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Abstract 46 

The design of organic-peptide hybrids has the potential to combine our vast knowledge of 47 
protein design with small molecule engineering to create hybrid structures with complex functions. 48 
Here we describe the computational design of a photoswitchable Ca2+-binding organic-peptide 49 
hybrid. The designed molecule, designated Ca2+-binding switch (CaBS), combines an EF-hand 50 
motif from classical Ca2+-binding proteins such as calmodulin with a photo-switchable group that 51 
can be reversibly isomerized between a spiropyran (SP) and merocyanine (MC) state in response 52 
to different wavelengths of light. The MC/SP group acts both as a photo-switch as well as an 53 
optical sensor of Ca2+ binding. Photoconversion of the SP to the corresponding MC unmasks an 54 
acidic phenol, which CaBS uses as an integral part of both its Ca2+-binding site as well as its 55 
tertiary and quaternary structure. By design, the SP state of CaBS is monomeric, while the Ca2+-56 
bound form of the MC state is an obligate dimer, with two Ca2+-binding sites formed at the 57 
interface of a domain-swapped dimer. Thus, light and Ca2+ were expected to serve as an “AND 58 
gate” that powers a change in backbone structure/dynamics, oligomerization state, and 59 
fluorescence properties of the designed molecule. CaBS was designed using Rosetta and 60 
molecular dynamics simulations, and experimentally characterized by NMR, isothermal titration 61 
calorimetry (ITC), and optical titrations. These data illustrate the potential of combining small 62 
molecule engineering with de novo protein design to develop sensors whose conformation, 63 
association state and optical properties respond to multiple environmental cues. 64 

Significance Statement 65 

This article details the creation of photoswitchable organic-peptide hybrids that self-associate 66 
into Ca2+-binding dimers when exposed to specific light wavelengths. This research highlights the 67 
potential of photoswitchable compounds to regulate complex equilibria, enabling the design of 68 
photoactive systems. These findings could lead to new applications in various fields, 69 
demonstrating the ability to control protein behavior with light and calcium. 70 

Introduction 71 

Metal ions have gained recognition as essential elements in biological systems, owing to their 72 
multifaceted roles in processes such as photosynthesis,(1, 2) electron transfer,(3) transport, 73 
signal transduction,(4) and catalysis.(5) To carry out these diverse functions, metals require 74 
specific binding motifs that can accommodate precise redox states and geometric arrangements. 75 
With the advent of metalloprotein engineering and de novo protein design, it has become 76 
increasingly feasible to uncover intricate structure-function relationships within naturally occurring 77 
metalloproteins and tailor the properties of both natural and novel metalloproteins for specific 78 
applications.(6-11) Nevertheless, the design of metalloproteins remains challenging, as it 79 
demands a complex interaction network with exact coordination numbers, along with second- and 80 
third-shell hydrogen-bonded interactions, to stabilize the binding site — a critical factor in 81 
preserving their function. 82 

To expand the repertoire of structural motifs for metal recognition and actively regulate the 83 
function of metalloproteins, the integration of organic-peptide hybrid materials has gained 84 
significant attention. The integration of peptides and organic components has the potential to 85 
combine the chemical properties of small molecule ligands with the specificity and conformational 86 
properties of natural proteins. Porphyrins, for example, mediate metal binding when incorporated 87 
into helical bundles, thereby facilitating catalytic and redox activities.(12, 13) Additionally, organic 88 
moieties offer the potential for introducing novel functionalities within relatively compact, tunable 89 
packages, including photocatalytic, photoswitchable, and photo-redox activities.(14-24)  90 



 

 

4 

 

