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39 Abstract

40 Deciphering protein-protein interactions (PPIs) is crucial for a 

41 comprehensive understanding of biological processes, yet current 

42 methodologies often provide incomplete interactome maps. Here, we 

43 present a sensitive bimolecular NanoBiT-based protein complementation 

44 assay platform for robust PPI detection in the fission yeast 

45 Schizosaccharomyces pombe. Our platform utilizes two NanoLuc moieties, 

46 SmBiT and LgBiT, fused to interacting protein partners, generating a 

47 quantifiable luminescent signal upon interaction. To maximize the chances 

48 of detection and mitigate potential issues arising from tag position-

49 dependent inactivation of bait proteins, our system enables simultaneous 

50 expression of two distinct bait constructs within a single cell: one with the 

51 LgBiT-tag fused at its N-terminus and another at its C-terminus. For the 

52 prey, we constructed a comprehensive ORFeome library of fission yeast 

53 proteins, each fused with SmBiT at its C-terminus, leveraging homologous 

54 recombination tools. We established efficient high-throughput methods for 

55 cloning and selection of single-copy integrants, enabling the rapid 

56 construction of the prey library and reliable identification of true yeast 

57 transformants. Validating the platform, high-throughput screening using the 

58 general transcription elongation factor Tfs1 successfully identified 

59 previously undetectable interactors. This versatile platform not only 

60 significantly expands the scope of interactome discovery but also offers a 

61 powerful tool for future protein-compound interaction studies.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

4

4

62 Introduction

63 As key players in cells, proteins interact with one another to perform and 

64 regulate various cellular functions. Thorough detection of these interactions 

65 leads to the elucidation of yet understudied biological processes in living 

66 organisms. Studying protein-protein interactions (PPIs) is a challenging 

67 endeavor not only because proteins can interact with multiple partners, but 

68 also because their interactions can be regulated by post-translational 

69 modifications (PTMs), cellular localization, and conformational changes1,2.

70 The methods for studying PPIs can be classified as biochemical, 

71 biophysical, or genetic. Biochemical methods, such as co-

72 immunoprecipitation (based on capturing the interactors with antibodies) 

73 and affinity purification coupled with mass spectrometry, are suitable for 

74 detecting PPIs in vitro3. Biophysical techniques, such as surface plasmon 

75 resonance, isothermal titration calorimetry, nuclear magnetic resonance, 

76 and circular dichroism spectroscopy provide information on the binding 

77 affinity, specificity, and kinetics of the interactions. On the other hand, 

78 genetic-based methods such as yeast two-hybrid (Y2H)4, protein 

79 complementation assay (PCA)5,6, Förster (fluorescence) resonance energy 

80 transfer (FRET)7, and bioluminescence resonance energy transfer (BRET)8, 

81 are potent for investigating PPIs in vivo. In recent years, the study of PPIs 

82 has advanced through the use of expression libraries from various 

83 organisms. Among these, the popularity of Y2H4 for studying PPIs is 

84 undeniable due to its scalability and low cost for in vivo high-throughput 
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85 studies9,10. Due to the dynamic nature of the cell11, however, most 

86 interactions fall into the transient and weak category, some of which still 

87 remain undetectable by currently available technologies. For instance, 

88 current methods, particularly those involving antibodies and tagging, can 

89 disrupt native protein interactions under experimental conditions. Such 

90 approaches are prone to experimental artifacts and non-specific cross-

91 reactivity within the detection environment, resulting in unreliable false-

92 positive and false-negative outcomes that impede the comprehensive and 

93 timely identification of all interacting partners for a given protein.

94 Protein complementation assays offer several advantages, including a 

95 high signal-to-background ratio and stability. One of the most robust classes 

96 of luminescence complementation assays is the NanoBiT system. This 

97 system is based on a split Nanoluciferase that displays a higher dissociation 

98 constant value than most physiological PPIs. It detects physical interactions 

99 between two proteins fused with luciferase enzyme moieties, specifically 

100 Large BiT (LgBiT: 18 kDa) and Small BiT (SmBiT: 1.3 kDa). Since there is a 

101 low affinity between these NanoBiT components, the formation of an active 

102 luciferase holoenzyme depends solely on the interaction between the 

103 protein pairs attached to them12. 

104 Generally, yeast cells serve as an ideal model organism due to their 

105 conserved basic cellular processes, ease of genetic manipulation, versatile 

106 high-throughput platforms, well-characterized genome, ease of culturing 

107 and maintenance, available tools and resources, and complementarity with 
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108 other attainable systems and model species, as well as their simplification13. 

109 The fission yeast S. pombe holds a wealth of molecular biology tools14–17, 

110 genome-wide deletion collection18, chemical genomics profiling19, reverse 

111 proteomic data20, and complete ORFeome library21. Additionally, fission 

112 yeast often serves as a better model system than budding yeast for studying 

113 protein interactions involved in critical biological processes such as gene 

114 regulatory events22. However, even in the only available comprehensive 

115 Y2H study22 for S. pombe, many interactions in certain organelles and with 

116 membranous proteins are missing. 

117 In this study, we employed a NanoBiT-based protein complementation 

118 assay system in fission yeast to investigate PPIs by incorporating various 

119 modifications into the prey and bait expression vectors. A common 

120 challenge associated with these assays is the configuration and positioning 

121 of tags relative to the protein of interest, primarily due to the limited 

122 understanding of structure-activity relationships for most proteins. To 

123 address this issue, we expressed two variants of the bait proteins, each with 

124 the LgBiT tag fused at a distinct position. A genome-wide screen using the 

125 general transcription factor Tfs1 as bait identified over 30 proteins with 

126 previously established interactions with Tfs1, demonstrating that the dual-

127 bait strategy is an effective approach for evaluating PPIs.
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128 Materials and Methods

