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� Novel C-6 substituted pyrimidine derivatives are good substrates of herpes simplex virus type
1 thymidine kinase (HSV1-TK). Enzyme kinetic experiments showed that our lead compound, N-
methyl DHBT (N-methyl-6-(1,3-dihydroxyisobutyl) thymine; N-Me DHBT), is phosphorylated at a
similar rate compared to “gold standard” 9-[4-fluoro-3-(hydroxymethyl)butyl]guanine, FHBG, (Km

= 10 ± 0.3 µM; kcat = 0.036 ± 0.015 sec−1). Additionally, it does not show cytotoxic properties
on B16F1 cells up to a concentration of 10 mM. The x-ray analysis of the crystal structures of HSV1-
TK with N-Me DHBT and of HSV1-TK with the fluorinated derivative N-Me FHBT confirmed the
binding mode predicted by docking studies and their substrate characteristics. Moreover, the crystal
structure of HSV1-TK with N-Me DHBT revealed an additional water-mediated H-bond interesting
for the design of further analogues.

Keywords C-6 pyrimidine derivatives; N-Me DHBT; HSV1-TK; positron emission
tomography

INTRODUCTION

A noninvasive imaging modality, such as positron emission tomogra-
phy (PET), offering the possibility of monitoring the location, magnitude,
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294 M. Martic et al.

and duration of gene expression over time is critically important for the
application of gene therapy to human beings. To be considered as suit-
able agents for monitoring herpes simplex virus type 1 thymidine kinase
(HSV1-TK) expression in vivo by PET, compounds have to fulfill several
requirements[1]: good catalytic efficacy for HSV1-TK, high specificity to-
ward the HSV1-TK enzyme, low specificity toward other human enzymes,
low cytotoxicity in normal and TK-transfected cells, a suitable structure for
radiolabeling and favorable pharmacokinetics. Non-fluorinated acyclic nu-
cleoside analogues are known to be potent anti-herpes virus agents.[2,3] The
most efficient ones, aciclovir (ACV) and ganciclovir (GCV) possess low host
toxicity and are active against herpes simplex virus type 1 and type 2.[3,4]

The selectivity of these acyclic nucleoside analogues is due, in part, to
the fact that they are only phosphorylated in virus-infected cells, where a
virus specific thymidine kinase of low substrate specificity converts the nu-
cleoside analogues to their monophosphate derivatives. Our investigations
were prompted by the need to develop PET imaging agents which lack the
disadvantages of already existing reporter probes of HSV1-TK, such as 9-
[4-[18F]fluoro-3-(hydroxymethyl)-butyl]guanine ([18F]FHBG), which shows
cytotoxicity and unfavorable pharmacokinetics (Figure 1). Previous re-
sults with a C-6 substituted pyrimidine derivative, 6-(2,3-dihydroxypropyl)-5-
[18F]fluoromethyl-(1H,3H)-pyrimidine-2,4-dione ([18F]fluoromethyl-HHT)
in a murine melanoma cell line B16 F1 tumor model, showed that
[18F]fluoromethyl-HHT is indeed far superior to [18F]FHBG, due to

FIGURE 1 Structure of FHBG and C-6 alkylated pyrimidine derivatives. The compound N-Me DHBT
bears a methyl substitution in the N-1 and the acyclic sugar extends from the carbon C-6.
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C-6 Pyrimidine Derivatives 295

a greater sensitivity and contrast, as well as lower levels of abdomi-
nal background radioactivity.[5] However, it has the disadvantage of in
vivo defluorination. In a previous work,[6,7] we described the lead com-
pound DHBT (6-(1,3-dihydroxyisobutyl)thymine) and discussed its ad-
vantages over existing compounds. Those promising results prompted
us to further explore the chemical space of novel C-6 thymine deriva-
tives and the substrate acceptability of HSV1-TK. Unlike existing PET re-
porter probes that bear aliphatic side chains or sugar moieties in the
N-1 position of purine or pyrimidine, we intend to evaluate new fluorinated
compounds that are C-6 alkylated pyrimidine derivatives. As we aimed to
improve the in vivo stability of the new compound by first placing the 18F
radiolabel in the acyclic side chain extending from the C-6 position of the
thymine ring, we introduced a methyl group in the N-1 position in order to
circumvent the intramolecular cyclization of the compound (Figure 1).

Herein, we describe a docking study on a N-1 methylated deriva-
tive, a synthesis of the lead compound N-Me DHBT (N-methyl-6-(1,3-
dihydroxyisobutyl)thymine) and the x-ray structures of HSV1-TK in com-
plex respectively, with N-Me DHBT and with the fluorinated derivative N-Me
FHBT, respectively (Figure 1). Additionally, we provide the binding affinity
of N-Me DHBT to HSV1-TK, its kinetic turnover constant and an evaluation
of the effect on the proliferation of HSV-1 TK transduced and nontrans-
duced B16F1 cell lines.

EXPERIMENTAL

Docking Studies Using GOLD

The human thymidine kinase (PDB entry code 1W4R) and HSV1-TK
(PDB entry code 1VTK) x-ray structures were retrieved from the Protein
Data Bank in pdb format. For each structure, monomer A was kept and
hydrogens and Gasteiger charges added using Sybyl 7.2 (Tripos Inc., St.
Louis, MO, USA). Then, both structures were stored in mol2 format. For the
putative ligands of hTK1 and HSV1-TK, hydrogens and Gasteiger-Huckel
partial charges were assigned. Subsequently, the energy of each ligand was
minimized using the Powell method with an initial simplex optimization.
The termination criterion was set to a gradient of 0.05 kcal/mol × A and
the number of maximal iterations to 1000.

Standard GOLD parameters were applied, except for the definition of
the active site, where an origin was defined as the center of a sphere with
a 6.5 Å radius. For hTK1, its coordinates were 37.67, 93.58, and −19.48 for
x, y, and z, respectively. This corresponds to the centroid (center of mass)
of dTTP (thymidine triphosphate) in subunit A of 1W4R. For HSV1-TK,
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296 M. Martic et al.

these centroid coordinates were set to 39.50, 16.73, and 31.94 (reflecting
the centroid of dTMP (thymidine monophosphate) in subunit A of 1VTK),
respectively. For each compound, 10 GOLD runs were done. The docking
protocol was validated by redocking several ligands (thymidine, penciclovir
(PCV), ganciclovir (GCV), and DHBT) into the corresponding x-ray crystal
structures.

