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Abstract 20 

5-iodotubercidin is a prototype adenosine kinase (AK) inhibitor with potent anti-seizure 21 

activity in rodent epilepsy models. Using the chloramine-T method for radioiodination of 22 

tubercidin with 131I, we prepared no-carrier-added 5-[131I]iodotubercidin (5-[131I]IT) in a 23 

radiochemical yield of 61 ± 13 % and with a radiochemical purity of >99 % (molar 24 

activity = 10 – 40 GBq/µmol). In vitro competition and saturation experiments 25 

demonstrated specific binding of 5-[131I]IT in rodent brain slices (KD~31 nM), but ex vivo 26 

autoradiography revealed its accumulation in cerebral vessels. We conclude that 5-27 

[131I]IT could be a useful tool for the detection and quantification of AK in in vitro 28 

studies. 29 

 30 
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Nucleoside adenosine kinase inhibitor (AKI), n.c.a. radioiodination, iodotubercidin, in-32 
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 36 

Introduction 37 

The purine ribonucleoside adenosine (Ado) is a short-lived neuronal signaling molecule 38 

and metabolic regulator formed by intra- and extracellular breakdown of adenine 39 

nucleotides. Cerebral ischemia, epileptic seizures and traumatic brain injury lead to a 40 

dramatic increase of extracellular Ado that mediates feedback inhibition of excitatory 41 

activity and is supposed to be one of the mechanisms by which the brain protects itself 42 

from injury [1–5]. Ado is mainly metabolized by adenosine kinase (AK), an evolutionary 43 

conserved cytosolic phosphotransferase that catalyzes its conversion into adenosine 44 

monophosphate (AMP). Because cellular uptake of Ado is driven by a bidirectional 45 

facilitated diffusion transporter [5], inhibition of AK decreases reuptake and results in 46 

increased extracellular Ado concentrations [6–10]. AK inhibitors (AKIs) have been 47 

shown to exert a number of protective functions, making them candidate drugs for anti-48 

inflammatory [11–13], anti-nociceptive [14–16] and anti-convulsive [6, 11, 14–18] 49 

therapy. 5-Iodotubercidin (5-IT) is a tubercidin analog and prototype of the 50 

ribonucleoside AKIs that suppresses AK by competing with Ado for binding to the 51 

enzyme [17, 19–21]. Other potent members of this group with different heterocyclic 52 

cores and/or substituents in the 5’-position of the deoxyribose residue are 5’-deoxy-5-53 

iodotubercidin 1 (5’d-5-IT), a naturally occurring marine nucleoside with the same 7-54 

deazaadenine core as in 5-IT 2 [9, 22], and 5’amino-5’deoxyadenosine 3, a synthetic 55 

compound in which the aglycon portion is formed by adenine [23] (Fig. 1). Another 56 

group of heterocyclic substituted cyclopentane analogs of nucleoside AKIs with 57 

improved metabolic stability is exemplified by A-134974 (Fig. 1), which is derived by 58 

replacement of the ribose with a cyclopentane carbocyclic ring and truncation of the 5’-59 

methylene atom [19]. Finally, a number of orally active, non-nucleoside AKIs like the 60 

pyridopyrimidine ABT 702 5 (Fig. 1) have been described and shown to be effective in 61 

vivo [19]. Although 5-IT and other ribonucleoside AKIs showed potent anti-seizure 62 

activity in rodent epilepsy models [17, 19] they did not meet the safety and side-effect 63 

profile required for further drug development [18]. They could, however, serve as 64 
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radiolabeled probes to visualize the distribution of AK and to localize epileptic foci that 65 

have been shown to overexpress AK due to local astrogliosis in rodent models and human 66 

patients [24–26]. Radiolabeling of 5-IT with iodine-125 was previously achieved via 67 

isotope exchange in a melt of pivalic acid [27] or through halogen exchange reaction with 68 