Here, we computationally design a calcium-binding switchable peptide-organic hybrid whose 91 
conformation and oligomerization state can be controlled by the combined stimuli of light and 92 
Ca2+ binding. These studies build on previous work on the design of photoswitches in proteins 93 
involving diazobenzenes and photoactive LOV domains, which generally relied on a single 94 
stimulus to switch conformation.(25-37) As the light-switchable group, we used a spiropyran (SP) 95 
— a photoswitchable chromic molecule — that can be photo-isomerized between two forms: from 96 
ring-closed form SP to the ring-open form merocyanine (MC). The ring-opened MC form is 97 
converted to the SP by irradiation at 365 nm, while the reverse reaction is promoted by visible 98 
light in the range of 400-600 nm. (Scheme 1). Thermal isomerization between the two is slow, 99 
allowing photo-control of both states. The presence of a negatively charged oxygen (O-) atom in 100 
the MC structure allows it to coordinate metal ions, which also leads to a shift in the MC 101 
absorbance upon binding to the target (Scheme 1). We integrate this photo-switchable moiety 102 
into a peptide framework to engineer a light-triggered sensor with finely tuned metal-binding 103 
properties. Moreover, the metal-bound state was designed to form an obligate dimer by building 104 
across the interface of a domain-swapped dimer. Our designed calcium-binding switchable 105 
peptides demonstrate the remarkable control that can be achieved by combining organic and 106 
peptidic elements: upon photoconversion, CaBS undergoes a dramatic change in backbone 107 
conformation, association state, UV/visible absorption and fluorescence, and Ca2+ affinity. 108 
Moreover, CaBS shows high specificity for Ca2+ over other divalent metal ions, showing the 109 
promise of our approach for design of sensitive and selective photoswitchable metal ion 110 
sensors.(23, 31, 38-42)  111 

 112 
 113 
Results and Discussion 114 

Design strategy 115 

The MC used in this work features a phenolate, which associates weakly to divalent 116 
cations.(43-45) However, more specific recognition of metal ions using this derivative has not 117 
been reported to the best of our knowledge. To enhance metal ion selectivity, we turned to the 118 
EF-hand family of Ca2+-binding peptides, known for their classic motif comprising a short Ca2+ 119 
binding loop with multiple carboxylate and carbonyl ligands.(46-49) The CaBS was designed by 120 
combining the core of the Ca2+ binding site of an EF-hand from calmodulin(50) (sequence 121 
number from 20 to 31, sequence DKDGDGTITTKE) and the photo-switchable metal-binding 122 
ligand, MC (Figure 1). The calcium in the EF-hand is coordinated by seven oxygen ligands: one 123 
chelating carboxylate, three monovalent carboxylates, one backbone carbonyl and one water. To 124 
convert this peptide into a switchable CaBS, the peptide was truncated prior to the Glu31 ligand, 125 
and the Ca2+-binding MC was then grafted onto the N-terminus of the peptide. Due to its 126 
elongated nature, the MC projected away from the Ca2+-binding site (Figure 1); to solve this 127 
problem, we considered a C2-symmetric dimer, where the MC oxygen ligand appeared ideally 128 
positioned to complete the coordination sphere of a symmetry-related monomer, creating a 129 
domain-swapped dimer (Figure 1 and S1). Thus, the chelating Glu31 was removed and replaced 130 
with a monovalent phenolate of the MC. We then utilize Rosetta SetupMetalsMover(51-53) 131 
(Supplementary information) to optimize the geometry of the dimeric complex. During 132 
optimization, Asp22 (which was a monovalent ligand in the native protein) transitioned from a 133 
monovalent to a chelating orientation by a carboxylate shift(54) increasing the interaction with the 134 
Ca2+ ion (Figure S1A and B). We evaluated the geometrical favourability of the optimized 135 
coordination geometry by varying the angle between two vectors, one representing the direction 136 
of the elongated MC molecule (SP) and the other for the peptide. The angle between these 137 
vectors served as a convenient collective variable for each dimer, guiding in the formation of a 138 
C2-symmetric dimer (refer to Figure S1C and D). Additionally, the 7th position of the calcium-139 
binding EF hand appeared well-suited for forming a hydrophobic interaction with the apolar MC 140 
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group of a symmetry-related monomer (Figure S2A). We therefore explored positioning 141 
hydrophobic residues, namely V, T, F, or Y at this position. These peptides are designated as 142 
CaBS.V, CaBS.T, CaBS.F, and CaBS.Y, respectively. 143 