Synthesis of the Lead Compound N-Me DHBT

The synthesis of N-Me DHBT is shown in Figure 2.
The 1H NMR and 13C NMR spectra were recorded on a 300 MHz Var-

ian Gemini 2000 (Varian Inc., USA) or a Bruker 400 MHz spectrometer
(Bruker, Germany) with tetramethylsilane as an internal standard. All data
were recorded in DMSO-d6 at 298 K. Chemical shifts were referenced to
the residual solvent signal of DMSO at δ 2.50 ppm for 1H and δ 39.50 ppm
for 13C. Individual resonances were assigned on the basis of their chemical
shifts, signal intensities, multiplicity of resonances, and H-H coupling con-
stants. Chemical shifts, δ, are reported in parts per million referred to TMS,
and signals are expressed as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), or br (broad). Coupling constants (J) are expressed in Hz.
Mass spectroscopy analysis was performed with a Micromass Quattro micro
TM API LC-ESI or a LCT Premier ESI-TOF from Waters (France). The TLC
was done on Merck silica gel 60 F254 precoated plates. Compound was visu-
alized under ultraviolet (UV) light (254 nm). The silica gel used for column
chromatography was silica gel 60, particle size 0.040–0.063 mm (230–400
mesh ASTM), Fluka, Germany. Evaporations were performed using a Büchi
Rotavapor R-215 system at 40◦C (Büchi, Switzerland).

2,4-Dichloro-5,6-dimethylpyrimidine (2)

A mixture of 2,4-dihydroxy-5,6-dimethylpyrimidine 1 (6.33 g, 45 mmol)
and POCl3 (30 ml, 328 mmol) was heated under reflux for 4 hours. Excess of
POCl3 was then removed under reduced pressure and the residue was added
to ice, washed with ether, and dried over sodium sulphate. The crude product
was recrystallized from ethanol to give 2 (7.54 g, 94.3%, m.p. 70–71◦C);
(C6H6N2Cl2), R f = 0.65 (n-hexane/EtOAc = 5/1).

1H NMR (DMSO-d6): 2.26 (s, 3H, CH3), 2.47 (s, 3H, CH3).
13C NMR (DMSO-d6): δ 155.24 (C-2), 171.48 (C-4), 127.74 (C-5), 160.54

(C-6), 22.83 (CH3), 14.40 (CH3).
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C-6 Pyrimidine Derivatives 297

FIGURE 2 Synthetic pathway to the novel lead compound N-Me DHBT. Reagents and conditions:
(i) POCl3, reflux; (ii) NaOCH3, MeOH; (iii) LDA, THF; (iv) N-chlorosuccinimide, Et3N, toluene;
(v) −55◦C, THF; (vi) C3H3ClO3, DMAP, CH3CN; (vii) Bu3SnH, AIBN, Toluene; (viii) CH3I; (ix) −78◦C,
BCl3, CH2Cl2; (x) AcCl, H2O; NH3, MeOH. Synthetic yields for each reaction ranged from 45 to 100%
and are reported. (Color figure available online.)
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298 M. Martic et al.

2,4-Dimethoxy-5,6-dimethylpyrimidine (3)

2 (7.54 g, 42.6 mmol) was added to a solution of sodium (2 g, 87.0
mol) in methanol (50 ml). The reaction mixture was refluxed for 6 hours.
The solvent was evaporated and water was added to dissolve NaCl. The oily
layer was extracted with dichloromethane, dried over sodium sulphate and
concentrated under reduced pressure. The residue was kept in refrigerator
and gave colorless crystals of 3 (7.10 g, 99.1%, m.p. 39–40◦C).

1H NMR (DMSO-d6): 1.98 (s, 3H, CH3), 2.29 (s, 3H, CH3); 3.82 (s, 3H,
OCH3), 3.87 (s, 3H, CH3).

13C NMR (DMSO-d6): δ 162.10 (C-2), 168.67 (C-4), 107.25 (C-5), 165.67
(C-6), 53.96 (OCH3), 53.74 (OCH3), 21.46 (CH3), 9.67 (CH3).

1,3-Bis(benzyloxy)propan-2-one (6)

N-Chlorosuccinimide (18.0 g, 134.8 mmol) was suspended in dry toluene
(210 ml), and the mixture was cooled in a dry ice bath. Dimethyl sulfide (15
ml, 204.2 mmol) was added, and the mixture was cooled to −25◦C in a
dry ice-CH2Cl2 bath. 1,3-bis(benzyloxy)-2-propanol 5 (25.0 g, 91.8 mmol)
in toluene (21 ml) was added to the mixture, and the mixture was kept
under argon for 4 hours. Triethylamine (100 ml, 717.5 mol) was added
and the reaction was allowed to warm until reaching room temperature.
After 30 minutes of stirring at room temperature, the solution was passed
through a filter paper. The residue was washed with a diethyl ether (250
ml). The filtrate and the washings were combined, neutralized with 5%
aqueous HCl to pH 7, washed with a saturated NaCl solution (3 × 50 ml)
and then with water (3 × 50 ml), and finally dried over sodium sulphate.
The solvent was removed in vacuum and the resulting oil was purified by
column chromatography (n-hexane/EtOAc = 4/1) to give 13.5 g (54.4%
yield) of compound 6 (C17H18O3). m.p. 40◦C.

MS m/z: 270.1 (M+).
1H NMR (DMSO-d6): 7.23 (10H, Ph), 4.46 (s, 4H, CH2Ph), 4.13 (s, 4H,

CH2O).

6-(3-Benzyloxy)-2-benzyloxymethyl-2-hydroxypropyl)-2,4-

dimethoxy-5-methylpyrimidine (7)

LDA (1.5 M, 45 ml, 113 mmol) was added dropwise to a solution of 2,4
dimethoxy-5,6-dimethylpyrimidine 3 (7.50 g, 44.6 mmol) in THF (90 ml)
at −70◦C. The temperature was raised to −55◦C, and the solution was stirred
for 30 minutes. 6 (12.00 g, 44.4 mmol) in THF (65 ml) was added dropwise
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C-6 Pyrimidine Derivatives 299

to this solution and stirring was continued for 2.5 hours while the tem-
perature was maintained at −55◦C. The solution was neutralized by the
addition of AcOH to pH 7 and then the temperature was raised to 25◦C
and the solvent removed. The residue was partitioned between AcOEt and
H2O. The organic layer was separated, dried over sodium sulphate and
removed by evaporation. The residue was isolated by chromatography on
silica gel column, eluting with n-hexane/EtOAc = 3/1. The desired frac-
tions were concentrated in vacuum to afford compound 7 in 59% yield
(1.25 g).

