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SYNTHESIS AND BIOCHEMICAL ACTIVITY OF 5-TETHERED 
CARBORANE-CONTAINING PYRIMIDINE NUCLEOSIDES AS 

POTENTIAL AGENTS FOR DNA INCORPORATION 

Feng-Guang Rongt, Albert H. Soloway*t? Seiichiro IkedaS and David H. IvesS 

tCollege of Pharmacy and *College of Biological Sciences, The Ohio State 
University, 500 West 12th Avenue, Columbus, OH 43210, U.S.A. 

Abstract. Synthesis and biochemical evaluation of a series of 5- 
tethered carborane-containing pyrimidine nucleosides have been undertaken. 
The biochemical studies with human TK demonstrated that these compounds 
can be phosphorylated to the corresponding 5'-monophosphate and that the 
most significant conversion occurred when seven atoms were inserted between 
the carborane cage and the pyrimidine base, and of these the best was the one 
with saturated ester. 

Introduction 
Boron-containing nucleosides that use a carrier-mediated transport 

process for penetrating the CNS and have the potential for becoming 
incorporated into proliferating cells may be useful agents for BNCT. Such 
carborane-containing nucleoside derivatives may achieve higher concentration 
differentials in rapidly proliferating malignant cells compared to the mitotically- 
less active normal tissues of the brain.1 

In recent years, numerous boron-containing nucleoside analogies have 
been synthesized by Yamamoto et a1.,2 Schinazi et at.,3-5 Spielvogel et a1.,6 
and in our laboratories.? Some of these were found to be either hydrolytically 
and biologically unstable, were too toxic, or failed to become incorporated 

1873 

Copyright 0 1995 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



1874 RONG ET AL. 

selectively into tumor cells or their nucleic acids. With regard to potential clinical 
applications, the initial enzymatic step for cellular retention and incorporation is 
phosphorylation of the boronated nucleosides. Unfortunately, there is a paucity 
of data as to whether these structures are phosphorylated and, if so, the enzyme 
kinetics involved. 

Several 5-substituted pyrimidine nucleoside derivatives have been 
synthesized, and some of these compounds have been shown to have anti 
herpes simplex virus activity.8 Among them, 5-iodo-2'-deoxyuridine and 5- 
(trifluoromethyl)-2'-deoxyuridine have been in clinical use for years. E-5-(2- 
bromovinyl)-2'-deoxyuridine was converted to its mono- and diphosphate by the 
virus-encoded thymidine kinase and is further metabolized to the triphosphate 
by a cellular kinase.9 The basis for the biological activity of the 5-substituted 
pyrimidine nucleosides is purported to be their conversion to the corresponding 
nucleotide and the latter's incorporation into viral DNA. 

The effect of 5-substituents on the activity of human thymidine kinase has 
been only studied to a limited extent. Linear extension of the methyl by short 
aliphatic chains increase Km or Ki values by an order of magnitude.10 Bulk 
tolerance for more massive substituents at this position have not been studied 
systematically. Though intracellular phosphorylation of 5- 
carboranyldeoxyuridine has been shown,l it is not known whether nucleotide 
formation is catalyzed by thymidine kinase, nor has the rate of intracellular 
phosphorylation been determined. It seems possible that some steric 
interference with substrate binding may be produced by such a large 
substituent attached directly to 5-position on the pyrimidine nucleoside, but that 
remains to be demonstrated. 

The results from affinity chromatography studies with purine nucleotide- 
bound matrix demonstrated the importance of tethering nucleosides and 
nucleotides to a solid matrix support to achieve tight enzyme binding.12 The 
optimal tether length was 8 to 10 A. This same principle should be applicable in 
the design of new carborane-containing nucleosides for BNCT. Tethering the 
carboranyl moiety through a flexible chain at the 5-position may allow a 
compound's ,binding to kinases and its subsequent phosphorylation. 