Molecular dynamics (MD) simulation  144 

To evaluate the conformational stability and Ca2+ ion binding of the designed candidates, 500 145 
ns MD simulations were carried out at 298 K for each construct, using the designed structures as 146 
the initial models. Among the designed candidates, the CaBS.F dimer exhibited the lowest Ca2+ 147 
binding energy (Figure 2A) and was the sole candidate that maintained a C2-symmetric dimer 148 
(Figure 2B). These findings suggest that phenylalanine in CaBS.F plays a crucial role in 149 
hydrophobically stabilizing the C2-symmetric dimer structure and facilitating Ca2+ binding via 150 
hydrophobic interactions between the apolar MC group and the peptide. 151 

To assess the Ca2+ binding coordination geometry in CaBS.F, ligating atoms within 2.6 Å of the 152 
Ca2+: we monitored the distance between Ca2+ and its intended ligands: the carbonyl of Phe7 153 
carbonyl oxygen, MC phenolate, and carboxylates of Asp1, Asp3, and Asp5, as well as solvent 154 
water during the last 100 ns MD simulation. Throughout the simulations, the Ca2+ bound form of 155 
CaBS.F retained the desired metal ion ligation, and the overall structure (Figure 2C). The mean 156 
calcium binding distance was 2.3 ± 0.1 Å, which is an acceptable distance for binding to Ca2+. 157 
Furthermore, the total mean coordination number was 6.7, well within the range observed for 158 
Ca2+ chelates (Figure S2B and C). Additionally, removal of Ca2+ from the Ca2+-bound dimer 159 
resulted in rapid dissociation within 5 ns of the MD simulation; at later times the two monomers 160 
continued to diffuse away from one another, reaching a distance of over 40 Å after 150 ns of 161 
simulation (Figure 2D and S3). This finding suggested that Ca2+ was required to maintain a stable 162 
folded dimeric structure. Overall, MD simulation results demonstrated that of the CaBS evaluated, 163 
CaBS.F was uniquely predicted to bind Ca2+ in the predicted geometry when in the light-triggered 164 
MC state (Movie S1 and Movie S2). 165 

Calcium binding, selectivity and photoactivity 166 

The designed spiropyran peptides (CaBS.V, CaBS.T, CaBS.F, and CaBS.Y) were synthesized 167 
(Scheme 2), starting with a 4-carboxy derivative of the SP group. With the CaBS in hand, we first 168 
examined their photochemical properties in the absence of Ca2+. Under broad-band UV 169 
irradiation, the SP form converted to the MC (Figure S4), the time course reached a maximum 170 
absorbance after 120 sec, indicating that it had reached photosaturation.(55) The resulting MC 171 
form was thermally stable at room temperature for 5 min in the dark but could be readily reversed 172 
to the SP by irradiation under visible light. 173 

We next assessed the metal binding properties of the SP and photoconverted MC forms of the 174 
CaBS candidates. Notably, the CaBS.F peptide showed robust absorbance bands in phosaphate-175 
buffered saline (PBS) at 410 nm in the presence of 1.0 equivalent of Ca2+, whereas equivalent 176 
concentrations of Zn2+, Na+, Cu2+, Co2+, Mn2+, and Mg2+ did not produce similar absorbance. We 177 
also examined La3+ which is a commonly used substitute for Ca2+. Lanthanides have similar van 178 
der waals radii as Ca2+, but 3+ charge, which frequently leads to increased affinity (56-59). 179 
Indeed, La3+ exhibited a similar absorbance pattern to Ca2+. (Figure 3A), these trends were also 180 
clearly apparent upon visual inspection of the solutions (Figure S5), in contrast to other variants 181 
that showed little to no spectral changes (Figure S6). Furthermore, a titration of Ca2+ into CaBS.F 182 
showed an increase in the 410 nm band, reaching a maximum near 1.0 equivalent of metal ion as 183 
expected for the designed complex of 2 Ca2+ per dimer (Figure 3B).  184 

The changes in absorption were also reflected in changes in the fluorescent emission spectrum 185 
(Figure 3C). Peptide CaBS.F showed little fluorescence in the absence of Ca2+. However, upon 186 
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addition of Ca the fluorescence at 497 nm increased 14-fold with increasing concentration of Ca2+ 187 
up to 1.2 equivalents. Thus, peptide CaBS.F serves as an efficient turn-on fluorescent sensor for 188 
physiologically relevant concentrations of Ca2+. Moreover, Ca2+ binding could be reversibly turned 189 
on and off by using visible (to induce the MC form) and UV light (to relax the structure to the SP 190 
form); this reversibility could be realized in multiple cycles without any intensity loss 10 cycles 191 
(Figure 3E). 192 

