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31 Abstract. 
32

33 Here, we have linked one of the most common protein-protein interaction events, 

34 homodimerisation, to an essential trace metal, copper, through engineering green 

35 fluorescent protein. Mutation of H148 to cysteine promotes the neutral phenolic 

36 chromophore in the monomer that excites predominantly at ~400 nm. 

37 Homodimerisation via a copper-dependent disulphide bridge, switches the 

38 chromophore to the charged phenolate that excites at ~490 nm. The result is ~30 

39 fold increase in the fluorescence emission ratio. Homo-dimerisation kinetics are 

40 further improved by optimising the sfGFP homodimer interface, generating the 

41 variant termed GFP-diS2. Structures of the monomeric and dimeric GFP-diS2 

42 suggests charge switching is through peptide bond flipping and the formation of a 

43 buried organised water network around the chromophore that span the interface 

44 region. Fusion to a leucine zipper protein dimerisation element greatly increased 

45 GFP-diS2 association rate making it a more effective copper sensor in vitro and in 

46 vivo with Cu(I) instigating the signal change quicker and at lower ion concentrations 

47 than Cu(II). Thus, GFP-diS2 provides the framework for generating a sensitive 

48 genetically encoded copper sensor and will eventually be adapted to monitor one of 

49 the most important protein-protein interactions in biology, homo-oligomerisation. 

50
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51 Introduction
52 Fluorescent proteins (FPs) have revolutionised how researchers investigate 

53 biological processes 1–3. Originally used as passive tags simply to fuse to a protein of 

54 interest, there has been a shift to monitoring active and dynamic processes that 

55 report on multi-component events 3–5. Protein-metal and protein-protein interactions 

56 (PPIs) are two such areas. Metals play a critical role in biology with an estimated 30-

57 50% of proteins dependent on metals for their structure and/or function 6,7. Copper is 

58 a particularly important trace metal in biology having roles ranging from enzyme 

59 catalysis, to signalling, to redox processes 8–11. Due to its role in the formation of 

60 reactive oxygen species, free copper ion concentration is tightly regulated in 

61 biological systems 11. Given its importance to biology, there has been a push to 

62 develop molecular sensors capable of detecting copper 12,13. While small molecule 

63 synthetic copper sensors have been developed with ultra-high affinity (sub pM 14) 

64 they have drawbacks with the most significant being the need to apply them 

65 exogenously and to be delivered into cells. This in turn limits their true in situ 

66 application. Thus, the development of genetically encoded copper-responsive 

67 fluorescent proteins that are directly synthesised by the cell is of significant interest 

68 as they can be used in a wide variety of organisms and be targeted to specific 

69 locations in the cell 5,12,13. However, many current copper sensors have small 

70 responses, lack metal ion selectivity or rely on a negative signal response (loss of 

71 fluorescence signal) as part of the detection process 12,15–17. 

72 PPIs underpin a huge number of biological processes critical to life ranging from 

73 gene transcription to energy production, to signal transduction 18–22, with PPI 

74 dysregulation contributing to many disease states 21,23. Indeed, a protein is more 

75 likely to exist as part of a complex rather than act alone as a simple monomeric unit, 

76 with homodimers being the most commonly observed structural unit in the protein 

77 data bank (PDB) 18,19. PPI interactions have been used as the basis for constructing 

78 FP-based sensors 3,24,25, including metal ions 13, through proximity-based processes 

79 such as Förster resonance energy transfer (FRET) 26 and fragment complementation 

80 (BiC) 27. These powerful and popular approaches have several drawbacks. One is 

81 the requirement for two different components, so restricting analysis to hetero-

82 oligomerisation events thus missing out on frequently observed and equally 

83 important homo-oligomerisation. 
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84 The chromophore of the original FP, Aequorea victoria GFP (avGFP), exists in 

85 two forms: the neutral phenolic state (CRO-OH) with an excitation maximum at ~400 

86 nm and the charged phenolate CRO-O- form with an excitation maximum at ~490 nm 

87 1,28. We have recently shown that the superfolder version of GFP (sfGFP) 29 can be 

88 engineered to change its spectral properties by switching the charged state on the 

89 chromophore by mutating H148 30, a residue that stabilises the chromophore 

90 phenolate anion in the ground state31–33. When we replaced H148 by mutually 

91 reactive non-canonical amino acids, namely an azide group in one sfGFP and cyclo-

92 alkyne in a second sfGFP, the CRO-OH state dominated in both 34,35. When the two 

93 sfGFP “clicked” together to form a pseudo-homodimer there was a spectral shift with 

94 the CRO-O- dominating and with the new dimeric form being brighter per monomer 

95 unit than sfGFP 34. While the basic premise of GFP monomer association provides a 

96 sensing mechanism, each sfGFP monomer unit should be chemically identical and 

97 not require genetic code reprogramming to incorporate a non-canonical amino acid. 

98 Using only canonical amino acids we engineered sfGFP so that it’s spectral 

99 properties change on homodimerisation in a copper-dependent manner. By 

100 incorporating a cysteine at residue 148 together with a mutation that stabilises the 

101 dimer interface, we engineered sfGFP to switch to a highly fluorescent “on” dimeric 

102 state (Fig.1a). The dimer complex is 2.9 fold brighter than the starting wild-type 

103 monomeric sfGFP and has an up to 31 fold ratiometric switch. Structures of the 

104 monomeric and dimeric states reveals a mechanism for switching based on a 

105 peptide bond flip and burial of critical water molecules central to GFP fluorescence. 