This approach led to the synthesis of new types of 5-substituted 
pyrimidine nucleosides (1 -3)13 and their biochemical evaluation. In order to 
increase the hydrophilicity of the tether, an ester or amide group has been 
inserted into the hydrocarbon chain. A vinyl group was also inserted at the 
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10 h o  10 HlO 

OH OH 
la; X = 0, n = 2; UB-6 
lb;  X = 0, n = 3; UB-7 
lc; X = 0, n = 4; UB-8 
2; X = NH, n = 3 ;  UBN-7 

3; X = 0, n = 3;  SUB-7 

Scheme 1 

5-position based upon the observation that 5-bromovinyl nucleosides were 
active antiviral agents9 Target compounds 1 and 2 are E-stereoisomers; and in 
compound 3, the vinyl double bond is reduced (Scheme 1). 

In the biochemical studies, compounds were screened for their inhibition 
of and rate of phosphorylation by human cytosolic thymidine kinase. Our 
objective was to correlate how chain length, unsaturation and functionality 
affected the biochemical activity of the 5-tethered carborane-containing 
pyrimidine n ucleosides. 

Synthetic Chemistry 
The synthesis of target compounds, 1 and 3, has been previously 

reported.l4 The intermediate, E-5-(2-carboxyvinyl)-2'-deoxyuridine, 4, used for 
the preparation of target compounds 1, 2 and 3 was generated by the Heck 
reaction from 5-iodo-2'-deoxyuridine.l4 

This is the first report of the preparation of 5-substituted long-chain 
boron-containing analogues in which an amide function is a linking group. 
Amino derivatives of various boron cluster compounds have been described, 
but these involved less basic aryl amines. The synthesis of related (aminoalkyl) 
carboranes is complicated by the fact that basic amines do degrade the 
carborane cluster generating the corresponding nido-undecaborate 
structure.l5 Based upon these facts, two approaches have been developed for 
the formation of amide linkage in target compound 2 (Scheme 2). 

One, involves the formation of the carboranyl amide by coupling a 
carboxylic acid nucleoside and the appropiate amino substituted carborane. 
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l e  
OH 2 

a) TBDMSEI, DMAF', Et3N, DMF, r.t.; 
b) DCC, MMP, DMF, 0°C; 
c) 4-Pentynylamine hydrochloride, DCC, 

DMAF', DMF, r.t.; 
d) B I o H ~ C H ~ C N ) ~ ,  c6H6, reflux; 
e) TBAF, THF, -78°C. 

Scheme 2 

The second involves the formation of the appropiate acetylenic amide linked 
nucleoside and its subsequent boronation. Both methods have been used. 

Compound 5 was the first component in both procedures. This 
compound was prepared from 4 in high yield (Scheme 2) using TBDMSCI in 
DMF in the presence of 4-dimethylaminopyridine (DMAP) and triethyl amine.16 
The second component in the first method was (aminopropy1)-o-carborane as 
the hydrochloride, 6. The instability of the free bases related to 6 required their 
isolation, characterization and use as salts.l5 Compound 7 was produced by 
coupling 5 with (aminopropy1)-o-carborane hydrochloride, 6, in the presence of 
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1,4-dicyclohexylcarbodiimide (DCC) and 4-methyl morpholine. The nido 
compound as a by-product was also found. 

In order to increase the yield of 7 and avoid degradation of the carborane 
moiety by free amine function, the second method was developed. Compound 
8 was generated in good yield by coupling 5 with 4-pentynylamine 
hydrochloride17 in DMF in the presence of DCC and DMAP. Compound 7 was 
formed by refluxing 8 with decaborane bisacetonitrile complex1 8 in benzene. 
No nido by-product was found. The target compound 2 was prepared from 7 by 
deprotecting the TBDMS group with tetra-butyl ammonium floride (TBAF) in THF 
at low temperature. Though some degradation of the o-carborane moiety 
occurred at longer reaction times, the second route is the one of choice. 

Biochemical Studies 
Human cytosolic thymidine kinase (TK) is responsible for the 

phosphorylation of diketopyrimidine deoxynucleosides (dThd and dUrd) and 
various analogs to the corresponding nucleotides. 93 2o If boronated 
deoxyuridine derivatives are to be trapped intracellularly, they must be 
phosphorylated to their monophosphates by TK; this is the first step in their 
potential metabolism into precursors of tumor DNA. 

