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Abstract: [*®F]JFHOMP (6-((1-[*8F]-fluoro-3-hydroxypropan-2-yloxy)methyl)-5-methylpyrimidine-2,4(1H,3H)-dione), a
C-6 substituted pyrimidine derivative, has been synthesized and evaluated as a potential PET agent for imaging her-
pes simplex virus type 1 thymidine kinase (HSV1-tk) gene expression. [*8F]FHOMP was prepared by the reaction of
the tosylated precursor with tetrabutylammonium [*8F]-fluoride followed by acidic cleavage of the protecting groups.
In vitro cell accumulation of [**F]JFHOMP and [*®F]FHBG (reference) was studied with HSV1-tk transfected HEK293
(HEK293TK+) cells. Small animal PET and biodistribution studies were performed with HEK293TK+ xenograft-
bearing nude mice. The role of equilibrative nucleoside transporter 1 (ENT1) in the transport and uptake of [*¢F]
FHOMP was also examined in nude mice after treatment with ENTZ inhibitor nitrobenzylmercaptopurine ribonucleo-
side phosphate (NBMPR-P). [*8F]FHOMP was obtained in a radiochemical yield of ~25% (decay corrected) and the
radiochemical purity was greater than 95%. The uptake of [*®F]IFHOMP in HSV1-TK containing HEK293TK+ cells was
52 times (at 30 min) and 244 times (at 180 min) higher than in control HEK293 cells. The uptake ratios between
HEK293TK+ and HEK293 control cells for [*8F]FHBG were significantly lower i.e. 5 (at 30 min) and 81 (240 min).
In vivo, [*®F]FHOMP accumulated to a similar extend in HEK293TK+ xenografts as [*®F]FHBG but with a higher gen-
eral background. Blocking of ENT1 reduced [*®FIFHOMP uptake into brain from a standardized uptake value (SUV)
of 0.10+0.01 to 0.06+0.02, but did not reduce the general background signal in PET. Although [*®F]FHOMP does
not outperform [*F]FHBG in its in vivo performance, this novel C-6 pyrimidine derivative may be a useful probe for
monitoring HSV1-tk gene expression in vivo.
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Introduction a PET reporter probe followed by selective
phosphorylation by HSV1-TK leads to metabolic
trapping of the radiotracer in HSV1-TK express-
ing cells, thus providing indirect information
about the location, extent and duration of

expression of the gene of interest. Several

Reporter gene imaging with positron emission
tomography (PET) is a powerful non-invasive
tool to study different biological processes in
preclinical settings and currently offers a great

potential for translation into the clinic.. It allows
for monitoring different molecular cellular pro-
cesses such as transcriptional regulation, pro-
tein-protein interactions, cell targeting and cell
trafficking of e.g. immune cell, cancer cells or
stem cells and targeted drug action [1]. The
gene encoding herpes simplex virus type 1 thy-
midine kinase (HSV1-tk) is commonly used as a
reporter gene in preclinical studies in combina-
tion with small animal PET. Uptake into cells of

nucleoside analogs that are selectively phos-
phorylated by HSV1-TK have been synthesized
(2, 3].

Nucleosides are transported into cells mainly
via two types of transporters: the concentrative
(CNT, SLC28) and equilibrative (ENT, SLC29)
nucleoside transporters. Besides providing
uptake into the cells of interest, these trans-
porters can have an impact on the general bio-
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Figure 1. Chemical structures of 5-[*?¥131|]-2’-deoxy-2’-fluoro-1-B-D-arabino-uracil ([**#*31]FIAU), 2'-deoxy-2'-[*¢F]-

fluoro-5-ethyl-1-B-D-arabinofuranosyl-uracil ([*8F]FEAU), 9-(4

9-((3-[*8F]fluoro-1-hydroxy-2-propoxy)-methyl)guanine

distribution of nucleoside PET probes as
recently shown for the mammalian thymidine
kinase-1 (TK1) substrate 3'-deoxy-3’-[*8F]fluo-
rothymidine [*8F]FLT and ENT1 [4].

