
 - S1 - 

Triazole biotin: A tight-binding biotinidase-resistant conjugate 

Anne I. Germeroth,
a
 Jill R. Hanna,

a
 Franziska Kundel,

a
 Rehana Karim,

a
 Jonathan Lowther,

a
 Peter G. 

N. Neate,
a
 Elizabeth A. Blackburn,

b
 Martin A. Wear,

b
 Dominic J. Campopiano,

a
 Alison N. Hulme*

a
 

 
a
 EaStCHEM School of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ, UK . 

Fax: 44 131 650 4743; Tel: 44 131 650 4711; E-mail: Alison.Hulme@ed.ac.uk 
b
 Centre for Translational and Chemical Biology, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JR, UK. 

 

 

Supporting Information 

Contents 

S1 General experimental for synthesis 

S2 Synthesis of biotin-azide 6 

S3 Generation of Gd-DOTA azide complex S4 and Gd-DOTA alkyne complexes S5 & S6  

S4 CuAAC coupling reactions to give triazole-linked biotin Gd-DOTA complexes 7-9 

S5 Biotinidase activity assay 

S6 Enrichment of biotinidase from human serum 

S7 Biotinidase resistance and avidin binding assays 

S10 References 

S11-14 
1
H & 

13
C NMR Spectra for alkyne 4, azide 6 

S15-20 Mass spectra for triazole-linked biotin Gd-DOTA complexes 7-12 

 

General experimental for synthesis 

All starting materials and reagents were purchased from commercial suppliers and were used as supplied. 

Anhydrous DCM was distilled from calcium hydride. Unless otherwise indicated, organic extracts were 

concentrated in vacuo using a rotary evaporator. Saturated aqueous solutions of inorganic salts are 

represented as (volume; sat aq). Flash column Chromatography was carried out on Merck Kieselger 60 

(Merck 9385) under positive pressure by means of a hand pump. Eluent compositions are quoted as v/v 

ratios. Thin Layer Chromatography (TLC) was performed on MERCK 60F245 (0.25 mm) glass silica plates 

and visualised by ultraviolet (UV) light, potassium permanganate or ninhydrin stain. 

1
H nuclear magnetic resonance (NMR) spectra were recorded at ambient temperature (unless otherwise 

stated) on Bruker AC250 (250 MHz), Bruker DPX360 (360 MHz), Bruker 500 (500 MHz) and Bruker 800 

(800 MHz) Fourier Transform instruments. The data are presented as follows: chemical shift (in ppm on the 

scale relative to δTMS = 0), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), 

coupling constants and interpretation. 
13

C nuclear magnetic resonance (NMR) spectra were recorded at 

ambient temperature (unless otherwise stated) on Bruker AC250 (62.9 MHz), Bruker DPX360 (90.6 MHz), 

Bruker 500 (201.3 MHz) and Bruker 800 (800 MHz). Fourier transform instruments were referenced to the 

solvent carbon peak. The data are presented as follows; chemical shift (in ppm on the δ scale), relative 

intensity and assignment. Where Distortionless Enhancement Polarisation Transfer (DEPT) spectra have 

been reported, the carbon signals due to methyl (CH3), methylene (CH2), methine (CH) and quaternary 

carbon (C) are assigned. 

Infra-red spectra were recorded on a Perkin Elmer Paragon 100 FT-IR spectrometer using 5 mm sodium 

chloride plates, or on a Shimadzu IRAffinity-1 FT-IR spectrometer fitted with a PIKE MIRacle single 

reflection ZnSe crystal plate and high pressure clamp. The wavelengths of maximum absorbance (υmax) are 

quoted in cm
-1

. Melting points were determined on a Gallenkamp Electrothermal melting point apparatus and 

are uncorrected. Electronspray Ionisation (ESI) mass spectra were recorded on a Finnigan 450 or Micromass 
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Platform instrument at the University of Edinburgh. Fast atom bombardment (FAB) mass spectra were 

obtained using a Kratos MS50TC mass spectrometer at The University of Edinburgh. Electrospray ionisation 

(ESI) mass spectra were recorded on a Finnigan LCQ or Micromass Platform instrument at the University of 

Edinburgh. The parent ion or relevant fragment is quoted, followed by significant fragments and their 

percentages.  

All HPLC samples were dissolved in solution (1:1, H2O:MeOH) and filtered through 0.45 μm nylon syringe 

filters prior to analysis. HPLC samples were purified using a Waters 600E gradient pump and a Waters 486 

tunable detector controlled by Waters Millenium software (version 3.2), which also processed the data. The 

reverse phase column used for analytical HPLC was a Luna 5 C18(2) 100 Å (5 μm particle size, 250 mm × 

4.6 mm i.d.) and samples were injected via a Rheodyne injector with a flow rate of 1 mL min
-1

. The reverse 

phase column used for preparative HPLC was a Luna 5 C18(2) 100 Å (5 μm particle size, 250 mm × 21.2 

mm i.d.) and samples were injected via a Rheodyne injector with a flow rate of 5 mL min
-1

. The solvent 

eluent system used was: (A) = H2O + 0.1% TFA; (B) = MeCN + 0.1% TFA. Elution programmes: Method 1: 

0-10 min (95%A : 5% B); 10-80 min (95%A : 5% B gradient to 35%A : 65% B); 80-85 min (0%A : 100% 

B); 85-95min (100%A : 0%B); Method 2: 0-10 min (95%A : 5% B); 10-50 min (95%A : 5% B gradient to 

40%A : 60% B); 51-55 min (0%A : 100% B); 55-65min (95%A : 5%B). Solvents were degassed on-line. 