To confirm the spectral titrations, the binding affinity of CaBS.F for Ca2+ was determined using 193 
isothermal titration calorimetry (ITC). Saturable binding curves for CaBS.F were seen with a 194 
stoichiometry of one Ca2+/peptide. Therefore, the data were analyzed according to a sequential 195 
binding model, which assumes ligands bind to the receptor in a stepwise ordered manner (N = 2), 196 
KD = 0.713 μM and 1:1 stoichiometry (Figure S7A). This KD value is consistent with a titration 197 
curve obtained from UV/visible spectroscopy of CaBS.F (Figure 3D, S8 and S9). Showing the 198 
selectivity for Ca2+, a similar ITC titration of CaBS.F with Zn2+, Na+, Cu2+, Co2+, Mn2+, and Mg2+ 199 
showed no excess heat generation over the same concentration range while ITC titrations with 200 
La3+ demonstrated binding with measurable heat of interaction, supporting our claim of CaBS.F’s 201 
selectivity towards Ca2+ (Figure S7, S8). These findings provide experimental support for the 202 
designs and MD simulations, which predicted the superior stability of CaBS.F – calcium complex 203 
relative to the others. 204 

NMR investigation of the calcium binding sites and domain swapped dimer structure 205 

We further evaluated the binding of Ca2+ of CaBS.F and the association state of the complex 206 
using the nuclear magnetic resonance (NMR) spectrum of CaBS.F before and after Ca2+ addition 207 
(Figure 4, S11-23 and Table S1). All experiments in this section were conducted on the MC form 208 
of CaBS.F that is capable of binding to Ca2+. The HMBC spectrum showed clear changes in the 209 
chemical shifts of residues associated with ligation of the metal ion, including Asp1, Asp3 and/ 210 
Asp5. Moreover, changes of the chemical shifts were associated with Phe7 and C-14 of the MC 211 
(Figure 4B and 4C), which are centrally located in the apolar interface in the designed model of 212 
the structure (Table S1, Figure S19). The stoichiometry of CaBS.F was further probed using a 213 
Job analysis,(63) which showed a maximum value at 0.5 mole fraction of CaBS.F in a Job plot. 214 
This value indicates a 1:1 stoichiometry, which is consistent with two Ca2+ per CaBS.F (Figure 4D 215 
and S20, Table S2). 216 

 We next evaluated the Ca2+-induced association of CaBS.F by measuring its diffusion 217 
coefficient (D) using DOSY NMR. A progressive change to lower D was clearly observed as the 218 
calcium ion concentration increased (Figure 4E and Table S3). The decreasing D-values indicate 219 
an increase in molecular size.(64) The D value decreased up to 1 equivalent of calcium ions, 220 
beyond which there was no significant change in calcium ion concentration. The observed 221 
change in D was consistent with an increase in the CaBS.F stoichiometry from monomer to dimer, 222 
as expected from the MD simulations. We further confirmed the dimerization behavior in the 223 
presence of Ca2+ by using size exclusion chromatography (SEC).(65) In the absence of Ca2+, 224 
CaBS.F eluted at a volume expected for the monomer; however, as increasing concentrations of 225 
Ca2+ were added, the mixture gradually changed to a dimer, with 70–80 % of the mixture being 226 
dimeric in the presence of 1.0 equivalent of Ca2+ (Figure 4F). However, when other variants of 227 
CaBS (CaBS.T, CaBS.V, CaBS.Y) were examined under the same conditions, no dimeric 228 
chromatographic shift was observed in the presence of 1.5 equivalent of calcium ions (Figure 229 
S10). 230 