106 We also show that when coupled to naturally homodimerizing proteins, the copper-

107 dependent kinetics of the engineered sfGFP increase, with the Cu+ being the 

108 preferred dimerisation promoting ion. A leucine zipper fused system allowed the 

109 newly engineered sfGFP to sense and respond to copper in bacterial cells.  

110

111
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112
113 Fig.1. The effect of introducing cysteine residues at residue 148. (a) Overview of 

114 the homodimerization strategy. The starting monomers are dim with the CRO-OH 

115 form dominating but homodimerisation via a copper-dependent disulphide molecular 

116 bolt results in a brighter system through promotion of CRO-O- state. (b) Modelling of 

117 the H148C mutation using short timescale molecular dynamics 30. The wt sfGFP is 

118 shown as green sticks with a H-bond between H148 and CRO shown as a dashed 

119 line. The H148C model is shown as grey sticks. Absorbance spectra (c) and 

120 fluorescence emission spectra (d) of wild-type sfGFP (H148, black), mGFP-diS1 

121 (red) 30and mGFP-diS2 (green). In (d), the dashed line represents emission on 

122 excitation at 400 nm and full lines emission on excitation at 488-492 nm.

123

124 Results and Discussion
125 Switching the monomer chromophore protonation state. 
126 Modulating the charged state of the GFP chromophore phenol group provides a 

127 means to sense biological processes through changes in electronic excitation 32–35. 

128 In the starting wild-type sfGFP, the deprotonated CRO-O- phenolate dominates over 

129 the CRO-OH, with H148 capable of forming a H-bond with the chromophore 

130 phenolate group that stabilises the CRO-O- form 32–35 (Fig. 1b). Modelling previously 

131 suggested that mutating H148 to cysteine should remove the interaction with the 
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132 chromophore 30; the weak Lewis acid behaviour of the cystine thiol group together 

133 with larger atomic radius of sulphur sterically blocks a conformation allowing H-

134 bonding with the CRO and exposing the thiol group to the solvent (Fig. 1b). 

135 Replacing H148 with cysteine generates the variant termed GFP-diS1, which 

136 remains monomeric after purification (Fig. S1). Absorbance spectra shows that the 

137 major excitation peak is now 400 nm with a minor peak at 498 nm indicating a shift 

138 towards the CRO-OH state. The same is mirrored in fluorescence spectra with 

139 emission on excitation at 400 nm dominating over that on excitation at around 490 

140 nm (Fig. 1c and Table 1). Overall, the ratio of emission on excitation at wavelengths 

141 equivalent to the CRO-OH (~400 nm) or CRO-O- (~490 nm) state (here on termed 

142 the ExCRO-O-:ExCRO-OH ratio) switches from 7:1 in sfGFP to 1:4 in mGFP-diS1 (prefix 

143 m refers to monomeric). 

144

Variant max
(nm)

EM
(nm)

 
(M-1cm-1)

Φ[c]

(%)
Brightness

(M-1cm-1)

400 509 34,000 N.D N/D
mGFP-diS1

498 513 11,100 50 5,550

400 509 11,400 N/D N/D
dGFP-diS1 [a]

488 509 142,600 64 91,264

400 511 27,500 N/D N/D
mGFP-diS2

496 512 13,000 49 6,370

400 510 10,000 N/D N/D
dGFP-diS2 [a]

492 511 147,600 72 106,272

400 510 55,000 N/D N/DGFP-diS2-ZIP
(no Cu2+) 496 514 22,400 78 17,472

400 510 17,700 N/D N/DGFP-diS2-ZIP
(plus Cu2+) 493 511 188,400 85 160,140

400 508 8000 N/D N/D
sfGFPWT [a,b]

485 511 49,000 75 36,750
145 Table 1. Spectral properties of sfGFP variants and dimers. [a] Excitation at 400 

146 nm was negligible and so quantum yield was not determined. [b] Value differs from 

147 that described in Pedelacq et al 29 but similar to those reported by Reddington et al 32 

148 and Cranfill et al 36. [c] quantum yield. 
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149 Copper-dependent dimerisation of GFP-diS1
150 Incubation of sfGFP-H148C mutants (termed GFP-diS1 from here on in) under 

151 aerobic conditions at high protein concentration (>50 M) over a prolonged period 

152 (>5 hr) did not result in the formation of significant amounts of the dimer (Fig. S1b); 

153 the absorbance spectra retained the characteristics shown in Fig. 1c. This suggests 

154 that the cysteine thiol group cannot form the disulphide bond between individual 

155 GFP-diS1 monomers. It has previously been reported that Cu2+ can aid in the 

156 formation of disulphide bridges 37. On incubation with CuSO4, mGFP-diS1 dimerised 

157 to form dGFP-diS1 (prefix d refers to dimer), with ~55% forming dimer after 1 hr (Fig. 

158 S1b), similar to the yield observed for click-based dimerisation 34. The exact 

159 mechanism by which copper enables dimerisation is unclear but is likely by 

160 facilitating the formation of a disulphide bridge between the monomer units (vide 

161 infra) The dGFP-diS1 dimer is stable and can be purified from the monomer by size 

162 exclusion chromatography (Fig. S1c). 