5-bromotubercidin [28], respectively. Here, we used electrophilic iodo-functionalization 69 

with iodine-131 at the 5-position of tubercidin (which is activated by electron 70 

delocalization) to prepare no-carrier-added (n.c.a.) 5-[131I]iodotubercidin ([131I]2) and 71 

evaluated its binding characteristics by in vitro and ex vivo autoradiography. 72 

73 
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 74 

Experimental 75 

1 Materials 76 

Tubercidin, 5-iodotubercidin and chloramine T were purchased from Merck (Merck, 77 

Taufkirchen, Germany). ABT-702 was obtained from Tocris (Tocris Bioscience, Bristol, 78 

UK). A-134974 dihydrochloride hydrate was purchased from Sigma Aldrich (Sigma-79 

Aldrich Chemie GmbH, Taufkirchen, Germany). Double concentrated pH 7.0 buffer 80 

tablets (2 tablets / 100 mL water) were supplied by Fluka (Fluka, Buchs, Switzerland). 81 

[131I]Sodium iodide was obtained from Perkin Elmer (Part Number NEZ035A). 82 

 83 

2 Animals 84 

For ex vivo autoradiography, 2 − 6 months old female NMRI mice were purchased from 85 

Charles River Laboratories (Wilmington, MA), kept under a natural light / dark cycle and 86 

provided ad libitum access to food and water. 87 

For the in vitro autoradiographic experiments brain slices from 3-6 months old Sprague-88 

Dawley rats (competition experiments) or female NMRI mouse (saturation experiments) 89 

were also purchased from Charles River Laboratories and kept as described above. The 90 

regional government approved all procedures according to the German Law on the 91 

Protection of Animals (TierSchG; approval no. AZ9.93.2.10.35.07.244). Animal 92 

experiments were also approved by the Animal Research Committee of the Scientific and 93 

Technical Advisory Board of the Research Center Jülich, Germany. 94 

 95 

3 Radiochemistry 96 

Radioiodination of tubercidin with [131I]NaI and chloramine T in aqueous solution 97 

afforded 5-[131I]iodotubercidin as schematically outlined in scheme 1. To a 0.1 M NaOH 98 

solution of [131I]NaI (typically 7 MBq) was added the equivalent volume of 0.1 M HCl 99 

and buffer pH 7 (50 µL) followed by the addition of a tubercidin stock solution (3.5 mg / 100 

mL in 50 % aqueous ethanol, 10 μL, 35 µg, 0.13 µmol). The reaction was started by the 101 

addition of an aqueous solution of chloramine T (4 mg / mL, 10 μL, 40 µg, 0.14 µmol) 102 
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and allowed to proceed for 3 min at ambient temperature. The reaction was quenched by 103 

the addition of acetic acid (10 µL) and HPLC eluent (methanol / water / acetic acid, 25 / 104 

75 / 0.2, v / v / v, 100 μL). 105 

Purification was carried out by reversed phase HPLC (Pump: Knauer (Berlin, 106 

Germany) Smartline 1000, UV-detector: Knauer Smartline 260, Radiodection: NaI(Tl) 107 

well-type scintillation detector, Column: Kromasil – 5RP18, 250 × 4,6 mm; Eluent: 108 

methanol/water/acetic acid, 25/75/0.2, v/v/v; Flowrate 1 mL/min; UV-detection at 280 109 

nm).The product peak was assigned by on-line monitoring of the UV absorbance at 280 110 

nm and radioactivity of the effluent. In the following, the capacity factors are used 111 

instead of the retention times. The capacity factor is symbolized by k' and is calculated 112 

as: k' = (tR - t0)/t0, where tR is the retention time of the peak, and t0 is the dead time of the 113 

column. Using the system described above, k’ values of tubercidin and 5-iodotubercidin 114 

were 0.2 and 1.9, respectively.  115 

From the UV detector chromatogram, the area under the curve (AUC) of the peak 116 

corresponding to 5-[131I]iodotubercidin was determined and converted to the number of 117 

moles of compound injected by means of a calibration curve. 118 

The determined radioactivity value was then divided by the molar amount of 5-119 

[131I]iodotubercidin to obtain the molar activity. 120 

In vitro assays used the radiotracer adjusted to specific (molar) activities in the range of 121 