To probe the conformation of the dimer, we employed a selective Nuclear Overhauser Effect 231 
(NOE) method to target specific positions in the molecular structure. 1D NOE was measured 232 
between the phenyl ring of Phe7 and H-19/H-20 of MC, when the H-5/H-9 and H-6/H-8 of Phe7 233 
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were irradiated, the peaks for H-19/H-20 of MC appeared, and conversely, when the H-19/H-20 234 
protons of MC were irradiated, the peaks for H-5/H-9 and H-6/H-8 of Phe7 were observed. In 235 
addition, once the H-3 of Phe7 was irradiated, the peaks for H-16/H-17 of MC appeared, and the 236 
reverse case was also observed (Figure S25-28). This finding strongly supports the domain-237 
swapped dimer, the observed NOEs indicate the distance between the phenyl ring of Phe7 and 238 
H-19/H-20 of MC as well as that between the H-3 of Phe7 and H-16 (or H-17) of MC were less 239 
than 5 Å.  240 

To obtain additional structural insight of CaBS.F-Ca2+ ensembles, MD simulations were carried 241 
out with restraining NOE-derived interproton distances that were calculated using PANIC analysis 242 
from ROESY (Figure S22-23 and Table S4).(66) The designated structure was simulated for 300 243 
ns with harmonic distance restraints to apply NOE-derived experimental distance and 30,000 244 
structures were extracted from the trajectories at 10 ps intervals for cluster analysis. Five distinct 245 
structures were identified; the first cluster clearly dominates, accounting for 99.32 % of the entire 246 
trajectory data (Figure 5B). This provides strong evidence that the peptide is uniquely folded in 247 
the desired conformation. The representative structure from this dominant cluster was then 248 
compared to the originally designed model (Figure 5A and S24). The analysis revealed that the 249 
structures were highly similar, exhibiting an RMSD value of 1.97 Å. The NOE derived structure 250 
closely resembled the designed model in terms of coordination geometry, with all 7 intended 251 
coordination bonds present (Figure 5B). Additionally, the hydrophobic interaction regions were 252 
sufficiently close to stabilize the swapped dimer structure as intended (Figure 5C). The NMR-253 
generated structure provides compelling evidence that the designed CaBS.F exhibits high 254 
accuracy in its unique swapped dimeric structure, and well-fitted calcium binding geometry. 255 

Conclusion 256 

In conclusion, we designed a calcium binding switchable peptide by integrating a peptide and 257 
organic moiety, resulting in a peptide whose conformation, association state and metal ion-258 
binding properties could be switched on and off in response to light. There is considerable 259 
interest in the design of proteins that respond to stimuli such as light absorption or the binding of 260 
metal ions to effect changes in conformation and assembly. Here we describe a strategy for 261 
design of peptides and proteins that can be optically switched to an isomeric form that is capable 262 
of binding Ca2+ with concomitant changes in conformation and association state. Moreover, the 263 
fluorescence is greatly enhanced upon Ca2+-binding, illustrating the potential for this approach to 264 
yield highly specific optical metal ion sensors. These approaches provide the potential of 265 
combining small molecule engineering with de novo protein design for the creation of molecules 266 
that respond to multiple stimuli.  267 
 268 
  269 
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Materials and Methods 270 

Materials 271 

All chemicals and solvents were purchased from commercial suppliers and used directly 272 
without further purification unless stated otherwise. The H-rink amide resin was purchased from 273 
PCAS. Piperidine was purchased from Alfa aesar. Ethyl Cyano (hydroxyimmino) acetate (oxyma) 274 
was purchased from TCI, Diisopropylcarbodiimide (DIC) was purchased from Sigma-Aldrich, 275 
triisopropylsilane (TIS), phosphate buffer (lX), trifluoroacetic acid (TFA) was purchased from 276 
Daejung. Dichloromethane (DCM) and Dimethylformamide (DMF), Acetonitrile (CAN), 277 
Triethylamine acetate (TEAA) and ether were purchased from Daejung and SAMCHUN. HPLC 278 
(waters) was used with a reverse-phase chromatography column (C18, 19 mm x 250 mm), 279 
gradient with different initial ratio between solvent (A 90 % and B 10 %). Molecular mass was 280 
confirmed by matrix-assisted in desorption/ionization time of flight, MALDI-TOF (High 281 
Performance mk: TOF system: autoflex max). Absorption and emission spectra were recorded 282 
using Varian Cary 500 and Varian Cary Eclipse, respectively. The UV (365 nm, 2.6 W·cm-2) and 283 
light-emitting diode (LED) lamps (360 nm, 150 mW·cm-2) were used as light sources for UV and 284 
visible light irradiation. ITC measurement was performed with MicroCal iTC200 in Shanghai 285 
Institutes for Biological Sciences. FPLC was measured on AKTA FPLC, NMR spectra were 286 
recorded using a Bruker AVANCE III spectrometer (Bruker Corporation). High-resolution-287 
electrospray ionization (HR-ESI) mass spectra were recorded using an Agilent 1290 Infinity II 288 
system equipped with a 6545 LC/Q-TOF mass spectrometer (Agilent Technologies). 289 