Chromatographed peaks were monitored at 214 nm or 220 nm and the fractions collected manually. 

 
Synthesis of biotin-azide 6 

(3aS,4S,6aR)-4-(5-Hydroxy-pentyl)-tetrahydro-thieno[3,4-d]imidazol-2-one S2
[1]

 

Anhydrous DCM (40 mL) was added to biotin methyl ester S1 (0.529 g, 2.05 mmol) 

under nitrogen resulting in a colourless suspension. The solution was cooled to 78°C 

and DIBAL (6.23 mL, 7.12 mmol, 1.0 M in DCM) was added dropwise. After stirring 

at 78°C for 20 min the solution was allowed to warm to room temperature and was 

stirred for 2 h. The mixture was again cooled to 78°C and the reaction was quenched 

by the addition of MeOH (4.5 mL), followed by MeOH:H2O (15 mL, 2:1). The solvent was removed in 

vacuo and the residue was purified by column chromatography (DCM:MeOH, 90:10) to give alcohol S2 as a 

colourless solid (0.570 g, quantitative). Rf (DCM:MeOH, 90:10) = 0.2; mp 161°C; IR 3415 (OH), 1689 

(C=O); 
1
H NMR δ (400 MHz, CD3OD) 4.49 (1H, dd, J = 7.5, 4.6, NHCHCH), 4.31 (1H, dd, J = 7.9, 4.5, 

NHCHCH2), 3.55 (2H, t, J = 6.5, CH2OH), 3.25-3.18 (1H, m, SCH), 2.94 (1H, dd, J = 12.8, 5.0, CHAHBS), 

2.72 (1H, d, J = 12.8, CHAHBS), 1.80-1.51 (4H, m, CH2), 1.53-1.39 (4H, m, CH2); 
13

C NMR δ (62.9 MHz, 

CD3OD) 164.8 (CO), 62.0 (CH), 61.5 (CH), 60.2 (CH), 55.8 (CH2) 39.6 (CH2), 32.0 (CH2), 28.8 (CH2), 28.4 

(CH2), 25.5 (CH2); m/z (ESI+, MeOH) 483 ([2M+H]
+
 61%), 253 [M+Na]

+
, 41), 231 ([M+H]

+
, 49), 213 (23). 

Spectroscopic data is in good agreement with the literature [1].  

(3aS,4S,6aR)-4-(5-Bromo-pentyl)-tetrahydro-thieno[3,4-d]imidazol-2-one S3
[1]

 

Triphenylphosphine (0.390 g, 1.50 mmol) was dissolved in anhydrous DCM (1-2 mL) 

under nitrogen and transferred with a syringe to a solution of bromine (77 μl, 1.50 

mmol) in anhydrous DCM (3 mL) at 0°C. This solution was stirred for 10 min. The 

resulting yellow slurry was transferred with a syringe to a suspension of alcohol S2 

(0.230 g, 1.00 mmol) in anhydrous DCM (2 mL). After complete dissolution of all 

reactants the reaction was monitored by TLC. After 4 h a white precipitate formed and the reaction was 

quenched by the addition of Na2S2O3 solution (10 mL, 0.1 M aq) resulting in a colour change from yellow to 

colourless. Water (10 mL) was added and the organic layer was separated from the aqueous layer. The 

aqueous layer was extracted with DCM (3 × 20 mL), and the combined organics were washed with water (3 

× 10 mL), dried with Na2SO4 and the solvent removed in vacuo. The crude product was purified using 

column chromatography (DCM:MeOH, 90:10) to yield the bromide S3 as a colourless solid (0.220 g, 74%). 