163

164
165 Fig. 2. Dimerisation of sfGFP C148 variants. (a) Absorbance spectra of sfGFPWT 

166 (black), dGFP-diS1 (red) and dGFP-diS2 (green). Inset is the change in absorbance 

167 on conversion of mGFP-S1 (dashed red line) to dGFP-diS1 (solid red line). The full 

168 absorbance spectra are shown in Fig. S2. Emission spectra of (b) GFP-diS1 and (c) 

169 GFP-diS2, with red and green representing the dimers, respectively, and black the 

170 monomer. Solid and dashed lines represent excitation at either the optimal CRO-B 

171 wavelength (490-497nm) or CRO-A wavelength (400 nm), respectively. (d) Rate of 

172 dimerisation of GFP-diS1 (grey) and GFP-diS2. The data shown are for 10 M of 

173 starting monomer with R/R0 representing the change in fluorescence emission ratio 

174 on excitation at either 388 nm or 483 nm. 
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175

176 Dimerisation results in a shift in maximal absorbance to 488 nm (Fig. 2a and 

177 Table 1), suggesting that CRO-O- state now dominates dGFP-diS1. Moreover, molar 

178 absorbance for the CRO-O- form increases ~2.9 fold with a ~2.5 fold increase in 

179 brightness compared to sfGFP (Fig. 2a-b, Table 1). The greater than 2-fold 

180 enhancement in the spectral properties of dGFP-diS1 suggests a synergistic 

181 relationship on dimerisation where the dimer is greater than the sum of its parts, as 

182 observed previously for the click linked dimers 34,35. Taking into account both the 

183 increase in emission on excitation at ~488 nm and the decrease on excitation at 

184 ~400 nm, we see a 31 fold signal change on dimerisation; the ExCRO-O-:ExCRO-OH 

185 emission ratio at 510 nm changes from 0.58 for monomer to 18 for the dimer (Fig. 

186 2b).

187 The rate of mGFP-diS1 dimerisation is slow (Fig. 2d), with an estimated second 

188 order rate constant of 0.1 nM/min. While formation of covalent complex means the 

189 system is non-equilibrium, an apparent KD can be estimated to provide an insight 

190 into monomer affinity; for GFP-diS1, the relatively low level of association observed 

191 (Fig. 2d) suggests that the KD is >25 µM. It has been estimated that the dissociation 

192 constant for weak GFP dimerisation is 100 M 38.

193

194 Optimising the sfGFP interaction interface. 
195 The slow dimerisation kinetics of GFP-diS1 and low apparent affinity are likely 

196 due to interactions between the monomeric units being too transient and weak 38. 

197 Ideally, the kinetics should be faster and apparent KD lower. Using the non-canonical 

198 amino acid sfGFP dimer structure linked via residue 148 34 (PDB 4nhn) as a guide, 

199 we aimed to optimise the GFP-diS1 interaction by targeting residue 206 that lies at 

200 the dimer interface (Fig. S3) and has been shown previously to contribute to weak 

201 dimerisation of Aequorea victoria derived FPs 36,39. We introduced the V206F 

202 mutation, so generating GFP-diS2. The GFP-diS2 variant is expressed and purified 

203 as a monomer (Fig. S4a-b) and has similar spectral characteristics to mGFP-diS1 

204 (Fig. 1b-c and Table 1). The CRO-O- absorbance peak at ~490 nm has a slightly 

205 higher molar absorbance in mGFP-diS2 compared to mGFP-diS1 with a concomitant 

206 drop in ~400 nm value. This could suggest GFP-diS2 improved the still weak 
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207 tendency to self-associate so increasing the population of the CRO-O- state (Fig. 

208 1b). 

209 Again, Cu2+ is required to initiate dimerisation. In the presence of CuSO4 mGFP-

210 diS2 dimerised with an efficiency of ~80%, higher than that observed for mGFP-diS1, 

211 with the majority of dimerisation completed in the first 5 minutes (Fig. S4b-c). 

212 Replacing CuSO4 with CuCl2 did not have any discernible change in the ability of 

213 GFP-diS2 to dimerise (Fig. S4d). The switch in the major absorbance peak from 400 

214 nm to 492 nm indicates that the CRO-O- now dominates dGFP-diS2 (Fig. 2a). This is 

215 also manifested in the fluorescence emission spectra with the higher emission on 

216 excitation at ~490 nm (Fig. 2c). As with dGFP-diS1, dGFP-diS2 was brighter (2.9 

217 fold) than wild-type sfGFP (Table 1). Indeed, dGFP-diS2 is brighter than dGFP-diS1 

218 due to slightly higher molar absorbance and quantum yield (Table 1). The ExCRO-O-

219 :ExCRO-OH (400 nm:492 nm) ratio on measuring emission at 510 nm changes from 

220 0.56 to 13.4, which equates to a 24 fold increase of signal on dimerisation. 

221 Significantly, there is also a large increase in dimerisation rate (Fig. 2d), with the 

222 second order rate constant increasing two orders of magnitude to 11  1 nM-1min-1. 

