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I. General data 

ESI-MS and HRMS spectral data were recorded on a Finnigan LCQDECA and a Bruker Daltonics 

Bio TOF mass spectrometer, respectively. The precise metal concentrations were measured by 

Agilent 725 ICP-AES. Fluorescence emission spectra were obtained using LS55 Fluorescence 

Spectrometer (Perkin Elmer) at 298 K. UV-Vis spectra were obtained using Hitachi U1900 

spectrophotometer at 298 K. The metal standard solutions were obtained from Adrich or Acros. 

Unless otherwise noted, materials were obtained from commercial suppliers and were used 

without further purification. All the solvents were dried according to the standard methods prior to 

use. All of the solvents were either HPLC or spectroscopic grade in the optical spectroscopic 

studies. 

II. Experimental procedures and characterizations 

Peptide synthesis and characterization 

Cyclic peptides A and B were synthesized previously using Fmoc solid-phase peptide synthesis 

(SPPS).1 The linear precursor with protected side-chains was assembled by SPPS on  

2-Chlorotrityl Chloride. Fmoc-amino acids were coupled with the DMF solution containing 

HBTU (3.6 equiv.), HOBt (4.0 equiv.), DIEA (8.0 equiv.), and Fmoc-amino acid (4.0 equiv.). The 

Fmoc group was removed by dual treatment (5 and 10 min) with a solution of piperidine in DMF 

(20%, v/v). After the assembly of the target linear peptide, the resin was washed with DMF and 

DCM, and dried at room temperature. The peptide was cleaved from the resin by treatment with 

CH2Cl2/TFA(v/v=99/1). The crude peptide was obtained by cold ether precipitation and 

centrifugation. The linear peptide was then reacted in CH2Cl2 solution containing PyBOP (3 equiv.) 

and DIEA (4 equiv.). The reaction was completed after 3 hours. The solvent was then evaporated.  

The residue was precipitated with CH2Cl2/Et2O to obtain the cyclic peptide as a powder. The 

side-chain protections were removed by treatment with the TFA/TIS/H2O(v/v/v=95/2.5/2.5) 

solution. After stirring for 2 hours, the solution was concentrated by a N2 blowing, then 

precipitated several times with cold ether. The crude peptides were dissolved in water, identified 

by ESI-MS and purified by semi-preparative HPLC. Finally, the dried peptides were obtained by 

lyophilization as white powders.  

app:ds:concentrate


3 
 

Cyclic peptide A, Analytical HPLC Purity: 97%, Rt=17.4 min. ES-MS: calculated for 

C56H64N16O14, [M+H]+ = 1186.2, found: [M+H]+ = 1186.0, [M+2H]2+=593.6. 
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Cyclic peptide B, Analytical HPLC Purity: 97%, Rt=12.8min. ES-MS: calculated for 

C52H66N12O22P2, [M+H]+ = 1274.1 , found: [M+H]+ = 1273.8, [M+Na]+=1296.0, [M+K]+=1311.6. 
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Preparation of aqueous solutions 

A stock uranyl solution (ca. 0.42 mM) was prepared from uranium standard solution(1000mg U 

per mL in 1 % HNO3). The precise uranyl concentration was measured by ICP-AES. Other metal 

solutions also prepared from standard solution. Peptide solutions (21μM)were prepared freshly 

before use. MES buffer was prepared by dissolving solid 2-(N-morpholino)ethanesulfonic acid in 

H2O and added NaOH solution (0.1M) to adjust the pH to 6.0. 

Fluorescence titrations 

The measurements were performed at 298 K after 2 minutes’ stirring. Trp fluorescence titrations 

were performed with 285 nm excitation (excitation slit: 15 nm, emission slit: 10 nm). The volt was 

adjusted (650~800) to avoid signal saturation. Experiments were repeated to ensure 

reproducibility. 

 

III. Supplementary Fluorescence and UV Spectra 

Figure S1.  Fluorescence responses of cyclic peptide A (21μM in 20 mM MES buffer 

solution, pH = 6.0) toward UO2
2+ (0 to 20 equiv, λexc = 285 nm, slits: 15 nm/10 nm). 

 

Figure S2.  Job’s plot of cyclic peptide B with UO2
2+ in in 20 mM MES buffer solution( pH = 

6.0) representing stoichiometry 1:1.2 



6 
 

 

X = Mole fraction of cyclic peptide B 

 

Figure S3a.The comparison of fluorescence responses of cyclic peptide A and B (21μM in 20 

mM MES buffer solution, pH = 6.0) toward UO2
2+. 