Rf (DCM:MeOH, 90:10)
 
= 0.4; mp 166°C; IR 3200 (NH), 1702 (C=O); 

1
H NMR δ

 
(400 MHz, CD3OD) 4.47 

(1H, dd, J = 7.8, 5.0, NHCHCH), 4.30 (1H, dd, J = 7.9, 4.5, NHCHCH2), 3.44 (2H, t, J = 6.7, CH2Br), 3.23-

3.18 (1H, m, SCH), 2.91 (1H, dd, J = 12.7, 5.0, CHAHBS), 2.72 (1H, d, J = 12.7, CHAHBS), 1.86 (2H, qn, J = 

7.0, CH2), 1.80-1.55 (2H, m, CH2), 1.54-1.40 (4H, m, CH2); 
13

C NMR δ (126 MHz, CD3OD) 164.8 (CO), 

62.0 (CH), 60.2 (CH), 55.7 (CH), 39.6 (CH2), 32.9 (CH2), 32.4 (CH2), 28.3 (CH2), 28.1 (CH2), 27.8 (CH2); 

m/z (ESI+, MeOH) 317 ([
81

BrM+Na]
+
, 25%), 315 ([

79
BrM+Na]

+
, 27), 213 (100). 
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(3aS,4S,6aR)-4-(5-Azido-pent-1-yl)-tetrahydro-thieno[3,4-d]imidazol-2-one 6
[2]

 

Sodium azide (0.230 g, 2.00 mmol) in water (10 mL), was added to a solution of 

bromide S3 (0.220 g, 0.750 mmol) and tetra-n-butylammonium bromide (0.040 g, 

0.136 mmol) in toluene (10 mL), and the reaction mixture was heated at 80°C for 16 h. 

The organic layer was separated from the aqueous layer and the aqueous layer was 

extracted with DCM (3 × 20 mL). The combined organic layers were dried with 

Na2SO4 and the volatiles were removed in vacuo. The crude product was purified by column 

chromatography (DCM:MeOH, 90:10) to give azide 6 as a colourless solid (0.160 g, 84%). Rf (DCM:MeOH, 

90:10) = 0.4; mp 146°C; IR 3213 (NH), 2085 (N3), 1697 (C=O); 
1
H NMR δ (400 MHz, CD3OD) 4.52 (1H, 

dd, J = 7.9, 5.0, NHCHCH), 4.33 (1H, dd, J = 7.9, 5.0, NHCHCH2), 3.34 (2H, m, CH2N3), 3.24 (1H, dt, J = 

9.9, 5.0, SCH), 2.97 (1H, dd, J = 12.7, 5.0, CHAHBS), 2.75 (1H, d, J = 12.7, CHAHBS), 1.82-1.56 (4H, m, 

CH2), 1.56-1.42 (4H, m, CH2);
 13

C NMR δ (126 MHz, CD3OD) 166.2 (CO), 63.4 (CH), 61.6 (CH), 57.1 

(CH), 52.4 (CH2), 41.0 (CH2), 29.9 (CH2), 29.8 (CH2), 29.7 (CH2), 27.8 (CH2); m/z (ESI+, MeOH) 788 

([3M+Na]
+
, 30%), 533 ([2M+Na]

+
, 100), 278 ([M+Na]

+
, 39). 

 

Generation of Gd-DOTA azide S4 and Gd-DOTA alkynes S5 and S6  

1-{2-[(3-azidopropyl)amino]-2-oxoethyl}-4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecyl 

gadolinium(III) S4
[3]

 

A solution of the DOTA-azide
[4]

 (0.041 g, 0.078 mmol) was prepared in water (5 

mL) and adjusted to pH 7 by addition of KOH (0.1 M). Gadolinium(III) triflate 

(0.0.47 g, 0.078 mmol) was dissolved in water (10 mL) and added to the DOTA-

azide solution. After mixing thoroughly for 15 min, the solution was readjusted to 

pH 6 using KOH and was stirred at 60°C for 4 h. The solution was once again 

adjusted to pH 6 and the solvent was removed in vacuo. The colourless solid was 

dissolved in EtOH, the insoluble salts removed by filtration and the solvent was 

removed in vacuo to yield Gd-DOTA-complex S4 as a pale yellow hygroscopic solid (0.105 g, quantitative). 

mp 198-200°C (decomp); IR 3400 (NH), 2105 (N3), 1682 (C=O), 1626 (C=O); m/z (ESI, MeOH) 640 

([
158

GdMH]

, 100%). HRMS (ESI, MeOH) [

158
GdMH]


 C19H30O7N8

158
Gd requires 640.1484, found 

640.1463. The appropriate isotope pattern was observed. 

1-{2-[(prop-2-ynyl)amino]-2-oxoethyl}-4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecyl 

gadolinium(III) S5 
A solution of the DOTA-alkyne

[5]
 (0.220 g, 0.470 mmol) was prepared in water (15 

mL) and adjusted to pH 7 by addition of KOH (0.1 M aq). Gadolinium(III) triflate 

(0.286 g, 0.470 mmol) was dissolved in water (15 mL) and added to this DOTA-

alkyne solution. After mixing thoroughly for 15 min, the solution was readjusted to 

pH 6 using KOH (0.1 M aq) and was stirred at 60°C for 4 h. The solution was once 

again adjusted to pH 6 and the solvent was removed in vacuo. The colourless solid 

was dissolved in EtOH, the insoluble salts removed by filtration and the solvent 

was removed in vacuo to yield Gd-DOTA-complex S5 as a pale yellow hygroscopic solid (0.500 g, 

quantitative). mp 180°C (decomp); IR 3018 (NH), 2091 (C≡C), 1685 (C=O), 1620 (C=O); m/z (ESI+, 

MeOH) 1231 ([2(
158

GdM)+K]
+
, 15%) 635 ([

158
GdM+K]

+
, 100), 619 ([

158
GdM+Na]

+
, 15), 597 ([

158
GdM+H]

+
, 

10); HRMS (FAB, 3-NOBA) [
158

GdM+H]
+
 C19H29O7N5

158
Gd requires 597.1308, found 597.1326. The 

appropriate isotope pattern was observed.  