129 Yeast strains and growth media

130 The strains used for screening were established by genetic crossing of 

131 AM600 (h+ leu1-32 arg3-R25 lys1-K24 ade6-M216) and AM185 (h90 

132 bfr1::hisG-ura4+pmd1::hisG ura4-D18 leu1-32) strains. Subsequently, the 

133 progeny (h+ bfr1::hisG-ura4+pmd1::hisG ura4-D18 leu1-32 arg3-R25 lys1-

134 K24 ade6-M216) was crossed with AM549 (h- leu1-32 ura4-D18 lys1-K24 

135 ade6-M210) strain. The screening strain, h+ bfr1::hisG-ura4+ pmd1::hisG 

136 ura4-D18 leu1-32 arg3-R25 lys1-K24 ade6-M210, was picked up based on 

137 the colony color on the adenine-limited plate, auxotrophy, mating type, and 

138 PCR results for ura4, pmd1, and bfr1. Similarly, the counter strain, i.e., h- 

139 mat1<<natr bfr1::hisG-ura4+ pmd1::hisG ura4-D18 leu1-32 arg3-R25 lys1-

140 K24 ade6-M216 was created by genetic crossing of AM616 (h- mat1<<natr 

141 leu1-32 arg3-R25 lys1-K24 ade6-A16) and AM185 strains. The establishment 

142 of h- strains in which the mat1 locus was marked by insertion of the natMX 

143 marker was described previously23. For routine cell culture, YE24 medium 

144 was used. For the selection of transformants and zygotes, selective medium 

145 SD, EMM224, or EMMG25 was used. For inducing the expression of 

146 transgenes from the nmt1 promoter, EMM2 or EMMG was used. SPA24 was 

147 used for the induction of sexual differentiation. Adenine, uracil, leucine, 

148 lysine, and arginine were added to the medium when needed.

149

150 Genetic methods for S. pombe
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151 Fission yeast cells were handled as described24. For the introduction of 

152 the expression plasmids into S. pombe cells, each expression plasmid was 

153 digested with NotI and subjected to the high-efficiency lithium acetate 

154 transformation protocol26. A 96-well plate format was used to introduce the 

155 expression library into S. pombe27. The cells were cultured on an SD 

156 selective medium supplemented with 50 µg/ml adenine hemisulfate 

157 dihydrate (MP biomedicals), L-lysine hydrochloride (Wako), and L-arginine 

158 (Wako). The Leu+ transformants obtained by the introduction of the prey 

159 library were exposed to blue/green LED light (FAS-V, NIPPON Genetics). 

160 The colonies that clearly showed mCherry fluorescence but had the lowest 

161 fluorescence intensity were chosen as transformants having a single copy of 

162 the prey construct (see Fig. 3).

163

164 Mass mating of the bait- and prey-harboring yeast strains for making 

165 diploid cells

166 To generate diploid strains expressing two baits and each of the prey 

167 proteins, the bait-expressing h+ strain was mated with the prey-expressing 

168 h- strains. Freshly cultured cells were picked using a 96-pin replicator from 

169 solid media and mixed on SPA medium. The cell mixture was re-streaked 

170 onto the SD selective medium after two days of incubation at 30 °C24. The 

171 auxotrophy of bait-expressing strains (leu- and ade-) and prey-expressing 

172 strains (lys-, arg-, and ade-) was complemented by their counterpart, so that 

173 the resulting diploid cells had no auxotrophy.
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174

175 Construction of a prey vector, pPREY3 

176 A vector for prey expression was constructed based on the pDUAL 

177 plasmid, which enables chromosomal integration of a transgene14. The 

178 EcoRV site (GATATC) in the leu1 promoter in this plasmid was changed to 

179 GATC via inverse PCR so that it would not be recognized by this enzyme. 

180 The SacI recognition site (GAGCTC) was deleted by digestion with SacI 

181 followed by Klenow fragment treatment and self-ligation. The 3×FLAG tag 

182 was introduced between the NheI and BamHI sites by inserting a fragment 

183 assembled by annealing of six oligonucleotides 

184 (GCTAGCGATATCCATATGGACTACAAGGACCACGACG, 

185 CACCAGGAACATCAGGTATACCTATAGCGATCGACGT, 

186 GGGATTATAAAGACCACGATATTGATTATAAGGA, 

187 ATATTAGTTATAGCACCAGAAATATTAGGGGCAG, 

188 TGATGACGATAAACCCGGGTAGCG, and 

189 CTAGGCGATGGGCCCAAATAGCAGTAGTAGGA). The recognition sites for 

190 EcoRV and NdeI were introduced at this stage. The SmBiT sequence was 

191 then inserted just upstream of the 3×FLAG tag sequence via inverse PCR 

192 using primers SmBiT-A 

193 (TTATCGTTTATTTGAAGAAATTCTCTAGCGGATCCGGCGCGCCA) and 

194 SmBiT-B (CTTCAAATAAACGATAACCAGTAACTTTATCGTCATCATCCTTA) 

195 followed by gap-repair cloning. The nmt1 promoter and the ccdB cassette 

196 were transferred from pDUAL-FFH1c14 using SphI and NheI, resulting in 
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197 the generation of pDUAL5-ccdB-3F1-SB. The CmR ORF within the ccdB 

198 cassette was replaced by the GFP ORF by fusing a GFP-containing fragment 

199 to the vector digested with NheI and BglII. The GFP fragment containing a 

200 bacterial promoter sequence was generated by two-step PCR. The promoter 

201 amplified from pDUAL5-ccdB-3F1-SB using primers Pnmt1-NheI-F 

202 (ATAGTCGCTTTGTTAAAGCTAG) and Pcm-GFP-R 

203 (CTTCTCCTTTGCTCATAGATCTTTAGCTTCCTTAGCTC), and the GFP ORF 

204 amplified from pDUAL-GFH114 using primers BglII-GFP-F 

205 (AGATCTATGAGCAAAGGAGAAGAACT) and BglII-GFP-R 

206 (TAGTAAGCCGGATCCAGATCTTATTTGTATAGTTCATCCATGC), were fused 

207 by a second PCR.