223 The apparent KD is estimated to be 4.6  0.2 M, equivalent to a moderate protein-

224 protein interaction. The dimerisation process is reversible as dGFP-diS2 can be 

225 converted back into its monomer components with monomeric spectral 

226 characteristics using DTT (Fig. S5). Thus, GFP-diS2 is a distinct improvement on 

227 GFP-diS1 in terms of its copper-dependent homodimerisation properties. 

228

a

C148

W

S147 C148
CRO

b

2.7 3.7 2.
7

2.7

c

E222
S205

WCRO
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229 Fig. 3. Structure of mGFP-diS2 (PDB 8c1x). (a) Overall structure mGFP-diS2 

230 with the chromophore shown as grey sticks and C148 shown as sticks and 

231 highlighted. (b) Structure of the chromophore and residues 147-148. Dashed lines 

232 represent potential H-bonds with the phenolate and S147. A channel through to the 

233 chromophore (CRO) (coloured orange) is shown together with a single conserved 

234 water molecule (W, red sphere) within the channel. The channel was calculated 

235 using CAVER3.0 with a probe size of 1.0 Å. (c) Residues involved in the classical 

236 proton transfer network related to promotion of the phenolate chromophore form. 

237 The grey residues are the equivalent position of S205 and E222 in sfGFP. Distances 

238 shown are for mGFP-diS2 and are in Ångstroms. 

239

240 Structural basis for fluorescence switching in dimerisation
241 To fully understand the basis behind dimerization-dependent fluorescence 

242 switching, we determined the structure of the GFP-diS2 monomer and dimer (see 

243 Table S1 for structural statistics). In mGFP-diS2, H148C has a major impact on the 

244 local organisation of the structure that directly impacts on the interactions with the 

245 CRO (Fig. 3a-b and Fig. S6). The backbone of residues 147-149 is twisted 

246 compared to sfGFPWT  resulting in a register shift of S147 and C148 (Fig. 3b and Fig. 

247 S6). The change in position of C148 results in the loss of the H-bond to the CRO and 

248 becomes solvent exposed, therefore making it amenable to forming a disulphide 

249 bond. S147 now points towards the chromophore with the OH groups within H-

250 bonding distance of each other (Fig. 4b). The new potential H-bond between CRO 

251 and S147 does not however appear to compensate for the H148C mutation in terms 

252 of promoting the phenolate chromophore form. Indeed, compared to wt sfGFP, the 

253 water network is less extensive around the phenol group for mGFP-diS2, with the 

254 sole water present potentially undergoing dynamic exchange with the bulk solvent 

255 via the channel shown in Fig. 3b. Such water networks are known to play a key role 

256 in chromophore charge state 34,40,41. The side chain orientation of E222 and thus its 

257 interaction with S205, a critical interaction involved in proton shuttling that promotes 

258 the CRO-O- form 42,43, is also altered in mGFP-diS2; as a result, the distance 

259 between E222 and S203 increased to 3.7Å (from 3.0Å in sfGFP). Thus, the 

260 cumulation of these structural changes are likely to promote CRO-OH on the 

261 introduction of the H148C mutation. The V206F mutation does not have any 

262 significant impact on the local structure of sfGFP with both backbone and side-chain 
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263 configurations of the mutated residue and surrounding residues being similar (Fig. 

264 S7). 

265

266
267 Fig. 4. Structure of dGFP-diS2. (a) Overall structure of dGFP-diS2 showing one 

268 monomer (green) in relation to the other (grey). The chromophores are shown as 

269 sticks and coloured green and the disulphide bridge is shown as spheres. The 

270 electron density of the disulphide bridge is shown in Fig. S8. The distance between 

271 the two chromophores is shown by the dashed double arrowhead line. (b) The role of 

272 the V206F mutation in stabilising the dimer interface. Residues with superscript A 

273 come from one subunit and are coloured green and those with superscript B are 

274 from the second subunit and coloured grey. The H77B is highlighted as part of a pi-

275 cation interaction. (c) The local chromophore environment with water molecules 

276 shown as red spheres. The monomeric mGFP-diS2 is overlaid and coloured grey 

277 with the conserved W1 water molecule present in both structures coloured as an 

278 orange sphere. (d) Inter-subunit network between CROA and Y200B. 

279

280 The overall structure of dGFP-diS2 is shown in Fig. 4a. The two dimers have a 

281 defined, symmetrical interface comprising the same residues from each monomer 

282 unit covering 910 Å2 (as defined by PISA44). The residues that contribute dimer 

283 interface are detailed in Tables S2 and S3. The disulphide bridge has two potential 

284 configurations (see Fig. S8 for electron density) and is exposed to the solvent 
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285 explaining the ability of DTT to break the dimer apart (Fig. S5). The introduction of 

286 the V206F mutation plays an important role in promoting the dimer formation as it 

287 makes interactions with 6 residues in the neighbouring monomer, including a pi-

288 cation interaction with H77 (Fig. 5b). 