1,4,7-tris(carboxymethyl)-10-(prop-2-ynyl)-1,4,7,10-tetraazacyclododecyl gadolinium(III) S6 

A solution of the DOTA-alkyne
[6]

 (0.129 g, 0.336 mmol) was prepared in water (10 

mL) and adjusted to pH 7 by addition of KOH (0.1 M). Gadolinium(III) triflate (0.203 

g, 0.336 mmol) was dissolved in water (10 mL) and added to the DOTA-alkyne 

solution. After mixing thoroughly for 15 min, the solution was readjusted to pH 6 

using KOH and was stirred at 60°C for 4 h. The solution was once again adjusted to 

pH 6 and the solvent was removed in vacuo. The colourless solid was dissolved in 

EtOH, the insoluble salts removed by filtration and the solvent was removed in vacuo 

to yield Gd-DOTA-complex S6 as a pale yellow hygroscopic solid (0.362 g, quantitative). mp 190-192°C 

(decomp); IR 1678 (C=O); m/z (ESI+, MeOH) 540 ([
158

GdM+H]
+
, 83%), 232 (100); HRMS (ESI+, MeOH) 

[
158

GdM+H]
+
 C17H26O6N4

158
Gd requires 540.1099, found 540.1095. The appropriate isotope pattern was 

observed.  
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CuAAC coupling reactions to give triazole-linked biotin Gd-DOTA complexes 7-9 

Triazole-linked biotin Gd-DOTA complex 7 

Biotin alkyne 4 (0.026 g, 0.116 mmol) and TBTA (0.008 g, 

0.016 mmol) were dissolved in 
t
BuOH:H2O (2:1, 15 mL) and 

allowed to stir for 15 mins. Sodium ascorbate (0.004 g, 0.031 

mmol) was then added and allowed to stir for 15 min followed 

by copper(II) sulfate (0.004 g, 0.016 mmol). After a further 15 

min Gd-DOTA complex S4 (0.050 g, 0.078 mmol) was added 

and the solution stirred under nitrogen at room temperature for 

16 h. The solvent was then removed in vacuo to afford crude 

triazole as a pale green solid. The crude product was purified by preparative RP-HPLC using a C18 column 

and H2O/acetonitrile + 0.1% TFA as mobile phase to give contrast agent 7 as a pale blue solid (0.036 g, 

54%). HPLC Rt = 40 min (Method 1); mp 296°C (decomp);
 
IR 3369 (NH), 1682 (C=O), 1602 (C=O); m/z 

(ESI+, H2O) 904 ([
158

GdM+K]
+
, 22%), 888 ([

158
GdM+Na]

+
, 100); m/z (ESI, H2O) 902 ([

158
GdMH+K]


, 

15%), 864 ([
158

GdM]

, 100%); HRMS (ESI, MeOH/H2O) [

158
GdMH]


 C30H46

158
GdN10O8S requires 

864.2449, found 864.2467. The appropriate isotope pattern was observed.  

Triazole-linked biotin Gd-DOTA complex 8 
Gd-DOTA complex S5 (0.093 g, 0.157 mmol) and TBTA 

(0.008 g, 0.016 mmol) were dissolved in 
t
BuOH:H2O (2:1, 15 

mL) and allowed to stir for 15 mins. Sodium ascorbate (0.004 g, 

0.031 mmol) was then added and allowed to stir for 15 min 

followed by copper(II) sulfate (0.004 g, 0.016 mmol). After a 

further 15 min biotin azide 6 (0.040 g, 0.157 mmol) was added 

and the solution stirred under nitrogen at room temperature for 

16 h. The solvent was then removed in vacuo to afford crude 

triazole as a pale yellow solid. The crude product was purified by preparative RP-HPLC using a C18 column 

and H2O/acetonitrile + 0.1% TFA as mobile phase to give contrast agent 8 as a colourless solid (0.034 mg, 

16%). HPLC Rt = 42 min (Method 1); mp 300°C (decomp);
 
IR 1670 (C=O), 1593 (C=O); m/z (ESI+, H2O) 

874 ([
158

GdM+Na]

, 100%); (ESI, H2O) 850 ([

158
GdMH]


, 100%); HRMS (FAB, 3-NOBA) [M+H]

+
 

C29H46
158

GdN10O8S requires 852.2462, found 852.2423. The appropriate isotope pattern was observed.  

