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Abstract 21 

 Synthetic binding proteins that have the ability to bind with molecules can be 22 

generated using various protein domains as non-antibody scaffolds. These designer proteins 23 

have been used widely in research studies, as their properties overcome the disadvantages of 24 

using antibodies. Here, we describe the first application of a phage display to generate 25 

synthetic binding proteins using a sweet protein, monellin, as a non-antibody scaffold. 26 

Single-chain monellin (scMonellin), in which two polypeptide chains of natural monellin are 27 

connected by a short linker, has two loops on one side of the molecule. We constructed phage 28 

display libraries of scMonellin, in which the amino acid sequence of the two loops is 29 

diversified. To validate the performance of these libraries, we sorted them against the folding 30 

mutant of the green fluorescent protein variant (GFPuv) and yeast small ubiquitin-related 31 

modifier. We successfully obtained scMonellin variants exhibiting moderate but significant 32 

affinities for these target proteins. Crystal structures of one of the GFPuv-binding variants in 33 

complex with GFPuv revealed that the two diversified loops were involved in target 34 

recognition. scMonellin, therefore, represents a promising non-antibody scaffold in the 35 

design and generation of synthetic binding proteins. We termed the scMonellin-derived 36 

synthetic binding proteins “SWEEPins.” 37 

 38 

Keywords: phage display, synthetic binding proteins, non-antibody scaffold, single-chain 39 
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Introduction 42 

 Antibodies and their fragments are widely used as diagnostic and research reagents, 43 

because of their ability to recognize target molecules (1-3). One of the structural features of 44 

antibodies that enable them to bind with other molecules is that the diversified loops on the 45 

stable immunoglobulin fold are exposed to the solvent. Non-antibody protein domains can 46 

also be provided with specific molecular recognition abilities if the domains are equipped 47 

with the structural features of antibodies (4). It has been demonstrated that protein domains 48 

with a non-immunoglobulin fold can be functionalized with novel binding sites by employing 49 

directed evolution, in which the combinatorial libraries of protein domains are generated and 50 

selected using phage display or other molecular selection techniques. A number of 51 

“non-antibody scaffold domains,” fibronectin type 3 domain (5), lipocalin (6), ankyrin repeat 52 

protein (7), Z domain (8), Sso7d protein (9), etc., have been reported to generate synthetic 53 

binding proteins (4). Such synthetic binding proteins are more useful as research reagents 54 

than antibodies, because non-antibody scaffolds are generally small in size, monomeric, and 55 

easy to express in Escherichia coli. These properties overcome the characteristic 56 

disadvantages of antibodies, including high molecular weight and the presence of disulfide 57 

bonds. In fact, synthetic binding proteins have a wide variety of uses such as altering the 58 

specificity of enzymes (10), acting as crystallization chaperones in promoting the 59 

crystallization of biomacromolecules (11, 12), acting as imaging scaffolds to visualize small 60 

proteins by cryo-electron microscopy (13), and modifying protein-protein interactions in 61 

living cells (14, 15). 62 

 Recently, affimer proteins that were originally called Adhirons (16) have been 63 

developed for use as synthetic binding proteins (17-19). Affimers are composed of a single 64 

a-helix and the four anti-parallel b strands in a cystatin-like fold similar to cysteine protease 65 

inhibitors, cystatins, and were designed to show high thermal stability (16). In terms of 66 
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cystatins, two loops on the same side as the N-terminus resides are observed to play a role in 67 

the interaction with cysteine proteases to inhibit protease activity (20-22), which indicates 68 

that the cystatin-like fold is well-suited for interaction with other proteins. In fact, 69 

functionally desired affimers have been generated successfully by sorting the phage display 70 

library of the designed stable cystatin-like fold scaffold, in which the amino acid sequences 71 

of the inserted two loops were diversified (16-19). 72 

 The sweet protein monellin was originally isolated from the fruit of an African berry 73 

Dioscoreophyllum cumminsii (23). Monellin is composed of two polypeptide chains A and B 74 

(23), and shows the cystatin-like fold (24, 25). Single-chain monellin (scMonellin) proteins 75 

have been designed to increase the stability of monellin, in which two polypeptide chains are 76 

connected directly (SCM) (26) or via a Gly-Phe linker (MNEI) (27); these proteins also 77 

exhibit the sweetness like natural monellin (26, 27). Both types of scMonellin have two 78 

loops; one is naturally present in chain A portion, while the other one is artificially 79 

introduced between chains A and B (28-30). Consequently, scMonellins share structural 80 

features with affimer proteins, although, between them, the relative arrangement of the two 81 

loops differs slightly, due to variation in the lengths of the b-strands connected by the two 82 

loops. Owing to these similarities and differences in the structural features, scMonelins are 83 

candidates for a non-antibody scaffold, although this utility has not been demonstrated to 84 

date. 85 

 Here, we describe the design and generation of synthetic binding proteins using 86 

scMonellin as a non-antibody scaffold. We constructed phage display libraries of scMonellin 87 

in which the amino acid sequences in the two loops are randomized with the biased 88 

composition of the amino acids favorable for protein-protein interactions. We have 89 

successfully obtained the synthetic binding proteins targeted to the folding mutant of green 90 

fluorescent protein variant (GFPuv) and yeast small ubiquitin-related modifier (ySUMO) by 91 
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sorting the libraries. One of the scMonellin variants that showed the affinity for GFPuv was 92 

further characterized to reveal the structural basis of the target recognition. The results 93 

indicate that scMonellin is a promising protein as a non-antibody scaffold in the design and 94 

generation of synthetic binding proteins for various applications. 95 

 96 

Materials and methods 97 

Construction of scMonellin library 98 

 The chemically synthesized cDNA of scMonellin described by Konno (31) in a 99 

vector (pIDTAMAP-AMP:scMonellin) was purchased from the Integrated DNA 100 

Technologies, Inc. A DNA fragment coding the C-terminal domain of the M13 pIII was 101 

amplified by PCR from the wild-type gene III of M13 mp18 (TaKaRa, Accession No.：102 

X02513) using primers 5’-CCGACTCGAGGCTGAAACTGTTGAAAGTTG-3’ (forward) 103 

and 5’- CCGGGTACCTTAAGACTCCTTATTACG-3’ and cloned into pBluescript II 104 

SK(+) with XhoI and KpnI sites to make pBluescript II SK(+)-pIII. A DNA fragment 105 

encoding the signal sequence of DsbA followed by scMonellin was generated by a three-step 106 

extension PCR. In the first PCR, pIDTAMAP-AMP:scMonellin was used as a template, and 107 

the following primer set was utilized: 108 

5’-CTGGCTTTTTCTGCATCTGCTGCTGGATCCGGCGAATGGGAAATC-3’ (forward) 109 

and 5’-GCTGGCTAGCTTACGGCGGCGGCACCGG-3’ (reverse). In the second and third 110 

PCR, 5’-CTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGC-3’ and 111 

5’-ATACCCATGGATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTG-3’ 112 

were used as forward primers, respectively. The resulting DNA fragment was inserted into 113 

pET25b using NcoI and NheI sites in order to make pDsbA-scMonellin. To add the segment 114 

encoding V5 tag sequence to the 3’- end of DNA encoding DsbA-scMonellin, a three-step 115 

extension PCR was carried out. In the first PCR, the PCR fragment was amplified with 116 
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5’-TAATACGACTCACTATAGGG-3’ (forward) and 117 