289 The likely mechanism of CRO state switching is due to changes in the local 

290 chromophore environment on dimerisation. Monomeric and dimeric GFP-diS2 are 

291 very similar with a C RSMD of 0.119 Å and local side chains around the 

292 chromophore occupying similar positions (Fig. S9a). The main changes are 

293 increased solvation of the chromophore and a plane flip in the position of the C148-

294 N149 peptide bond (Fig. 4c and S9b). Peptide bond plane flipping is relatively rare 

295 and may be the rate-limiting step in the dimerisation processes45,46; it could also 

296 provide a rationale for the requirement for Cu2+ to promote dimerisation. The water 

297 molecule close to the CRO (W1) observed in mGFP-diS2 (Fig. 3b) is still present in 

298 the dimer but 4 additional water molecules are now observed. Together with W1, the 

299 W2 and W3 water molecules form a H-bond network to the CRO with these waters 

300 being planer to the CRO (Fig. 4c). W4 and W5 are above the plane of the CRO and 

301 occupy the space available due to rearrangement of the C148-N149 peptide bond; 

302 they form a H-bond network with S147. In the broader picture of the dimer, waters 

303 W1, W2 and W3 form a long-range polar network that spans the dimer interface 

304 incorporating Y200 from the second protomer (Fig. 4d). The formation of organised 

305 water networks in avGFP-like proteins close to the CRO has been postulated 

306 previously to promote the formation of the ground state CRO-O- form 33–35. The water 

307 networks observed here (Fig. 4c-d) are likely to play a similar role by facilitating 

308 proton abstraction which can then be shuttled though the neighbouring water 

309 network at the dimer interface. These local water molecules together with S147 can 

310 help stabilise the negative charge so promoting CRO-O-. Crucially, these water 

311 molecules are also largely buried at the dimer interface so restricting their exchange 

312 with bulk solvent (Fig. S10). Recent work has shown that the structurally conserved 

313 water molecule W1 rapidly exchanges with the bulk solvent in sfGFP30. The potential 

314 to restrict exchange of water molecules may contribute to the improved spectral 

315 properties on dimerisation both here and elsewhere 34,35. 
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316
317 Fig. 5. Dimerisation of GFP-diS2 fused to a leucine zipper element. (a) 

318 Schematic representation of activation mechanism. The leucine zipper (ZIP) is 

319 coloured grey, linker sequence orange and the GFP-diS2 component green. (b) 

320 Absorbance spectra of GFP-diS2-ZIP in the absence (black) and presence (green) of 

321 1 mM CuSO4. In vitro association kinetics of GFP-diS2-ZIP in the presence of (c) 

322 Cu2+ (1 mM CuSO4) or (e) Cu+ (250 M CuSO4 plus 1 mM ascorbate). The influence 

323 of either (d) Cu2+ or (f) Cu+ on the GFP-diS2-ZIP fluorescence ratio. 

324

325 Fusing GFP-diS2 to a homo-dimerising component.
326 The switch from CRO-OH to CRO-O- provides a means to monitor copper levels 

327 and also protein dimerisation through ratiometric changes in fluorescence emission 

328 on excitation at two distinct wavelengths (~400 nm and ~490 nm). The N- and C-

329 termini are on the same face (Fig. S11), so should not preclude association if fused 
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330 to naturally homo-dimeric proteins. To assess the effect of fusing GFP-diS2 natural 

331 homodimerizing protein component, we employed the leucine zipper region (ZIP) of 

332 transcription factor GCN4 47. In this scenario, the leucine zipper region should result 

333 in GFP-diS2 becoming an obligate homodimer (Fig. 5a). Addition of copper ion 

334 should result in rapid switching “on” of fluorescence emission on excitation at ~490 

335 nm due to the localisation of the two GFP-diS2 components.

336 In the absence of CuSO4, the homodimer construct now termed GFP-diS2-ZIP, 

337 exhibited spectral characteristics similar to mGFP-diS2 (Fig. 5b and Table 1), with 

338 the ~400 nm absorbance peak equivalent to CRO-OH dominating. On addition of 

339 CuSO4, GFP-diS2-ZIP quickly switches to CRO-O- as indicated by the dominant 

340 absorbance at ~493 nm (Fig. 5b). As with the monomer-to-dimer conversion of GFP-

341 diS2, the chromophore molar absorbance coefficient was enhanced compared to 

342 sfGFP and dGFP-diS2 (Table 1). The ExCRO-O-:ExCRO-OH fluorescence emission ratio 

343 was also higher in the obligate homodimer, with a 37 fold increase compared to 27 

344 fold change when forming dGFP-diS2. The rate of conversion was also far quicker 

345 (Fig. 5c) with a second order rate constant of 810 ± 30 nM-1min-1, ~65 fold quicker 

346 than monomer-to-dimer conversion; for a 1 M sample of GFP-diS2-ZIP conversion 

347 was essentially complete within 5 min (Fig. 5c). Thus, coupling GFP-diS2 to a known 

348 homodimerisation element results in a much improved GFP association and thus 

349 switch in fluorescence. The switch is also reversible as addition of DTT quickly 

350 converts copper-treated GFP-diS2-ZIP to a form with spectral properties like that in 

351 the absence of copper (Figure S12). The change in emission ratio is also dependent 

352 on Cu2+ concentration suggesting GFP-diS2-ZIP can be used as a cellular copper 

353 sensor (Fig. 5d). At Cu2+ concentrations <=10 M, the rate of switching is slow (Fig. 

354 S13a) with the end point change being relatively small (Fig. 5d). The ratiometric 

355 switch also appears to be specific to copper ions as other biologically relevant metal 

356 ions did not change the ExCRO-O-:ExCRO-OH emission ratio (Supporting Table S4). 