HSV1-TK phosphorylates a broad range of
nucleoside analogs and its expression can be
imaged with several substrates including pyrim-
idine derivatives 5-[*?4131]]-2'-deoxy-2'-fluoro-1-
B-D-arabino-uracil ([**#*3Y]FIAU), 2'-deoxy-2'-
[*8F]-fluoro-5-ethyl-1-B-D-arabinofuranosyl-
uracil ([*|F]FEAU), or  acycloguanosine
derivatives, such as 9-(4-[*8F]-fluoro-3-[hydroxy-
methyl]butyl)guanine ([*F]FHBG) (Figure 1)
[5-9]. The high selectivity for viral over mamma-
lian TK is a prerequisite for a good probe for
HSV1-TK. FIAU is an example with suboptimal
selectivity for HSV1-TK as it showed some accu-
mulation in xenografts devoid of viral TK due to
the phosphorylation by cellular TK1 [10]. FHBG
on the other hand, exhibits high abdominal
radioactivity concentrations due to hepatobili-
ary elimination. This makes tracking of the
reporter gene close to the abdomen impossi-
ble. In addition, when compared to pyrimidines,
FHBG is less sensitive towards the native HSV1-
TK [10-12]. The development of a radiotracer
with optimal distribution between HSV1-TK
expressing cells and normal tissues remains an
ambitious goal for reporter gene imaging.

In the search for improved PET radiotracers for
HSV1-tk gene expression monitoring, we report-
ed previously on a number of C-6 alkylated
pyrimidine derivatives and showed that these
new pyrimidine derivatives have high binding
affinities for HSV1-TK and exhibit no cytotoxic
effects [13, 14]. In this work, we report on the
development and evaluation of 6-((1-fluoro-
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-[*8F]-fluoro-3-(hydroxymethyl)butyl)guanine ([**F]FHBG),
([**FIFHPG)
methyl)-5-methylpyrimidine-2,4(1H,3H)-dione ([*éF]FHOMP).

and 6-((1-[*8F]-fluoro-3-hydroxypropan-2-yloxy)

3-hydroxypropan-2-yloxy)methyl)-5-methyl-
pyrimidine-2,4(1H,3H)-dione (FHOMP), a pyrim-
idine nucleoside substituted at the C-6 position
with a side chain in analogy to the antiviral drug
ganciclovir and the HSV1-TK PET tracer 9-((3-
[*8F]fluoro-1-hydroxy-2-propoxy)-methyl)gua-
nine [*8F]FHPG (Figure 1). We describe the syn-
thesis of the non-radioactive reference
compound and precursor as well as the radio-
synthesis of [*®F]FHOMP using a two-step reac-
tion sequence. The latter was achieved by N-1
protection of the precursor preventing intramo-
lecular cyclization between N-1 and the acyclic
moiety at C-6 during the radiosynthesis. We fur-
ther report on the in vitro and in vivo evaluation
of [**F]JFHOMP using HSV1-TK positive and con-
trol HEK293 (human embryonic kidney) cells,
murine P388 control cells and HEK293TK+
xenograft-bearing nude mice. The well-estab-
lished radiotracer, [*®F]FHBG, was used as ref-
erence for the biological evaluation.
Furthermore, we investigated the effect of
ENTZ inhibition on the biodistribution of [*8F]
FHOMP. The transporter is expressed in many
human, rat and mouse tissues [15-18] and may
therefore influence the distribution of [®F]
FHOMP.