MS m/z: 439.3 (M+).
1H NMR (DMSO-d6): 7.28 (10H, Ph), 5.09 (s, 1H, OH), 4.48 (s, 4H,

CH2Ph), 3.87 (s, 2H, CH2O), 3.76 (s, 3H, OCH3), 3.44 (s, 3H, OCH3), 2.83
(s, 2H, CH2), 1.99 (s, 3H, CH3).

6-[3-Benzyloxy-2-(benzyloxymethyl)propyl]-2,4-dimethoxy-5-

methylpyrimidine (9)

Methyl oxalyl chloride (5.9 ml, 63.7 mmol) was added to a mix-
ture of 6-3-(Benzyloxy-2-benzyloxymethyl-2-hydroxypropyl-2,4-dimethoxy-5-
methylpyrimidine 7 (6.00 g, 13.7 mmol) and 4-(dimethylamino) pyridine
(DMAP, 3.7 g, 29.6 mmol) in dry CH3CN (50 ml) at 0◦C under argon. The
mixture was stirred for 14 hours under argon at room temperature and then
diluted with EtOAc (400 ml). The mixture was washed successively with a
saturated aqueous NaHCO3 solution (120 ml) and H2O (120 ml). The sep-
arated organic phase was dried over sodium sulphate and the solvent was
removed under reduced pressure. The residue was co-evaporated twice with
dried toluene (40 ml) to afford the methyl oxalyl ester 8. MS m/z: 481 (M+).

A mixture of Bu3SnH (9.0 ml, 36 mmol) and 2,2′-azobis (isobutyronitrile)
(AIBN; 180 mg, 1.1 mmol) in dry toluene (50 ml) was added to a solution of 8
in dry toluene (130 ml) under an argon atmosphere. The mixture was heated
at 110◦C for 3 hours and the solvent was removed by evaporation under
reduced pressure. The residue was purified by column chromatography
(mixture of n-hexane/EtOAc = 4/1 as mobile phase) to afford 2.77 g of
6-[3-benzyloxy-2-[(benzyloxymethyl)propyl]thymine 9 in 48% yield.

MS m/z: 423.3 (M+).
1H NMR (DMSO-d6): 7.29 (10H, Ph), 4.42 (s, 4H, CH2Ph), 3.87 (s, 3H,

OCH3), 3.79 (s, 3H, OCH3), 3.43 (d, 4H, OCH2), 2.68 (d, 2H, CH2), 1.97
(s, 3H, CH3).
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300 M. Martic et al.

6-[3-(Benzyloxy-2-(benzyloxymethyl)propyl]-4-methoxy-1,5-

dimethylpyrimidin-2(1H)-one (10)

A mixture of 9 (3.6 g, 7.57 mol) and CH3I (50 ml, 803 mol) was refluxed
at 50◦C for 4 days and evaporated to dryness. The raw product was purified
on silica column (n-pentane/EtOAc = 1/1) to afford 3.5 g of pure 10 in
97% yield.

MS: 423.3 (M+)
1H NMR (CDCl3): 7.24 (m, 10H, Ph), 4.40 (q, 4H, CH2), 3.88 (s, 3H,

CH3), 3.45 (s, 3H, CH3), 3.42 (d, 4H, CH2), 2.78 (d, 2H, CH2), 2.10 (m, 1H,
CH), 2.95 (s, 3H, CH3).

6-[3-Hydroxy-2-(hydroxymethyl)propyl]-4-methoxy-1,5-

dimethylpyrimidin-2(1H)-one (11)

A mixture of 10 (3.2 g, 7.57 mmol) in dry CH2Cl2 (40 ml) was cooled
to −78◦C. BCl3 (1 M in CH2Cl2, 35 ml, 35 mol) was added via a syringe and
under argon. The mixture was stirred at −78◦C for 2 hours and then the
temperature was raised to −40◦C. A mixture of CH2Cl2/MeOH (1/1; 100 ml)
was added and the cooling bath was removed. The solution was neutralized
with a saturated NaHCO3 solution to pH 7 and stirred for additional 30
minutes. The water layer was separated and solvent was removed under
reduced pressure to give 1.65 g of pure 11 in 90% yield.

MS m/z: 243.3 (M+).
1H NMR (CDCl3): 1.96 (s, 3H, CH3), 2.01 (br, 1H, CH), 2.83 (m, 2H,

CH2), 3.47 (s, 3H, CH3), 3.58 (m, 4H, CH2 + CH2), 3.87 (s, 3H, OCH3).

6-[3-Hydroxy-2-(hydroxymethyl)propyl]-1,5-

dimethylpyrimidin-2,4(1H,3H)-dione (N-Me DHBT) (12)

A solution of 11 (3.0 g, 12.4 mmol) dissolved in acetyl chloride (10 ml)
and containing a few drops of water was stirred at reflux for 48 hours. The
solvent was removed under reduced pressure and the residue was dissolved
in saturated methanolic ammonia (50 ml) stirred at room temperature for
additional 4 hours, and then evaporated to dryness. The product was purified
on a silica column (CHCl3/i-PrOH = 4/1) to give pure N-Me DHBT (1.3 g)
in 46% yield.