208 The XhoI site in the leu1 ORF and the EcoRI site flanking the leu1 ORF 

209 were deleted for use in another subcloning. The vector fragment was 

210 prepared by digestion with XhoI and EcoRI, and the other fragment was 

211 amplified by PCR from the same plasmid using primers 

212 CGACCTGAGTTAAAACTCGAATTTGAAGAACACAAGATTGG and 

213 TAAAACGACGGCCAGTGAATTGCGGGAGCGCTACCGTGAAT. These 

214 fragments were fused by gap-repair cloning. The ura4+-ars1 fragment was 

215 deleted by ApaI digestion followed by self-ligation. The leu3 promoter was 

216 amplified from the wild-type fission yeast genomic DNA by PCR with 

217 primers leu3-F1 

218 (GATAACAGGGTAATATACTAGTATGCATAAGAATTGCAAGCC) and leu3-R1 

219 (ACGATTTTCTTTGCACACATGGAGACTGTAGCGATTTTTGGAC).
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220 The mCherry expression unit was transferred from the previously 

221 described pBiD3-R25-mCherry vector28 and inserted upstream of the nmt1 

222 promoter, in the opposite orientation to the promoter. The promoter was 

223 then replaced by the putative constitutive gpd3 promoter amplified by PCR 

224 from the wild-type genome using SphI-Pgpd3-F 

225 (AGTCGATCGACCTGCAGGCATGCTCCACGTCTAACCCGCTC) and XhoI-

226 Pgpd3-R (CATCTCGAGTAATTCGATTGCTATTTCTC).

227

228 Construction of pXArg3-hLB

229 The LgBiT fragment, sandwiched between the hexahistidine tag and four 

230 consecutive GGGGS linker sequences, was synthesized by artificial gene 

231 synthesis (Eurofins Genomics) and inserted between the NheI and BamHI 

232 sites of the lys1-targeting, pCLys1-derived vector16. In analogy to the 

233 modification performed in pPREY3, where the ccdB cassette was replaced 

234 by GFP, the CmR ORF inside the ccdB cassette was substituted with the 

235 mCherry ORF. The ccdB cassette containing mCherry was generated by 

236 fusing a PCR product amplified using primer sets Pnmt1-NheI-F 

237 (ATAGTCGCTTTGTTAAAGCTAG) and Pcm-mCherry-R 

238 (CCTCGCCCTTGCTCACATGCATTTTAGCTTCCTTAGCTC) with the other 

239 PCR product generated using CAT-mCherry-F 

240 (CATGTGAGCAAGGGCGAGGAGGAT) and BglII-mCherry-R 

241 (TAGTAAGCCGGATCCAGATCTTACTTGTACAGCTCGTCCATGC). The NotI 

242 and SalI recognition sites within the ccdB cassette were then deleted by 
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243 amplifying the mCherry-containing fragment using mCherry-dNotI-F1 

244 (CATATCCAGTCACTATGGCGGCCACATTAGGCACCCCAGGCTTT) and ccdB-

245 dSalI-R1 (CACTATGGTCAACCTGCAGACTGGCTGTGTAT) and ligating the 

246 PCR fragment with the same vector used as the template, which was 

247 digested with NotI and SalI.

248

249 Construction of pXLys1-HA-LB

250 The other bait-expressing vector, pXLys1-HA-LB, was first constructed 

251 based on the pDUAL-type plasmid. This plasmid (pDUAL5-ccdB-4HA1) was 

252 formed by replacing the FLAG tag and SmBiT sequence (NdeI-BamHI) of 

253 pDUAL5-ccdB-3F1-SB, described above, with four consecutive HA tags. The 

254 DNA sequence encoding four copies of the HA epitope was generated by 

255 ligating three annealed oligonucleotide pairs. These annealed 

256 oligonucleotides were composed of the following sequences: 

257 TATGTACCCTTATGATGTACCTGACTACGCCGGC/GCGTAGTCAGGTACATCA

258 TAAGGGTACA, 

259 TATCCGTACGACGTCCCAGACTATGCCGGC/GCATAGTCTGGGACGTCGTAC

260 GGATAGCCG, and 

261 CCCGGGGAAGAGTACTAGTGG/GATCCACTAGTACTCTTCCCCGGGGCCG. 

262 Each pair had cohesive ends that allowed for proper alignment and ligation. 

263 One of the oligonucleotide hybrids could be linked in tandem, enabling the 

264 generation of more than three copies of the HA epitope. After ligating these 

265 fragments with the vector digested with NdeI and BamHI, plasmids 
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266 containing four copies of the HA epitope were selected by sequencing from 

267 the candidate plasmids. The LgBiT fragment with a termination codon was 

268 amplified by PCR using primers NdeI-LgBiT-F 

269 (TGGTTGATATCCATATGGTCTTCACACTCGAAGATTT) and NdeI-LgBiT-R 

270 (TCATAAGGGTACATATGGCTGTTGATGGTTACTCGG), and was inserted at 

271 the NdeI site by a gap-repair technique. Three copies of a GGGGS linker 

272 were inserted upstream of the first HA tag by inverse PCR using primers 

273 GGGGS2-1-up 

274 (AGAGCCTCCACCGCCTGAACTTCCACCGCCTCCAGACATATGGATATCAACC

275 ACT) and GGGGS2-3-down 

276 (TCAGGCGGTGGAGGCTCTAGTGGTGGAGGCGGTTCAAATATGTACCCTTAT

277 GATG), followed by gap-repair cloning. A contiguous DNA fragment 

278 containing the nmt1 promoter, ccdB cassette, GGGGS linker, HA tag, and 

279 LgBiT was transferred to the pXLys1 vector, a promoter-derivative of the 

280 pCLys1 vector having the lys4 promoter in place of the lys1 promoter29. The 

281 ccdB cassette was changed to the mCherry-containing ccdB cassette 

282 following the same strategy as pXArg3-hLB.

283

284 Quantitative PCR

285 The copy number of integrated prey-expressing vectors was examined by 

286 real-time PCR using a Thermal Cycler Dice Real Time System (TaKaRa Bio). 