Protein Design 290 

Merocyanine (MC) structure was generated on maestro with structure minimization and the 291 
param file was generated on Rosetta (see the supporting information script). Coordinates for the 292 
calmodulin motif (residues 20-26) were extracted from the crystal structure (PDB: 1CLL), 293 
maintaining their four coordinate bonds with Ca2+. The MC was then added to the C-terminus via 294 
an amide bond. After generating the second motif through domain swapping with C2 symmetry, 295 
the optimal orientation for coordinate bonds was identified using a Monte Carlo simulated 296 
annealing protocol implemented with the ‘SetupMetalMover’ and ‘FastRelax’ movers in 297 
RosettaScript. The RosettaScripts used are provided at the end of the Supporting Information. 298 

Molecular dynamics simulation 299 

The MD simulations were carried out with the structures of the 4 MC-peptide candidates 300 
designed by Rosetta considering the coordination geometry of Ca2+ ion binding. The equilibrium 301 
MD simulations were performed with NAMD package with CHARMM36 force field(67) to observe 302 
the structural stability of design candidates. The force field parameters of MC were created with 303 
CHARMM-GUI input generator.(68) After energy minimization during 20 ps at 300 K, the following 304 
equilibrium simulations were carried out using an NPT ensemble at 300 K for 500 ns. The binding 305 
energy between two monomers was calculated based on the molecular mechanics-Poisson-306 
Boltzmann surface area (MM-PBSA) method.(69)  307 

Synthesis of 1-ethyl-3,3-dimethyl-2-methyleneindoline 308 

2,3,3-Trimethyl-3H-indole (1 ml, 6.9 mmol) was dissolved in MeCN (0.5 ml). Methyl hypoiodite 309 
(2 ml, 12 mmol) was then added, and the reaction mixture was refluxed for 48 hours under 310 
nitrogen gas. After cooling, the solid was filtered off, washed with MeCN and CHCl3, then dried 311 
under vacuum, yielding a pink powder.1H NMR CDCl3: δ1.67 (1H, s), 2.10 (6H, s), 2.48 (2H, s), 312 
3.65 (3H, s), 7.50 7.67 (3H, 7.56 (td, J =7.9, 1.4 Hz), 7.57 (ddd, J =7.9, 1.4, 0.4 Hz), 7.61 (td, J = 313 
7.9, 1.6 Hz), 8.09 (1H, ddd, J = 7.9, 1.6, 0.4 Hz) 91 % yield. Then to remove the iodide ion, the 314 
final product was stirred in a 0.5 M NaOH and CHCl3 mixture (50:50 v/v) for 30 mins. The product 315 
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was then extracted with CHCl3 and deionized waters and dried using vacuum evaporator, 316 
resulting in a purple liquid-like product. 1H NMR CDCl3: δ1.40 (6H, s), 3.70 (3H, s), 4.99 (1H, d, J 317 
= 1.7 Hz), 5.21 (1H, d, J= 1.7 Hz), 6.73 (1H, ddd, J=80.0, 1.3, 0.6 Hz), 6.98, 7.19 (2H, 7.04 (ddd, 318 
J =84, 1.3, 0.6 Hz), 7.12 (ddd, J = 8.0, 7.5, 1.3 Hz)), 7.27 (1H, ddd, J = 8.4, 7.5, 1.3 Hz) 80 % 319 
yield (Figure S29). 320 

Synthesis of 1'-ethyl-3',3'-dimethylspiro[chromene-2,2'-indoline]-6-carboxylic acid  321 