Triazole-linked biotin Gd-DOTA complex 9  
Gd-DOTA complex S6 (0.084 g, 0.157 mmol) and TBTA (0.008 g, 

0.016 mmol) were dissolved in 
t
BuOH:H2O (2:1, 15 mL) and 

allowed to stir for 15 mins. Sodium ascorbate (0.004 g, 0.031 

mmol) was then added and allowed to stir for 15 min followed by 

copper(II) sulfate (0.004 g, 0.016 mmol). After a further 15 min 

biotin azide 6 (0.040 g, 0.157 mmol) was added and the solution 

stirred under nitrogen at room temperature for 16 h. The solvent 

was then removed in vacuo to afford crude triazole as a cream solid. The crude product was purified by 

preparative RP-HPLC using a C18 column and H2O/acetonitrile + 0.1% TFA as mobile phase to give 

contrast agent 9 as a colourless solid (0.041 g, 33%). HPLC Rt = 38 min (Method 1); mp 280°C (decomp);
 

IR 3200 (NH), 1682 (C=O), 1614 (C=O); m/z (ESI+, DMSO) 833 ([
158

GdM+K]
+
, 19%), 817 

([
158

GdM+Na]
+
, 100); (ESI, DMSO) 831 ([

158
GdMH+K]


, 42%), 793 ([

158
GdMH]


, 100%); HRMS 

(ESI, DMSO) [MH]

 C27H41

158
GdN9O7S requires 793.2096, found 793.2100. The appropriate isotope 

pattern was observed.  
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Materials and Methods 

 

Biotinidase was purified from a fresh human plasma sample on the basis of the purification procedure 

described by Chauhan et al..
[7]

 Fractions were monitored using a standard biotinidase activity assay
[8]

 and by 

SDS-PAGE. Total protein amounts were determined by the absorbance at 280 nm. Reagent and buffer 

solutions were handled using standard methods, but the solutions of the diazotization agent (sodium nitrite) 

were freshly prepared immediately prior to the biotinidase activity assay and stock solutions of the 

derivatization agent N-1-naphthylethylenediamine dihydrochloride were stored in the dark.  

 

Buffer A       Buffer B 

50 mM NaH2PO4/Na2HPO4, pH 6.0    50 mM NaH2PO4/Na2HPO4, pH 6.0 

1 mM EDTA       1 mM EDTA 

5 mM cysteamine hydrochloride   

 

 

Biotinidase activity assay  

The activity of biotinidase was determined by measuring the rate of hydrolysis of the commercially available 

substrate N-biotinyl-p-aminobenzoic acid (N-biotinyl-PABA). The protocol was based on that published by 

Kobza et al.
[8]

 Since considerable variation in the absorbance readings recorded was noted, each assay was 

calibrated against PABA standards as detailed below.  

 

Preliminary investigations showed that: i. variation due to the thermal instability of the intermediate 

diazonium salt was minimized by conducting the derivatization process at 0°C; ii. hydrolysis of the substrate 

N-biotinyl-PABA in the alkaline stock solution (0.1 M NaOH) was minimal (~5% over 6 weeks storage); iii. 

assay measurements were reproducible in the concentration range 0.003 to 0.08 mM for up to 120 min after 

transfer of the assay solution to microcuvettes; iv. BSA (used as a model of the highly abundant protein 

HSA) increased absorbance readings by up to 35%, with a plateau for concentrations >0.2 mg mL
-1

, hence 

BSA (0.2 mg mL
-1

) was added to the standards to mimic any background signal generated by HSA in the 

partially purified biotinidase samples; v. unreacted N-biotinyl-PABA reduced the absorbance reading by 

~30%, at a concentration of 0.15 mM which might be expected to remain at the end of the assay, hence N-

biotinyl-PABA was added to the PABA standards as well as the enzyme solutions under investigation. 

 

Sample loading and standardization of background signal: A 96-well plate was loaded with standard 

stock solutions of PABA (150 L, 0.003 mM - 0.250 mM) containing BSA (0.2 mg mL
-1

) in buffer A, or 

the enzyme solution (15 or 30 µL, depending on expected activity) in a solution of BSA (0.2 mg mL
-1

) in 

buffer A (135 or 120 μL). 

 

Reaction and standardization of signal due to the presence of unreacted substrate: N-biotinyl-PABA (10 

L, 6.0 mM in 0.1 M NaOH; 60 nmol per well; 0.2 mM final concentration) was added to each well 

(including PABA standards) and the plates were incubated for 1 h at 37°C. 

 

Assay: Reactions were stopped by addition of HCl (30 μL, 6 M). Then the following solutions were 

added at 3 min intervals at 0°C: 

 sodium nitrite (80 μL, 3 mM, freshly prepared) (diazotizing reagent) 

 ammonium sulfamate (15 μL, 50 mM) (to quench residual nitrite) 

 N-1-naphthylethylenediamine dihydrochloride (15 μL, 5 mM). 

During an incubation time of 10 min samples were transferred to 1.5 mL microcentrifuge tubes. 