Materials and methods
General

All reagents and solvents were purchased from
Sigma-Aldrich  Chemie GmbH or VWR
International AG. All chemicals were used as
supplied unless stated otherwise. Dulbecco’s
modified Eagle’s medium (DMEM+GlutaMAX-I)
with a high glucose concentration (4.5 g/L) and
pyruvate, trypsin 0.25% with EDTA, geneticine
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(G418) and fetal bovine serum (FBS) were pur-
chased from Gibco. The precursor, N3-(p-
Anisyldiphenylmethyl)-9-[(4-(p-
toluolsulfonyloxy))-3-(p-anisyldiphenylmethoxy-
methyl)butyl]guanine (tosyl-FHBG), and the
reference compound (9-(4-fluoro-3-[hydroxy-
methyl]butyl)guanine) were purchased from
ABX GmbH, Germany. No-carrier-added aque-
ous [*F]-fluoride ion was produced on an IBA
Cyclone 18/9 cyclotron by irradiation of 2.0 mL
water target (for a large volume target) or 0.585
mL (for a small volume target) using a 18 MeV
proton beam on 98% enriched [*®0]water using
the *0(p,n)*®F nuclear reaction. No-carrier
added [*®F]-fluoride (~28-86 GBq) was trapped
on an anion exchange cartridge (Sep-Pak Light
Accell Plus QMA; Waters AG), preconditioned
with 5 mL of aqueous 0.5 M potassium carbon-
ate solution and 5 mL of water. [*®F]FHBG was
prepared as previously reported [19].

Cell line and transfection

HEK293 human embryonic kidney cells were
obtained from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany). HEK293 is
a transformed cell line (sheared adenovirus 5
DNA) and can thus form xenografts. The P388
murine leukemia cells were obtained from the
Japan Health Science Research Resources
Bank (Osaka, Japan). HEK293 cells were stably
transfected with a plasmid encoding the wild-
type HSV1-tk gene (HEK293TK+ cells). In addi-
tion to the HSV1-tk gene, the plasmid contained
a red fluorescent protein (RFP) gene, and G418
resistance gene. The plasmid was kindly pro-
vided by Prof. Sanjiv Sam Gambbhir, Department
of Radiology - Nuclear Medicine, Stanford
University, Palo Alto CA, USA. Plasmid DNA was
linearized by digestion using the restriction
enzyme Bglll (10 u/uL, Promega) at 37 °C over-
night and was subsequently purified using the
QIAquick Purification Kit (Qiagen) as recom-
mended by the manufacturer. The linearized
DNA was transfected into 60-80% confluent
HEK293 cells using Lipofectamine 2000
(Invitrogen) as recommended by the manufac-
turer. The transfection medium was removed
after 24 hours and replaced with
DMEM+GlutaMAX-l medium supplemented
with 10% FBS and G418 (300 pg/mL) to select
for the HSV-tk transgenic cells. Cells were
detached with trypsin/EDTA (Invitrogen) and
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stocks were frozen in liquid nitrogen.
Resuscitated cells were used for a maximum of
10 passages. HSV1-TK expression was verified
indirectly by visualizing the RFP by flow cytom-
etry on a FACSCalibur (BD Biosciences) imme-
diately after transfection and by fluorescent
microscopy after freezing and resuscitation of
the cells. In flow cytometry, 71% of transfected
cultures were positive for the transgene. In fluo-
rescence microscopy, resuscitated HEK293TK+
cells showed a strong signal at the respective
wavelength which was absent in the parent
cells (data not shown).

Immunoblot analysis

The HSVI-TK expression in resuscitated
HEK293TK+ and HEK293 cells and xenograft
tissues was tested by immunoblot analysis.
Proteins from cell cultures or xenograft lysates
were separated by 10% SDS-polyacrylamide
gel electrophoresis according to standard pro-
tocols (Bio-Rad) at 100 V for 90 min and trans-
ferred onto a PVDF blotting membrane at 60
mA for 90 min. The blots were blocked in 5%
dried milk in Tris-buffered saline-Tween-20
(TBS-T) and processed for immunostaining with
a rabbit anti-HSV1-TK polyclonal antibody
(1:500, Santa Cruz Biotechnology) or a rabbit
anti-actin antibody (1:8000, Sigma) over night
at 4°C. After washing with TBS-T, the mem-
branes were incubated with rabbit anti-goat I1gG
Peroxidase Conjugate (Sigma-Aldrich) for 1 h at
room temperature. The antigen-antibody com-
plexes were detected by enhanced chemolumi-
nescence (ECL, Amersham, Buckinghamshire,
UK).