TK normally has limited capacity to phosphorylate 5-modified 2'- 
deoxyuridine analogs even though these compounds show anti-viral activity 
against herpes simplex.21 However, our results have demonstrated that 5- 
tethered carborane-containing 2'-deoxyuridine derivatives can be 
phosphorylated at a significant rate to the corresponding 5'-monophosphate by 
human TK. Due to their limited aqueous solubility, a 3.2% methanol solution of 
the nucleosides at a concentration of 0.1 mM was necessary to carry out the 
enzymatic studies. The phosphorylation reaction was carried out at room 
temperature, using [@3P]-ATP as a phosphate donor. In most cases, a 
conversion of up to 12% was observed after two hours of incubation during 
which time TK activity was minimally affected. The phosphorylation products 
were confirmed by 12 reactivity, UV absorption, the color reaction with Pd/HCI 
and radioactivity on two TLC systems (PEl-Cellulose and Silica Gel 6OF-254). 
The Rf value is 0.43 for monophosphorylated UB-7, and 0.67 for UB-7, using 

PEl-Cellulose plates developed by isobutyric acid/ammonium hydroxide/water 
system. The radioactivity of monophosphorylation products were detected by 
autoradiography, and quantitated by P-scanning. The phosphorylation velocity 
is shown in Figure 1. The results indicate: 1) All the boronated 2'-deoxyuridine 
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Figure 1. Velocity of phosphorylation of boronated 2'-deoxyuridine 
derivatives by human TK. The reaction mixture of phosphorylation contained 
0.098 units of human TK. CDU represents 5 4  1,2-dicarbo-closo- 
dodecaboranyl)-2'-deoxyuridine. 

derivatives tested were phosphorylated at considerab\e rates, but slower than 
for dUrd and dThd. 2) The order of phosphorylation reactivity was SUB-7 > UB- 
7 > CDU > UB-6 > UB-8 > UBN-7. 3) Among the series of compounds (1) with a 
varying number of methylene groups in the vinylester linkage, UB-7 showed the 
maximum reactivity; SUB-7, which does not possess vinyl double bond 
between the carborane cage and the pyrimidine base, showed even higher 
reactivity than UB-7. The flexibility of the tethered chain seems to be an 
important factor in the reactivity of these compounds. The structure of UBN-7 
differs from UB-7 only at its amide linkage. The low phosphorylation rate for 
UBN-7, which differs from UB-7 only its amide linkage, is not well understood at 
this stage. 

The phosphorylation reaction by TK on these boronated 2'-deoxyuridine 
derivatives was further analyzed by the kinetics of their inhibitory effect vs. dThd 
or dUrd as substrates. The assay mixture contained a fixed amount of each 
compound (final 0.5 - 3.2 mM) and methanol (final 0.5 - 3.2%, accordingly) as 
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Ki (mM) 
1.8 

1.1 

1.5 

5.2 

Table 1. Inhibitory Effect of Boronated Nucleosides on dThd Phosphorylation 
bv Human TKa 

Relative Inhibition 
0.18 
0.30 
0.22 

0.06 

Compounds 
UB-6 
UB-7 

16.9 
0.33 
0.0029 (Km) 

25.9 

UB-8 
SUB-7 

0.02 
1 .oo 

0.01 3 

UBN-7 
dUrd 
dThd 
CDU 

a The Inhibition experimc 31 
Experimental Section. 

described in Experimental Section. In the case of UB-6, UB-7 or UB-8, each 
compound remained in solution, while a portion of SUB-7, CDU and UBN-7 
became insoluble after mixing. We did not attempt to measure the exact 
concentration of each compound remaining in solution, and the assay was 
carried out, ignoring the insoluble part. As expected, however, in all cases, 
competitive inhibition against dThd or dUrd was clearly observed. The apparent 
Ki calculated for each compound is listed in Table 1. However, the values for 
SUB-7, CDU and UBN-7 should be regarded as preliminary results because of 
their partial solubility. Among the analogous compounds of varying chain 
length, UB-7 showed the maximum affinity for TK and is consistent with the 
results obtained from the phosphorylation experiments. CDU, in which the bulky 
carborane moiety is attached directly to the 5-position of pyrimidine, showed 
significantly poorer affinity than UB-7 (23 - fold larger Ki), but that difference may 
be somewhat overestimated because of CDU's partial solubility. This solubility 
problem may,also explain the high Ki observed for SUB-7. 