287 Genomic DNA from the integrants was prepared as described30 and used as 

288 a template. The 3’ part of the mCherry ORF was amplified using primers 
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289 mCherry-RT-F1 (AAGATGAGGCTGAAGCTGAAG) and mCherry-RT-R1 

290 (GATGGTGTAGTCCTCGTTGTG). Primers act1-RT-F1 

291 (GTTATGTCTGGTGGTACCACT) and act1-RT-R1 

292 (GATCCACCAATCCAGACAGA) were used for amplification of the act1 gene 

293 for data normalization.

294

295 Cloning of ORFs into prey and bait expression vectors

296 For the construction of prey expression plasmids, each ORF from the 

297 fission yeast ORF library resource21 was amplified using universal primers 

298 pPREY3-F 

299 (CTGACTTATAGTCGCTTTGTTAAAGCTAGCGATATCAAAAAAGCAGGCTCTC

300 ATATG) and pPREY3-R 

301 (ATCCCCGTCGTGGTCCTTGTAGTCCATATGGATATCTTTGTACAAGAAAGCT

302 GGGTA) and PrimeSTAR GXL DNA Polymerase (TaKaRa Bio., Japan). The 

303 expression plasmids were then constructed by gap-repair cloning in E. coli 

304 DH5α competent cells by directly introducing each amplified ORF and 

305 pPREY3 digested with EcoRV31. Similarly, bait plasmids expressing a gene 

306 of interest were made by gap-repair cloning using PCR-amplified ORFs and 

307 EcoRV-digested pXLys1-HA-LB or SmaI-digested pXArg3-hLB. The universal 

308 primers for inserting the gene of interest into pXLys1-HA-LB were pXLys1-F 

309 (CTGACTTATAGTCGCTTTGTTAAAGCTAGCGATATCAAAAAAGCAGGCTCTC

310 ATATG) and pXLys1-HA-LB-R 

311 (GCCTGAACTTCCACCGCCTCCAGACATATGGATATCTTTGTACAAGAAAGCT
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312 GGGTA). The forward universal primer for amplification of a gene of 

313 interest for insertion into pXArg3-hLB (N-tagged vector) was: 

314 GGAGGCGGTTCAGGAGGCGGAGGCTCAGATCCCGGGAAAAAAGCAGGCTCT

315 CATATG. The reverse primer with the stop codon sequence was designed 

316 specifically for each gene of interest. 

317

318 Luciferase assay

319 The freshly grown fission yeast cells were picked from YE agar plates 

320 (pre-culture) and inoculated into 1 ml of EMMG medium24,25 in a 96-deep-

321 well plate (NuncTM 96-well Polypropylene DeepWellTM Storage Plates; 

322 Thermo Scientific), which was then incubated at 30 °C for 20 hours. Cells 

323 were then harvested and suspended in 12 µl of fresh EMMG medium. 

324 Subsequently, a volume of 12 µl of cell suspension was transferred to assay 

325 plates (384-well cell culture microplates, F-bottom, white, Greiner, Bio-

326 One), and mixed with 11.85 µl of Y-PERTM Plus Dialyzable Yeast Protein 

327 Extraction Reagent (Thermo Scientific) detergent and 0.15 µl of Furimazine 

328 (or 2-furanylmethyl-deoxycoelenterazine, Nano-Glo Luciferase Assay 

329 Substrate Promega Corp.) solution. Just before measurement of the 

330 luciferase activity by an EnSpire Multimode plate reader (Perkin Elmer), the 

331 mCherry fluorescence signal (i.e., λexcitation = 587 nm & λemission = 610 nm) 

332 was measured using a SpectraMax M2/M2e microplate reader (Molecular 

333 devices, LLC).

334
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335 Statistical analysis

336 In this study, the results of three technical replicates were calculated as 

337 mean values with error bars (corresponding to ± standard deviation/SD). 

338 The significance of each experiment was statistically validated using a two-

339 tailed unpaired Student’s t-test in Microsoft Excel (Microsoft 365), with p-

340 values (p < 0.05) obtained. 
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341 Results 

342

343 The strategies of the NanoBiT-based PCA system in this study

344 To meet the need for more sensitive PPI detection systems in S. pombe, 

345 where well-established molecular biology tools are already available, we 

346 developed a NanoBiT-based protein complementation assay (PCA) system. 

347 This system utilizes the LgBiT moiety of deep-sea shrimp luciferase and its 

348 complementary peptide, SmBiT. However, a major challenge in S. pombe is 

349 the lack of detailed structure-activity relationship data for most proteins, 

350 which complicates the determination of optimal fusion points for the 

351 LgBiT/SmBiT fragments. To address this challenge, we expressed the 

352 protein of interest as two distinct baits, each fused differently with the 

353 LgBiT tag (Fig. 1A). This strategy aimed to reduce the risk of missing 

354 potential positive interactions, based on the hypothesis that positive signals 

355 could be detected from at least one of the bait constructs (Fig. 1B). This 

356 would hold true even if one bait construct led to steric hindrance or 

357 suboptimal positioning of the interacting fragments. To expand the utility of 

358 this system not only for given bait proteins, but also for genome-wide 

359 screening, we designed three integration vectors targeting different 

360 genomic loci and developed host strains compatible with these expression 

361 plasmids, enabling the simultaneous expression of two baits and one prey, 

362 as detailed below (Fig. 1C).

363
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364 Construction of vectors for bait expression; pXArg3-hLB and pXLys1-

365 HA-LB 

366 In this assay, the arrangement and the order of LgBiT in a bait protein 

367 posed a significant challenge as described above. Therefore, we partially 

368 addressed this issue by expressing a bait protein as two differently tagged 

369 plasmids. Among several possible ways to express one protein as two 

370 different constructs, e.g. bait proteins fused with LgBiT having different 

371 length linkers, we chose to express two bait proteins with LgBiT fused to 

372 either N- or C-terminus.