5’-CTTACCGGAGGACGAACTAGTCGGCGGCGGCACCGGGCC-3’ (reverse) from 118 

pDsbA-scMonellin. In the second and third PCR, 119 

5’-GAGAGGGTTAGGGATAGGCTTACCGGAGGACGAACTAG-3’ and 120 

5’-TCAGCCTCGAGCGTAGAATCGAGACCGAGGAGAGGGTTAGGGAT AGG-3’ were 121 

used as reverse primers, respectively. The third PCR fragment was digested with XbaI and 122 

XhoI, and inserted into pBluescript II SK(+)-pIII using the same combination of restriction 123 

sites. 124 

 Randomization was carried out using oligonucleotides containing degenerated 125 

nucleotide sequences. Large-scale site-directed mutagenesis was performed following a 126 

published method (32), based on Kunkel mutagenesis using the mixture of oligonucleotides 127 

coding a biased amino acid composition that included Tyr (30%) Ser (15%), Gly (10%), Trp 128 

(5%), Phe (5%) and 2.5% of each of the other amino acids except for Cys, which was 129 

excluded (Japan Bio Services Co., LTD., Saitama, JAPAN) (33). The sequence of the 130 

oligonucleotides used for the construction of libraries is listed in Table S1. The Kunkel 131 

reaction product was amplified by electrotransforming E. coli SS320 (Lucigen) carrying the 132 

pCDFDuet1-based vector in which the lacI gene is mutated into lacIq (pCDFDuet1-lacIq 133 

vector). The library of phagemid vectors was purified and treated with EcoRI and MulI. The 134 

DNA treated with restriction enzymes were used in the electroporation of TG1 cells 135 

(Lucigen) carrying the pCDFDuet1-lacIq vector (TG1/lacIq). The cells were transferred into 136 

2 L of 2×YT, and then, the helper phages were added to the culture. The cells were incubated 137 

at 37°C for 30 min with shaking at 100 rpm. Hyperphage (Progen Biotechnik) (34) was used 138 

to generate loop library A whereas M13KO7 was used for loop library B. 139 

Isopropyl-b-D-thiogalactopyranoside (IPTG) was then added to a final concentration of 0.1 140 

mM, and cells were cultivated at 37°C, overnight. The culture was centrifuged at 5,000 × g at 141 
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4°C for 15 min, and the supernatant was transferred to a tube. A fifth volume of the solution 142 

consisting of 20% (w/v) PEG 8000, 2.5 M NaCl was added to the supernatant and mixed. The 143 

mixture was kept on ice for 1 h and centrifuged at 12,000 × g at 4°C for 20 min. The phage 144 

was suspended in 10 mM Tris-HCl, 1 mM EDTA, pH 7.5. The phage solution was then 145 

mixed with a final concentration of 50% (v/v) glycerol and stored at −30°C until use. 146 

 147 

Preparation of the biotinylated target proteins for library sorting 148 

 A pET25-base expression vector pHFT-GFPuv-BAS was constructed. This vector 149 

encodes GFPuv with a segment composed of a decahistidine (His10), FLAG tag and a TEV 150 

cleavage site at the N-terminus and the biotin acceptor sequence (BAS) (35) at the 151 

C-terminus. The DNA encoding GFPuv followed by the BAS was generated by four-step 152 

extension PCR. The resulting DNA fragment was inserted into pHFT-GFPuv (36) using 153 

BamHI and NheI sites to make pHFT-GFPuv-BAS. To prepare the purified GFPuv-BAS 154 

protein, the Escherichia coli BL21 (DE3) pLysS strain was transformed with 155 

pHFT-GFPuv-BAS. The transformant was cultivated in 1 L of LB medium containing 100 156 

µg/mL of carbenicillin and 34 µg/mL of chloramphenicol until the OD600 reached ~1.5. 157 

Protein expression was induced by adding 0.1 mM IPTG. Cells were supplemented with 50 158 

µM biotin and cultivated for ~16 h at 20°C. Cells were harvested by centrifugation, washed 159 

with 20 mM Tris-HCl, pH 8 and stored at −30°C until use. Cells were resuspended in 20 mM 160 

Tris-HCl, pH 8.0 and lysed by sonication. After removing the cell debris by centrifugation, 161 

the supernatant containing the HFT-GFPuv-BAS was then collected and applied to a Ni-NTA 162 

agarose column (QIAGEN). After washing the column with 50 mM imidazole, 300 mM 163 

NaCl, and 20 mM Tris-HCl, pH 8.0, proteins were eluted with 250 mM imidazole, 300 mM 164 

NaCl, and 20 mM Tris-HCl, pH 8.0. HFT-GFPuv-BAS was treated with His-tagged TEV 165 

protease (E:S = 1:6.5) to release the His10-FLAG tag at the N-terminus by incubation at 166 
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20°C, overnight. Following the dialysis against 20 mM Tris-HCl, 300 mM NaCl, pH 8.0, the 167 

TEV protease and the tag segment were then removed using a second Ni-NTA agarose 168 

column. 169 

 To prepare the biotinylated ySUMO protein, a pET25-base expression vector 170 

pHBAS-WK-ySUMO was constructed to express ySUMO with the BAS. This plasmid 171 

encodes the ySUMO (Ser3−Gly98) with the His10-BAS-Trp-Lys segment at the N-terminus. 172 

Expression and purification were carried out as for the HFT-GFPuv-BAS protein, without 173 

TEV protease treatment. 174 

 175 

Sorting of the phage display libraries 176 

 In the first round selection, 250 µL of streptavidin-coated magnetic beads was mixed 177 

with 500 µL each of the target proteins at ~2 µM (GFPuv-BAS and HBAS-ySUMO) at 4°C 178 

for 1 h with rotation. After washing the beads with 20 mM Tris-HCl, 150 mM NaCl, 0.05% 179 

(w/v) Tween 20, pH 7.5 (TBS-T), to remove the unbound biotinylated proteins, the beads 180 

was treated with 500 µL of 5 µM biotin at 4°C for 5 min. The library phage particles were 181 

then mixed with target immobilized beads in 0.5 mL of TBS-T containing 0.5% BSA and 1 182 

µg/mL streptavidin (Nacalai tesque) at 4°C for 1 h with rotation. After washing with 1 mL of 183 

TBS-T five times, 3 mL of TG1/lacIq cells was directly infected with the phage/beads 184 

mixture by incubation at 37°C for 30 min. After incubation, the infected cells were 185 

transferred into 30 mL of 2×YT containing 100 µg/mL of carbenicillin, 100 µg/mL of 186 

spectinomycin, 0.1 mM IPTG, and 1.4 × 109 cfu/mL Hyperphage and cultivated at 37°C 187 

overnight. Amplified phages were purified by PEG precipitation. In the second through 188 

fourth round selections, 40 µL of magnetic beads was used. Aliquots of 500 µL each of the 189 

target proteins at 1 µM in the second round selection, 0.5 µM in the third round selection and 190 

0.3 µM in the fourth round selection, respectively, were used for immobilization on the 191 
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magnetic beads. Phages bound to the target protein-immobilized beads were eluted with 100 192 

µL of 0.1 M Glycine-HCl, pH 2.5, and neutralized with 20 µL of 2 M Tris-HCl, pH 8.0. A 60 193 

µL of the neutralized eluted phage particles was used to infect 0.5 mL of the log-phase 194 

TG1/lacIq cells. Infected cells were then transferred into 2.5 mL of 2×YT containing 100 195 

µg/mL of carbenicillin and 1.4 × 109 cfu/mL Hyperphage and cultivated to amplify the phage 196 

particles. At the final round selection, the phage-infected cells were spread on an LB plate 197 

containing 100 µg/mL of carbenicillin and 100 µg/mL of spectinomycin to prepare the 198 

individual clones. 199 

 200 

Phage enzyme-linked immunosorbent assay (ELISA) 201 

 Individual TG1/lacIq colonies were grown in ~1 ml of 2×TY with 100 µg/ml of 202 

carbenicillin and 100 µg/ml of spectinomycin in a 96-deep well plate at 37°C for 2 h. 203 