From these biochemical studies, it has been shown that a flexible linkage 
of appropriate length between the carborane cage and the 5-position of the 
pyrimidine base of the nucleoside allows these nucleosides to undergo 
phosphorylation by TK. In preliminary attempts towards geometric optimization 
by molecular modeling using HyperChem, it has been found that the tether 
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1880 RONG ET AL. 

lengths of UB-7 and SUB-7 are about 8.5 A and 8.9 A, respectively, within the 
range established to give the most effective enzyme binding.12 

The lack of sufficient aqueous solubility has been a limiting factor in 
measuring both rates of phosphorylation and Ki values for these compounds. 
We are in the process of making more water soluble analogues by attaching 
non-ionic, hydrophilic groups on the carborane moiety. Such a location should 
not interfer sterically with enzyme binding. 

Experimental Section 
Synthetic Chemistry 
General. All the experiments were carried out under an argon 

atmosphere. Melting points were determined on a Fisher-Johns apparatus and 
reported uncorrected. 1H and 1% NMR spectra were recorded on a AF-250 FT- 
NMR spectrometer and the chemical shifts are indicated in ppm with the values 
relative to internal tetramethylsilane standard unless otherwise noted. Coupling 
constants (J) are reported in Hz. The signals of H-B in 1 H NMR are very broad 
and range from 1.2 to 4.2 ppm. Infrared spectra were carried out on a RFX40 
FT-IR spectrometer (Laser precision Co.) with samples prepared as KBr disks 
or neat. FAB+ mass spectra were obtained on a Finnigan MAT-900 mass 
spectrometer through ionization with Xe using a 3-nitrobenzyl alcohol (3-NBA) 
as the matrix compound. High resolution mass spectra (El) were measured with 
a VG 70-250s spectrometer. For all boron-containing compounds, the mass of 
the most intense peak of the isotope pattern is indicated. The measured 
patterns agree with the theoretical ones. Elemental analyses were performed at 
Atlantic Microlab Inc., Norcross, Georgia. TLC plates with Silica Gel 6OF-254 
and Silica Gel 60 (70 - 230 mesh) from E. Merck were used for TLC and column 
chromatography. Compound visualization was achieved with UV light (254 nm), 
and spraying with 0.06% PdC12/1% HCI and subsequent heating at 120 "C for 2 
- 5 min. Reagent-grade solvents were used for column chromatography. 
Pyridine, acetonitrile and dimethyl formamide were dried with molecular sieves 
(4 A). Benzene was dried over sodium. THF and ether were distilled over 
sodium and benzophenone under argon prior to use. Other chemicals were 
purchased from commercial suppliers. 