Precipitated proteins were removed by centrifugation (max. speed for 10 min), and the supernatant was 

transferred to microcuvettes. The absorbance was measured at 545 nm in a Varian CARY
®
 50 UV-Vis 

spectrophotometer. 

 

One unit of biotinidase activity was defined as 1 nmol PABA released per min. 
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Enrichment of biotinidase from human serum 

  

Ammonium sulfate precipitation 

Ammonium sulphate (41 g) was added over a period of 60 min to the stirred plasma sample (250 mL) at 8°C 

until 30% saturation was reached. The solution was stirred further for 1 h to continue the salting out process. 

The resulting opaque protein suspension was then centrifuged for 30 min at 11,000 rpm and 4°C in a Sorvall 

RC-5 centrifuge (SS-34 rotor). The supernatant (275 mL) was decanted and filtered using 0.45 µm syringe 

filters (Sartorius) to remove precipitated plasma components. The pellet fraction was not used further to 

purifiy biotinidase but was resuspended in 250 mL buffer B to record the residual biotinidase activity. 

Additional ammonium sulphate (32 g) was added over a period of 60 min to the supernatant at 8°C until 50% 

saturation was reached. The solution was stirred for 1 h and centrifuged for 30 min at 11,000 rpm and 4°C. 

The supernatant contained residual biotinidase activity and was discarded. The pellet, a 30 – 50 % 

ammonium sulfate cut of the original plasma sample, contained the bulk of the biotinidase activity. This 

fraction was dissolved in 51 mL buffer B and dialysed for 6 h against 2  2 L of buffer B. 

 

Anion-exchange chromatography 

Biotinidase was partially purified by fast protein liquid chromatography (FPLC) on an AKTA purifier (GE 

Healthcare). A portion of the dialyzed sample from the previous step (6 mL) was loaded onto a HiPrep™ Q 

FF 16/10 column (20 mL) pre-equilibrated with 2 column volumes (CV) of the buffer B. The column was 

then washed with buffer B (8 CV) followed by a linear gradient from 0 to 1 M NaCl (in buffer B) over 4 CV. 

10 mL fractions were collected and assayed for biotinidase activity using a volume of 30 µL in the assay 

described above. This procedure was repeated under the same conditions and samples with the highest 

specific activity were pooled. This pooled fraction (30 mL) was then subjected to a second purification step 

on the same HiPrep™ Q FF 16/10 column. To improve separation a slower NaCl gradient was inserted in the 

elution protocol as follows: 

1) 0-0.2 M NaCl in 1 CV 

2) 0.2-0-5 M NaCl in 3 CV 

3) 0.5-1 M NaCl in 1 CV. 

Fractions containing the highest biotinidase activity were pooled (20 mL) and concentrated to about 2.5 mL 

using a Vivaspin spin-column with a 30 kDa molecular weight cut off. 

 

 
Figure S1. Purification of biotinidase by anion exchange chromatography. Biotinidase was separated from more than 90 % total 

serum protein that eluted in the unbound fractions. Biotinidase was present in the protein fractions that eluted during the salt gradient 

at approximately 0.5 M NaCl. 

 

Size exclusion chromatography 

Biotinidase was further purified on a HiLoad
TM

 16/60 Superdex
TM

 75 prep grade (GE Healthcare, bed 

volume 120 mL, fractionation range 3000 – 70000 Da) column pre-equilibrated with 1 CV of buffer B. Then 

4 mL of enzyme solution from the previous step was loaded on the column. Protein was eluted over 2 CV of 

buffer B and 10 mL fractions were collected. Biotinidase eluted in the void volume (40 ml) and SDS analysis 

showed that this step was useful for separating unwanted serum proteins with Mr < 30000 Da. The partially 

purified biotinidase fraction was stored at 4C with no loss of activity for up to 1 month. 
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Biotinidase resistance and avidin binding assays 
 

Resistance to biotinidase 

Reaction: Complex 7, 8, or 9 (at a final concentration of 0.1 mg mL
-1

 or approximately 110 µM) or 

N-biotinyl-PABA (at a final concentration of 25 µM) was incubated with biotinidase (0.57 units of activity) 

in an HPLC vial at 25° C for up to 5 days in 0.05 M sodium phosphate buffer pH 6.0 containing DMSO (1% 

v/v) and resorcinol (25 M, internal standard). Samples (50 L, undiluted) were removed at the specified 

time intervals and injected directly onto the column for HPLC analysis.  

 

HPLC analysis: All samples were analysed using an Agilent 1100 HPLC using a reversed phase Luna 5 µ 

C18(2) column (id 50 mm × 2mm) at a flow rate of 1 mL min
-1

. Biotin-Gd(III)-DOTA complexes and 

resorcinol were detected at 215 nm. The following gradient elution programme was used for all experiments: 
 

Time (min) 0 2 11 12.5 14 

%H2O (0.01% TFA) 95 95 5 95 95 

%MeCN (0.01% TFA) 5 5 95 5 5 

 
Table S1. Samples used for stability studies of the contrast agents. 