373 To establish a binary system featuring dual orientations of tagging, we 

374 employed two vectors containing the LgBiT fragment of the NanoLuc 

375 luciferase. Accordingly, we integrated the LgBiT fragment into two distinct 

376 vectors: pXArg3, a modified variant of the pCArg3 vector targeting the arg3 

377 locus, and pXLys1, a modified version of the pCLys1 vector, targeting the 

378 lys1 locus29. The introduction of NotI-digested pCLys1-derived vector into 

379 the lys1 locus, bearing the lys1-K24 mutation, yielded a functional lys1 

380 gene, resulting in lysine prototrophic transformants. We employed a similar 

381 approach for pCArg3-derived vectors, which restored the arg3-R25 

382 mutation upon chromosomal integration. To reduce steric hindrance 

383 between the LgBiT fragment and the protein of interest, tandem glycine and 

384 serine linkers were introduced between the LgBiT fragment and each ORF 

385 in the bait vectors. Additionally, small epitope tags, specifically the HA 

386 epitope or the hexahistidine tag, were incorporated into the vectors to 
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387 facilitate the detection of the bait expression. Both baits were expressed 

388 under the control of the thiamine-repressible nmt1 promoter, enabling 

389 inducible, controllable expression by thiamine limitation. Consequently, two 

390 distinct bait-expressing vectors were constructed: pXArg3-hLB for 5’-

391 tagging, and pXLys1-HA-LB for 3’-tagging (Fig. 1B).

392

393 Construction of a prey expression vector, pPREY3

394 To facilitate the rapid and straightforward cloning of the fission yeast 

395 ORFeome and the subsequent expression of prey constructs through 

396 chromosomal integration, we developed a prey expression vector based on 

397 the chromosomal integration vector pDUAL, targeting the leu1 locus. 

398 Although pDUAL vectors have the ura4 and ars1 sequences that enable 

399 episomal maintenance in host cells, we deleted these sequences from the 

400 vector backbone to ensure prey proteins are expressed only from the 

401 chromosome in this system. 

402 We included multiple design elements in the prey-expression vector to 

403 obtain yeast transformants expressing desired prey constructs. Notably, we 

404 occasionally encounter a problem where yeast transformants fail to express 

405 a transgene introduced by single-crossover recombination using integration 

406 vectors such as pDUAL, which may be attributed to further recombination 

407 between a pair of repeated sequences generated upstream and downstream 

408 of the inserted fragment32. On the other hand, another general problem 

409 when introducing transgenes using integration plasmids is multiplication of 
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410 inserted fragments29. To obtain reproducible and quantitative outcomes, it 

411 is necessary to select transformants with an equivalent copy number of the 

412 integrated gene. The copy number or expression level of the introduced 

413 gene can be verified using standard techniques such as quantitative PCR 

414 and western blotting. However, when using numerous samples as in the 

415 genome-wide screening, a practical expedient suited to the high-throughput 

416 systems is needed.

417 To solve these concerns simultaneously, we included an mCherry 

418 expression unit driven under the regulation of the constitutive gpd3 

419 (glyceraldehyde 3-phosphate dehydrogenase) promoter in the prey-

420 expression vector (Fig. 2). Expression of mCherry was easily monitored by 

421 directly observing the fluorescence of transformant colonies on the agar 

422 plate under LED light exposure, thereby eliminating transformants with no 

423 insertion. In addition, transformants exhibiting strong mCherry 

424 fluorescence, expected to have multiple copies of the insertion, can also be 

425 eliminated. As confirmed by real-time qPCR, the expression levels of 

426 mCherry, monitored by fluorescence, correlated with the copy number of 

427 mCherry in the genome (Fig. 3). Transformants that clearly exhibited 

428 mCherry fluorescence but showed the weakest fluorescence were picked as 

429 those having only one copy of the prey ORF (Fig. 3). Implementing high-

430 throughput screening using optical density (OD) measurements proved 

431 operationally cumbersome due to the tendency of cells to sink during 
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432 manipulation. As a solution to this issue, the mCherry signal served as the 

433 basis for normalizing data in luciferase assays.

434 For fast and effective cloning, we have also included a technical feature 

435 in this vector to increase the probability of obtaining E. coli transformants 

436 harboring desired plasmids (Fig. 2). The Gateway-compatible pDUAL 

437 vectors contain a stuffer named the ccdB cassette33, which is composed of 

438 the toxic ccdB gene and the chloramphenicol resistance gene (CmR). We 

439 replaced the CmR ORF, which is non-essential for cloning, with that of GFP. 

440 By this approach, intact vectors (without inserts) were eliminated by two 

441 selection criteria: the ccdB ORF and GFP tracking of bacterial 

442 transformants. Although the CcdB protein is toxic to standard laboratory E. 

443 coli strains, we often encounter a problem where E. coli transformants 

444 harboring the ccdB plasmid can grow, probably due to mutations or 

445 rearrangements occurring in the plasmid. Even when E. coli hosts 

446 harboring the unreacted vector are viable, such transformants can be 

447 identified by GFP fluorescence and eliminated. Conversely, when the GFP-

448 ccdB cassette is properly replaced with an ORF, the fluorescence is lost in 

449 the transformants, making it easier to determine if the desired 

450 transformants have been obtained.

451 By inserting the SmBiT fragment into the vector having the above 

452 properties, we successfully constructed a vector referred to as pPREY3 (Fig. 

453 2). The prey proteins were also expressed under the control of the thiamine-

454 repressible nmt1 promoter. The existing ORFeome library21 was used to 
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455 prepare the prey expression library by 3’-tagging with SmBiT. Although we 

456 cloned the ORFeome library into pPREY3 mainly via gap-repair cloning, the 

457 Gateway-cloning system provides an alternative in case gap-repair cloning 

458 is unsuccessful. As a result of selecting transformants, a set of yeast haploid 

459 strains transformed with more than 97% of the prey library constructs 

460 derived from the available ORFeome library were successfully obtained. For 

461 the selection of counter strains expressing bait proteins, we confirmed the 

462 expression of the baits by performing western blotting.