One equivalent of 1-ethyl-3,3-dimethyl-2-methyleneindoline was dissolved in 2 mL of ethanol, 322 
and 1 equivalent of 4-formyl-3-hydroxybenzoic acid was added. The reaction mixture was stirred 323 
under reflux for 12 hours. Afterward, the solvent was removed using a vacuum evaporator, and 324 
the product was purified through silica gel column chromatography (100% DCM). The collected 325 
product was then evaporated under reduced pressure, yielding a red to purple crystalline product. 326 
1H NMR CDCl3: δ 1.27, 1.37 (6H, 1.329 s), 1.32 (s), 3.56 (3H, s), 6.38 (1H, d, J=9.7 Hz), 6.69, 327 
6.83 (2H, 6.67(ddd, J = 7.7, 75, 1.1H), 6.75 (ddd, J = 7.7, 75, 1.1H)), 7.02-7.27 (4H, 7.09 (dd, J 328 
=8.4, 0.5 Hz), 7.09 (ddd, J =.7, 1.5, 0.4 Hz), 7.17 (d, J =9.7 Hz), 7.20 (ddd, J =7.8, 7.5, 1.5 Hz)), 329 
7.75 (1H, dd, J =8.4, 1.9 Hz), 8.43 (1H, dd, J = 1.9, 0.5 Hz) 88 % yield (Figure S30). 330 

NMR and HR-ESI-MS 331 

All NMR experiments were recorded with a Bruker AVANCE III HD 850 NMR spectrometer with a 332 
5 mm TCI cryoprobe operating at 850 MHz (1H) and 212.5 MHz (13C), with chemical shifts given 333 
in ppm (δ) for 1H and 13C NMR analyses and pulse gradient units, capable of producing magnetic 334 
field pulsed gradients in the z-direction of 50 G/cm. The NMR measurements have been done 335 
with standard BRUKER pulse sequences. The sample temperature was set to 298K, and 336 
deuterium oxide (D2O) and methanol-d4 (CD3OD) were used as a solvent. 2D NMR was acquired 337 
with a total 2K data point in F2 and 256 data points in F1 and relaxation delay 2s. ROESY 338 
experiments were carried out using a mixing time of 700 ms in the phase-sensitive mode. High-339 
resolution-electrospray ionization (HR-ESI) mass spectra were recorded using an Agilent 1290 340 
Infinity II system equipped with a 6545 LC/Q-TOF mass spectrometer (Agilent Technologies).   341 

CaBS.F - Yellow gum; [α]D25 -8.0 (c 0.08, MeOH); 1H (850 MHz) and 13C (212.5 MHz) NMR data, 342 
see Table S1; HR-ESI-MS (positive-ion mode) m/z 1069.4635 [M + H]+ (calcd. for C52H65N10O15, 343 
1069.4631) (Figure S31). 344 

The Job plot was performed by the 1H NMR studies of the ligand with varying amounts of calcium 345 
ion in CD3OD-D2O (3:1). As shown in Figure 4D, the resonance of H11 was upfield shifted as the 346 
mole fraction of Ca2+ was increased. The change in the NMR signals of H11 with the mole 347 
fraction of Ca2+ is listed in (Table S2). 348 
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Figures Legends 538 

Scheme 1. Schematic representation of photoswitchable Ca2+-binding organic-peptide hybrid that 539 
reversibly self-associates to form a Ca2+-binding dimer in response to different light wavelengths. 540 

Scheme 2. Synthesis pathway of spiropyran moiety and its conjugation with peptide. 541 

Figure 1. Overview of the computational design of a photoswitchable domain-swapped calcium-542 
binding dimer. calmodulin (PDB: 1CLL) served as the inspiration for the design. The loop from the 543 
EF-hand motif (helix-loop-helix) of calmodulin can satisfy five coordination bonds. Glu31 from the 544 
neighboring helix was eliminated, and an MC was substituted at this position as a light-switchable 545 
ligand. The resulting MC ligand projected away from the Ca2+ binding site in the monomeric 546 
complex. However, when two EF-loop-MC units were arranged with C2 symmetry, the MC group 547 
of one molecule formed a favorable metal-binding site with a symmetry related model (and vice 548 
versa) in a domain-swapped model. The domain-swapping interaction completes the coordination 549 
sphere of the Ca2+ ions; thus, we expect that binding of Ca2+ will induce dimerization. The 550 
structure was optimized using Rosetta, initially restraining the sidechain and mainchain torsional 551 
angles as in 1CLL. The phi/psi angles of the N-terminal Asp20 residue were altered to facilitate 552 
the domain-swapping interactions. While optimizing the geometry it became apparent that the C-553 
terminal residue’s T26 sidechain could interact with the MC, and this interaction could be 554 
enhanced by increasing the bulk of the sidechain to Phe. 555 