Hyperphage and 0.1 mM IPTG were added and incubated at 37°C with shaking overnight. 204 

Wells of a 96 well plate (F96 Maxisorp nunc-immuno plate, Nunc, cat no. 442404) were 205 

coated with 100 µL/well of 5 µg/mL of NeutrAvidin (Thermo Fisher Scientific) in 20 mM 206 

Tris-HCl, 150 mM NaCl, pH 7.5 (TBS), by incubation at room temperature for 1 h. After 207 

discarding the streptavidin solution, 100 µL/well of 0.5 µM biotinylated proteins 208 

(GFPuv-BAS or HBAS-ySUMO) in TBS was added to the wells and incubated at room 209 

temperature for 1 h. For direct coating of the antibody, 100 µL/well of 1 µg/mL anti-V5 IgG 210 

(FUJIFILM Wako Pure Chemicals) diluted in TBS was added to the wells. For the control 211 

well, the same volume of TBS was added. After discarding the protein solution, 130 µL/well 212 

of 0.5% BSA in TBS was added to the wells and incubated at room temperature for 1 h. After 213 

removing the BSA solution, 50 µL of phage solution from the cell culture was added to the 214 

wells and incubated at room temperature for 1 h. After discarding the supernatant, the wells 215 

were washed with 200 µL/well of 20 mM Tris-HCl, 150 mM NaCl, 0.05% (w/v) Tween-20, 216 
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pH 7.5 (TBS-T), five times, followed by incubation with 100 µL/well of anti-M13 IgG-HRP 217 

(GE Healthcare) in TBS-T containing 0.1% BSA (1:2,500). After washing with 200 µL/well 218 

of TBS-T five times, 100 µL/well of ABTS solution (Roche) was added and incubated at 219 

room temperature for ~10 min. The absorbance at 405 nm was measured on a plate reader, 220 

Varioskan Flash (Thermo Scientific). 221 

 222 

Construction of expression vectors 223 

 The genes for scMonellin variants were cloned in a pET25-based expression vector, 224 

pHFT (36). The pHFT vector expresses a cloned gene product with a decahistidine His10, a 225 

FLAG tag, and a TEV cleavage site fused to the N-terminus. The DNA fragments encoding 226 

the scMonellin variants were amplified and subcloned into the pHFT treated with BamHI and 227 

NheI. The DNA encoding ySUMO (Ser3−Gly98) was subcloned into the same vector using 228 

BamHI and NheI sites. All constructs were verified by DNA sequencing. 229 

 230 

Protein expression and purification 231 

 BL21 (DE3) cells were transformed with the expression vectors. Protein expression 232 

was induced using autoinduction media for 22~24 h at 30°C (37). Proteins were purified with 233 

Ni-affinity chromatography. The N-terminal tag was cleaved by TEV protease, and the 234 

cleaved protein was purified by Ni-affinity chromatography. For surface plasmon resonance 235 

measurement, the tag-cleaved GFPuv (36) and ySUMO were further purified on an ENrich Q 236 

5 × 50 anion-exchange column (C.V.: 0.98 mL, Bio-Rad) to remove the residual tagged 237 

species. The column was equilibrated with 20 mM Tris-HCl, pH 8.0 and elution was 238 

performed with a linear gradient from 0 to 0.5 M NaCl over a 20-column volume at a flow 239 

rate of 1 ml/min for GFPuv purification. For ySUMO purification, the proteins were eluted 240 

with a linear gradient from 0 to 1 M NaCl over a 20-column volume. 241 
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 242 

Size exclusion chromatographic analysis 243 

 The purified scMonellin variants were subjected to size exclusion chromatography 244 

on an ENrich SEC 70 10 × 300 column equilibrated with 20 mM Tris-HCl,150 mM NaCl, pH 245 

7.5 at a flow rate of 1 ml/min with NGC Quest 10 Plus (Bio-Rad). 246 

 247 

Differential scanning fluorimetry 248 

 The thermal stability for scMonellin and its variants were assessed by protein 249 

thermal shift assay using the Protein Thermal Shift kit (Applied Biosystems). The purified 250 

protein samples were dialyzed against 20 mM HEPES-Na, 150 mM NaCl, pH 7.5. The 251 

dialyzed protein (~1 µg) and Protein Thermal Shift Dye were mixed in the dialysis buffer to 252 

prepare 20 µL of the protein melt reaction. For the measurement of scMonellin WT, ~5 µg of 253 

the purified sample was used because of low signal when measured using 1 µg of the protein 254 

sample. Fluorescent intensity was measured by the StepOne Real-Time PCR System 255 

(Applied Biosystems). The mixtures were denatured by raising the temperature from 25°C to 256 

99°C at a rate of 0.022°C/sec. The apparent thermal denaturation temperatures (Tm) were 257 

estimated by the two-state Boltzmann model using Protein Thermal Shift Software 1.3 258 

(Applied Biosystems). 259 

 260 

Surface plasmon resonance measurement 261 

 Surface plasmon resonance analysis was carried out using a Biacore 2000 instrument 262 

(GE Healthcare) at a constant temperature of 20°C. His-tagged scMonellin variants were 263 

immobilized on Ni-NTA sensor chip. His-tagged ySUMO protein was immobilized on the 264 

surface of the reference cell at approximately the same level as that of scMonellin variants on 265 

the main surface to prevent non-specific interaction of the analytes with the surface. 266 
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Sensorgrams were collected after infusing various concentrations of analyte proteins in 10 267 

mM Tris-HCl, 150 mM NaCl, 50 µM EDTA, 0.005% (w/v) Tween-20, pH 7.5 at a flow rate 268 

of 30 µL/min. The surface was regenerated by a pulse infusion of 10 mM Tris-HCl, 150 mM 269 

NaCl, 350 mM EDTA, 0.005% (w/v) Tween 20, pH 7.5 after each run. The obtained 270 

sensorgrams were processed with BIAevaluation software. The double-referenced 271 

sensorgrams were obtained by subtracting the response from the reference cell and 272 

subsequently subtracting the sensorgram of buffer (i.e., zero concentration of analyte) 273 

injection. Values for the dissociation constants (KD) were estimated from plots of equilibrium 274 

response values against analyte (GFPuv or ySUMO) concentrations by fitting the 1:1 binding 275 

model using Igor Pro software (WaveMetrics) with the following equation:  276 

Req(C)	
  = 
Rmax × C
KD	
  + C 	
  277 

where Req(C) is the response at equilibrium observed at the analyte concentration, C and Rmax 278 

is the difference in the Req in the absence and presence of saturating concentrations of the 279 

analyte proteins. 280 

 281 

Crystallization, data collection and structural determination 282 

 The separately purified GFP-40 and GFPuv were mixed at a 1:1 molar ratio and 283 

concentrated to ~20 mg/mL. The concentrated sample was subjected to crystallization 284 

screening via the sitting-drop vapor diffusion method using a Crystal Screen kit (Hampton 285 

Research). Crystals of form I of the GFP-40/GFPuv complex were grown at 20°C in hanging 286 

drops with a reservoir solution containing 15% (w/v) PEG 4000, 200 mM MgCl2, 0.1 M 287 

Tris-HCl, pH 8.5. Crystals of form II of the GFP-40/GFPuv complex were also grown at 288 