357 Inside the reducing environment of the cell, Cu2+ is reduced to Cu+ and is mainly 

358 transported into the cell as the Cu+ form 8,10. For use inside the cell, we assessed the 

359 impact of reducing conditions and Cu+ on GFP-diS2-ZIP fluorescence switching. Cu+ 

360 is commonly produced in the presence of ascorbate, a natural biological reducing 

361 agent 48. The rate of association increased considerably in the presence of Cu+, with 

362 fluorescence switching occurring in <1 min (Fig. 5e), with an estimated second order 
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363 rate constant of 3118 ± 465 nM-1 min-1. Cu+ also displays a concentration 

364 dependence in fluorescence switching (Fig. 5f and Fig. S13b), as with Cu2+. 

365 Ascorbate itself has little effect on the spectral properties of GFP-diS2-ZIP (Fig. 

366 S14). It is not clear why Cu+, a reducing agent, should promote bringing the two 

367 GFP-diS2 units close to each and instigate switching using the proposed disulphide 

368 mechanism above. Cu+ does have high affinity for thiolates capable of forming a bis-

369 thiolate complex (e.g. in CSP1 49). Here, Cu+ could be acting as the temporary bridge 

370 and/or a catalyst that facilitates linking together the GFP-diS2 units via the 

371 engineered cysteine residues. 

372

373
374 Fig. 6. In situ response of GFP-diS2-ZIP to copper. (a) Change in fluorescence 

375 emission ratio (Ex 390 nm: Ex 490 nm) of bulk E. coli cell culture on addition of 1 mM 

376 CuSO4. Inset is the fluorescence emission spectra (emission at 520 nm) measured 

377 before (black) and 3600 s after (green) the addition of 1 mM CuSO4. (b) Change in 

378 fluorescence emission ratio (Ex 405 nm: Ex 470 nm) of individual E. coli cells on 

379 addition of 1 mM CuSO4. A total of 23 different cells were analysed from widefield 

380 imaging. The error bars represent the standard deviation between the 23 different 

381 cells. (c) Representative widefield images at the different centre excitation 

382 wavelength of individual E. coli cells at different time periods. OL refers to the 

383 overlay of the two individual excitation wavelengths. The accompanying movies over 

384 the full time course can be found as Supplementary Movies 1 and 2. 

385

386 We then tested the GFP-diS2-ZIP system in situ by monitoring changes in 

387 fluorescence ratio in E. coli. The R0 ratio (Ex 390 nm:Ex 490 nm at 0 s) ratio was 
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388 ~0.60, close to the in vitro value of 0.58 reported above. This suggests that free 

389 copper ion is very low in ambient conditions, which is in line with previous work 8,50.  

390 On addition of CuSO4 to the cell suspensions, there is an initial lag of ~500 s, 

391 followed by an increase in fluorescence ratio; a plateau is reached after ~55 min 

392 (Fig. 6a). The change in the maximal fluorescence ratio is 7.2 fold, which equates to 

393 a sub 1 M Cu+ concentration and/or 100 M Cu2+, based on the metal ion 

394 dependent concentration curves in Fig. 5. 

395 GFP-diS2-ZIP can also be used as a cell imaging probe. Fluorescence 

396 microscopy allows the impact of copper on individual cells to be investigated. As with 

397 the bulk cell culture, an initial lag is observed of ~60 s (plus 4-5 min preparation 

398 before imaging) after adding CuSO4 to the cells. After the initial lag phase, the 

399 fluorescence emission ratio increases until it reaches an R/R0 plateau at around 9. 

400 This equates to a sub micromolar Cu+ concentration, the form of copper that is 

401 thought to predominate inside the cell under reducing conditions 11. The cells 

402 analysed appear to retain their general cellular morphology with the changes in 

403 fluorescence levels clearly evident (Fig. 6c).

404 Our data suggests that copper can enter E. coli with available levels likely to be 

405 in the 10-100s nM range (10-8-10-7 M) based on measured ExCRO-O-:ExCRO-OH 

406 emission ratio correlated to copper concentration in Fig. 5. Copper import into E. coli 

407 is largely unknown but the initial lag period suggests there is a requirement to induce 

408 production of import systems such as the recently reported AZY operon system 51. It 

409 was originally thought that only efflux systems were induced in response to high 

410 copper concentrations 8,10,11. Cellular copper is thought to be ~10 M but the vast 

411 majority is bound to proteins leaving the available intracellular free copper ion at <10-

412 18 M or just a few atoms per cell 52 but has been reported to rise to 10-15 M 11,53. 

413 These published copper concentrations are still much lower than our data here 

414 suggests but is in line with reported M levels in the periplasm 54. What is clear is 

415 that our GFP-diS2-ZIP system can respond dynamically to changes in cellular 

416 copper concentrations generating a positive and large (compared to existing 

417 genetically encoded copper sensors) signal change. The requirement of disulphide 

418 bond formation as the mechanism for switching could limit the sensor’s capacity to 

419 monitor fluxes in copper over extended periods by trapping GFP-diS-ZIP in the “on” 

420 state. However, as we have shown, the process is potentially reversible under 
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421 reducing conditions (Fig. S5 and S12). GFP-diS-ZIP produced in the cells is in the 

422 “off” state (engineered C148 residues remain as thiols) suggesting this is the default 

423 state under low copper conditions. Bacteria such as E. coli maintain a reducing 

424 cellular environment, with glutathione playing a key role in this process. Glutathione, 

425 which is at a concentration of ~17 mM in E. coli 55, is also thought to play a role in 

426 copper chelation 53,56. In the presence of high copper concentrations, the conditions 

427 inside the bacterial cell (e.g. high glutathione levels) do not appear to impede the 

428 disulphide-based GFP-diS-ZIP copper response.