463

464 Establishment of S. pombe strains for NanoBiT-based PCA

465 To identify proteins that interact with a protein of interest, it is 

466 necessary to generate a collection of strains expressing two baits and 

467 each of approximately 5,000 preys. While the introduction of three 

468 expression plasmids into the genome of a host strain is feasible, this 

469 approach has limited applicability because the strain set cannot then be 

470 used to screen interactions with other protein targets. To address this 

471 issue, we employed intragenic complementation of the two ade6 alleles, 

472 ade6-M210 and ade6-M216, in which one serves as a host for prey library 

473 constructs and the other as a host expressing bait proteins. In the realm of 

474 fission yeast research, it is widely recognized that diploid cells carrying 

475 both ade6-M210 and ade6-M216 alleles do not exhibit adenine 

476 auxotrophy. This characteristic allows for the straightforward selection 

477 and maintenance of Ade+ zygotes resulting from the mating of adenine-
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478 auxotrophic ade6-M210 and ade6-M216 haploids25,34. In addition, while 

479 the prey-expression vector pPREY3 restores leucine auxotrophy, two baits 

480 that are introduced by pXLys1 and pXArg3 complement lysine and 

481 arginine auxotrophy, respectively. Thus, auxotrophy for all four nutrients 

482 was restored after zygote formation in combination with the intragenic 

483 complementation of ade6-M210 and ade6-M216 alleles.

484 To further expand the range of applications, we deleted bfr1 and pmd1 

485 both encoding efflux pumps35, as deletion of both bfr1 (brefeldin 

486 resistance)36 and pmd1 (leptomycin transmembrane transporter)37 confers 

487 sufficient drug sensitivity35. By incorporating this gene disruption, the assay 

488 system can accommodate cases in which protein-protein interactions 

489 require the intervention of specific compounds such as the FK506-FKBP12-

490 calcineurin complex.

491

492 Validation of established NanoBiT-based PCA in fission yeast using 

493 known interactions

494 To determine whether the PCA system consisting of the vectors and the 

495 host strains described above works well, we conducted luciferase assays 

496 using representative proteins with known interactors. When rad24 was 

497 introduced using bait vectors for either N- or C-terminal tagging with 

498 LgBiT, the N-terminally tagged Rad24 (LB-Rad24) exhibited higher 

499 luciferase activity compared to the C-terminally tagged variant (Rad24-LB) 

500 (Fig. 4A). Notably, the combination of LB-Rad24 with Plc1 (Plc1-SB) or Fft3 
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501 (Fft3-SB) produced strong luciferase signals, whereas Rad24-LB paired with 

502 the same prey proteins showed activity at background levels. For example, 

503 the signal from self-interaction between LB-Rad24 and Rad24-SB was 

504 higher than that from the interaction between LB-Rad24 and Prz1-SB. 

505 However, this relationship was reversed when Rad24-LB was used instead 

506 of LB-Rad24. These results strongly suggest that the ability to detect 

507 protein-protein interactions depends highly on the orientation of the 

508 interacting proteins and the position of the tag, similar to what is observed 

509 in Y2H. Thus, if one construct fails to detect an interaction, the other may 

510 compensate for this limitation. The use of two bait proteins with different 

511 tag positions is therefore an effective strategy for enhancing the detection 

512 of interactions within the system.

513 To further evaluate the effectiveness of expressing two bait proteins with 

514 different tag positions, we examined their simultaneous expression — 

515 specifically, both N- and C-terminal fusions, which are independently active. 

516 As shown in Fig. 4B, the co-expression of LB-Mms1 and Mms1-LB with 

517 Ubc13-SB resulted in higher luciferase activity compared to the expression 

518 of either bait alone. This additive effect indicates that simultaneous 

519 expression of two baits with different orientations of LgBiT fusion improves 

520 the detectability of protein-protein interactions, further validating the 

521 versatility and reliability of the system.

522 Building on the effectiveness of this dual-bait expression strategy, we 

523 evaluated whether our PCA system could detect interactions involving 
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524 proteins that are typically challenging to analyze using conventional Y2H 

525 assays, such as membrane-associated proteins. As a proof of concept, we 

526 selected several membrane-associated amino acid transporters and assessed 

527 their interactions with known interacting partners, including Pub1, an E3 

528 ubiquitin-protein ligase complex subunit (Fig. 4C). Our system successfully 

529 detected these interactions, demonstrating its ability to overcome the 

530 limitations of traditional Y2H systems.

531

532 A genome-wide interaction study

533 To explore and delve deeper into the potential of our NanoBiT-based 

534 system, we sought to identify novel interactors of a protein that was tested 

535 in another genome-wide system. To do so, we developed a high throughput 

536 platform for PPI studies. We selected Tfs1, a general transcription 

537 elongation factor, as a bait protein to explore its interactors. This protein 

538 has many already-identified interactors22, thereby providing a good basis 

539 for comparison between the hit proteins obtained in this system and the 

540 known interacting partners. We expressed Tfs1 as two separate baits, each 

541 tagged with the LB tag fused to either the N- or C-terminus of the protein. 

542 The strain expressing two Tfs1 baits was mated with a set of strains 

543 expressing the 4,662 ORFeome preys, and the zygotes were examined for 

544 luciferase activity.

545 This screen identified 31 proteins that exhibited significantly strong 

546 luciferase activity, including known interactors such as Tvp15 (COPI-coated 
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547 vesicle associated protein), Ecm31 (3-methyl-2-

548 oxobutanoatehydroxymethyltransferase), Vps20 (ESCRT III complex 

549 subunit), and Yop1 (ER membrane protein), thereby affirming the system’s 

550 reliability (Fig. 5A, Supplementary Table 1). Notably, only 9 interactors 

551 overlapped with those previously reported by Vo et al. (2016), suggesting 

552 that each methodology captures a distinct subset of interactions (Fig. 5B). 