MS m/z: 229.17 (M+).
1H NMR (CDCl3): 1.86 (s, 3H, CH3), 1.96 (m, 1H, CH), 2.73 (d, 2H,

CH2), 3.35 (s, 3H, CH3), 3.58 (m, 4H, CH2 + CH2).
13C NMR (CDCl3): 10.96 (CH3), 28.08 (C1′); 31.80 (N-CH3), 41.65 (C2′),

61.15 (C3′ ,C4′), 109.44 (C5), 153.85 (C2, C4).
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C-6 Pyrimidine Derivatives 301

HPLC Assay for Monitoring the Phosphorylation of N-Me DHBT

A previously published protocol was used.[8,9] Briefly, reactions were car-
ried out in a final volume of 75 µl containing H2O (58.2 µl), 1 M Tris
buffer, pH 7.4 (3.75 µl), 100 mM ATP (3.75 µl), 100 mM MgCl2 (3.75 µl),
1 mM N-Me DHBT (3.75 µl), and 2–10 µg of HSV1-TK. The reaction were
carried at 37◦C and were stopped by addition of 2.5 mM EDTA (675 µl)
at time-points 10, 20, 30, 45, 60, and 90 minutes. The obtained mixture
was then injected into an HPLC column for the analysis (column, C-18; sol-
vent, 0.2 M NaH2PO4, 25 mM tetrabutylammonium hydrogen sulphate, 3%
methanol; flow 1.1 ml/min; detection: diode array detector). The formation
of the monophosphorylated compound as well as ADP, was monitored quali-
tatively. Two different blank reactions (no enzyme or no substrate) were run
concurrently to account for the occurring minimal reaction, independent
of ATP hydrolysis. All reactions were performed in triplicates.

Determination of K m and kcat by Spectrophotometric Assays

The K m and kcat values were determined as described in the litera-
ture.[9,10] Reaction mixtures with a final volume of 75 µl containing 50 mM
Tris buffer pH 7.2, 1 mM 1,4-dithio-DL-threitol, 0.21 mM phosphoenolpyru-
vate, 2.5 mM MgCl2, 5 mM ATP, 0.18 mM NaDH, 0.8 µg pyruvate kinase,
0.5 µg L-lactate dehydrogenase, and different concentrations of the substrate
(0.01 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 1 mM) were incubated at
37◦C. Two minutes later, 5 µg of HSV1-TK were added in order to initiate
the reaction. The changes in absorbance at 340 nm corresponding to ADP
formation of the TK-dependent reaction at 37◦C were monitored during
20 minutes. The data presented are the results of the measurements per-
formed in triplicates. Control experiments were performed in order to take
into account the spontaneous hydrolysis of ATP under the experimental
conditions.

Cell Proliferation Assay

Confluent B16F1 cells stably transduced with HSV1-TK (B16F1 HSV1-
TK+) and wild-type cells (B16F1 wt) were trypsinisated and resuspended in
10 ml of fresh RPMI 1640 medium supplemented with 10% fetal calf serum
and 1% antibiotic PSF solution. The cell concentration for a 1:1 dilution
with trypan blue was determined using a Neubauer’s counting chamber.
The suspension was diluted with the medium to a final concentration of
20,000 cells per milliliter.

The protocol used was similar to one previously published.[9] Of the
suspension, 100 µl (2000 cells) were seeded in each well of a 96 well Nun-
clon surface plate from Nunc (ThermoFisher Scientific, Denmark). After
1.5 hours of incubation at 37◦C, the cells were attached to the bottom of the
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302 M. Martic et al.

wells. 100 µl of sterile solutions of ganciclovir (GCV) and N-Me DHBT in
RPMI 1640 were added to the cells leading to final substrate concentrations
of 0.05, 0.1, 1, 5, 10, 50, 100, 500, and 1000 µM. All samples were prepared
in triplicates for each cell line. The wells without thymidine analogue allow
calculating the standard value of 100% of cell growth. The plates were incu-
bated for 3.5 days at 37◦C in the presence of 5% CO2. Viability of the cells was
measured by a colorimetric assay using the XTT labeling reagent (sodium 3′-
[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene
sulfonic acid hydrate). 50 µl of the XTT reagent were added to each
well.[11,12] After 9 hours of incubation at 37◦C in the presence of 5% CO2,
the number of viable cells in each well was determined by a colorimetric
UV absorption measurement of the converted XTT with a plate reader at a
wavelength of 450 nm. To account for the absorbance due to the presence of
both varying numbers of cells and nonmetabolized XTT, the optical density
(OD) at a reference wavelength of 750 nm was subtracted.[11,12]

Protein Expression, Purification, and Crystallization

The HSV1-TK was expressed as a GST-TK fusion protein and further
purified as HSV1-TK by using glutathione affinity chromatography following
protocols that have been reported earlier.[13,14]

Best crystals of HSV1-TK were obtained at 23◦C (296 K) with the vapor
diffusion technique using the geometry of the sitting-drop. Crystals grew in
0.9–1.2 M Li2SO4, 1 mM DTT and 0.1 M HEPES buffer at pH 7.5–8.0.[14] Crys-
tals of HSV1-TK were soaked for 30 minutes in the high salt crystallization so-
lution to which 5 mM of either N-methyl-6-(1,3-dihydroxyisobutyl)thymine,
N-Me DHBT, or N-Me FHBT were added, respectively.

Prior to data collection, the crystals were immerged for a short time in the
crystallization buffer containing 30% (v/v) glycerol and were subsequently
frozen in a gaseous nitrogen stream at 100 K. The crystals belong to the
orthorhombic space group C2221 with unit cells parameters a = 113.0 Å,
b = 117.4 Å, c = 107.8 Å, α = β = γ = 90◦ for the HSV1-TK:N-Me DHBT
crystal and a = 114.2 Å, b = 118.3 Å, c = 108.9 Å, α = β = γ = 90◦ for the
HSV1-TK:N-Me FHBT crystal.

Data Collection, Structure Solution, and Refinement

The x-ray data set of HSV1-TK:N-Me DHBT crystal was collected at the
beam-line x06sa, equipped with the pixel-detector PILATUS and tuned
at a wavelength of 1 Å, at the synchrotron Swiss Light Source (Villigen,
Switzerland). An angular increment between the diffraction images of 1◦

and a crystal-to-detector distance of 300 mm were chosen. The x-ray data set
of HSV1-TK:N-Me FHBT crystal was collected at the synchrotron Swiss Light
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C-6 Pyrimidine Derivatives 303

Source on the beam-line x06da, equipped with the MAR CCD detector and
tuned at a wavelength of 1 Å. The crystal-to-detector distance was fixed at 255
mm and 0.5◦ was chosen as an angular increment between the diffraction
images. The datasets were obtained from a single crystal, respectively. Raw
diffraction images were indexed and integrated with MOSFLM7.0.1.[15] Data
scaling, merging, and reduction was carried out with programs of the CCP4
suite.[16] Relevant statistics are given in Table 2.