Preparation of E-5-(2-carboxyvinyl)-3',5'-di(ferf-butyldimethyl 
silyloxy)-2'-deoxyuridine (5) To a solution of 4 (0.477 g, 1.60 mmol), terf- 
butyldimethylsilyl chloride (0.965 g, 6.40 mmol) and 4-dimethylaminopyridine 
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(78 mg, 0.64 mmol) in 30 mL of DMF was added 0.89 mL of triethyl amine (6.4 
mmol), and the mixture was stirred for 27 hours at room temperature. After 
filtration of the triethylamine hydrochloride and 4-dimethylaminopyridine 
hydrochloride precipitate, the solvent was evaporated under reduced pressure. 
The residue was poured into ice-water, and extracted three times with 40 mL 
aliquots of ether. The combined ether extracts were washed successively with 1 
: 1 hydrochloric acid solution, with brine and dried over anhydrous magnesium 
sulfate. After solvent evaporation, the residue was purified by column 
chromatography on silica gel eluted with ethyl acetate/methanol (10 : 1) to give 
the product as a light yellow solid in 77.4% yield (0.65 g, 1.23 mmol). TLC (ethyl 
acetatehnethanol, 10 : 1): Rf = 0.57; mp 180 - 182 "C; FT-IR (KBr): 3600-3186, 
3062, 2956, 2931, 2897, 2887, 2858, 1690, 1618, 1471, 1464, 1417, 1385, 
1292, 1255, 1106 cm-1; 1H NMR (CD30D) 6 8.05 (s, 1H,H6), 7.33 (d, J = 15.8, 
1 H, H-vinyl), 6.90 (d, J = 15.8, 1 H, H-vinyl), 6.22 (t, J = 6.7, 1 H, Hi'), 4.49-4.46 
(m, lH ,  H47, 3.99-3.97 (m, lH,  H39, 3.95-3.80 (m, 2H, H59, 2.37-2.28 (m, lH ,  
H ~ I ) ,  2.25-2.19 (m, lH ,  H~ I ) ,  0.93 (s, 9H, C(CH3)3), 0.92 (s, 9H, C(CH3)3), 0.14 
(s, 6H, Si(CH3)2), 0.12 (s, 6H, Si(CH3)z); l 3 C  NMR (acetone-d6) 6 168.26, 
162.15, 150.05, 143.70, 138.46, 119.27, 110.07, 89.03, 86.51, 73.39, 63.97, 
41.75, 26.43 (C(CH3)3), 26.18 (C(CH3)3), 19.06, 18.56, -4.46, -4.58, -5.08, 
-5.13; EI-HRMS calcd for C24H43N2Si207 (M+H): 527.2609, found: 527.2302. 
Anal. Calcd for C24H42NzSi207: C, 54.72; H, 8.04; N, 5.32. Found: C, 54.66; 
H, 8.10; N, 5.30. 

Preparation of E-5-[2-(4-pentynylaminocarbonyl)vinyl]-3',5'- 
di( tert-butyldimethylsilyloxy)-2'-deoxyuridine (8) To a solution of 5 
(148 mg, 0.28 mmol), 4-dimethylaminopyridine (41 mg, 0.34 mmol), and 4- 
pentynylamine hydrochloride (47 mg, 0.39 mmol) in 20 mL of DMF was added 
at 0 "C with stirring a solution of 1,4-dicyclohexyl carbodiimide (70 mg, 0.34 
mmol) in 5 mL of DMF, and then the mixture was stirred for 2 hours at room 
temperature. The reaction was monitored by TLC for the loss of starting material 
5. After evaporation of the solvent, the product was obtained in 79% yield by 
column chromatography on silica gel eluted with hexane/ethyl acetatehethan01 
(1 : 1 : 0.5). TLC (hexane/ethyl acetatehnethanol, 1 : 1 : 0.5): Rf = 0.60; mp 81 - 
83 "C; FT-IR (KBr): 3378, 3315, 3050, 2954, 2931, 2897, 2858, 1716, 1687, 
1620, 1471, 1464, 1385, 1292, 1255, 1105 cm-l; l H  NMR (CD30D) 6 7.87 (s, 
lH,  Hg), 7.11 (d, J = 15.4, lH,  H-vinyl), 7.02 (d, J = 15.4, lH,  H-vinyl), 6.14 (t, J = 
6.7, lH ,  Hii), 4.41-4.38 (m, lH,  H49, 3.91-3.89 (m, lH,  H39, 3.80-3.75 (m, 2H, 
H ~ I ) ,  3.30-3.23 (m, 2H, N-CHz), 2.23-2.11 (m, 5H, H ~ I ,  CH2-alkynyl and H- 
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alkynyl), 1.68-1.62 (m, 2H, CH~-CHZCH~),  0.85 (s, 9H, C(CH3)3), 0.84 (s, 9H, 
C(CH3)3), 0.05 (s, 6H, Si(CH3)2), 0.04 (s, 6H, Si(CH3)2); l3C NMR (CD30D) 6 
169.11, 163.67, 151.15, 143.32, 134.15, 122.98, 111.12, 89.78, 87.39, 84.19, 
74.06, 69.90, 64.31, 42.15, 39.66, 29.53, 26.49 (3C, C(CH3)3), 26.24 (3C, 
C(CH3)3),19.28, 18.83, 16.71, -4.52, -4.63, -5.12, -5.21; EI-HRMS calcd for 
C 2 g H 4 g N 3 S i 2 0 6 :  591.3160, found: 591.3165. Anal. Calcd for 
C2gH4gN3Si206: C, 58.85; H, 8.34; N, 7.1 1. Found: C, 58.96; H, 8.30; N, 7.15. 