20°C in hanging drops with a reservoir solution containing 5.5% (w/v) PEG 8000, 5% (v/v) 289 

ethylene glycol, 50 mM [Co(NH3)6]Cl3, 0.1 M HEPES-Na, pH 7.5. 290 
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 Prior to data collection, the crystals were soaked in a reservoir solution with added 291 

20% (v/v) ethylene glycol and then flash-frozen in liquid nitrogen. The diffraction data sets 292 

used for the structural determination were collected at a wavelength of 1.0000 Å on a 293 

SPring-8 BL41XU using an EIGER X 16M (DECTRIS) detector. Diffraction data were 294 

processed using the HKL-2000 program package (38). Initial phases were determined via 295 

molecular replacement with Phaser (39) in the CCP4 program suite. The orientations and 296 

positions of GFPuv and GFP-40 were determined by using the structure of GFP (PDB ID: 297 

1B9C) and the structure of scMonellin (PDB ID: 2O9U), of which loops 1 and 2 were 298 

omitted as the search models, respectively. Clear solutions were obtained for both the GFPuv 299 

and GFP-40 molecules. Crystal form I contained two complexes of GFPuv and GFP-40 in the 300 

asymmetric unit, whereas crystal form II contained one GFP-40/GFPuv complex in the 301 

asymmetric unit. The resulting models were improved by iterative cycles of manual model 302 

correction with COOT (40) and refinement with Phenix.refine (41). A summary of the data 303 

collection and refinement statistics is shown in Table 1. 304 

 For the structural analysis, the binding interface was analyzed with CONTACT in 305 

the CCP4 program suite (42) and 'Protein interfaces, surfaces and assemblies' service PISA at 306 

the European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (43). 307 

The structure superposition was performed with GESAMT in the CCP4 program suite (44). 308 

All figures of the protein structures were prepared with PyMOL (The PyMOL Molecular 309 

Graphics System, Version 2.2 Schrödinger, LLC.). 310 

 311 

Results 312 

Library design and construction 313 

 The single chain monellins (scMonellin) SCM (26) and MNEI (27) are composed of 314 

94 and 96 amino acid residues, respectively, and they show the structures and activities that 315 
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are similar to those of natural monellin (28, 30). These engineered proteins consist of a 316 

five-strand anti-parallel b-sheet and an a-helix on the concave side of the b-sheet; they also 317 

have two loops (L23 and L45) on the same side of the molecule as the N-terminus (25, 30). In 318 

the following, we use the terms loop 1 and loop 2, instead of L23 and L45, respectively (Fig. 319 

1B). scMonellin, not natural monellin, was chosen as a scaffold because a single polypeptide 320 

form is more suited to be displayed on the phage surface, and it also allowed for simultaneous 321 

randomization of the two loops simultaneously. 322 

 The phagemid vector for displaying scMonellin on the M13 phage was designed to 323 

have the signal sequence of DsbA at the N-terminal and V5 tag for detection at the 324 

C-terminal, connected to the full-length of pIII protein of the M13 phage according to a 325 

previous study (33) (Fig. 1A). Substitution of the cysteine residue with serine (C41S) was 326 

introduced to avoid the intermolecular disulfide formation. Amino acid residues in loops 1 327 

and 2 of scMonellin were then diversified to generate the combinatorial libraries. EcoRI and 328 

MluI sites were introduced into loops 1 and 2, respectively, to remove the parent sequence 329 

during library construction (Fig. 1A). 330 

 We designed and generated two different combinatorial libraries using scMonellin as 331 

a non-antibody scaffold. One library, named “loop library A,” was constructed using 332 

scMonellin, in which the lengths of loop 1 and loop 2 were fixed at seven and five residues, 333 

respectively. The length of loop 1 was the same as that of scMonellin MNEI, in which two 334 

polypeptide chains are connected via a Gly-Phe linker. We did not diversify the Tyr residue 335 

at the beginning of loop 2 (boxed in Fig. 1A), with the hope that this Tyr would contribute to 336 

the interaction with targets, because Tyr residues are suitable in making a binding interface 337 

(45). In the other library, “loop library B,” the lengths of the two loops were varied. The 338 

lengths of loop 1 and loop 2 were five to 10 and five or six residues, respectively (Fig. 1C). 339 

We limited the variation in the length of loop 2 in loop library B, because this loop seems to 340 
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form b-turn, according to the crystal structure of scMonellin MNEI (PDB ID: 2O9U) (30). In 341 

both libraries, the two loops were diversified with highly biased amino acid residue mixtures, 342 

as employed in a previous study on obtaining synthetic binding proteins using monobody 343 

libraries (33). Both loop library A and loop library B were constructed in the phage-display 344 

format with estimated numbers of independent sequences of 2.0 × 109 and 7.0 × 1010, 345 

respectively. 346 

 347 

Library sorting 348 

 To examine the performance of the libraries, we sorted them against two target 349 

proteins, GFPuv (46) and ySUMO. GFP has been widely used for applications in the life 350 

sciences (47-49), while ySUMO is known as a protein tag that is efficient in enhancing 351 

protein expression and solubility (50, 51). These proteins have also been targeted with 352 

non-antibody scaffold libraries in previous studies due to their usefulness (16, 52-56). We 353 

have chosen these proteins as model targets because we can compare the properties of the 354 

scMonellin variants with those of reported binders that have been derived from other 355 

non-antibody scaffolds. 356 

 We first sorted loop library A against GFPuv and ySUMO by phage display. After 357 

four rounds of library selection for each target, the phage clones that showed affinity for 358 

GFPuv or ySUMO were identified by enzyme-linked immunosorbent assay (ELISA). In total, 359 

22 of the 23 clones for GFPuv gave rise to ELISA signals (Fig. 2A), and DNA sequencing 360 

analysis of 20 of these clones revealed 6 different scMonellin variants (Fig. 3A). On the other 361 

hand, all of 22 clones for ySUMO tested have exhibited the binding signals in phage ELISA 362 

(Fig. 2B). DNA sequencing analysis revealed that all of the clones shared the same amino 363 

acid sequence (Fig. 3A). 364 
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 We also sorted another library, loop library B, against the same targets in almost the 365 

same way for loop library A. After four rounds of library selection, 19 of the 22 clones 366 

obtained by selection against GFPuv gave rise to ELISA signals, whereas 11 of the 22 clones 367 

obtained by selection against ySUMO exhibited ELISA signals (Figs. 2C and 2D). DNA 368 

sequencing analysis of these clones identified 5 and 10 distinct variants of scMonellin, which 369 

exhibited binding affinities for GFPuv and ySUMO, respectively (Fig. 4A). 370 

 371 

Characterization of selected scMonellin variants exhibiting affinities to the targets 372 

 In order to characterize selected scMonellin variants, these were expressed in E.coli 373 

and purified using affinity chromatography. We initially tested the interaction between the 374 

purified scMonellin variants and their target proteins by size-exclusion chromatography (Fig. 375 

S1). After this preliminary test, several scMonellin variants were selected for further 376 

characterization of the target binding by surface plasmon resonance (SPR) measurement. 377 

 Among the scMonellin variants against GFPuv from loop library A, the target 378 

binding of GFP-40 was analyzed by SPR measurement. GFP-40 was observed to bind to 379 

GFPuv with fast binding and dissociation rates (Fig. 3B, right). The dissociation constant at 380 

the equilibrium state (KD) was estimated to be approximately 24 µM (Fig. 3B, right). On the 381 

other hand, the dissociation constant could not be estimated for the wild-type of scMonellin 382 

