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1. Experimental

1.1 General

Unless stated otherwise, all reagents and chemicals were obtained from commercial sources and used without further purification. Water was demineralized prior to use. Dichloromethane was obtained by distillation from P2O5. Avidin from egg-white (affinity purified) was purchased from Sigma-Aldrich.  The overall concentration of avidin in PBS solution was determined by means of UV/Vis experiments by measuring the intensity of the absorbance band at 282 nm. This proved to be essential, since individual batches of avidin contained different amounts of soluble protein.   1H-NMR spectra were recorded on a Varian Gemini-2000 300 MHz spectrometer at 298 K. Chemical shifts are given in ppm (() values relative to tetramethylsilane (TMS). Infrared spectra were recorded at 298 K on a Perkin-Elmer 1605 FT-IR spectrophotometer. ES-QTOF-MS experiments were recorded on a Q-TOF Ultima GLOBAL mass spectrometer (Micromass, Manchester, UK). The longitudinal ionic relaxivity (r1) was determined by a concentration dependent measurement of the longitudinal relaxation time (T1) of 4 in PBS buffer at pH 7.4. The T1 values were determined via an inversion recovery pulse sequence at 1.5 T, 20 °C (Philips Gyroscan S15/ACS).  The gadolinium content of the buffered solutions used for the relaxivity measurements was determined by means of Inductively Coupled Plasma (ICP) analysis (Leeman Labs Echelle spectrometer). 
1.2 Methods

Biotinylated-DTPA (tert-butyl protected) (2)

tert-Butyl ester-protected DTPA building block 1 was synthesized according to the described literature procedure of Anelli et al.18 and Williams et al.19 A solution of (+)-biotin-4-nitrophenyl ester (0.119 g, 0.33 mmol) was added dropwise to a colorless and ice-cooled solution of the DTPA synthon 1 (0.242 g, 0.32 mmol) in freshly dried DMF (4 mL). After 1 h of stirring at 0 °C, the reaction mixture was allowed to attain room temperature and stirring was proceeded overnight. The reaction mixture was concentrated under reduced pressure. Subsequently, dichloromethane (20 mL) was added and the solution was washed with 5% NaHCO3 (aq) (5 ( 20 mL).  The organic layer was washed with brine (10 mL), dried over MgSO4, and concentrated under reduced pressure.  The crude product was further purified by preparative size exclusion chromatography (Biobeads S-X8, DCM) and 2 was obtained as a colorless oil  (0.24 g, 0.247 mmol, 76%). 1H‑NMR (CDCl3, 298 K): ( (ppm) = 6.60 (s, 1H, NHCONH), 6.42 (t, 1H, J = 5.64 Hz, NHCO), 5.90 (s, 1H, NHCONH), 4.51 (m, 1H, biotin-SCH2CHNH), 4.32 (m, 1H, biotin‑SCHCHNH), 3.43 (s, 8H, NCH2COOC(CH3)3), 3.3-3.1 (m, 4H,  biotin-SCH {1H} + CONH(CH2)4CHN {1H} + CONHCH2(CH2)3 {2H}), 3.0-2.6 (m, 10 H, biotin-CH2S {2H} + NCH2CH2N {4H} + NCH2CH2N {4H}), 2.21 (t, 2H, J = 7.56 Hz, (CH2)3CH2CONH), 1.8-1.2 (m, 12H, (CH2)3CH2CONH {6H} + CONHCH2(CH2)3 {6H}; s, 45H,  COOC(CH3)3). The assignment of the 1H-NMR spectrum is in complete agreement with earlier data20 and is confirmed by 2D 1H,1H-COSY spectroscopy. FT-IR (ATR): ( (cm-1)  = 3299 (-NH stretch), 3223, 2977, 2932, 2862, 1707 (C=O ester), 1644 (C=O amide), 1550, 1458, 1393, 1367, 1250, 1217, 1136 (C-O stretch). MALDI-TOF m/z [M + H]+; Calcd. 971.61 Da., Obsd. 971.64 Da; [M + Na]+; Calcd. 993.59 Da., Obsd. 993.62 Da.

Biotinylated-DTPA (3)

To a stirred solution of 2 (0.211 g, 0.217 mmol) in dichloromethane was added trifluoroacetic acid (2 mL) and the reaction mixture was stirred overnight at RT. After evaporation of the solvent a second portion of TFA (2 mL) and dry dichloromethane (4 mL) was added and stirring was continued overnight. The solution was concentrated in vacuo rendering the TFA salt of 3. Additional purification by dialysis (100 Da MWCO 