The structure of HSV1-TK containing the substrate analogue N-Me
DHBT was determined by molecular replacement with the program
PHASER[17] using the model of HSV1-TK complexed with the substrate ana-
logue 6-(1,3-dihydroxyisobutyl)thymine, DHBT (1E2P) as a search probe.
Before starting the molecular replacement procedure, the substrate ana-
logue DHBT and solvent molecules were removed from the initial model.
The rotation and the translation functions gave two clear single solutions,
which corresponded to two molecules in the asymmetric unit.

These two molecules located in the asymmetric unit yielded a Matthews
coefficient (V M) of 2.41 Å3/Da and a corresponding solvent content of
49.1%.[18] Both solutions were employed in the refinement procedure per-
formed with CNS 1.1.[19]

From the total of independent reflections, 5% were used for calculating
the R free and thus monitor the progress of the refinement. After the first
cycle of refinement, composed of a rigid-body and an energy minimization
procedure, residues Gly61 to Ser74 for subunit A and residues Lys62 to Ile78
for subunit B of the HSV1-TK homodimer were reconstructed. Subsequently,
several cycles (simulated annealing, energy minimization, and grouped tem-
perature factor refinement) were performed and were interchanged with
manual rebuilding sessions using the molecular graphics program O.[20]

Within the binding pocket of both subunits A and B of the HSV1-TK
homodimer, a residual density was present in the (F obs − F calc) electron
density map contoured at 2σ and was clearly identified as the substrate
analogue N-Me DHBT. The sulfate ions were introduced also directly in the
ATP-binding pocket. Water molecules were positioned progressively if they
were observed in an environment susceptible to provide hydrogen bonds. In
the final stages of the refinement, individual restrained B-factor refinement
was performed.

Subsequently, the model of HSV1-TK complexed with the N-Me DHBT
was used as a search probe to solve by molecular replacement with the pro-
gram PHASER[17] the structure of HSV1-TK containing the fluorinated ana-
logue N-Me FHBT. Iterative model refinement carried out with PHENIX[21]

and manual building done with the program COOT[22] completed the struc-
ture of HSV1-TK:N-Me FHBT. Likewise, water molecules and sulfate ions
were introduced at the end of the refinement procedure. A residual density
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was present in the (F obs − F calc) electron density map contoured at 2.5σ and
located in the active site of both subunits A and B. The LigandFit subroutine
of PHENIX localized the N-Me FDHT derivative within this residual electron
density map.[23,24] The eLBOW subroutine was used to generate the geom-
etry restraint information of the N-Me FHBT derivative for performing the
final refinement step with the introduced derivative.[25]

The stereochemical quality of the two final models was assessed with
PROCHECK.[26] The coordinates and structure factors are deposited in the
Protein Data Bank under the accession codes 3F0T and sf3f0t for HSV1-TK
complexed with N-Me DHBT and under 3RDP and sf3rdp for HSV1-TK
complexed with N-Me FHBT.

Figures 4–7 were produced with the program PyMOL (http://www.
pymol.sourceforge.net; http://www.pymol.org).

RESULTS AND DISCUSSION

Docking Study Results

The choice of the docking program among the ones available (Autodock,
Dock, GOLD, FlexX) was made based on a study of Kellenberger et al.[27]

stating that both the capacity of reproducing the x-ray pose (accuracy) as
well as the discrimination of known thymidine kinase inhibitors were best
achieved with the docking program GOLD.

GOLD 2.2 (Genetic Optimisation for Ligand Docking) is especially
suited for complexes displaying predominantly H-bonds.[28] Apart from vi-
sual inspection, the main parameter for estimating docking success is the
fitness function, which has been optimized for the prediction of ligand bind-
ing poses rather than affinity. Docking studies were performed in order to
investigate whether N-Me DHBT would, indeed, be a substrate for HSV1-TK.
The docking model was tested by examining binding modes of thymidine,
PCV, GCV, and DHBT. It was successfully validated since all binding modes
corresponded to the binding modes seen in their respective crystal structures
with HSV1-TK. Root mean square deviation (RMSD) values were always close
to 1 Å.

The docking results predicted that N-Me DHBT would indeed be a HSV1-
TK substrate since N-Me DHBT shows the same interactions known to thymi-
dine and DHBT. Specifically, 3′-OH groups of the N-Me DHBT and N-Me
FHBT point toward the catalytic center of the enzyme, formed by Glu83 and
Arg163. Due to these interactions, it was predicted that N-Me DHBT and
N-Me FHBT would undergo phosphorylation, since their hydroxyl function-
alities mimic the 5′-hydroxyl group of thymidine as later confirmed by the
x-ray structures reported here. The second OH group of N-Me DHBT (4′-
OH) and the F atom of N-Me FHBT point towards the LID domain (residues
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C-6 Pyrimidine Derivatives 305

219–226) of HSV1-TK. Based on these results, both compounds fulfill the
prerequisite for being HSV1-TK substrates.

Synthesis of N-Me DHBT

The synthesis of the key intermediate N-Me DHBT (Figure 2) was
accomplished in analogy to published procedures with slight modifica-
tions in the work up.[29,30] The starting compound, 2,4-dihydroxy-5,6-
dimethylpyrimidine (1), was converted to the corresponding chloride 2,
which was used without further purification. The treatment of 2 with sodium
methanolate gave the dimethoxy compound 3 in 95% yield after purification
by column chromatography. In parallel, 1,3-dibenzyloxy-2-propanol (5) was
oxidized using Corey oxydation to yield ketone 6. The product of the reac-
tion between the lithiated compound 4 and ketone 6 was the C-6 substituted
pyrimidine 7. The removal of the tertiary hydroxyl group was accomplised
using radical deoxygenation via oxalyl ester 8. Introduction of the methyl
group in the N-1 position of the pyrimidine ring was achieved by the reaction
of 9 with methyl iodide. The cleavage of two benzyl protecting groups, fol-
lowed by the removal of the methoxy group gave N-Me DHBT in 13% overall
yield. The insertion of the methyl group on the N-1 compared to DHBT al-
lows avoiding intramolecular cyclisation while performing fluorination on
one of the OH groups for producing the 18F labeled N-Me FHBT.