(scMonellin WT) (Fig. 3B, left). These observations indicated that GFP-40 acquired the 383 

ability to bind to GFPuv protein when the scMonellin scaffold was made to contain the 384 

appropriate amino acid sequences in the loops. The only ySUMO-targeted scMonellin variant 385 

selected from loop library A, SUMO-31, interacted with ySUMO with fast binding and 386 

dissociation rates, although the dissociation rate was slower than that observed in the 387 

interaction between GFP-40 and GFPuv (Fig. 3C). The KD value of the interaction between 388 

SUMO-31 and ySUMO was estimated to be ~3.5 µM (Fig. 3C). 389 
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 Next, we characterized the purified protein samples of scMonellin variants derived 390 

from loop library B. Among the five scMonellin variants that provided the binding signals for 391 

GFPuv in the phage ELISA, SPR measurements of three variants named GFP-kz02, 392 

GFP-kz06 and GFP-kz09 were carried out to further characterize their interactions with 393 

GFPuv. All three variants were observed to bind to GFPuv with fast binding and dissociation 394 

rates, as observed for the GFP-40 variant derived from loop library A (Fig. 4B). The KD 395 

values for GFP-kz02, GFP-kz06, and GFP-Kz09, estimated at the equilibrium state, were 4.6 396 

µM, 3.4 µM, and 12 µM, respectively (Fig. 4B). These values were two to seven times lower 397 

than that of GFP-40, which suggested that loop library B is more efficient than loop library A 398 

in obtaining the synthetic binding proteins with higher affinities. The scMonellin variants 399 

targeted ySUMO, SUMO-kz03 and SUMO-kz11, showed the sensorgrams indicating that 400 

interactions occurred with fast binding and dissociation rates (Fig. 4C). The equilibrium KD 401 

values of SUMO-kz03 and SUMO-kz11 for ySUMO binding were estimated to be 0.9 µM 402 

and 1 µM, respectively (Fig. 4C), which were three to four times lower than that estimated 403 

for SUMO-31. This observation suggested that loop library B again outperformed loop 404 

library A in the efficiency of obtaining higher-affinity binders. 405 

 We next characterized the solution behavior of the purified protein samples of the 406 

scMonellin variants as well as the wild type using size-exclusion chromatography. All of the 407 

scMonellin variants tested here, along with the wild type, were eluted predominantly as 408 

single peaks (Fig. 5). The relative molecular mass of scMonellin WT was estimated to be 409 

~10.2 kDa, which is comparable with the predicted molecular mass of scMonellin variants 410 

(11.2 kDa). Several variants such as GFP-kz09, GFP-kz06, SUMO-31, and GFP-40 were 411 

eluted at the volumes corresponding to relative molecular masses smaller than expected, 412 

suggesting that these variants interacted with the resin of the column during chromatography. 413 
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 We further investigated the thermal stability of the scMonellin variants along with 414 

wild-type by differential scanning fluorimetry. Apparent thermal denaturation temperature 415 

(Tm) for scMonellin WT was estimated to be 74.2°C (Table 1 and Fig. S2), which is 416 

comparable with that of scMonellin MNEI (74.2°C), as investigated by circular dichroism 417 

spectroscopy (57). The Tm values for all tested scMonellin variants were estimated to be 418 

lower than that of scMonellin WT (Table 1 and Fig. S2). These variants exhibited a 419 

monophasic transition in fluorescence melt curve like scMonellin WT (Fig. S2B). These 420 

results indicated that the scMonellin scaffold was robust to the alteration in lengths of and 421 

introduction of mutations into the two loops in terms of the solution behavior. 422 

 As described above, the use of scMonellin as a non-antibody scaffold enabled us to 423 

generate synthetic binding proteins with the ability to bind to the model target proteins, 424 

GFPuv and ySUMO. We named the synthetic binding proteins based on the scMonellin 425 

scaffold “SWEEPins; sweet-tasting protein-based synthetic binding proteins.” 426 

 427 

Structural analysis of the SWEEPin-GFPuv complex 428 

 To reveal the structural basis for the target recognition by the scMonellin variant, the 429 

crystal structures of the SWEEPin GFP-40/GFPuv complex were determined. We obtained 430 

diffraction quality crystals of the GFP-40/GFPuv complex under two conditions. Data sets for 431 

both types of crystal that had different space groups, P21 (crystal form I) and P212121 (crystal 432 

form II), were successfully collected. The asymmetric units of crystal form I and form II 433 

contained two and one complex(es), respectively. The crystal structures were determined by 434 

the molecular replacement method using the structures of GFPuv [Protein Data Bank (PDB) 435 

ID: 1B9C] and scMonellin (PDB ID: 2O9U) as search models. The GFP-40/GFPuv complex 436 

structures of crystal form I and form II were then refined at 1.7 Å and 2.0 Å resolutions, 437 

respectively. 438 
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 The overall structures of the complexes and conformations of two loops of GFP-40 439 

were similar (Figs. S3A and S3B) when the three complexes were superimposed (root mean 440 

square deviations in the range of 0.397–1.53 Å; Fig. S3C), although differences in orientation 441 

of the body of GFP-40 among three complexes were observed. The structures of chains A 442 

(GFP-40) and B (GFPuv) of crystal form I are described below as a representative of the 443 

GFP-40/GFPuv complex, unless otherwise stated. 444 

 The overall structure of the GFP-40/GFPuv complex has revealed that GFP-40 is 445 

bound to the base of the b-can fold of GFPuv, opposite to the side on which the N and C 446 

termini are located, using loops 1 and 2, as expected (Fig. 6A). Superposition between 447 

scMonellin (PDBID: 2O9U) and SWEEPin GFP-40 in the complex (RMSD of 0.747 for the 448 

Ca atoms of 90 aligned residues) revealed that their overall structures were similar (Fig. 449 

S3D). Two differences in backbone structures were found. The backbone structure of the 450 

segment composed of Arg41-Pro42-Ser43 on strand 2 in SWEEPin GFP-40 was different 451 

from the corresponding region of scMonellin, probably due to the substitution of Cys with 452 

Ser to avoid the intermolecular disulfide formation (Fig. S3D). Another minor difference was 453 

found in the position of Ile57 at the beginning of strand 3, shortening strand 3 by one residue 454 

(Fig. S3D). On the other hand, the GFPuv in the complex showed a similar structure to 455 

GFPuv alone (PDB ID: 1B9C, chain A) with an RMSD of 0.495 Å for the Ca atoms of 224 456 

aligned residues, which indicated that no major conformational changes occur upon GFP-40 457 

binding. 458 

 The total solvent-accessible surface area buried in the interface between SWEEPin 459 

GFP-40 and GFPuv in the complex was 1285 Å2, which is comparable to the standard 460 

physiological protein-protein interfaces (1600 ± 400 Å2) (58). The amino acid residues 461 

outside the loop 1 and loop 2 did not appear to largely contribute to the binding interface, 462 

even though Phe13 on an a-helix of SWEEPin GFP-40 was located within 4 Å of Pro211 and 463 
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Asn212 of GFPuv. The side chains of the three amino acid residues (Asn52, Arg54, and 464 

Tyr50) in loop 1 and two amino acid residues (Gln82 and Tyr84) in loop 2 were involved in 465 

the interaction with the GFPuv molecule, mainly by hydrogen bonding (Fig. 6B). In 466 

particular, Asn52 in loop 1 appeared to form a hydrogen bond with the side chain of Glu142 467 

residue in GFPuv (Fig. 6B). The side chain of Arg54 seemed to form a salt bridge with the 468 

side chain of Glu142 in GFPuv. On the other hand, Gln82 and Tyr84 residues in loop 2 469 

formed hydrogen bonds with the side chains of Glu172 and Arg215 residues in GFPuv, 470 

respectively (Fig. 6B). Analysis of the binding interface revealed that Ala51, Ser53, and 471 