3.7 GBq / μmol. 122 

 123 

4 Synthesis of the non-radioactive reference compound and analysis 124 

10 µL Aqueous tubercidin solution (3 mg / mL), 30 µL buffer solution (pH7, Fluka) and 125 

2.5 µL sodium iodide solution (2 mg/mL) were successively pipetted into a reaction vial. 126 

After the addition of 10 µL chloramine-T solution (3 mg /mL) the reaction was allowed 127 

to proceed for 5 minutes at room temperature. Aliquots of the solution and of a solution 128 

of commercial 5-IT were then analyzed by LCMS. For these measurements the outlet of 129 

the UV-DAD-detector was coupled via electrospray interface to a mass spectrometer 130 

(MSQ PlusTM, Thermo Electron Corporation San Jose, USA). Nebulizer gas pressure 131 

was 6 bar and desolvation temperature was 450 °C. Positive ion electrospray ionization 132 

was used. The sprayer and cone voltages were 3000 V and either 50 or 185 V, 133 



JRNC 

 7 

respectively. Positive ion spectra were recorded over a m/z range of 70 – 400 at a scan 134 

time of 1 s. Xcalibur software (version 3.0) provided with the instrument was used for the 135 

analysis. The same chromatographic conditions as those used for separation of the 136 

radiolabeled product were chosen. 137 

The obtained averaged MS spectra (Cone voltage 185 V) at the position of the peak of the 138 

reference substance (m/z (relative intensities)): 80.1 (12.4 %), 97.1 (3.6 %), 107.1 (100 139 

%), 112.1 (4.2 %), 117.1 (22.5 %), 134.1 (57.67 %), 139.2 (5.5 %), 261.1 (63.0 %), 276.1 140 

(5.3 %), 303.1(2.2 %), 308.0 (13,0 %), 393.1 (51.5 %) [M+H]+) and that of the peak of 141 

the iodination product: 80.1 (14.26 %), 97.1 (2.25 %), 107.1 (100 %), 112.1 (4.1 %), 142 

117.1 (25.15 %), 134.1 (60.72 %), 139.2 (5.54 %), 261.1 (66.28 %), 276.1 (6.25 %), 143 

303.1 (2.53%), 308.0 (13.43 %), 393.1 (50.13 %) [M+H]+ correspond to each other. 144 

The retention times in this system for the reference substance and the reaction product 145 

were in both cases 4.69 minutes. 146 

The local maxima measured in the diode array detector of the obtained UV spectra of the 147 

peaks of the reference substance and the peak from the reaction mixture were identical 148 

(203 nm, 238 nm and 285 nm). 149 

 150 

5 In vitro stability 151 

The product isolated after labeling was left in the HPLC eluent at ambient temperature 152 

for up to three days and then analyzed using the HPLC conditions described above. 153 

 154 

6 In vitro autoradiography 155 

 156 

6.1 Competition experiment 157 

After the animals were sacrificed, whole brains were rapidly removed and immediately 158 

frozen at −80 °C until use. For autoradiography, the brain sections were warmed to -20 159 

°C, cut into 20 µm thick horizontal sections (CM 3050, Leica AG Microsystems, 160 

Germany), mounted onto silica-coated object glasses (Laboroptik GmbH, Germany), 161 

dried on silica gel overnight at 4 °C, and stored at −80 °C until use. 162 

On the day of the experiments, the sections were incubated for 45 min at room 163 

temperature in 50 mM Tris-HCl (pH 7.4) containing 2.31 kBq of 5-[131I]iodotubercidin, 164 
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together or without either 5-IT, tubercidin or ABT-702 in final concentrations of 1 µM, 1 165 