In Vitro Validation of N-Me DHBT as Substrate of HSV1-TK

In analogy to the previously published protocol,[6,9] we initially investi-
gated whether N-Me DHBT would be phosphorylated by HSV1-TK. Prior to
test the phosphorylation of N-Me DHBT, we always assessed HSV1-TK activ-
ity using thymidine and DHBT as positive controls. The formation of ADP
and the monophosphorylated substrate, as well as the disappearance of the
substrate over time, were clearly visible. The retention times of N-Me DHBT
and ADP differed only by 0.2 minutes, making a clear distinction between
the two components difficult. However, recording the UV spectra produced
by the DAD (Diode Array Detector) allowed to detect the UV-maxima at 267
nm and 258 nm that corresponded to ADP and N-Me DHBT, respectively.
The incubation of N-Me DHBT with HSV1-TK, also revealed the presence

TABLE 1 Enzyme kinetics data obtained by the spectrophotometric assay

Compound N-Me DHBT dT∗ PCV∗ DHBT∗

K m (µM) 10 0.2 1.5 35.3
kcat (s−1) 0.036 0.35 0.05 0.035

∗Data from the literature.[6,10]
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306 M. Martic et al.

FIGURE 3 HPLC-based phosphorylation pattern assay. The formation of new peaks (ADP and
monophosphorylated product) has been monitored by HPLC coupled to a diode array detector. To
assess the functionality of the HSV1-TK enzyme, thymidine (dT) and DHBT were used as positive con-
trols. These chromatograms clearly show the formation of ADP and the monophosphorylated products
dTMP and DHBT-P, respectively. For N-Me DHBT, the formation of N-Me DHBT monophosphate (N-
Me DHBT-P) is clearly visible, while the peaks of N-Me DHBT and ADP overlap. (Color figure available
online.)

of a new peak at 7.05 minutes, which corresponded to the monophospho-
rylated N-Me DHBT (Figure 3). An increase over time of this newly formed
peak provided another evidence that N-Me DHBT is indeed a substrate of
HSV1-TK.

Determination of the Binding and Catalytic Constant of N-Me

DHBT as Substrate of HSV1-TK

Quantative enzyme kinetics measurements to determine kcat and K m

values were performed by a spectrophotometric assay using a previously
published protocol.[9,10] The experiments, performed in triplicates, showed
that N-Me DHBT was phosphorylated at a similar rate as FHBG (K m = 10 ±
0.3 µM; kcat = 0.036 ± 0.015 sec−1) (see Table 1). Compared to DHBT (K m

= 35.3 ± 1.3 µM; kcat = 0.035 ± 0.01 sec−1), N-Me DHBT exhibits a rather
similar K m value, suggesting that the introduction of a methyl group at the
N-1 position of the pyrimidine ring of DHBT has no dramatic influence on
the binding affinity of N-Me DHBT.

Cell Proliferation Assay

Cell proliferation measurements were performed on B16F1 cells using
the XTT proliferation assay protocol.[9] No inhibition of cell proliferation
was observed for the HSV-1 TK transduced B16F1 cells (B16F1 HSV1-TK+)
and B16F1 wildtype cells up to 500 µM. Cell proliferation was partially in-
hibited at 1 mM. The later concentration is significantly higher than the one
where GCV shows high cytotoxicity.[9]
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C-6 Pyrimidine Derivatives 307

TABLE 2 Data collection and refinement statistics of the complexes HSV1-TK:N-Me DHBT and
HSV1-TK:N-Me FHBTa

Data collection HSV1-TK : N-Me DHBT HSV1-TK : N-Me FHBT

Beamline SLS – X06SA SLS – X06DA

Resolution limits (Å) 31 – 2.0 35.3–2.8
No. of measured reflections 487690 60375
No. of unique reflections 48655 16788
Redundancy 10 (9.9) 3.6 (3.6)
Completeness (%) 100 (100) 91.3 (93)
I/σ(I) 17.6 (5.4) 5.9 (2.3)
Rsym (%) 11.1 (38.5) 18.6 (56.6)

Refinement and final model
No. of reflections 48627 15969
No. of omitted reflections 2438 819
No. of proteins residues 630 634
No. of water molecules 303 81
No. of ions 6 3
No. of bound ligand 2 2
R (%)/R free (%) 19.5/22.8 20/24.4

Mean on B-factors (Å2)
Protein/solvent 30.6/41 36.3/30
Compound 34 40.2

RMSD. from ideal geometry
Bond length (Å) 0.006 0.002
Bond angles (◦) 1.3 0.55

aFigures in parentheses correspond to the value for the highest shell of resolution (2.1–2.0 Å) for
HSV1-TK:N-Me DHBT and (2.95–2.8 Å) for HSV1-TK:N-Me FHBT.

Overall Structure of HSV1-TK:N-Me DHBT

With the aim to improve the design of a PET-tracer harbouring better
pharmacokinetics, the structure of HSV1-TK complexed with the substrate
analogue N-Me DHBT was solved by molecular replacement at 2.0 Å resolu-
tion in order to gain insight into the binding mode of this new C-6-alkylated
pyrimidine derivative within the nucleoside binding pocket. The structure
of HSV1-TK:N-Me DHBT is a homodimer composed of the two subunits A
and B. For several loops, due to their high mobility, the electron density
map was discontinuous and, therefore, they could not be modeled. The
final model of HSV1-TK:N-Me DHBT contains residues 45–147, 153–264,
280–373 in subunit A and residues 46–147, 153–220, 223–264, 274–374 in
subunit B, where the missing residues 221 and 222 belong to the loop cor-
responding to the LID domain. In addition, the side chains of Met A130,
Arg A293, Met B130, Met B179, Met B182, and Cys B362 were modeled with
a double conformation. The relevant statistics of both data collection and
model refinement are given in Table 2. The structure was refined to a R factor

of 19.5% and a R free of 22.8%. The geometry analysis of the final model
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308 M. Martic et al.

revealed that most of the residues of the two subunits are located in the most
favored regions of the Ramachandran plot, that is, 94.2% for the subunit
A and 93% for the subunit B. Only one residue, Arg163, was found in the
nonallowed region, although its main-chain geometry is in good agreement
with the electron density map. This observation correlates with other HSV1-
TK structures reported. The unfavorable geometry of Arg163 is due to its
particular role: Arg163 participates in the phosphate transfer during the
enzymatic reaction.