429

430 Conclusion 
431 We have engineered a well-utilised GFP to change its spectral characteristics in 

432 response to copper-dependent homo-dimerisation. The molecular basis of action 

433 suggests that organised water molecules play a key role in promoting proton transfer 

434 from the chromophore causing a switch in its charged ground state from the neutral 

435 phenolic to negatively charged phenolate. This in turn changes the primary excitation 

436 wavelength providing a measurable response on homo-dimerisation. The 

437 requirement for CuSO4 provides a means to measure copper levels without 

438 interference from other metal ions and to our knowledge is the first genetically 

439 encoded ratiometric copper sensor with a large positive gain of signal. Genetically 

440 encoded copper biosensors have a range of potential applications. Our 

441 demonstration here in bacteria opens routes for environmental monitoring ranging 

442 from copper bioavailability in soil to industrial waste tracking and bioremediation. 

443 Adaption for use in mammalian cell systems could lead to ways to understand the 

444 role of copper levels in diseases ranging from dementia to cancer. Replacement of 

445 the disulphide bridge with a copper-chelating motif 15 could provide an addition route 

446 to measure copper flux through metal ion binding and unbinding without the need for 

447 forming a covalent link. There is the potential to transfer the system to monitor more 

448 generally homodimerisation, arguably the most common of all PPIs in biology, by 

449 replacing the leucine zipper component with another homodimerisation element. The 

450 need for copper and the disulphide bridge is currently a limiting aspect but further 

451 engineering to optimise the dimer interface and promote the 148-149 peptide bond 

452 plane flipping may potentially result in a non-covalent system that can monitor 

453 reversible and dynamic exchange PPI events. 

454
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455 Methods and Materials. 
456

457 Protein engineering and purification. 

458 The gene encoding sfGFP was resident in the pBAD plasmid (arabinose inducible) 32 

459 or the pCA24N P50-GFP fusion (see Supporting Information for gene fusion 

460 construction) were used as the template for whole plasmid inverse Q5 DNA 

461 polymerase mutagenesis procedure (NE Biolabs). The H148C and V206F mutations 

462 were introduced using the following primer pairs: H148C, 5’-

463 GCGGTAATATACACATTGCAGCTGTTG-3’ and 5’-

464 CGATAAACAGAAAAATGGCATCAAAGCG-3’; V206F, 5’-

465 GAGCAAAGATCCGAATGAAAAACGTG-3’ and 5’-

466 AGAAAGCTCTGGGTGCTCAGATA-3’. All mutations were confirmed by DNA 

467 sequencing (Eurofins Genomics). The GFP-diS2-ZIP construct was synthesised by 

468 Twist Bioscience and cloned into the pET28a (IPTG inducible). Proteins were 

469 purified essentially as described previously 32,57 and with details provided in the 

470 Supporting Information. 

471

472 Dimerisation of sfGFP variants

473 CuSO4 (Sigma-Aldrich) was added to sfGFP variant protein samples to aid 

474 dimerisation through formation of a disulphide bond 58. Dimerisation of the sfGFP 

475 variants in 50 mM TrisHCl, pH 8, was initiated by the addition of CuSO4 to a final 

476 concentration of 1 mM and then left to incubate for varying amounts of time. For 

477 association kinetics, protein concentrations ranged from 0.1M to 0.5 M with 

478 samples taken periodically for analysis. The dimerisation of sfGFP variants used in 

479 this study was a second order rate reaction, as homodimerisation is recorded as A 

480 +A  A2 59. The second order rate constant was calculated using the equation v = 

481 k[A]2 where v is the rate, k is the rate constant (M-1sec-1) and A is the monomer 

482 protein concentration (M). To calculate the percentage of sfGFP that has dimerised, 

483 the emission ratios on excitation of the CRO-OH (390-400 nm) or CRO-O- (485-495 

484 nm) were recorded at various time points as described below. For preparation of 

485 large quantities of dimer, samples of up to 50 mg/mL of protein were incubated with 

486 1 mM CuSO4 for 1 hr with mixing. The monomer and dimer were separated by SEC 

487 as described in the Supporting Information. 
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488

489 Absorbance and fluorescence spectroscopy.

490 UV-visible (UV-vis) absorption spectra were recorded on a Cary 60 

491 spectrophotometer (Agilent) in a 1 cm pathlength quartz cuvette (Hellma). Spectra 

492 were recorded from 200 – 600 nm at a rate of 300 nm/min. Extinction coefficients 

493 were calculated using the Beer-Lambert law by using known concentration of protein 

494 as determined by the DC protein assay (BioRAD) with sfGFP as the calibration 

495 standard and verified by comparison with sfGFP’s 280 nm absorbance (sfGFP, ɛ280 = 

496 25,400 M-1cm-1). Steady state emission and excitation fluorescence spectra were 