Animals

Animal studies were approved by the Veterinary
Office of Canton Zurich and complied with
Swiss laws and guidelines on animal protection
and husbandry. Subcutaneous xenografts were
produced in 7 weeks old female NMRI nude
mice (Charles River, Sulzfeld, Germany) by sub-
cutaneous injection in the shoulder region of 5
x 108 cells in 100 pL PBS, pH 7.4, under 2-3%
isoflurane (Abbott) anesthesia. Transgenic
HEK293TK+ cells were injected on the left side,
control HEK293 (HEK293 control) cells on the
right side. Xenograft growth and body weight
were monitored regularly. Experiments were
conducted when the xenografts reached a vol-
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ume between 1 and 2 cm?, 3-4 weeks after
subcutaneous inoculation.

In vitro phosphorylation of FHOMP

Phosphorylation of FHOMP, penciclovir (PCV) a
well known substrate for HSV1-TK but not the
human TK (hTK) and deoxythymidine (dT; posi-
tive control to assess the functionality of both
HSV1-TK and human TK, hTK) by HSV1-TK and
hTK were monitored by HPLC as described pre-
viously [20]. In brief, 1-5 mM substrate were
incubated with 3 pg of HSV1-TK or hTK and 5
mM ATP in a buffer solution (pH 7.4) at 37 °C
and quenched after 20 and 60 min. The recom-
binant enzymes, HSV1-TK and hTK, were
expressed and purified according to a previ-
ously published protocol [21]. The formation of
adenosine-diphosphate (ADP) was monitored.
A blank reaction (without substrate) was run
concurrently to account for substrate-indepen-
dent ATP hydrolysis.

Accumulation of [*8FJFHOMP in HEK293TK+,
HEK293 control and murine P388 cells

Uptake of [*®*FJFHOMP and [*®F]FHBG into
HEK293TK+, HEK293 control and P388 cells
was determined according to a previously pub-
lished protocol [20]. In brief, cells were incubat-
ed in a 12-well culture plate with 1 mL medium
containing 130 kBq [*®F]FHOMP or [*®F]FHBG
per well. The radioactivity of the cell lysate and
the combined incubation medium and washing
solutions, respectively, were measured in a
gamma counter (Wizard, Perkin Elmer) at the
indicated time points. Radioactivity of the cell
lysates was normalized to total protein deter-
mined in 50 mL cell lysate with the DC™ Protein
Assay Kit | (Bio Rad, Hercules CA). Cell uptake
was calculated as the percent accumulated
radioactivity per mg protein ((dpm cells x 100 /
(dpm cells + dpm medium))/mg protein) and
corresponding  uptake ratios between
HEK293TK+ or P388 and HEK293 control cells
were calculated [22].

In vitro metabolism with liver microsomes

[ F]IFHOMP  metabolism by microsomal
enzymes was investigated in vitro employing
pooled mouse or human liver microsomes (BD
Biosciences). The test compound (17 MBq) or
34 uM testosterone (positive control), was pre-
incubated for 5 min with NADPH regenerating
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system (NADPH-RS; BD Biosciences) according
to the manufacturers protocol in 0.1 M phos-
phate buffer (pH 7.4) at 37 °C before addition
of the microsome suspension (0.5 mg protein
per mL). A suspension of microsomes without
NADPH-RS and a suspension of NADPH-RS
without microsomes were used as negative
controls. At different time points (0, 10, 20, 60,
90, and 120 min) 100 mL samples were with-
drawn and the enzymatic reactions were
stopped and proteins precipitated with an
equal volume of ice-cold acetonitrile. Samples
were centrifuged at 13200 rpm for 3 min to
obtain the supernatant which was filtered (0.45
pm), and diluted 1:1 with 0.05 M sodium phos-
phate buffer (pH 7.0) to be analyzed by Waters
ACQUITY UPLC® system as described. Samples
of the formulated solution in water containing
5% ethanol and stored at room temperature
were used to check for chemical
decomposition.