Sample Component Volume 

(µl) 

Total 

contrast agent 7, 8 or 9  

+ biotinidase 

1 mg mL
-1

 7, 8 or 9 in H2O 100 0.1 mg mL
-1 

semi-purified biotinidase in buffer A 50 0.57 units/0.35 mg mL
-1 

DMSO 10 1% v/v DMSO 

0.05 M sodium phosphate buffer, pH 6 840  

contrast agent 7, 8 or 9  

+ buffer 

1 mg mL
-1

 7, 8 or 9 in H2O 100 0.1 mg mL
-1 

DMSO 10 1% v/v DMSO 

0.05 M sodium phosphate buffer, pH 6 890  

biotinyl-PABA + biotinidase 1 mg mL
-1

 biotinyl-PABA in DMSO 10 0.01 mg mL
-1 

semi-purified biotinidase in buffer A 50 0.57 units/0.35 mg mL
-1 

0.05 M sodium phosphate buffer, pH 6 940 (1% v/v DMSO) 

biotinyl-PABA + buffer 1 mg mL
-1

 biotinyl-PABA in DMSO 10 0.1 mg mL
-1 

0.05 M sodium phosphate buffer, pH 6 990 (1% v/v DMSO) 

 

Affinity to avidin: HABA displacement assay 

The binding capacity of biotin, its derivatives 1b and 1c, and complexes 7, 8 and 9 to avidin was determined 

by spectrophotometric competition with the dye 2-(4’-hydroxyphenylazo)-benzoic acid (HABA). In its 

bound form HABA has an absorption maximum of 500 nm. Addition of an avidin ligand leads to 

displacement of HABA from the binding site which can be measured by the resulting decrease in absorbance 

at 500 nm. 

For this experiment HABA/avidin reagent (Sigma-Aldrich, Product No. H2153) was used consisting of 0.3 

mM HABA, 0.45 mg mL
-1

 avidin, 0.3 M NaCl, 0.01 M HEPES (N-[2-hydroxyethyl]piperazine-N,N-[2-

ethanesulfonic acid], a buffer with pKa=7.5), 0.01 M MgCl2, 0.02% sodium azide (as a preservative), pH 7.3. 

The HABA-avidin displacement assays were carried out as per product information (Product No. H2153) as 

follows. Solutions of decreasing concentration for each biotin derivative were prepared by serial dilution in 

water. Aliquots (50 µl) of the diluted biotin derivatives (final concentration range 1-20 mM) were added to 

400 µl of HABA/avidin reagent in a disposable UV micro cuvette (BRAND). The final concentration of 

avidin in the presence of the biotin derivative was 0.24 mM, and this was used to calculate the biotin 

derivative:avidin ratio for each sample. After thorough mixing of the solution by inversion the absorbance at 

500 nm was measured immediately on a Varian CARY
® 

50 UV-Vis spectrophotometer. The absorbance at 

500 nm in the presence of the biotin derivative was calculated using the equation 

)()(9.0 /

500

/

500500

sampleavidinHABAavidinHABA AAA   

This new A500 value represents the remaining HABA-avidin complex. It was converted to a percentage of the 

initial HABA-avidin complex and plotted against the biotin derivative:avidin ratio (Figure 4, Table S2). 
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Table S2 Displacement of HABA from the HABA-avidin complex by biotin 1a, biotin derivatives 1b,c and biotin-DOTA complexes 

at a ligand:avidin ratio of 4:1. 

 

Entry Derivative or complex (link functionality) Displacement % 

1 biotin 1a 100 
2 desthiobiotin 1b

 
100 

3 bisDOTA-Lys-(pAB)-C3 (amide)
[9] 

97 
4 bisDOTA-Lys-C3 (amide)

[9] 
95 

5 Gd-DOTA complex 7 (triazole) 70 
6 Gd-DOTA complex 8 (triazole) 68 
7 bisDOTA-C3 (amine)

[9] 
66 

8 Gd-DOTA complex 9 (triazole) 58 
9 diaminobiotin 1c

 
41 

 

Affinity to avidin: ITC measurements
[10] 

The binding capacity of biocytin 2, and complexes 10, 11 and 12 to avidin were determined by isothermal 

calorimetry (ITC) on an Auto iTC200 (GE Healthcare) at 25°C.   

 

Avidin (Gallus gallus) was purchased lyophilised from Sigma-Aldrich UK (A9275) and was re-suspended in 

the experimental buffer. The concentration of avidin was determined from absorption at 280 nm using an 

extinction coefficient of 102,300 M
-1

 cm
-1

 and a molecular mass of 66 kDa
tetramer

 (V-550 UV-VIS 

spectrophotometer, Jasco). Avidin was exchanged into sodium acetate buffer (100 mM; pH 5.5) / ethanol 

(2% v/v) immediately prior to analysis on a HiTrap desalt column (Sephadex G-25 superfine resin; 5 mL) at 

8 mL min
-1

 (Åcta purifier liquid chromatography system, 10°C, GE Healthcare).  