 

 

Figure S3b.The linear Benesi-Hilderand expression of cyclic peptide A and B (21μM in 20 

mM MES buffer solution, pH = 6.0) toward UO2
2+. 

app:ds:comparison
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We calculated the binding constant of cyclic peptides with UO2
2+ by using the linear 

Benesi-Hilderand expression3: 
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1/KA = 85.09*10
-6

/0.9937, 1/KB = 4.74*10
-6

/1.12 

The binding constants of cyclic peptide A and B with UO2
2+ are 1.2×104, 2.4×105 at pH 6.0, 

respectively. 

 

Figure S4.  Fluorescence responses of cyclic peptide B (21μM in 20 mM MES buffer 

solution, pH = 4.0) toward UO2
2+ (0 to 4 equiv, λexc = 285 nm, slits: 15 nm/10 nm). 

  

The binding constant of cyclic peptide B with UO2
2+ is 1.3×105 at pH 4.0, respectively. 

Figure S5. Fluorescence intensity at 285nm of cyclic peptide B upon addition of UO2
2+ (0–7μ

M) 

app:ds:respectively
app:ds:respectively
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The detection limit was calculated with the equation: detection limit = 3σbi/m, where σbi is the 

standard deviation of blank measurements, m is the slope between intensity versus sample 

concentration.4 The detection limit was measured to be 0.36 μM at S/N = 3 (signal-to-noise ratio 

of 3:1). 

 

Figure S6.  UV spectra of cyclic peptide B (0.1 mM in 50 mM MES buffer solution, pH = 6.0) 

toward UO2
2+ (0 to 10 equiv). 

 

 

Figure S7.  The optimization of reaction time of cyclic peptide B (21μM in 20 mM MES 

buffer solution, pH = 6.0) toward UO2
2+ (0.5 equiv, λexc = 285 nm, slits: 15 nm/10 nm). 
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Reaction time 0.2 min 0.5 min 1 min 2 min 5 min 

Intensity 

at 360 nm 
564.37 326.84 303.95 292.26 297.02 

 

 

IV. Supplementary Calculating Data 

Computation Details 

All calculations were conducted with Gaussian 09 program. 5 Geometry 

optimization was performed with LC-BLYP method,6 because this method has been 

found to be excellent in reproducing the U-X(X=O, N, Cl etc) bond distances of 

uranyl complexes.7 The pseudo potential of SDD is used for U, and 6-311G(d,p) basis 

set was used for all the other atoms. 

Cartesian coordinate of the DFT predicted UO
2+

-cyclic peptide B structure 

 N                 -0.59383400    1.78638400   -1.75849500 

 C                 -1.83228400    1.86966100   -2.47310100 

 C                 -3.04213100    1.59406200   -1.60598800 

 O                 -2.99363500    0.76558800   -0.69865500 

 C                 -1.83821900    0.88084400   -3.62004900 

 N                 -4.17279300    2.16752400   -1.97918100 

 C                 -5.40097400    1.77596900   -1.32541400 

 C                 -5.56145100    0.28494600   -1.43259700 

 O                 -5.14096600   -0.30312700   -2.43869100 
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 C                 -6.47572500    2.51424700   -2.11471800 