553 This observation is consistent with findings from Ito et al. (2001), who 

554 emphasized the complementary nature of different interaction-detection 

555 methods.

556 It is conceivable that both methodologies include numerous false 

557 positives or transient, non-specific interactions influenced by specific 

558 experimental conditions or functional contexts. Nevertheless, the screen 

559 identified 22 proteins whose interactions with Tfs1 were previously 

560 unreported, as shown in Fig. 5B. 

561 NanoBiT-based PCA, the screening system used in this study, can detect 

562 interactions that are difficult for Y2H systems to detect, as the bait-prey 

563 interaction is not confined to specific cellular compartments. Noteworthy 

564 examples of identified interactors located beyond the nucleus include the 

565 mitochondrial protein Mtq1 (mitochondrial N(5)-glutamine 

566 methyltransferase), the NADHX epimerase Mug182, and the ER/cell wall 

567 protein Spbp23a10.11c (circularly permuted 1,3-beta-glucanase). The latter 

568 two are also involved in stress responses. 

569
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570 Discussion

571 In this study, we developed a NanoBiT-based platform for detecting PPIs, 

572 building upon the existing pDUAL vector system14,16, and leveraging the 

573 genetic tools and strains of S. pombe. We modified the pDUAL vectors to 

574 include NanoBiT components, selectable markers, and elements supporting 

575 efficient screening across multiple workflow stages. Notably, the pPREY3 

576 vector enabled high-efficiency cloning of the fission yeast ORFeome, while 

577 the pXLys1-HA-LB and pXArg3-hLB vectors allowed bait protein expression 

578 in two alternative tag configurations. These configurations address structural 

579 or functional uncertainties by offering flexibility in tag positioning. In parallel, 

580 we generated compatible fission yeast strains that support dual-bait co-

581 expression, thereby expanding the range of detectable interactions.

582 These features highlight the versatility and sensitivity of our PCA system, 

583 particularly in detecting transient or weak PPIs often missed by conventional 

584 methods such as the traditional Y2H system. The combination of dual-bait 

585 expression and flexible tagging improves detection of biologically relevant 

586 interactions, making our system a valuable tool for dissecting complex 

587 interaction networks. Following successful detection of known interactions, 

588 including those involving membrane-associated proteins, we applied the 

589 system in a genome-wide screen to identify novel interactors of the 

590 transcription elongation factor Tfs1. Although Tfs1 is primarily nuclear, 

591 increasing evidence suggests that transcription factors can shuttle between 

592 the nucleus and cytoplasm, especially under stress conditions. TFIIS family 
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593 members, including the Tfs1 homolog TFIIS.h (human ortholog), have been 

594 implicated in stress responses38, genome maintenance39, and transcriptional 

595 recovery40, in part via phase separation41,42. These findings raise the 

596 possibility that Tfs1 participates in broader regulatory roles beyond its 

597 nuclear function, which may be governed by post-translational modifications 

598 or subcellular sequestration. The ability to detect Tfs1-associated 

599 interactions by our system supports its utility for capturing such dynamic, 

600 context-dependent PPIs.

601 While our high-throughput screen identified promising candidate 

602 interactors of Tfs1, co-immunoprecipitation assays for selected pairs were 

603 inconclusive, likely due to the transient or weak nature of these interactions. 

604 Notably, false-positive and false-negative results are a common concern not 

605 only in NanoBiT assays but also in other split-based systems, such as split-

606 GFP or split-ubiquitin, as well as in Y2H. This limitation highlights a key 

607 advantage of our PCA-based approach, which is optimized to detect 

608 conditionally assembled, low-affinity, or modification-dependent interactions 

609 often missed by traditional methods like co-IP or Y2H. Nevertheless, the 

610 possibility remains that some of the identified candidates may represent 

611 false-positive interactions inherent to split-based assays. In addition, it is 

612 important to note that the NanoBiT assay cannot provide information about 

613 the subcellular localization of these interactions. Potential ectopic 

614 interactions—whether due to assay artifacts or unexpected biological 

615 phenomena—cannot be evaluated with this system. Therefore, further 
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616 validation using orthogonal methods, such as co-immunoprecipitation, pull-

617 down assays, or microscopy-based colocalization, will be essential to confirm 

618 the physiological relevance of these interactions.

619 Importantly, several of the identified candidates overlapped with 

620 interactors reported in previous global Y2H studies, lending orthogonal 

621 support to our findings. This reinforces the biological relevance of our data 

622 and suggests that our system efficiently captures interaction partners that 

623 may be inaccessible to methods reliant on stable complex formation. Given 

624 the limitations of biochemical approaches for studying dynamic PPIs, our 

625 platform offers a complementary—and in some cases superior—strategy for 

626 mapping interaction networks, especially for proteins like Tfs1 that may 

627 function in multiple cellular compartments.

628 Looking ahead, the modularity of our system opens avenues for further 

629 innovation. One direction is the development of a three-hybrid system to 

630 detect compound-protein interactions. This would involve a modified 

631 HaloTag43 protein fused to LgBiT, which recruits a small molecule that 

632 bridges to an SmBiT-tagged target, thereby reconstituting luciferase activity. 

633 Our prey-expressing strains are compatible with this approach through the 

634 use of counter-strains expressing HaloTag fusions, allowing versatile 

635 compound positioning.

636 Additionally, the absence of drug efflux pumps in our strains makes them 

637 ideal for small-molecule screening. This supports both the identification of 
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638 PPI modulators and target proteins, positioning our system as a powerful 

639 tool for drug discovery. With continued development, we anticipate that our 

640 platform will advance the understanding of complex protein interactions 

641 and accelerate both basic and translational research.

642
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794 Figure Legends

795

796 Figure 1. Schematic of NanoBiT-based PCA system and the designed 

797 vectors in fission yeast

798 A) The scheme of the NanoBiT-based PCA system, comprising a bait protein 

799 fused to the LgBiT fragment of NanoBiT system having either 3’ or 5’ 

800 tagging and prey proteins fused to the SmBiT moiety. Upon interactions 

801 of ORF1 (bait) and ORF2 (prey), the full-length luciferase enzyme is 

802 formed and produces a luminescence signal.