Blood radioactivity-time curve and biological
half-life of [**F]JFHOMP

To estimate the biological blood half-life of [*8F]
FHOMP, three mice (female NMRI nude mice,
21-25 g; Charles River) were injected into a lat-
eral tail vein with 9-12 MBq [*®F]FHOMP in 100
ML saline containing maximal 5% ethanol. Blood
samples were drawn through the contra-lateral
tail vein at several time points from 2 to 120
min after injection. The radioactivity in each
blood sample was measured with a gamma
counter (Wizard, Perkin Elmer), corrected for
radioactivity decay and the percentage of
injected dose per g blood (%ID/g) was calculat-
ed and plotted against the time point of blood
withdrawal. Radioactivity-time curves were fit-
ted with a mono-exponential function
%ID/g(t)=%ID/g(0)xe , where %ID/g(0) is the fit-
ted starting blood radioactivity at time O, K is
the rate constant in mint and t the time in min.
Biological half-life values were calculated as
t,,=In2/k.

Small-animal PET

Xenograft bearing mice (21-30 g) were adminis-
tered 17-24 MBq [*8F]FHOMP (n = 5) or 7-25
MBq [*F]FHBG (n = 5) in 100 pL saline contain-
ing < 5% ethanol via tail vein injection.
Anesthesia was induced with 2-3% isoflurane
(Abbott) in air-oxygen 5 min prior to PET/CT
acquisition. Depth of anesthesia and tempera-
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Figure 2. Western blot analysis of HSV1-TK expression in transfected (TK+) and nontransfected control (WT) cells
(HEK293) and xenograft tissues (tumor) using anti-HSV1-TK polyclonal antibody. Purified HSV1-TK protein served as
positive control. Actin expression verified that the same amount of protein was loaded per lane.

ture were controlled as described previously
[23]. PET/CT scans were performed with a GE
VISTA eXplore PET/CT tomograph with an axial
field of view of 4.8 cm [24]. Dynamic (one bed
position, list mode) and static (two bed posi-
tions, 15 min upper body followed by 15 min
lower body) scans were acquired over 90 and
30 min, respectively. Data were reconstructed
by 2D ordered-subset expectation maximiza-
tion (2D OSEM), dynamic scans were recon-
structed into 5 min time frames. Region of
interest analysis was conducted with the soft-
ware PMOD 3.2 (PMOD, Switzerland). Volumes
of interest (VOIs) were drawn according to the
CT images and the average background activity
was estimated from a sphere with a volume of
ca 0.5 cm® between the two xenografts.
Standardized uptake values (SUVs) were calcu-
lated from the VOI average activities per cm?®
multiplied with the body weight (with 1 g corre-
sponding to 1 cm?®) and divided by the injected
activity dose (all decay corrected).

Ex vivo biodistribution studies of [**F]FHOMP
and [*8F]JFHBG

To perform ex vivo biodistribution studies of
[*8FIFHOMP and [*¥F]FHBG, HEK293 control
and HEK293TK+ xenograft bearing nude mice
(25-30 g) were administered 4.7-5.1 MBq [*8F]
FHOMP (n = 4) or 4.5-5.0 MBq [*®F]FHBG (n = 3)
in 100 pL saline containing <5% ethanol via
tail-vein injection. Animals were sacrificed and
dissected 60 min after injection, organs and
tissue samples were weighed and the radioac-
tivity determined in a gamma counter. The time
point of dissection was chosen according to
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dynamic PET scans and at a time-point when
[*8FJFHOMP activity ratios between HEK293TK+
and control xenografts were highest. Decay
corrected radioactivity was expressed in anal-
ogy to the SUV as the ratio between the detect-
ed activity per gram tissue and the injected
dose per gram body weight (SUV

biodis)'

Effect of ENT1 inhibition on [**FJFHOMP PET
and ex vivo biodistribution

Four mice (19-23 g) received each 15 mg/kg
ENT1 inhibitor nitrobenzylmercaptopurine ribo-
nucleoside phosphate (NBMPR-P; generously
provided by Dr. Wendy Gati, Department of
Pharmacology, University of Alberta, Edmonton
Canada) dissolved in aqua ad injectabilia via
intraperitoneal injection. At this dosage,
NBMPR-P inhibits ENT1 with no observed ani-
mal toxicity [25]. One hour after NBMPR-P
administration, [*8F]JFHOMP (4.0-6.4 MBq) was
injected in 100 mL water containing maximal
5% ethanol via a lateral tail vein. At 60 min after
radiotracer injection, three animals were sacri-
ficed by decapitation under isoflurane anesthe-
sia. Organs and tissues were removed and the
accumulated radioactivity was measured in the
gamma-counter and expressed as described
before. A static whole body PET scan from
60-90 min was acquired with one mouse
according to the Section Small-animal PET.