 C                 -5.75904200    3.77539100   -2.56500000 

 C                 -4.34720800    3.31133600   -2.87161800 

 N                 -6.19348900   -0.37397500   -0.47491100 

 C                 -6.73335900    0.11156200    0.77927300 

 C                 -5.92597300   -0.30978800    1.99208600 

 O                 -6.48482700   -0.69793400    2.98874400 

 N                 -4.58960400   -0.20252900    1.87192800 

 C                 -3.76004400   -0.40335200    3.04157300 

 C                 -2.55514500    0.51263100    3.12268900 

 O                 -2.08826200    0.78407600    4.20557700 

 C                 -3.32348100   -1.85391300    3.20224800 

 N                 -1.98321900    0.93415100    1.97102800 

 C                 -1.07246100    2.05630400    1.96219900 

 C                  0.28556000    1.72948600    2.53783100 

 O                  1.11175400    2.60931600    2.74819000 

 C                 -1.67959400    3.34252600    2.52365700 

 N                  0.58663200    0.44134700    2.70890200 

 C                  1.86348200    0.04966900    3.21302400 

 C                  2.96542600    0.33917500    2.20601200 

 O                  2.72691900    0.48663400    1.01976000 

 C                  1.83848600   -1.42997500    3.53434200 

 N                  4.22496600    0.38308700    2.65943400 

 C                  5.30469100    0.38400800    1.69936300 

 C                  5.33478400   -0.96500900    0.99394600 

 O                  4.87274900   -1.94464300    1.54537200 

 C                  6.54192200    0.61025100    2.56248100 

 C                  6.15977300   -0.03066900    3.88594200 

 C                  4.69681500    0.33965500    4.03903400 

 N                  5.90980800   -1.03436100   -0.21192800 

 C                  6.51692800    0.06848300   -0.90888800 

 C                  5.57929000    0.94258400   -1.71762100 

 O                  5.85666400    2.11498000   -1.90842100 

 N                  4.51147800    0.33006900   -2.21335500 

 C                  3.67278300    0.95733100   -3.19779000 

 C                  2.72018300    1.98703600   -2.62334200 

 O                  2.35475400    2.93273300   -3.29218500 

 C                  2.92643100   -0.10545500   -4.00136800 

 N                  2.29038500    1.79374600   -1.36354100 

 C                  1.40383700    2.72713500   -0.72379700 

 C                  0.07965100    2.91570000   -1.46479900 

 O                 -0.33226900    4.01731800   -1.72987400 

 C                  1.98516200    4.14029300   -0.54721000 

 H                 -2.82588000    0.81534600   -4.07870200 
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 H                 -1.88968000    2.87759100   -2.87873400 

 H                 -0.28787500    0.88002900   -1.42755300 

 H                 -7.35221900    2.71840100   -1.50203100 

 H                 -6.77910800    1.91013200   -2.97348800 

 H                 -5.68660400    4.48115600   -1.73719700 

 H                 -6.23510600    4.24817600   -3.42277400 

 H                 -3.62761100    4.09038000   -2.62400900 

 H                 -4.23033200    3.00249800   -3.91506900 

 H                 -5.37416300    2.11668100   -0.29080500 

 H                 -6.80386300    1.19995700    0.78567300 

 H                 -2.60558100   -1.91244900    4.01936200 

 H                 -4.19440800   -2.43831400    3.50039900 

 H                 -4.36610400   -0.13454100    3.90498000 

 H                 -4.20840200    0.17989600    1.01601200 

 H                 -1.88444800    3.19588400    3.58451300 

 H                 -0.91462500    4.11747800    2.45801900 

 H                 -0.88663400    2.24593200    0.90346900 

 H                 -2.44403400    0.78634800    1.08114000 

 H                  1.02302600   -1.64104400    4.22953800 

 H                  2.78182700   -1.75292900    3.97604100 

 H                  2.06593400    0.60900900    4.12963100 

 H                 -0.07081600   -0.26101700    2.40078900 

 H                  6.68288000    1.68534900    2.68706600 

 H                  7.44678500    0.18685000    2.12769100 

 H                  6.76551300    0.31752600    4.72049300 

 H                  6.25570000   -1.11460700    3.81789900 

 H                  4.57889800    1.32222700    4.50363900 

 H                  4.15488700   -0.39044700    4.63486300 

 H                  5.15762500    1.17806900    0.97123700 

 H                  7.05556700    0.71907100   -0.22341000 

 H                  2.36203600    0.42609300   -4.76905100 

 H                  3.67455600   -0.70781200   -4.52030700 

 H                  4.29477700    1.53374600   -3.88514200 

 H                  4.37300400   -0.69347700   -2.09789900 

 H                  1.31251500    4.66985900    0.13555000 

 H                  1.97880100    4.64195600   -1.51013000 

 H                  1.19574500    2.30542700    0.25838700 

 H                  2.66138600    1.04656400   -0.78122000 

 H                 -6.28637100   -1.36558600   -0.65491200 

 H                 -7.73697800   -0.28412400    0.91936400 

 C                 -2.71438200   -2.42853000    1.93966000 

 H                 -3.48037100   -2.84522700    1.28490000 

 H                 -2.22320200   -1.65334100    1.34105300 

 C                 -1.63715500   -3.45653100    2.14492100 
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 O                 -1.28311200   -4.12920600    1.12922100 