µM and 5 µM, respectively. Labeling was terminated by rinsing the sections twice in 50 166 

mM Tris-HCl for 30 seconds at 4 °C and by dipping them into deionized water. After 167 

drying at 37 °C, the sections were placed on a phosphor imaging plate (Fuji). Exposure 168 

time was 45 minutes. Laser scanning of the plates employed a phosphor imager BAS 169 

5000 (Fuji) controlled with software provided by the vendor (Version 2.11a, Raytest 170 

Isotopenmessgeräte, Germany). Using the advanced image analyzer program AIDA 3.10 171 

(Raytest Isotopenmessgeräte, Germany) data from regions of interest (ROIs) were 172 

analyzed. 173 

 174 

6.2 Saturation experiments 175 

After the mouse were sacrificed, the brain was quickly removed, immediately frozen in 176 

2-methylbutane, and stored at -80 °C until cryosectioning. Coronal brain sections (20-µm 177 

thickness) were prepared in a cryostat microtome (CM 3050, Leica), thaw-mounted onto 178 

silanized slides (Laboroptik GmbH, Germany), dried, and stored at −80 °C until use. 179 

After a pre-incubation in buffer (50 mM Tris-HCl containing 1 mM MgCl2; pH 7.4) for 180 

15 min at 4 °C, the slides were incubated in labeling buffer containing 5-181 

[131I]iodotubercidin at 10 different concentrations. Additional slices were incubated in 182 

labeling buffer containing the same concentration of radioligand and 25 µM A-134974 4 183 

to determine non-specific binding. After 30 min, the sections were removed from the 184 

labeling buffer, washed twice in normal buffer for 5 min at 4 °C, rinsed in deionized 185 

water and dried.  186 

Data of the hippocampal ROIs are displayed in fmol / mg ww, as the gray values of the 187 

five standards correspond to the concentrations of 40.6, 13.5, 4.5, 1.5 and 0.5 pmol 188 

iodotubercidin in 1 g pig brain tissue. 189 

For quantification, slices were co-exposed with in-house calibrated pig brain standards 190 

(with a known concentration of 5-[131I]iodotubercidin and a thickness of 20 µm) and 191 

exposed to a coated phosphor imaging plate (Fuji BAS-MS 20 x 25, Fujifilm) for 15 min. 192 

The plate was laser-scanned with a phosphor imager (BAS 5000; Fuji). The image file 193 

was generated with BAS-Reader 3.14, and regions of interests (ROIs) were defined with 194 

the image analyzer software AIDA 4.13 (both Raytest Isotopenmessgeräte, Germany). 195 
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ROIs were examined for saturation behavior with GraphPad Prism version 4.00 for 196 

Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). 197 

 198 

7 Ex vivo autoradiography 199 

About 110 kBq of 5-[131I]iodotubercidin with a molar activity of 3.7 GBq / μmol in 50 μL 200 

saline were injected into the tail vains of female NMRI mice. Animals were killed by 201 

cervical dislocation 10 min after injection, and brains were removed immediately. 202 

Additionally, blood probes and thyroid glands were retained. Samples were weighed and 203 

radioactivity values were measured in a γ-counter (Auto-Gamma MINAXI 5000 204 

Packard). Brains were rapidly frozen at −80 °C and cut into horizontal or sagittal sections 205 

(thickness, 40 μm) at −80 °C. 206 

207 
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 208 

Results and discussion 209 

1 Radiochemistry 210 

The radioiodination of tubercidin under the described conditions (Scheme 1) was easily 211 

achieved at ambient temperature in a reaction time of three minutes. The radiochemical 212 

yield was 61 ± 13 % (n=8) and the radiochemical purity exceeded 96 %. The molar 213 

activity was determined by means of a calibration curve recorded with unlabeled 5-IT. 214 

Obtained molar (specific) activities were in accordance with the manufacturer‘s 215 

specification of [131I]sodium iodide, taking into account the storage period (15-63 GBq / 216 

