different single 292 colonies. A) The correlation curve between the median value of β-gal fluorescence 293 intensity and that of His-TolB. B) Plot of the relative reporter protein expression 294 (RRPE) versus β-gal activity for 15 bacterial cultures inoculated with different single 295 colonies randomly picked from the plate co-transformed with plasmids 296 pUT18C-Flag-pal/pKT25-His-tolB. 297
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 2026 We have developed a sensitive in vivo method for the quantitative measurement of 373 protein-protein interaction via the BACTH system and flow cytometry. Taking 374 advantage of the high-throughput and multiparameter measurement of single cell by 375 flow cytometry, the expression of reporter protein and interacting proteins can be 376 simultaneously measured and correlated at the single-cell level. It was found out that 377 for the BATCH system, for a bacterial culture inoculated even with a single colony 378 co-transformed with two plasmids encoding each of the two interacting proteins, there 379 exist two populations and a large heterogeneity for each population in protein 380 expression and reporter protein production, which would otherwise be masked by the 381 ensemble-averaged measurements. By measuring the expression level of interacting 382 protein and reporter protein for the population expressing β-gal, it was identified that 383 for an interacting protein pair, the value of RRPE is constant and is an intrinsic 384 feature. Moreover, a good correlation of the RRPE with the binding affinity of protein 385 pair was observed for Pal-TolB interaction with WT and mutant TolB proteins and for 386 several coiled-coil interactions. The RRPE method proposed here can not only be 387 used to validate existing protein interaction and finding new ones, but also to rank the 388 strength of interaction. It may further be used for highthroughput study of the binding 389 site of protein-protein complexes, selection of high-affinity antibodies, and screening 390 of peptide inhibitor libraries.
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  Reagents andChemicals. Rabbit anti-β-galactosidase IgG was purchased from 21 / 26 Molecular Probes (Eugene, OR, USA). FITC-conjugated anti-His mouse monoclonal 395 antibody and goat anti-rabbit (GAR) IgG (H+L) were obtained from TransGen 396 Biotech (Beijing, China). DyLight-649-conjugated goat anti-mouse (GAM) IgG (H+L) 397 was purchased from EarthOx (San Francisco, CA, USA). Antibodies were diluted in 1% 398 fetal bovine serum (FBS) (obtained from Hyclone, Logan, Utah, USA) freshly 399 prepared in PBS before use. Enzymes used for molecular cloning were obtained from 400 TaKaRa Biotech (Dalian, China). Ortho-nitrophenyl-β-galactoside (ONPG), 401 lysozyme, GTE (50 mM Glucose, 25 mM Tris, 10 mM EDTA, pH 8.0), and X-gal 402 were purchased from Sangon Biotech (Shanghai, China). Paraformaldehyde (PFA) 403 stock solution (16%) was obtained from Alfa Aesar (Ward Hill, MA, USA). Other 404 reagents were purchased from Sinopharm Chemical Reagent (Shanghai, China). All 405 the buffers were filtered through a 0.22µm filter and used within three weeks. 406 Bacterial Strains and Plasmids. E. coli ER2738 was used for the cloning 407 experiments. The recombinant plasmids used in the present study are summarized in 408 Table S1 and were verified by sequencing. Oligonucleotides were synthesized by 409 Sangon Biotech and are listed in Table S2. Plasmid pKT25-His-tolB was constructed 410 by inserting the histidine tag (His-tag) into pEB362 at the PstI/EcoRI sites. The pal 411 gene was digested with EcoRI and XhoI from pEB356 and inserted into the 412 EcoRI/XhoI sites of pEB1030 to produce pUT18C-Flag-pal. Genes of tolB Δ 22-25 and 413 tolB Δ22-33 were amplified from plasmid pEB362 using suitable primers listed in Table
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  S2. The PCR products were cleaved by EcoRI and XhoI and cloned into the 415 EcoRI/XhoI sites of pKT25-His to yield plasmids pKT25-His-tolB Δ 22-25 and 416 pKT25-His-tolB Δ 22-33 . To introduce Kn and En sequences into each BACTH vectors, 417 oligonucleotide primers of Kn and En that are complementary to each other were 418 synthesized as listed in TableS2and annealed by heating at 95 °C for 5 min.
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 1 Followed by cooling to room temperature, the products with cohesive ends were 420 inserted into plasmids pKT25-His and pUT18C-Flag at the EcoRI/XhoI sites to obtain 421 plasmids pKT25-His-Kn and pUT18C-Flag-En, respectively. 422 E. coli BTH101 (F-, cya-99, araD139, galE15, galK16, rpsL1, hsdR2, mcrA1, 423 mcrB1) was used as the reporter strain of the BACTH system. Competent E. coli 424 BTH101 strains co-transformed with two-hybrid plasmids bearing two different 425 antibiotic resistances were spread on Luria-Bertani (LB) plates containing 100 µg/mL 426 ampicillin, 50 µg/mL kanamycin, and 40 µg/mL X-gal at 30 °C. After incubating the 427 plates for 2 days, single colonies with successful co-transformation of two hybrid 428 plasmids were picked and inoculated in 2 mL of LB containing 100 µg/mL ampicillin 429 and 50 µg/mL kanamycin. Cultures were grown overnight with shaking (250 rpm) at 430 30 °C, unless specified otherwise. The harvested bacterial sample was adjusted to 431 OD 600 ~1.0, immunofluorescently stained and analyzed on the flow cytometer. 432 Immunofluorescent Staining. To a 200 µL of the harvested bacterial cells, 8 µL of NaPO 4 (pH 7.4) and 40 µL of the primary fixative buffer (3 µL of 25% 434 gluteraldehyde per mL of 16% paraformaldehyde) were added and incubated at room 435 temperature for 15 min followed by 30 min on ice. The sample was washed twice 436 with 200 µL PBS and resuspended in 50 µL PBS. Then, 500 µL of ice cold 80% 437 methanol was added and the sample was treated for 1 h at room temperature. The
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Validation of the RRPE-BACTH Method for the Measurement of Protein 298

Interaction Strength. To investigate the potential of using RRPE-BACTH method 299 for evaluating the strength of protein-protein interactions, we compared the Pal-TolB 300 interaction by using two mutated forms of TolB along with the wild type TolB. These 301 two mutated TolB proteins bear truncations, one with four residues deleted from the 302 N-terminus (TolB Δ 22-25 ) and the other with the entire N-terminal sequence deleted 303 (TolB Δ 22-33 ), which lower the binding affinity to Pal [START_REF] Bonsor | Allosteric beta--propeller signalling in TolB and its manipulation by 531 translocating colicins[END_REF]. The dissociation constants 304 K D of these two truncated TolB proteins with Pal were reported to be 313 ± 15 nM 305 and 337 ± 18 nM, respectively, via ITC measurement at 30° C, which are about 306 tenfold higher than that of the wild type TolB (38 ± 3 nM). E. coli BTH101 cells were 
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