Preparation of E-5-[2-(1,2-dicarbo-closo-dodeca borany I 
prop y I a m i n oc ar bo n y I )v i n y I ) -  3', 5'-d i ( ter t- b u t y I d i met h y I s i I y I ox y ) - 2' - 
deoxyuridine (7) from 8 A solution of 8 (223 mg, 0.37 mmol) and 
bis(acetonitri1e)decaborane complex (127 mg, 0.63 mmol) in 15 mL of dry 
benzene was refluxed with stirring for 2 hours under argon. After evaporation of 
the solvent, the residue was purified in the same manner as described above to 
give the product in yield of 46%. TLC (hexanelethyl acetate/methanol, 1 : 1 : 
0.05): Rf = 0.53; mp 114 - 117 "C; FT-IR (KBr): 3438, 3050, 2956, 2931, 2858, 
2588, 1712, 1685, 1618, 1541, 1464, 1385, 1290, 1255, 1105 cm-l; 1H NMR 
(CD30D) 6 7.86 (s, lH,  Hg), 7.07 (d, J = 15.4, lH, H-vinyl), 6.99 (d, J = 15.4, lH, 
H-vinyl), 6.11 (t, J = 6.7, lH ,  Hii), 4.45 (bs, lH ,  C-H carborane), 4.38-4.35 (m, 
lH ,  H4'), 3.88-3.87 (m, lH,  H39, 3.78-3.72 (m, 2H, H5'), 3.11 (t, J = 6.7, 2H, N- 
CH2), 2.22-2.08 (m, 4H, H2* and CH2-carborane), 1.63-1.55 (m, 2H, CH2-CHp 
CH2), 0.82 (s, 9H, C(CH3)3), 0.81 (s, 9H, C(CH3)3), 0.28 (s, 6H, Si(CH3)2), 
0.01 (s, 6H, Si(CH3)z); 13C NMR (CD30D) 6 169.11, 163.56, 151.03, 143.45, 
134.41, 122.76, 111.03, 89.79, 87.39, 74.01, 64.28, 63.63, 42.24, 39.51, 36.32, 
34.74, 30.48, 26.76, 26.53 (2C, C(CH3)3), 26.27 (2C, C(CH3)3), 26.02, 19.30, 
18.83, -4.48, -4.58, -5.06, -5.14; EI-HRMS calcd for C2gH6081 oN3Si206 
(M+H): 712.4953, found: 712.4960. 

Preparation of 7 from 5 To a solution of 5 (87 mg, 0.16 mmol), 1,3- 
dicyciohexylcarbodiimide (41 mg, 0.20 mmol) and 4-methylmorpholine (0.04 
mL, 0.40 mmol) in 20 mL of DMF was added dropwise at 0 "C with vigorous 
stirring a solution of 1-(aminopropyl)-l,2-dicarbo-c/oso-dodecaborane 
hydrochloride (47 mg, 0.20 mmol) in 5 mL of DMF. The mixture was then stirred 
for an additional 3 hours. After evaporation of the solvent, the residue was 
purified by column chromatography on silica gel eluted with hexane/ethyl 
acetate/methanol (1 : 1 : 0.05) to give the product as a light yellow solid in 23% 
yield (26 mg, 0.04 mmol). 