Gly55 residues in loop 1 and Pro85 residue in loop 2 of SWEEPin GFP-40 were not located 472 

within 4 Å of any atom of GFPuv, which indicated that these residues do not contribute 473 

largely into making the binding interface. The epitopes for GFP-40 did not contain the 474 

mutation sites specific for GFPuv (i.e., F99S, M153T, and V163A), which implied that 475 

GFP-40 is a pan-binder for the GFP variants and thus is not specific to the GFPuv variant. 476 

 In addition to the direct interactions between amino acid residues in the two loops of 477 

GFP-40 and GFPuv, water-mediated hydrogen bonding networks were found at the binding 478 

interface (Fig. 6C). The water molecules found at the binding interface may also contribute to 479 

stabilizing the GFP-40/GFPuv complex. 480 

 481 

Comparison of the GFP-binding mode of GFP-40 and other GFP-binders 482 

 Many kinds of synthetic binding proteins targeted to GFP and its variants have been 483 

reported. Furthermore, structural information on the binding sites on the GFPs is known for 484 

several of these binders including aRep (52), DARPin (53), and nanobodies (54, 55). We 485 

compared the SWEEPin GFP-40 with five other synthetic binding proteins in terms of their 486 

binding sites on the GFP molecule. Most GFP binders mainly recognize the side of the b-can 487 

fold of GFP, unlike the SWEEPin GFP-40 (Fig. 7A). a-Rep (PDB ID: 4XL5) and DARPin 488 
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(PDB ID: 5MA5) are observed to wrap around the b-can fold, making a large interface with 489 

GFP (Fig. 7A, upper). The three kinds of nanobodies (PDB IDs: 3K1K, 3G9A, and 6LR7), 490 

which were focused on in this study, had different binding sites on the GFP and did not share 491 

the main binding site with GFP-40 (Fig. 7A, lower). Among the GFP binders investigated, 492 

aRep shared limited epitopes (Lys52, Gly138, His139, Lys140, Tyr143, Glu172, Lys209, 493 

Pro211, Glu213, Asp216, and His217) on the base of the b-can fold with GFP-40 (Fig. 7B), 494 

simply because this GFP-binding protein had a particularly large binding interface with the 495 

GFP variant, EGFP (Fig.7A, upper middle). The structural inspection performed here 496 

revealed that the binding site of GFP-40 on GFPuv seems unique among the GFP binders, 497 

although available structural information on GFP binders remains limited. 498 

 499 

Discussion 500 

 In this study, we have described the use of the sweet protein scMonellin as a 501 

non-antibody scaffold in generating the synthetic binding proteins that target proteins of 502 

interest. Phage display libraries with diversified amino acid sequences of two loops within 503 

scMonellin were constructed, and the synthetic binding proteins targeted for GFPuv or 504 

ySUMO were successfully obtained by sorting these scMonellin loop libraries. The biggest 505 

problem is the lower affinity of the scMonellin-based binders for the target proteins, even 506 

though the scaffold is structurally similar to affimers, the successful synthetic binding 507 

proteins. One possible explanation for this is that the lengths of the randomized loops were 508 

too short to obtain the scMonellin variants with high affinities for the target proteins. The 509 

lengths of loop 2 in the scMonellin libraries constructed in this study are five or six residues, 510 

whereas both loops of the affimers are ten residues long (16). Extending the length of loop 2 511 

of the scMonellin scaffold needs to be addressed in the future. Another possible explanation 512 

is that the concentrations of the target proteins during library selection were too high, which 513 
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allows the weak affinity binders to be preferentially enriched. A single weak affinity binder 514 

for ySUMO was obtained from library A, implying this possibility. The sorting condition will 515 

need optimizing in the future to obtain binders that show high affinity. 516 

 Despite the relatively low affinity for GFPuv, it is noteworthy that the scMonellin 517 

variant GFP-40 has an extremely rare binding site when compared with other non-antibody 518 

GFPs binders (Fig. 7). This variant binds to the base of the b-can fold of GFPuv using the 519 

variable loops forming the convex paratope. In contrast, other non-antibody GFP binders 520 

interact with the side of the b-can fold of GFPs using flat or concaved paratopes (Fig. 7A). 521 

Especially, GFP-binding nanobodies utilize their framework regions, in addition to the 522 

variable loops, in the recognition of GFPs, resulting in forming the relatively flat paratopes 523 

(55). These differences in the shape of the binders’ paratope may explain why GFP-40 has a 524 

unique epitope on GFPuv. 525 

 Some nanobodies, such as enhancer and minimizer, can modulate the fluorescence 526 

properties of GFPs, which is useful to many applications in living cells (55, 59). The effect of 527 

these nanobodies in altering GFP properties depends on their binding sites on the GFP 528 

molecules. Therefore, how GFP-40 affects the fluorescence properties of GFP should be 529 

investigated. We did not undertake fluorescence measurements, because the concentrations of 530 

the protein samples were too high for these measurements to be carried out. This was due to 531 

the low affinity of the scMonellin variant GFP-40. An affinity maturation procedure to 532 

increase the affinity of GFP-40 for GFP will be required before fluorescence measurements 533 

can be taken. 534 

 The consensus sequences, Y-X-N and Q-X-(Y/W)-P, were found in loop 1 and loop 535 

2, respectively, when comparing the amino acid sequences of GFP-40 and the variants 536 

GFP-kz02 and GFP-kz06 (Figs. 3A and 4A). In the crystal structure of the GFP-40/GFPuv 537 

complex, the Pro residue (Pro85 in the case of GFP-40) in the consensus sequence in loop 2 538 
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did not make a direct contact with GFPuv, suggesting that this conserved Pro residue plays a 539 

role in forming the specific main chain conformation. Thus, GFP-kz02 and GFP-kz06 may 540 

share the binding site on GFPuv with GFP-40, although this possibility will need to be tested 541 

through competitive binding experiments and/or structural determination. An advantage of 542 

the SWEEPins scaffold in terms of affinity maturation is the feasibility of simultaneous 543 

engineering of two loops. Affinity maturation of GFP-40 is likely to be achievable by 544 

generating a library in which the conserved residues that are described above are fixed and 545 

the residues at other positions in two loops are simultaneously randomized. 546 

 We chose ySUMO as another model target protein to demonstrate the efficiency in 547 

sorting the phage display libraries of scMonellin. In the biological context, ySUMO (SMT3) 548 

is covalently attached to other proteins, and regulates the function of these modified proteins 549 

through interactions with proteins containing the SUMO-interacting motif (SIM) (60-62). We 550 

generated 11 variants of scMonellin targeted to ySUMO in this study. In the loops of these 551 

ySUMO binders, acidic residues were found frequently, especially in loop 1 (Figs. 3A and 552 

4A). The highly negative region within loop 1 of the ySUMO-binding scMonellin variants 553 

might interact with the basic residues in the vicinity of the hydrophobic cleft comprising the 554 

SIM-binding site on ySUMO through long-range electrostatic interactions (63, 64). 555 

 Non-antibody scaffold proteins, monobodies and affimers, that bind to ySUMO have 556 

previously been generated and well characterized (16, 56). In the case of the ySUMO-binding 557 

monobody (ySMB-1), Tyr residues in FG loop of the fibronectin type III domain contribute 558 

to making the binding interface. The crystal structure of the ySMB-1/ySUMO complex (PDB 559 