497 measured using Varian Cary Eclipse Fluorimeter and a 10 mm x 2 mm QS quartz 

498 cuvette (Hellma). Spectra were recorded with 5 nm excitation/emission, slit width at a 

499 rate of 300 nm/min. Emission spectra were recorded at a fixed excitation wavelength 

500 according to the excitation maximum of the variant. Excitation spectra were recorded 

501 at the fixed wavelength according to the maximum emission. Unless otherwise 

502 stated, spectral scans were recorded for at 0.5 μM in 50 mM Tris-HCl, pH 8.0, for 

503 monomers and at 0.25 μM for dimers. For GFP-diS1 and GFPdiS2 dimerisation 

504 kinetics, a CLARIOstar Plus plate reader (BMG LabTech) was also used. The 

505 bandwidth of filters used was 8 nm. As the minimum distance allowed between filters 

506 is 30 nm, the emision was recorded at 516 upon excitation at 388 nm and 483 nm. 

507 Each measurement was performed in triplicate using a NuncTM F96 MicrowellTM 

508 black polystyrene plate (Thermo fisher). To calculate ExCRO-O-:EXCRO-OH ratios, 

509 emission values upon excitation at major absorbance peak around 490 nm were 

510 divided by emission values when recorded at ~400 nm. Extact wavelengths are 

511 stated in the main text. The ratio are presented as R/R0 where R is the ratio at a 

512 particular time point and R0 the ratio at the start of the measurement. Quantum yield 

513 was determined using a fluorescein standard as described previously 33.

514

515 Structure determination.

516 Purified proteins samples in 50 mM Tris-HCl, pH 8 at ~10 mg/mL were screened for 

517 crystal formation using sitting drop vapour diffusion across a wide variety of 

518 conditions as described by the PACT premierTM and JCSG-plusTM HT-96 broad 

519 crystallisation screens (Molecular Dimensions). Crystallisation plates were stored at 

520 23°C and crystal growth monitored. Crystals were harvested, 1 mM ethylene glycol 

521 added and flash frozen in liquid nitrogen. X-ray diffraction data was obtained at 
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522 Diamond Light Source, Harwell, UK on beamline I03. Crystals of mGFP-diS2 were in 

523 the P 1 21 1 space group grew in condition G12 on the PACT Premier screen (0.2 M 

524 Sodium malonate dibasic monohydrate, 0.1 M Bis- Tris propane, pH 7.5, 20 % w/v 

525 PEG 3350). The crystals diffracted to the highest resolution of 1.89 Å. Crystals of 

526 dGFP-diS2 were in the P 2 2 21 space group and grew in condition G7 on the PACT 

527 Premier screen (0.2 M sodium acetate trihydrate, 0.1 M Bis-tris propane, pH 7.5, 

528 20% w/v PEG 3350). The crystals diffracted to the highest resolution of 1.79 Å. The 

529 structures were determined by molecular replacement, with the sfGFP structure 

530 (PDB 2b3p29) as the reference, essentially as described previously 33,34. Full 

531 diffraction data and refinement statistics can be found in Table S1. The PDB entry for 

532 mGFP-diS2 is 8c1x and is 8bxp for dGFP-diS2. 

533

534 E. coli cell imaging. 

535 Bacteria were induced with 1 mM IPTG and grown to mid log phase before being 

536 concentrated by centrifugation tenfold to increase the number of bacteria present 

537 within an individual field of view. Cells were mixed with CuSO4 (final concentration of 

538 1 mM), before 20 uL were placed on a fresh microscope slide and covered with a 

539 25mM #1.5 glass coverslip and immediately placed on the microscopy for imaging. 

540 Wide-field epi fluorescence measurements were conducted on an inverted Olympus 

541 IX73 microscope and a Prior Lumen200Pro light source using filter set 89000, 

542 (Chroma, Vermont, U.S.A.) selecting the ET402 nm/15 nm or ET490 nm/20 nm as 

543 the excitation filter and the ET525 nm/36 nm as the emission filter. The fluorescence 

544 emission was detected with a Hamamatsu ORCA-flash 4.0 V2 sCMOS Camera 

545 operated utilizing the HCImage software package (Hamamatsu). An Olympus 

546 UPlanSApo 20× oil immersion objective with an NA of 0.75 was used to collect 

547 sequential images at full resolution (2048x2048 pixels at 1xbinning) with exposure 

548 times of 500 ms for each channel, with a 10 second interval over 75 timepoints. To 

549 reduce any impact of sample drift on quantification, cell images were registered in xy 

550 using the “Linear stack alignment with SIFT multichannel” plugin 60 in FIJI 61. A total 

551 of 23 individual bacteria were selected through the use of a 5 pixel diameter circular 

552 region of interest, and the intensity of each channel within each region of interest 

553 (ROI) was measured. Background measurements were calculated from the average 

554 of 5 ROI containing no bacteria at time 0, and subtracted from each measured 

555 timepoint. Finally, a ratio was determined between centred 402 and 490 nm 
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556 excitation and the R/R0 calculated for each individual bacteria, before being 

557 averaged across all bacteria and plotted against time.
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Data availability statement. 

Gene sequence data is available in the Supplementary Information. 

Data in figures will be made available via FigShare via 

https://figshare.com/s/826745d1a6d6d5b1c668

Crystal structures have been submitted to the PDB with ID codes 8c1x and 8bxp. 
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