 

Concentrations of biocytin 2 (Sigma), and complexes 10, 11 and 12 were determined by mass. Samples were 

dissolved in ethanol (HPLC grade, Sigma, UK) and diluted in the experimental buffer, sodium acetate (100 

mM; pH 5.5), to give a final ethanol concentration of 2% (v/v).  

 

Direct measurement of KD for compound 10 

A solution of complex 10 (1 µl, 150 µM) was injected into a solution of avidin (200 µL, 3 µM) at 25°C 

(Figure S3, upper panel each peak). The experimental parameters were as follows: injection time 2 s; delay 

between injections 120 s; stirring 1000 rpm; filter period 5 s; reference power 5. Heats of reactions were 

determined by integration of injection peaks and corrected for heats of dilution. The resulting titration curve 

(Figure S3, lower panel) was least-squares fit to a four independent-site per tetramer binding site model 

using MicroCal Origin software supplied with the instrument. The affinity of 10 determined by direct 

titration into avidin was KD = 4 ± 2 nM at 25°C in the experimental buffer (Table S3). The number of 

binding sites for 10 per avidin tetramer was 4 ± 1. 

 

 

 
Table S3 Thermodynamic parameters for the interaction of complex 10 with 

avidin, determined by isothermal titration calorimetry. 

 
N (sites) 5.23 ± 0.0125 

KA (M
-1

) 2.44 × 10
8
 ± 5.57 × 10

7 

KD (nM) 4.1 ± 1.5  

H (cal mol
-1

) -10.1 × 10
3
 ± 57.02 

S (cal mol
-1

 K
-1

) 4.47 

 

 

 

 

 

 

 

 

 
Figure S3 Calorimetric titration of complex 10 into avidin. 
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Competition measurement of KD for complexes 11 and 12 and biocytin 2
[11] 

Complex 10 was added up to a concentration of 10 M [10 µM 10 (11 and 2); 3 µM 10 (12)] to both the cell 

and syringe to compete with the picomolar affinity ligands and bring the apparent equilibrium dissociation 

constant, KD
’
, closer to the range of the instrument. 

 

A solution of complex 11 (2 µl, 100 µM with 10 M 10), 12 (2 µl, 100 µM with 3 M 10) or biocytin 2 (1.5 

µl, 100 µM with 10 M 10) was injected into a solution of avidin (200 µL, 3 µM with 10 M 10 for 11 and 

2; 200 µL, 3 µM with 3 M 10 for 12) at 25°C (Figure 4 and S4, upper panel each peak). The experimental 

parameters were as follows: injection time 4 s (11 and 12) or 3 s (2); delay between injections 120 s; stirring 

1000 rpm; filter period 5 s; reference power 5. Heats of reactions were determined by integration of injection 

peaks and corrected for heats of dilution. The resulting titration curve (Figure 4 and S4, lower panel) was 

least-squares fit to a four independent-site per tetramer binding site model using MicroCal Origin software 

supplied with the instrument. The affinity of complexes 11, 12 and biocytin 2 determined by competitive 

titration into avidin are shown in Table S4. 

 

   
Figure S4 Calorimetric titration of complex 11 (left) and biocytin 2 (right) into avidin in competition with complex 10. 

 
 

Table S4 Thermodynamic parameters for the interaction of complexes 11 and 12, and biocytin 2 with avidin, determined by 

isothermal titration calorimetry. 

 

Compound Method 
Concentration 10 

(M) 

KD
’
 

(nM) 
KD 

(M) 

10 Direct titration - - 4.1 ± 1.5 × 10
-9

 

11 Competition with 10 10 10 ± 0.75 4.1 × 10
-12

 

12 
Competition with 10 

3 

10 

5.3 ± 2 

4.2 ± 2 

7.4 × 10
-12

 

1.7 × 10
-12

 

2 Competition with 10 10 2.5 ± 2 1 × 10
-12
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(3aS,4S,6aR)-4-(hex-5-yn-1-yl)tetrahydro-thieno[3,4-d]imidazol-2-one 4  
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(3aS,4S,6aR)-4-(hex-5-yn-1-yl)tetrahydro-thieno[3,4-d]imidazol-2-one 4  
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 (3aS,4S,6aR)-4-(5-Azido-pent-1-yl)-tetrahydro-thieno[3,4-d]imidazol-2-one 6 
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(3aS,4S,6aR)-4-(5-Azido-pent-1-yl)-tetrahydro-thieno[3,4-d]imidazol-2-one 6 
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Triazole-linked biotin Gd-DOTA complex 7 
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Triazole-linked biotin Gd-DOTA complex 8 
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Triazole-linked biotin Gd-DOTA complex 9 
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Amine-linked r-BHD Gd complex 10 
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Amide-linked biotin PEG3 Gd-DOTA complex 11 
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Triazole-linked biotin PEG3 Gd-DOTA complex 12 
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