µmol). This result confirms the complete chromatographic base-line separation of the 217 

product peak from all other possible by-products (Fig. 2). Chromatographic analysis of 218 

blank preparations containing all reagents except iodide did not show a peak with the 219 

retention time of 5-IT. 220 

 221 

2 Product identification 222 

The radioactive product peak of the reaction solution showed the same retention time as 223 

that observed for commercially available nonradioactive 5-IT. Furthermore, tubercidin 224 

was reacted with non-radioactive iodine using similar conditions as in the radioiodination 225 

reactions. The solution containing the raw product was analyzed by LC-MS. The peak at 226 

k’ = 1.8 showed an m/z value corresponding to the expected iodinated tubercidin. 227 

Additionally, MS studies were performed with a higher cone voltage, which leads to 228 

fragmentation even in a simple ESI source. The obtained fragmentation spectra of the 229 

synthesized compound and of commercial 5-IT were identical, as were the local maxima 230 
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of the averaged UV spectra over the respective peak range. In summary, these results 231 

confirmed that the radiolabeled compound is 5-[131I]iodotubercidin. 232 

 233 

3 In vitro autoradiography 234 

 235 

3.1 Competition experiments 236 

To determine the specificity of tracer binding, we performed in vitro autoradiography in 237 

the absence and presence of various competitors. Fig. 3A shows total binding obtained by 238 

incubating a rat brain slice in 5-[131I]iodotubercidin alone. Binding of the tracer was 239 

observed in most brain regions, which was expected because in the adult CNS AK is 240 

mainly expressed in astrocytes, which are almost uniformly distributed throughout the 241 

brain [24, 29]. In addition, AK activity in both rat and human brain was reported to be 242 

high in hindbrain, pons and hypothalamus, intermediate in cerebellum, temporal and 243 

occipital cortex, and low in parietal and frontal cortex [30], which is in good agreement 244 

with the tracer distribution in the present study (Fig. 3A). Incubation of brain slices in the 245 

presence of 1 µM tubercidin (Fig. 3B), resulted in reduced tracer accumulation in most 246 

brain regions although substantial bindingwas still observed in the cerebellum. In 247 

contrast, an effective displacement of the radiotracer was observed in the presence of 1 248 

µM of non-labeled 5-IT 2 (Fig. 3C) or 5 µM of the non-nucleoside AKI ABT-702 5 (Fig. 249 

3D). Based on these findings, binding of the radiotracer in in vitro autoradiography was 250 

mainly specific binding. 251 

 252 

3.2 Saturation experiments 253 
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To confirm the specificity of the above findings, we performed a quantitative 254 

autoradiographic saturation study (Fig. 4). Non-specific binding, determined in the 255 

presence of 25 µM A-13497, increased linearly with increasing tracer concentrations, 256 

while specific binding, determined from the difference of total and non-specific binding, 257 

showed a clear saturation, providing evidence for a finite number of specific binding 258 

sites. The KD value obtained by non-linear regression was 31 nM (95 % confidence 259 

interval 26-36 nM) which is in close agreement with the IC50 value of 26 nM previously 260 

determined for the inhibition of human and rat AK by non-labeled 5-IT [17, 20]. The 261 

Bmax value that corresponds to the tissue concentration of AK was 447 fmol/mg tissue 262 

ww (95% confidence interval 420-474 fmol/mg tissue ww), showing that a single binding 263 

experiment can be used to determine the concentration of AK in a given tissue section. 264 