 O                 -1.10331800   -3.56257400    3.25562500 

 C                 -2.91781300    3.73015900    1.78772800 

 C                 -4.26075400    3.50461400    2.17020400 

 C                 -3.00793800    4.35209900    0.55623700 

 C                 -5.04476100    4.03835600    1.11178700 

 C                 -4.89280200    2.92390800    3.27482800 

 H                 -2.17204100    4.68581200   -0.05323600 

 C                 -6.44202200    3.98637700    1.18736200 

 C                 -6.25974100    2.86339500    3.31627900 

 H                 -4.30751800    2.52648400    4.09863700 

 C                 -7.03456000    3.39910400    2.27423800 

 H                 -7.04193000    4.43733000    0.40260300 

 H                 -6.75433000    2.40741000    4.16553700 

 H                 -8.11616500    3.36878900    2.34954200 

 N                 -4.26803800    4.53949500    0.12344900 

 O                  1.61900700   -2.11551000    2.31977500 

 H                  5.76371900   -1.91562900   -0.69418300 

 H                  7.26011200   -0.32927700   -1.60161200 

 C                  1.97461500   -1.02715500   -3.25150600 

 H                  1.29866700   -1.50226300   -3.96263700 

 H                  1.31831300   -0.47211000   -2.57748300 

 C                  2.57219300   -2.16199500   -2.43820500 

 O                  3.76744300   -2.18911600   -2.15184500 

 O                  1.74007200   -3.05100200   -2.09123600 

 C                  3.30741700    4.08769700    0.03589100 

 C                  4.51290400    4.39099900   -0.53827700 

 C                  3.64484700    3.67459700    1.45651300 

 C                  5.49082600    4.22261000    0.46977700 

 C                  4.85199800    4.79166900   -1.82982500 

 H                  2.89454300    3.33825100    2.17182100 

 C                  6.78266800    4.49842100    0.23160100 

 C                  6.17734800    5.08295300   -2.07721300 

 H                  4.09709700    4.84001900   -2.60768300 

 C                  7.10466000    4.93559500   -1.07265800 

 H                  7.54318800    4.39084100    0.99279100 

 H                  6.49430700    5.39198300   -3.06310500 

 H                  8.14309600    5.15559100   -1.29397100 

 N                  4.88675900    3.75410300    1.68226800 

 H                 -1.10106700    1.16623400   -4.36918200 

 O                 -1.44169200   -0.38276700   -3.09181300 

 P                 -2.02768100   -1.80237900   -3.37129900 

 P                  1.92789000   -3.67182800    2.13026200 

 O                 -3.37166000   -2.00234200   -2.61632200 
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 H                 -4.13415100   -1.29933400   -2.55557900 

 O                 -2.34322100   -1.72443700   -4.92063200 

 H                 -2.61497400   -2.54864000   -5.34021000 

 O                  3.43086500   -3.88770400    2.46499600 

 H                  4.05935700   -3.29366900    1.99247200 

 O                  1.18182200   -4.44090900    3.22413100 

 H                  0.15371500   -4.20752100    3.27379800 

 O                  1.55789100   -3.96848800    0.71875400 

 O                 -1.06985600   -2.86529500   -3.00974500 

 U                 -0.08502000   -3.66509300   -0.90140400 

 O                  0.08097200   -5.30300800   -1.40909600 

 O                 -0.31234500   -2.00456700   -0.41929900 

 O                 -2.57104400   -4.15890600   -1.14044400 

 H                 -2.78393400   -4.33655400   -0.21475000 

 H                 -3.14331100   -3.46373000   -1.50289000 

 

V. References 

1 (a) J. Zheng, H. Chang, F. Wang, and L. Liu, J. Am. Chem. Soc., 2011, 133, 11080; (b) G. 

Fang, Y. Li, F. Shen, Y. Huang, J. Li, Y. Lin, H. Cui, and L. Liu, Angew. Chem. Int. Ed., 2011, 

50, 7645; (c) C. Lebrun, M. Starck, V.Gathu, Y. Chenavier, and P. Delangl, Chem. Eur. J., 

2014, 20, 16566. 

2 (a) P. Job, Ann. Chim.,1928, 9, 113; (b) M. Kumar, N. Kumar, V. Bhalla, H. Singh, P. R. 

Sharma, and T. Kaur, Org. Lett., 2011, 6, 1422. 

3 (a) H. Benesi and J. Hildebrand, J. Am. Chem. Soc., 1949, 71, 2703; (b) Z. Huang, J. Du, J. 

Zhang, X.-Q. Yu and  L. Pu, Chem. Commun., 2012,48, 3412. 

4 4 (a) B. P. Joshi, J. Park, W. I. Lee and K. Lee, Talanta., 2009, 78, 903.  

5 5 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, 

X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; 

Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, 

O.; Nakai, H.; Vreven, T.; Montgomery, J. A. Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; 

Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, 

J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, 

http://pubs.rsc.org/en/results?searchtext=Author:Zeng%20Huang
http://pubs.rsc.org/en/results?searchtext=Author:Jiao%20Du
http://pubs.rsc.org/en/results?searchtext=Author:Jing%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author:Jing%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author:Xiao-Qi%20Yu
http://pubs.rsc.org/en/results?searchtext=Author:Lin%20Pu


14 
 

N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; 

Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, 

J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, 

J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 

Fox, D. J.; Gaussian 09, revision D.01; Gaussian, Inc.: Wallingford CT, 2013. 

6 H. Iikura, T. Tsuneda, T. Yanai,and K. Hirao, J. Chem. Phys., 2001, 115, 3540. 

7 H.-Z. Yu, C. Li, B.-H. Chen, C.-T. Yang, D.-R. Wang, Y. Fu, S, Hu, and Z.-M. Dang, RSC 

Adv., 2014, 4, 5026.  

 

 