The overall α/β-fold of HSV1-TK:N-Me DHBT, which is composed of
12 α-helices and 7 β-sheets, is conserved compared to the previously solved
HSV1-TK structures. The only noticeable difference appears in helix α1 at
the residues Lys62-Ser74, following just the P-loop (residues Gly56–Gly61).
Compared to most of the HSV1-TK structure that have been reported, either
this helix α1 does not superimpose very well or is not fully constructed. For
instance, the RMSD between the two subunits A and B of the HSV1-TK:N-Me
DHBT is 0.96 Å.

Binding of the Substrate N-Me DHBT in the Nucleoside

Binding Pocket

The position and orientation of the substrate N-Me DHBT in the thymi-
dine binding pocket was clearly interpretable in the (F obs − F calc) electron
density contoured at 2σ and both substrates for each subunit were intro-
duced into the active site with no ambiguity.

The interactions of N-Me DHBT with the binding site are depicted in
Figure 4. The structure reveals that the newly introduced N-methyl group

FIGURE 4 Stereo view of the interactions of N-Me DHBT with the active site of HSV1-TK. The (3F obs –
2F calc) electron density map at a resolution of 2.0 Å obtained at the end of the refinement is contoured at
1σ and colored in purple. The final HSV1-TK:N-Me DHBT model is superposed. The water molecules are
depicted as red spheres and the hydrogen bonds are displayed as red dashed lines. The representation
was done with the subunit A of the homodimer. (Color figure available online.)

D
ow

nl
oa

de
d 

by
 [

D
ip

ar
tm

en
to

 d
i S

tu
di

 E
 R

ei
ce

rc
he

] 
at

 1
8:

02
 2

3 
M

ay
 2

01
3 



C-6 Pyrimidine Derivatives 309

FIGURE 5 Superposition of the active sites of subunit A (colored in green) and subunit B (colored in
red) of HSV1-TK:N-Me DHBT. The water molecules are displayed as blue spheres. The hydrogen bonds
displayed as red dashed lines are shown for subunit A only. (Color figure available online.)

stabilizes the aliphatic moiety of the molecule due to its increased bulkiness.
The interactions of the thymine moiety of N-Me DHBT with residues of the
binding site are conserved (Figure 4).

First, the pyrimidine ring of the thymidine moiety is fixed between
Met128 and Tyr172, forming a sandwich-like complex. The thymidine moi-
ety is further held in place via a hydrogen bond network, which involves
the carboxamide of Gln125, and the side chain of Arg176 and two water
molecules.

The dihydroxy-isobutyl side chain of N-Me DHBT is maintained within
the substrate active site by hydrogen bonds. The 3′-OH is connected via a
hydrogen bond with the side chain of the catalytically important residue
Arg163 (via the atom NE) and the sulfate ion via a water molecule. One
new feature appears: A water molecule mediates interactions between the
dihydroxy-isobutyl chain of N-Me DHBT (atom 4′-OH) and the side chains
of residues Glu225 and Tyr101. Glu225 belongs to the LID domain, a lysine-
and arginine-rich segment that is able to form a flap enclosing the active
site.

As shown in Figure 5, this water molecule is also present in the subunit
B connecting the 4′-OH of N-Me DHBT with the side chains of residues
Glu225 and Tyr101 via hydrogen bonds. All the interactions between the N-
Me DHBT substrate present in the active site of the subunit A are conserved
in the subunit B of the homodimer. The two thymidine rings of the substrate
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analogue are almost positioned at the same place. However, the dihydroxy-
isobutyl side chain appears to be more flexible in the binding site of HSV1-
TK.

Following the binding of N-Me DHBT to the active site, the LID domain
(residues Lys219–Arg226) is in a closed conformation in both subunits.
Nevertheless, in subunit B, the end of the loop (Gln221–Arg222) seems
flexible and could not be modeled because the electron density map was not
continuous.

Interestingly, in subunit A, residue Lys62 located by the helix α1
(Lys62–Ser74) is pointing outside of the ATP-binding pocket, whereas in
subunit B, it is pointing in direction of the sulfate ion located in the ATP-
binding pocket.

Differences in the Binding Mode Between HSV1-TK:N-Me DHBT

and HSV1-TK:DHBT

The superposition between the active site of HSV1-TK:N-Me DHBT and
HSV1-TK:DHBT (PDB entry code 1E2P) reveals that there are no relevant
differences at the level of the backbone and of the side chains (Figure 6A).
The only noticeable difference is located at the level of the helix α1 that
does not superpose very well for each subunit. In this case also, residue
Lys62 in subunit A of HSV1-TK:N-Me DHBT points out of the ATP-binding
site whereas in subunit A of HSV1-TK:DHBT, it points towards the sulfate
ion. Most of the interactions established in the active site by the substrate
N-Me DHBT are conserved in the binding of DHBT. The thymidine ring
is sandwiched between Met128 and Tyr172 and maintained in place by hy-
drogen bonds involving the side chains of Gln125 and Arg176. Likewise, the
3′-OH of the dihydroxy-isobutyl side chain of DHBT establishes hydrogen
bonds with the side chain of Arg163 (via the atom NH2). However, there is
no water molecule present between the 4′-OH of the dihydroxy-isobutyl side
chain and the side chains of residues Glu225 and Tyr101 (Figure 6A). The
dihydroxy-isobutyl side chain of DHBT appears to be also flexible.

Differences in the Binding Pattern Between HSV1-TK:N-Me

DHBT and HSV1-TK:dT or HSV1-TK:dTMP:ADP

Figure 6B shows the differences in the binding pattern between HSV1-
TK:N-Me DHBT and HSV1-TK:dTMP:ADP (PDB entry code 1VTK;[31] 2.75Å
resolution). There are no relevant differences at the level of the backbone
and the side chains of HSV1-TK:dTMP:ADP. The only difference is located
at the level of the helices α1 that do not superpose well. The thymidine
ring of dTMP is maintained in the nucleoside binding pocket by the same
interactions that are established by the thymidine ring of N-Me DHBT. How-
ever, the dihydroxy-isobutyl side chains of N-Me DHBT and the side chain
of dTMP do not occupy the same place. In the case of HSV1-TK:dTMP:ADP,
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C-6 Pyrimidine Derivatives 311