 265 

4 Ex-vivo autoradiography 266 

Intraperitoneal injection of 5-IT produced potent anti-seizure activity in rodent epilepsy 267 

models [17] suggesting that the compound could cross the blood-brain barrier. On the 268 

other hand, >99 % of 5-[125I]iodotubercidin injected in mice was reportedly trapped in red 269 

blood cells (RBCs), effectively preventing its use for in vivo imaging [28]. This property 270 

was investigated in more detail in another animal experiment (4 mice). Ten minutes after 271 

injection of 5-[131I]iodotubercidin (110 kBq) animals were killed and brains, thyroid 272 

glands and blood were immediately removed. Determination of radioactivity uptake of 273 

total brains showed a value of 0.3 % ID / g. However, the autoradiographs of the sliced 274 

brains revealed that the radioactivity was exclusively localized in the large vessels and 275 

not in the surrounding brain tissue, supporting the previous findings that 5-IT 276 

accumulates in RBCs (Fig. 5). Unfortunately, 5-IT does not penetrate the BBB which is 277 

illustrated by the discrepancy between region-specific binding found in the in vitro 278 

experiments on brain slices and the absence of specific binding in ex vivo animal studies. 279 

Conclusions 280 
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5-[131]Iodotubercidin can be obtained by simple electrophilic radioiodination in high 281 

radiochemical yields. The total preparation time is only 20 minutes due to fast labeling 282 

and HPLC purification. Based on the lack of accumulation in brain tissue after i.v. 283 

injection in mice, the tracer appears to be unsuitable for in vivo molecular imaging with 284 

PET or SPECT.  285 

However, it can be used to visualize and quantify AK in in vitro autoradiographic studies. 286 

287 
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Scheme 1 288 

Synthesis of 5-[131I]iodotubercidin ([131I]2) by radioiodination of tubercidin 289 

 290 

Fig. 1 291 

Structure of nucleoside (1-4) and non-nucleoside (5) adenosine kinase inhibitors and their 292 

in vitro activity (IC50) against human adenosine kinase according to McGaraughty et al. 293 

[19]. Purine numbering is exemplified for compound 1 294 

 295 

Fig. 2 296 

Radio-HPLC chromatogram. Representative chromatogram of the reaction solution 297 

obtained by using a Kromasil 5RP18 column (250 mm x 4,6 mm) and methanol / water / 298 

acetic acid, 25 / 75 / 0.2, v / v / v, as eluent at a flow rate of 1 ml / min; UV trace, black; 299 

radioactive trace, gray 300 

 301 

Fig. 3 302 

In vitro autoradiography after incubation of 20 µm horizontal rat brain slices with 2.3 303 

kBq/mL n.c.a. 5-[131I]iodotubercidin alone (A) or after blocking with 1 µM tubercidin 304 

(B), 1 µM non-radioactive 5-iodotubercidin (C) or 5 µM ABT-702 (D). Numbers next to 305 

the color scale represent the corresponding relative activity units 306 

 307 

Fig. 4 308 

Quantitative autoradiographic in vitro saturation study with 5-[131]iodotubercidin in 309 

mouse hippocampal slices. The binding of each concentration was studied on up to three 310 

coronal slices. Shown are total binding (dots), determined by incubation with 5-311 

[131I]iodotubercidin only, non-specific binding (crosses), determined after blocking with 312 

25 µM A-134974, and specific binding (inverted triangles), calculated from the 313 

difference of total and non-specific binding. The KD value obtained from the specific 314 

binding data was 31 nM (95% confidence interval 26-36 nM) and a maximum specific 315 

binding of 447 fmol / mg ww. Data are shown as mean ± standard deviation 316 

 317 
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Fig. 5 318 

Two horizontal plane levels of ex vivo autoradiographs with 5-[131]iodotubercidin. Mice 319 

were sacrificed by cervical dislocation 10 minutes after injection of the tracer. Brains 320 

were removed immediately and cut into 40 µm horizontal slices 321 

322 
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Scheme 1 323 

 324 

 325 

 326 

 327 

Fig 1 328 

 329 

 330 

 331 

332 
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Fig 2 333 

 334 

 335 

 336 

 337 

338 
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Fig 3 339 

 340 

Fig 4 341 

 342 

 343 

 344 
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Fig 5  345 

 346 

347 
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