Figure 2. MD simulation of designed candidates. (A) Binding energy between Ca2+ and peptide 556 
candidates. (B) Cosine value distribution between two vectors along the SP molecule and peptide 557 
backbone, used to evaluate the geometry C2-symmetric dimers in peptide candidates. The ideal 558 
range of cosine values for C2-symmetric dimer is from -0.5 to -1 (Figure S1C and D). (C) Ca2+ 559 
coordination geometry from MD simulation at the last 100 ns well fitted with designed 560 
coordination geometry. (D) Distance between monomer chains with and without calcium. The 561 
distance was calculated by determining the center of mass of each peptide chain. The error bars 562 
(gray) represent deviation from the mean distance between peptides without Ca2+ (blue line) and 563 
with Ca2+ (red line) from three replicated MD simulations.  564 

Figure 3. Validation of the selectivity and photoactivity of designed candidates. (A) UV/visible 565 
spectral analysis of CaBS.F in the presence of La3+, Ca2+, Zn2+, Na+, Cu2+, Co2+, Mn2+, and Mg2+ 566 
insert picture showing color change and selectivity to calcium ion. The SP form of the peptide is 567 
converted to MC (upper row in A) by broad-band UV irradiation. CaBS.F was prepared at 50 µM 568 
in phosphate buffered saline (PBS) (pH 7.1, 293 K) and incubated with 1.0 equivalent of the 569 
indicated metal ions. (B) The absorbance of CaBS.F upon addition of Ca2+ from 0 equivalent to 570 
1.2 equivalent. (C) Emission changes for CaBS.F intensity increase at 510 nm accordingly in PBS 571 
buffer. (D) Binding affinity for CaBS.F by titration of Ca2+ by UV/visible light. The error bars 572 
represent standard deviations from three experimental replicates n = 3.  (E) Photoswitchable 573 
measurement of CaBS.F in the presence of Ca2+ by cycling between 365 nm UV light and visible 574 
light, monitored at 410 nm.  575 

Figure 4. NMR analysis of the calcium binding site and dimerization of the MC form of CaBS.F 576 
driven by calcium ion. (A) Model structure of domain-swapped dimer CaBS.F and calcium binding 577 
sites. The atom number of each residue is designated in table S1. (B) HMBC spectra for a range 578 
showing the chemical shift of the nearest carbon atom from each bonded oxygen atom without 579 
Ca2+ (blue) and with Ca2+ (red). A clear chemical shift is shown for the CaBS.F’s Ca2+ binding 580 
residues. (C) The Ca2+ binding sites of Asp1, Asp3 and Asp5 at the chemical shift of position 4, 581 
Phe7 at position 1, and MC at position 14 show clear chemical peak shifts in which these 582 
residues cooperate with Ca2+ to indicate a binding in the presence of Ca2+. (D) Job’s plot for 583 
determining the stoichiometry of CaBS.F and Ca2+ ions. The error bars represent standard 584 
deviations from three experimental replicates n = 3. (E) DOSY NMR analysis with the addition of 585 
0~1.5 equivalent of calcium. The diffusion coefficient value decreased upon increasing Ca2+ 586 
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concentration and saturated at 1 equivalent. The error bars represent standard deviations from 587 
three experimental replicates n = 3.  (F) SEC of the complex shows a clear formational change 588 
from monomer to dimeric form. 589 

Figure 5. NMR generated structure of CaBS.F-Ca2+ complex from NOE-restrained MD 590 
simulations of the calcium-binding site and the domain-swapped dimeric structure. (A) ROESY 591 
NMR spectra of CaBS.F + Ca2+. (B) Cluster analysis from structural trajectories at 10 ps. (C) 592 
Representative NMR-derived structure from dominant cluster (cyan for peptide and yellow for 593 
MC) compared with the designed model (gray). 594 
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