membrane) and freeze-drying yielded 3 (0.062 g, 89.7 (mol 41%) as a white hygroscopic powder. 1H-NMR (D2O): ( (ppm) = 4.17 (m, 1H, biotin-SCH2CHNH), 3.98 (m, 1H, biotin-SCHCHNH), 3.84 (s, 8H, NCH2COOH), 3.2-3.1 (m, 5H, NCH2CH2NCH2COOH {4H} + CONH(CH2)4CHN {1H}), 2.95-2.7 (m, 7H, NCH2CH2N {4H} + biotin-SCH {1H} + CONHCH2(CH2)3 {2H}), 2.6-2.5 (dd, 1H, J1 = 12.9 Hz, J2 = 5.0 Hz, biotin-SCHHexo), 2.4-2.3 (d, 1H, J = 12.9 Hz, biotin-SCHHendo), 1.84 (t, 2H, J = 6.6 Hz, (CH2)3CH2CONH, 1.5-0.9 (m, 12 H, (CH2)3CH2CONH {6H} + CONHCH2(CH2)3 {6H}). The assignment of the 1H-NMR spectrum is in complete agreement with earlier data20 and is confirmed by 2D 1H,1H-COSY spectroscopy. FT-IR (ATR): ( (cm-1) = 3297, 2933, 2531 (COOH stretch), 1700 (C=O stretch), 1630 (C=O stretch), 1551, 1431, 1389, 1333, 1202 (C-O stretch). ESI-QTOF-MS m/z [M + H]+; Calcd. 691.29 Da., Obsd. 691.17 Da; [M + Na]+; Calcd. 713.28 Da., Obsd. 713.17 Da; [M + 2Na]+ ; Calcd. 735.26 Da., Obsd. 735.18 Da. 

Gadolinium complex of biotinylated-DTPA (4)

The gadolinium complex of (+)-biotin-DTPA 4 was prepared by adding a stoichiometric amount of gadolinium chloride hexahydrate (25.7 mg, 69 μmol) in demineralized water (3 mL) to a solution of 3 (48.3 mg, 70 μmol) in water (5 mL). The solution was vigorously stirred for 2 h at RT. The pH was continuously monitored and maintained at pH 7 with 0.1 N NH4OH (aq) solution. The formation of the complex was monitored and confirmed with ESI-QTOF-MS.  The aqueous solution was dialysed (100 Da MWCO membrane) and lyophilized. The corresponding gadolinium complex 4 was obtained as a white hygroscopic powder (39.2 mg, 46.3 μmol, 67%). FT-IR (ATR): ( (cm-1) = 3142, 3048, 1669 (C=O amide stretch), 1586 (antisym. COO stretch), 1403 (sym. COO stretch), 1326. ESI-QTOF-MS m/z [M + H]+ Calcd. 846.20 Da., Obsd. 846.15 Da., [M + Na]+; Calcd. 868.18 Da., Obsd. 868.13 Da.  ICP (Gd): PBS solution of 4 Calcd. 50.0 (M, Obsd. 33.6 (M.

2. Results

2.1 Fitting the E-titration data

There is a well-known mathematical model describing the binding of multiple substrates to multivalent protein with N identical, independent binding sites, as for instance can be found in ref. 21. From this model the longitudinal relaxivity of 4 bound to avidin (r1,bound) and the binding stoichiometry between 4 and avidin (N) were determined, according to the equation


[image: image5.wmf]0.0

1.0

2.0

3.0

4.0

5.0

0.00

0.20

0.40

0.60

0.80

1.00

A

500

 

Ratio Biotinylated Gd-DTPA (

4

) / Avidin


in which r1 represents the longitudinal relaxivity (mM-1s-1), r1,free the relaxivity of free substrate (mM-1s-1), r1,bound the ionic relaxivity of substrate bound to the protein (mM-1s-1), Ka the association constant (M-1), and [Pr] and [S]  the concentration of the protein and the substrate, respectively. 

2.2 Fitting the M-titration data

The average ionic relaxivity (r1) can be described according to the equation 
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in which  r1,free represents the relaxivity of free substrate (mM-1s-1), r1,bound the ionic relaxivity of substrate bound to the protein (mM-1s-1), the total concentration of substrate [S]t, the concentration of unbound substrate [S]free, and the concentration of substrate bound to the protein [S]bound. 

Plotting the average ionic relaxivity versus the ratio between [S]t and [Pr], where [Pr] is the concentration of protein, gives for  

[S]t/[Pr] < 4.4, then [S]t = [S]bound and [S]free = 0, leading to r1 = r1,bound  and for

[S]t/[Pr] > 4.4, then [S]bound = 4.4[Pr] and [S]free = [S]t - [S]bound, so that
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 2.3 HABA assay with avidin and biotinylated Gd-DTPA (4) 

The binding stoichiometry between biotinylated Gd-DTPA (4) and avidin was determined by means of the HABA-assay.14 Titration of a solution of saturated HABA with 4 results in a decrease in the UV/Vis absorbance at 500 nm, in which HABA is expelled from the biotin binding pockets of avidin (see Figure 1).  The binding stoichiometry (N) between 4 and avidin is deduced from the inflection point in figure 2, yielding N = 3.8.
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Figure 1. UV/Vis titration of HABA-saturated avidin with biotinylated Gd-DTPA (4) in 0.1 M PBS buffer at pH 7.4.
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Figure 2. Intensity of the UV/Vis absorbance at 500 nm versus the ratio between 4 and avidin.
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