ID: 3QHT) revealed that FG loop of ySMB-1 forms a b-hairpin and docks in the hydrophobic 560 

region of the SIM binding site, which indicates that this interacting loop mimics the binding 561 

mode of SIMs (56). On the other hand, 22 distinct affimer proteins that bind to ySUMOs 562 

have been generated (16). Tiede et al. have pointed out that some of them have the sequences 563 
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similar to SIMs in their loops, like the monobody ySMB-1. For example, the IDLT sequence 564 

in loop 1, and the consensus sequence (W/F/Y)(E/D)2–4(W/F/Y) in two loops are found 565 

among the ySUMO-binding affimers (16). Other motifs, PX1–3(N/Q)(W/F/Y) or G(L/I), were 566 

also identified in loop 2, in addition to the SIM-related motifs. Despite the similarities in the 567 

structural features of the scaffold and two loops randomized in the libraries, our 568 

ySUMO-binding scMonellin variants did not contain the consensus sequences identified in 569 

the affimers. Therefore, the scMonellin scaffold may be useful in generating the synthetic 570 

binding proteins equipped with molecular properties distinct from the affimer proteins. 571 

 The scMonellin variants are more unstable than the wild-type of scMonellin, as 572 

judged by the thermal denaturation profiles (Table S1 and Fig. S2B). The scMonellin scaffold 573 

will have to be stabilized for use in various applications. There is a wealth of information on 574 

the folding properties of scMonellin, which is its advantage over affimers in terms of 575 

simplicity in stabilization. For example, the structure-guided design of stabilized mutants of 576 

scMonellin has been reported (65). The mutation sites of these stabilized scMonellin proteins 577 

are located outside loop 1 and loop 2. Introducing the stabilizing mutations will provide us 578 

with an alternative design of the scMonellin scaffold to, for example, vary the lengths of loop 579 

2. 580 

 The scMonellin loop libraries constructed in this study will be useful in engineering 581 

monellin proteins, for example, in enhancing the sweetness. The sites on monellin protein 582 

that determine sweetness and are involved in the receptor binding have been explored mainly 583 

by structure-guided mutagenesis analysis (66-69). Although almost all amino acid residues 584 

reported to be involved in the sweetness characteristic are located on the convex side of 585 

monellin, it has recently reported that the amino acid residues in loop 1 (Arg53) and loop 2 586 

(Arg82) of scMonellin MNEI are important for exhibiting sweetness (70). This finding 587 

indicates that the two loops 1 and 2 may also affect receptor-binding property and sweetness 588 
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of scMonellin. Thus, the design and generation of the scMonellin mutants, focusing on loop 1 589 

and loop 2, offer promising ways of making the artificial sweet proteins, which can be tested 590 

using the libraries generated in this study. 591 
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Figure legends 810 

 811 

Figure 1. Design of scMonellin phage display libraries. (A) Amino acid and coding 812 

sequences of the DsbA signal sequence-scMinellin-V5 tag segment in the phagemid vector 813 

constructed in this study. The secondary structure elements are indicated below the amino 814 

acid sequence. The residues that were randomized in loops 1 and 2 are highlighted in 815 

magenta. The Tyr residue in loop 2 that was not diversified is boxed. EcoRI and MluI sites 816 

introduced into the portions coding loop 1 and loop 2 are indicated. (B) The crystal structure 817 

of scMonellin (PDB ID: 2O9U) shown in two views rotated 90 ˚ about the y-axis. Two loops 818 

diversified in the combinatorial library are shown in magenta. The secondary structure 819 

elements are labeled according to Hobbs et al. (30). According to the shape of the b-sheet, 820 

the side on which the a-helix is located and the opposite side are called the concave and 821 

convex sides, respectively (30). (C) Design of the scMonellin libraries. Loop lengths were 822 

fixed in loop library A but were varied in loop library B. X refers to a mixture of codons with 823 

compositions containing 30% tyrosine, 15% serine, 10% glycine, 5% each of tryptophan, 824 

phenylalanine, and 2.5% each of all other residues, except cysteine. 825 

 826 

Figure 2. Phage ELISA for screening the phage clones displaying target-binding 827 

scMonellin variants. Clones isolated by sorting loop library A against GFPuv (A) and 828 

ySUMO (B). Clones isolated by sorting loop library B against GFPuv (C) and ySUMO (D). 829 

Phage clones were incubated in wells coated with Tris-buffered saline (TBS; cyan), 830 

NeutrAvidin (NAV; magenta), biotinylated target proteins via NeutrAvidin (GFPuv/NAV or 831 

ySUMO/NAV; green) or anti-V5 monoclonal antibody (anti-V5; gray). Bound phages were 832 
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detected using an HRP-conjugated antibody against the M13 phage. The absorbance of the 833 

ABTS product at 405 nm is shown for each clone. 834 

 835 

Figure 3. The target-binding scMonellin variants isolated by sorting loop library A. (A) 836 

Loop sequences of the target-binding scMonellin variants derived from loop library A. Acidic 837 

residues and basic residues are highlighted in red and blue, respectively. The amino acid 838 

residues that were biased in the library are highlighted as follows: Tyr and Ser are in 839 

magenta; Phe, Trp, and Gly are in green. (B) Surface plasmon resonance analysis of the 840 

GFPuv binding of scMonellin wild-type (WT) (left) and a scMonellin variant, GFP-40 (right). 841 

Responses at equilibrium (Req) values calculated from the sensorgram (inset) were plotted 842 

against the concentration of injected GFPuv to calculate the dissociation constants (KD). (C) 843 

Surface plasmon resonance analysis of the interaction between ySUMO and SUMO-31. The 844 

Req values calculated from the sensorgram (inset) were plotted against the concentration of 845 

injected ySUMO to estimate the KD value. The errors indicated in panels B and C are the 846 

95% confidence intervals for fitting. 847 

 848 

Figure 4. The target-binding scMonellin variants isolated by sorting loop library B. (A) 849 

Loop sequences of the target-binding scMonellin variants derived from loop library B. (B, C) 850 

Surface plasmon resonance analysis of the interaction of the scMonellin variants with GFPuv 851 

(B) and ySUMO (C). The Req values calculated from the sensorgram (inset) were plotted 852 

against the concentration of injected target protein to estimate the KD values. The errors 853 

indicated are the 95% confidence intervals for fitting. 854 

 855 

Figure 5. Size-exclusion chromatograms of the scMonellin variants. The scMonellin 856 

variants and wild-type (WT) purified from Escherichia coli (20 µM) were subjected to size 857 
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exclusion chromatography on an Enrich SEC 70 10×300 column, equilibrated with 20 mM 858 

Tris-HCl, 150 mM NaCl, pH 7.5. The chromatographs are shown with vertical offsets. The 859 

labels indicate the analyzed scMonellin variants. The void volume (V0) and elution positions 860 

for bovine serum albumin (molecular mass: 67 kDa), ovalbumin (44 kDa), carbonic 861 

anhydrase (29 kDa), myoglobin (17 kDa), cytochrome c (12.4 kDa), and vitamin B12 (1.35 862 

kDa) are indicated by vertical lines. 863 

 864 

Figure 6. Crystal structure of the SWEEPin GFP-40/GFPuv complex. (A) Overall 865 

structure of the GFP-40:GFPuv complex. GFP-40 and GFPuv polypeptide chains are 866 

illustrated by a ribbon model (GFP-40 is colored in cyan and GFPuv in green) with a 867 

translucent molecular surface. Two loops, loop 1 and loop 2, are colored in magenta. The N- 868 

and C- termini of GFP-40 are shown in spheres and labeled. (B) The binding interface 869 

between GFP-40 and GFPuv. Key interacting residues are shown as stick models, and labeled 870 

with underlined and italicized for those of GFP-40 and GFPuv, respectively. Hydrogen bonds 871 

are indicated by black dashed lines. (C) Water-mediated hydrogen bond network found at the 872 

binding interface. Water molecules are shown as red spheres. The hydrogen bonds that 873 

involve water molecules are indicated by yellow dashed lines. 874 

 875 

Figure 7. Comparison of the GFP-binding modes among the GFP binders. (A) The 876 

crystal structures of the GFP-binding proteins in complex with GFP or its variants are 877 

superimposed on the GFPuv molecule of the SWEEPin GFP-40/GFPuv complex (upper left). 878 