Preparation of E-5-[2-(1,2-dicarbo-closo-dodeca boran y l  
propylaminocarbonyl)vinyl)-2'-deoxyuridine (2) To a solution of 7 (1 50 
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mg, 0.21 mmol) in 20 mL of THF was slowly added dropwise at -78 "C 1.25 mL 
of 1.0 M tetra-n-butylammonium fluoride in THF (1.25 mmol). The mixture was 
stirred an additional 2 hours, and then allowed warm to room temperature. The 
mixture was then poured into 30 mL of water, and extracted three times with 40 
mL aliquots of ether. The combined ether extracts were washed with brine and 
dried over anhydrous magnesium sulfate. After solvent evaporation, the residue 
was purified by column chromatography on silica gel eluted with ethyl 
acetate/methanol (4 : 1) to give the product as an off-white solid in 45% yield. 
TLC (chloroform/methanol, 5 : 1): Rf = 0.80; mp 250 "C dec; FT-IR (KBr): 3700- 
3100, 3050, 2939, 2875, 2588, 1701, 1653, 1531, 1456, 1385, 1356, 1333, 
1286, 1090 cm-l; 1H NMR (CD30D) 6 8.37 (s, lH,  Hg), 7.21 (d, J = 15.5, lH ,  H- 
vinyl), 7.04 (d, J = 15.5, lH, H-vinyl), 6.27 (t, J = 6.3, lH, Hii), 4.55 (bs, lH, C-H 
carborane), 4.43-4.38 (m, lH,  H4'), 3.95-3.87 (m, lH, H39, 3.86-3.71 (rn, 2H, 
H59, 3.22 (t, J = 6.7, 2H, N-CH2), 2.35-2.24 (m, 4H, Hzi and CHpcarborane), 
1.74-1.67 (m, 2H, CH2-CHz-CH2); 1% NMR (CD30D) 6 169.33, 164.01, 
143.93, 134.46, 122.00, 110.94, 89.21, 87.09, 71.92, 63.73, 62.60, 49.34, 48.32, 
41.83, 39.53, 36.34, 30.47; EI-HRMS calcd for C17H31 B10N306: 483.3143, 
found: 483.3149. Anal. Calcd for C17H31B10N306: C, 42.40; H, 6.49; N, 8.73. 
Found: C, 42.36; H, 6.53; N, 8.76. 

Biochemistry 
Materials. [y-33P]-ATP was purchased from Du Pont Co. BSA, DTT, ATP, 

dTMP, dThd, dUrd and other chemicals were obtained from Sigma Chemical 
co. 

Enzyme purification. dThd-Sepharose was prepared by coupling dThd 
directly to the Sepharose activated by bifunctional oxirane, 1,4-butanedioI 
diglycidyl ether.221 23 Human cytosolic thymidine kinase was purified (1560 - 
fold) by affinity chromatography on dThd-Sepharose from an extract of human 
acute lymphoblastic leukemic T-cells. These cells, collected from patients by 
leukophoresis, were provided by the Tissue Procurement Service of The Ohio 
State University Comprehensive Cancer Center. Frozen cellular extracts were 
stored until needed. 

Thymidine kinase assay. Thymidine kinase assay was carried out 
radiometrically based on the procedure described by lves.24 The standard 
assay mixture19 contained 0.19 M Tris-HCI, pH 8.0, 1.9 mM ATP, 1.9 mM 
MgCI2, 20 pM dThd, 0.5 I C i  [SHI-dThd, 10 mM DTT, 1% BSA, 3.0 mM 
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phosphocreatine and 0.54 units creatine kinase in a final volume of 80 pl. The 

enzyme reaction began by adding 4.85 X units of purified human TK, and 
carried out at 37 OC for 30 min. For inhibition kinetics, the boronated nucleoside 
derivatives were dissolved in methanol (100 mM), then diluted with water and 
added to the assay mixture. 

Phosphorylation of boronated nucleoside derivatives were performed 
using [y-33P]-ATP as a phosphate donor. The reaction mixture contained 0.10 
M Tris-HCI, pH 8.0, 0.25 pM [-$3P]-ATP (5 pCi), 25.0 pM MgC12, 10.0 mM DTT, 
1.0% BSA, 3.2% methanol, 100 pM boronated pyrimidine nucleoside and 0.098 
units of purified TK in a final volume of 20 pl. The reaction was carried out at 

room temperature for 0.5 to 24 hours. The reaction products were monitored on 
PEl-Cellulose TLC plates developed with isobutyric acidlammonium 
hydroxidelwater (v/v, 66/1/33), or on Silica Gel TLC plates developed by n- 
butanoVmethanol (vh, 1 : 1). The developed TLC plate was exposed to Biomax 
MR Kodak Scientific Imaging Film for 2 to 4 hours at -78 OC, and then the film 
was developed on CWP 14-plus Automatic Film Processor. Alternatively, the 
radioactivity (cpm) on developed TLC plates was counted directly using 
BETASCOPE 603 Blot Analyzer. 
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