803 B) The structure of bait plasmids. The interactors of a protein of interest 

804 are introduced by separate vectors as both 3’- and 5’-tagged using the 

805 pDUAL-based14 vectors with LgBiT fragment into separate loci of yeast 

806 chromosome. ORF, open reading frame; LB, LargeBiT, h, hexahistidine 

807 tag; GS, GGGGS linker; HA, HA epitope.

808 C) The scheme of an S. pombe cell with indicated target loci. Three marker 

809 loci targeted by integration plasmids are indicated on each chromosome 

810 of fission yeast. cen, centromere.

811

812 Figure 2. Features and structure of pPREY3 vectors.

813 Plasmid map indicating various components of the pPREY3 vector, 

814 including GFP expression gene inside the ccdB cassette and the ampicillin 

815 resistance gene. There is also an mCherry expression unit independent of 
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816 the components required for expression of a transgene, used to quantify the 

817 level of expression of each transgene.

818

819 Figure 3. Correlation between genomic mCherry copy number and 

820 fluorescence intensity.

821 (Top) Scatter plot showing the relationship between the relative genomic 

822 copy number of the mCherry gene and its fluorescence intensity. The 

823 mCherry copy number was normalized to that of the endogenous act1 gene 

824 using quantitative real-time PCR. Fluorescence intensity was normalized to 

825 cell density (OD₆₀₀). Each data point represents an independent 

826 transformant generated by pPREY3 integration. The plot reveals a positive 

827 correlation between normalized mCherry copy number (mCherry/act1) and 

828 normalized fluorescence intensity (mCherry fluorescence/OD₆₀₀), indicating 

829 that observed fluorescence reflects integrated mCherry copy number. A 

830 trendline is indicated by a dashed line.

831 (Bottom) mCherry fluorescence of pPREY3 integrants used for qPCR, 

832 observed under blue/green LED light. Cells at positions C10-12 correspond 

833 to the host strains lacking the mCherry expression unit.

834

835 Figure 4. Feasibility pilot experiments for testing the NanoBiT-based 

836 PCA system. 

837 A) Rad24 (14-3-3 protein) was chosen as a hub protein and some of its 

838 known interactors, i.e., Rad24 (14-3-3 protein), Plc1 (phosphoinositide 
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839 phospholipase C), Prz1 (calcineurin responsive DNA-binding 

840 transcription factor), and Fft3 (histone chaperone/ATP-dependent 

841 chromatin remodeler) were examined. The bait was cloned into pXLys1-

842 HA-LB and pXArg3-hLB vectors. Error bars represent the standard 

843 deviation (n = 3, Error bars are SD of mean, *** indicates p < 0.001, 

844 **** indicates p < 0.0001, two-sample t-test assuming unequal 

845 variances). Strains having an empty vector (-) or expressing GFP were 

846 used as negative controls. Negative controls are indicated with grey 

847 color.

848 B) The effect of signal intensity when using a bait in two different 

849 orientations of tagging. Here, Ubc13 (ubiquitin conjugating enzyme E2) 

850 is used as a prey protein and its interaction with the bait protein, Mms2 

851 (ubiquitin conjugating enzyme E2), as C-tagged, N-tagged, and C, N-

852 tagged was tested. Error bars represent the standard deviation (n = 3, * 

853 indicates p < 0.05, *** indicates p < 0.001, two-sample t-test assuming 

854 unequal variances). Strains expressing GFP served as negative controls. 

855 For baits, a "(-)" indicates the absence of a plasmid, while for preys, it 

856 signifies an empty vector. Negative controls are highlighted in grey.

857 C) Luciferase assay using a bait in two different orientations of tagging. 

858 Several transmembrane proteins whose rare interactors were available 

859 in PomBase were selected, including Spbc1652.02, Isp5, Aat1, Cat1 as 

860 amino acid transporters, and Pub1 as a ubiquitin-protein ligase E3. 

861 Cut11 (spindle pole body docking protein), Any1 (arrestin-related 
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862 substrate adaptor), Ubi4 (protein modifier, ubiquitin), and Ptr2 (plasma 

863 membrane PTR family peptide transmembrane transporter). Error bars 

864 represent the standard deviation (n = 3, ns: not significant, ** indicates 

865 p < 0.01, *** indicates p < 0.001, two-sample t-test assuming unequal 

866 variances). Strains having an empty vector (-) were used as negative 

867 control and are indicated with grey color.

868

869 Figure 5. A high-throughput screening using Tfs1 as a bait protein in 

870 NanoBiT-based PCA.

871 A) High-throughput screening for Tfs1-interacting proteins. The graph plots 

872 the log₁₀-transformed luciferase activity for each tested ORF, which are 

873 ranked from lowest to highest activity. Colored triangles indicate 

874 positive hits with a p-value < 0.05 (n = 9).

875 B) The comparison of the screening performed in this study with the 

876 previous Y2H study22. The screenings share the following hit proteins: 

877 Ecm31 (3-methyl-2-oxobutanoatehydroxymethyltransferase), Omt2 (4-

878 alpha-hydroxytetrahydrobiopterin dehydratase), Tvp15 (COPI-coated 

879 vesicle associated protein), Dal81 (DNA-binding transcription factor), 

880 Vps20 (ESCRT III complex subunit), Yop1 (ER membrane protein), Ndk1 

881 (nucleoside diphosphate kinase), Spac1f7.10 (hydantoin racemase 

882 family), and Spcc576.02 (hydantoin racemase family).

883

884
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885

886

887 Supplementary Table 1.  List of proteins identified as interacting 

888 with Tfs1.

889 Genes encoding proteins identified as interacting with Tfs1 in this study 

890 (NanoBiT-PCA) and in the Y2H system. A “+” symbol indicates detection of 

891 interaction in each experimental system.

892
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