FIGURE 6 A) Superposition of the active sites of HSV1-TK:N-Me DHBT (colored in green) and HSV1-
TK:DHBT (HSV1-TK is colored in dark pink and DHBT is colored in orange). B) Superposition of the
active sites of HSV1-TK:N-Me DHBT (colored in green) and HSV1-TK:dTMP:ADP (HSV1-TK is colored
in cyan and dTMP and ADP are dark blue). C) Superposition of the active sites of HSV1-TK:N-Me DHBT
(colored in green) and HSV1-TK:ganciclovir (HSV1-TK is colored in purple and ganciclovir in yellow).
The pictures are done with both subunits A of each homodimer. The hydrogen bonds, depicted as red
dashed lines, are shown only for subunit A of HSV-1 TK complexed with N-Me DHBT. (Color figure
available online.)

the 3′-OH of the ribose moiety of dTMP makes hydrogen bond interac-
tions with the side chains of residues Glu225 and Tyr101. The position
occupied by the 3′-OH of dTMP corresponds to the one occupied by the
water molecule in the structure of HSV1-TK:N-Me DHBT, establishing hy-
drogen bonds between the 4′-OH atom and the residues Glu225 and Tyr101
(Figure 6B).
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Differences in the Binding Mode Between HSV1-TK:N-Me DHBT

and HSV1-TK in Complex with a Purine Substrate Analogue

Figure 6C depicts the differences in the binding pattern between HSV1-
TK:N-Me DHBT and HSV1-TK:ganciclovir (PDB entry code 1KI2[32]).

The guanine moiety of ganciclovir and the thymidine moiety of N-Me
DHBT occupy a different location with the nucleoside binding pocket of
HSV1-TK. However, the binding mode observed for ganciclovir displays some
similarities with the one of HSV1-TK:N-Me DHBT. The guanine moiety of
ganciclovir is stacked between Met128 and Tyr172. The carboxamide of
Gln125 forms hydrogen bonds with the atoms N1, N2 and O6 of the guanine
moiety. The side chain of ganciclovir is hydrogen bonded to the side chains
of Tyr101 and Glu225 via the 4′-OH atom. The position occupied by the
4′-OH atom of ganciclovir matches the one occupied by the water molecule
in the structure of HSV1-TK:N-Me DHBT.

Binding of the Substrate N-Me FHBT in the Nucleoside

Binding Pocket

The final model of HSV1-TK:N-Me FHBT solved at 2.8 Å resolution con-
tains residues 46–264, 280–374 in subunit A and residues 46–264, 274–374
in subunit B. The relevant statistics of both data collection and model re-
finement are given in Table 2. The structure was refined to a R factor of 20%
and a R free of 24.4%. The geometry analysis of the final model revealed that
most of the residues of the two subunits are located in the most favored re-
gions of the Ramachandran plot, 90.8% for the subunit A and 89.1% for the
subunit B.

The N-Me FHBT derivative was clearly located in the thymidine binding
pocket of the two subunits A and B of the HSV1-TK homodimer. The binding
interactions of N-Me FHBT within the active site are depicted in Figure
7A. N-Me FHBT establishes mostly the same interactions as N-Me DHBT
(Figure 7B). Likewise, the pyrimidine ring is inserted in a sandwich-like
complex between Met128 and Tyr172. The thymidine moiety is kept in place
by a hydrogen bond network, established with the side chains of Gln125 and
of Arg176 and one water molecule. The acyclic side chain of N-Me FHBT is
kept in the active site through hydrogen bonds: The 3′-OH atom is connected
via hydrogen bonds with the side chain of the Arg163 (atom NE), the side
chain of Glu83 (atom OE1) and a water molecule. The fluorine atom points
in the direction of Glu225, Tyr101, and His58 and establishes no interactions.
The interactions established by N-Me FHBT in the active site of the subunit
A are also present in the subunit B of the homodimer. The additional water
molecule found in the structure of HSV1-TK:N-Me DHBT is not present in
the structure of HSV1-TK:N-Me FHBT. Upon the binding of N-Me FHBT
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FIGURE 7 View of the binding interactions of N-Me FHBT within the active site of HSV1-TK. A) The
(2F obs – F calc) electron density map at a resolution of 2.8 Å obtained at the end of the refinement is
contoured at 1σ and colored in blue. The final HSV1-TK:N-Me FHBT model is superposed. N-Me FHBT
is in sticks and colored in violet. The water molecules are depicted as red spheres and the hydrogen bonds
are displayed as red dashed lines. The representation was done with the subunit A of the homodimer.
B) Superposition of the active sites of HSV1-TK:N-Me DHBT (colored in green) and HSV1-TK:N-Me
FHBT (colored in violet). Only the hydrogen bonds (red dashed lines) established by N-Me DHBT are
displayed and the water molecules in the structure of HSV1-TK:N-Me DHBT are depicted as red spheres.
The representation was done with the subunits A of the homodimer. (Color figure available online.)

to the active site, the LID domain (residues Lys219–Arg226) is in a closed
conformation in both subunits.

The structure of HSV1-TK:N-Me FHBT revealed that the fluorine atom
is not lost and that the internal cyclization of the acyclic side chain did
not occur. It also confirmed that the fluorinated derivative N-Me FHBT is a
putative substrate of HSV1-TK.

CONCLUSION

Molecular modeling was successfully employed to select a novel C-6 sub-
stituted pyrimidine derivative for the development as a PET ligand for gene
expression monitoring. The introduction of a methyl group at the N-1 posi-
tion of the pyrimidine ring did not have any dramatic effect on the binding
properties of the methylated derivative. The novel lead compound, N-Me
DHBT was shown to be a substrate for HSV1-TK besides being non-cytotoxic.
The x-ray structure of HSV1-TK in complex with N-Me DHBT confirmed the
molecular modeling prediction and gives new insights for the design and syn-
thesis of further C-6 substituted pyrimidine derivative with improved phar-
macokinetics. Likewise, the structure of HSV1-TK:N-Me FHBT confirmed
that the fluorinated derivative is a possible substrate for HSV1-TK. While in
vitro validation including cell uptake studies, as well as in vivo PET studies
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are necessary to fully assess the biological properties of [18F]N-Me FHBT
for monitoring HSV1-TK expression in vivo, we expect that the radiosyn-
thesis of [18F]N-Me FHBT will be facilitated by the presence of the methyl
group on N-1, preventing intramolecular cyclization observed with N-1-free
C-6 pyrimidine derivatives such as DHBT and undesired side reactions.[6]

According to the observation made for other C-6 pyrimidine derivatives,[6]

the fluorinated derivative is expected to have similar biochemical properties
as N-Me DHBT.
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