(B) Comparison of binding sites on GFP molecules of GFP-40 and a-Rep. The EGFP 879 

(enhanced green fluorescent protein) and GFPuv in the crystal structure of the a-Rep/EGFP 880 

(upper) and the SWEEPin GFP-40/GFPuv (lower) complexes are shown as surface models 881 

with the same orientation as in panel A (left). The surfaces in contact with a-Rep and GFP-40, 882 
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within 4 Å, are shown in magenta and green, respectively, and those in contact with both 883 

proteins are in blue. 884 

 885 
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Tables 915 

 916 

Table 1. Thermal stability of scMonellin and its variants. 917 

Protein Tm (°C) * 

scMonellin WT 74.2 ± 0.03 

GFP-40 63.5 ± 0.11 

SUMO-31 59.9 ± 0.12 

GFP-kz02 70.5 ± 0.13 

GFP-kz06 69.5 ± 0.09 

GFP-kz09 63.8 ± 0.05 

SUMO-kz03 64.6 ± 0.05 

SUMO-kz11 61.1 ± 0.09 

*Average ± s.e.m., n = 4. 918 

	
    919 
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Table 2. Data collection and refinement statistics. 920 

 Crystal form I (PDB 7CD7) Crystal form II (PDB 7CD8) 

Data collection*   
Space group P21 P212121 

Unit cell   

  a, b, c (Å) 54.7, 103.2, 67.9 51.4, 68.0, 115.9 

  b (˚) 106.3 90 

No. of complexes/a.s.u 2 1 

X-ray source SPring-8 BL41XU SPring-8 BL41XU 

Wavelength (Å) 1.0 1.0 

Resolution (Å) 50.00–1.70 (1.73–1.70) 50.00–2.0 (2.03–2.00) 

Total reflections 249657 171132 

Unique reflections 78215 (3848) 28608 (1403) 

Completeness (%) 99.5 (99.1) 100 (100) 

Redundancy 3.2 (2.9) 6.0 (6.2) 

Rsym 0.066 (0.371) 0.074 (0.476) 

I/sI 24.5 (2.1) 22.3 (2.7) 

CC1/2 0.990 (0.838) 0.998 (0.911) 

 

Refinement 
 

 

 

 

Resolution (Å) 47.98–1.70 46.98–2.0 

Reflections used   

  Working set/test set 78166/3863 28550/1389 

Rwork 0.182 0.178 

Rfree 0.226 0.215 

Number of atoms 6274 2941 

  Protein 5370 2622 

  Ligands 42 21 

  Water 862 298 

Average B-factor (Å2) 28.0 31.7 

  macromolecules 26.6 31.0 

  ligands 19.8 20.3 

  solvent 37.5 38.7 

Rmsd from ideality   

  Bond length (Å) 0.011 0.007 

  Bond angles (˚) 1.30 1.06 

Ramachandran plot   

  Favored (%) 98.5 98.1 

  Outliers (%) 0 0 

Statistics for the highest-resolution shell are shown in parentheses. 921 
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Table S1. Sequence of oligonucleotides used for library construction 

Name Sequence (5' to 3')* 

scMonellin_L1

_Tri5 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNATCAAAGGCTAT

GAA 

scMonellin_L1

_Tri6 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNNNNATCAAAGGC

TATGAA 

scMonellin_L1

_Tri7 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNNNNNNNATCAAA

GGCTATGAA 

scMonellin_L1

_Tri8 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNNNNNNNNNNATC

AAAGGCTATGAA 

scMonellin_L1

_Tri9 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNNNNNNNNNNNN

NATCAAAGGCTATGAA 

scMonellin_L1

_Tri10 

GAAAAAAACCATCTATNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNATCAAAGGCTATGAA 

scMonellin_L2

_Tri5 

ATCAGCGAAGATTATNNNNNNNNNNNNNNNCGTAAACTGCTGC

GT 

scMonellin_L2

_Tri6 

ATCAGCGAAGATTATNNNNNNNNNNNNNNNNNNCGTAAACTGC

TGCGT 

*NNN indicates the mixture of codons encoding a biased amino acid residue composition 

that includes Tyr (30%) Ser (15%), Gly (10%), Trp (5%), Phe (5%) and 2.5% of each of the 

other amino acids except for Cys. Codons for Cys residue and termination are excluded. 
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 6 

Figure S1. Size-exclusion chromatography analysis of the target binding for the 

scMonellin variants. Purified target protein (GFPuv or ySUMO) alone, scMonellin variant 

alone, or the mixture of them were analyzed by size-exclusion chromatography on an ENrich 

SEC 70 10 × 300 column, equilibrated with 20 mM Tris-HCl, 150 mM NaCl, pH 7.5. The 

overlaid chromatograms of the target protein alone (blue line), scMonellin variant alone 

(magenta line), and the mixture of them (green line) are shown for (A) the scMonellin 

variants targeted to GFPuv from loop library A, (B) the ySUMO-targeted variant, SUMO-31, 

from loop library A, (C) the scMonellin variants targeted to GFPuv from loop library B, and 

(D) the scMonellin variants targeted to ySUMO from loop library B. For the analyses of 

ySUMO-targeted scMonellin variants, the absorbance at 215 nm (A215) was recorded because 

the ySUMO protein used in this study contained no tryptophan residue. The scMonellin 

variants further analyzed by surface plasmon resonance measurements are labeled with red 

boxes. The elution positions for bovine serum albumin (molecular mass: 67 kDa), ovalbumin 

(44 kDa), carbonic anhydrase (29 kDa), myoglobin (17 kDa), cytochrome c (12.4 kDa), and 

vitamin B12 (1.35 kDa) are indicated by vertical lines on each panel. Relative molecular mass 

for the peaks corresponding to target protein alone, scMonellin variant alone, and the 

complex of them are estimated from the elution positions for standard proteins. 

  



 7 

 

Figure S2. Thermal stability of the scMonellin variants. (A) SDS-PAGE analysis of the 

purified protein samples used in differential scanning fluorimetry. (B) Thermal stability of 

the scMonellin variants was analyzed by differential scanning fluorimetry, where thermal 

melt curves are shown in black, and the fitting of the two-state Boltzmann model in red. 
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Figure S3. Structural analyses of the complexes of SWEEPin GFP-40 with GFPuv 

determined in this study. (A) Superposition of the three complexes of GFP-40 with GFPuv 

determined in this study. (B) Close-up view of the regions surrounding the binding interfaces 

in three complexes. (C) Pairwise structural comparison among three complexes of GFP-40 

with GFPuv. Root mean square deviations of corresponding C atoms are shown in Å. The 

numbers of aligned residues when superposed are shown. (D) Superposition of SWEEPin 

GFP-40 with scMonellin (PDB ID: 2O9U). The amino acid residues in SWEEPin GFP-40 

showing the differences in the backbone structures when compared with scMonellin are 

labeled. (E) Superposition of GFPuv in the complex with GFPuv alone (PDB ID: 1B9C). 
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