Results
Cell line and xenograft characterization

The HEK293TK+ cell line and HEK293TK+
xenograft tissue showed an intense immunore-
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Figure 3. Synthesis of reference FHOMP (6): (i) NaH, BnBr, THF; (ii) TBABF-KHF,, heptane, 128 °C; (iii) NaH,
6-(chloromethyl)-5-methylpyrimidine-2,4(1H,3H)-dione, THF, reflux; (iv) 10% Pd/C, H,, MeOH, reflux.
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Figure 4. A. Synthesis of tosylate precursor 12: (v) 7, NaH, THF, reflux; (vi) 1. TMSCI, DIPEA, DCM; 2. MOMCI; (vii)
Pd(OH),, cyclohexene, EtOH, reflux; (viii) MTrCl, TEA, DMAP, DMF; (ix) TsCl, DMAP, pyridine, 30 °C; B. Radiosynthesis
of [*FJFHOMP ([*8F]-6 ): (x) [*®F]TBAF, tert-butanol/ACN 4:1, 110 °C; (xi) conc. HCI, 110 °C.

active band for HSV1-TK protein located at 45
kDa by Western Blot analysis (Figure 2). Purified
HSV1-TK protein (see above) served as positive
control. The HEK293 control cells and HEK293
control xenograft tissue did not show this band.
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Syntheses of reference FHOMP (6) and precur-
sor 12

The synthesis of reference compound 6 started
from glycidol 2 (Figure 3) which was trans-
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Figure 5. HPLC profile of [*®F]FHOMP ([8F]-6) after semi-preparative HPLC purification. A. UV absorption at 254 nm:
co-injected non-radioactive FHOMP (6). B. radio chromatogram: radioactive trace of [*®F]FHOMP (['8F]-6).

formed to benzyloxy fluoropropanol 4 in 44%
yield as reported previously [26, 27]. Alcohol 4
was reacted with pyrimidine 1 which was syn-
thesized according to a published method [28]
to yield benzylated compound 5 in 46%.
Deprotection of the benzyl group in 5 was
achieved by treatment with Pd/C and hydrogen
to afford target compound 6 in 50% yield.

For the synthesis of the precursor (Figure 4A),
pyrimidine 1 was reacted with dibenzylated
alcohol 7 in THF using NaH as a base to afford
compound 8 in 49% yield. Treatment of 8 with
Me,SiCl and DIPEA and subsequent reaction
with MOMCI in analogy to a published proce-
dure [29] gave N-1 and N-3 protected pyrimi-
dine 9 in 97% yield. Pyrimidine 9 was deben-
zylated by in situ transfer-hydrogenation with
Pd(OH), on carbon and cyclohexene to yield diol
10 in 93%. Diol 10 was treated with methoxyt-
ritylchloride (MTrCl) to afford MTr-protected
alcohol 11 in 30% yield. The tosylate precursor
12 was obtained in 45% yield after reacting
MTr-protected alcohol 11 with tosylchloride.

Radiosynthesis of [18F]JFHOMP ([18F]-6)

Tosyl precursor 12 was directly labeled with
[*8F] via nucleophilic substitution using [*8F]
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TBAF followed by acidic cleavage of the protect-
ing groups (Figure 4B). The [*8F]-fluorination
was performed in tert-butanol and acetonitrile
(4:1) at 110 °C for 30 min to afford [*8F]-labeled
intermediate 13. The incorporation yield was
88% by radio-UPLC analysis. The second step
involving the acidic hydrolysis of intermediate
13 gave the final compound, [*®F]-6, in 51%
radiochemical yield after semi-preparative
HPLC purification. Starting from 28-86 GBq,
['8F]-6 was typically obtained in a concentra-
tion of 1.5-3.6 GBg/mL. The overall decay cor-
rected radiochemical yield was 25%. Quality
control by analytical radio-HPLC showed that
the radiochemical purity was always greater
than 95%. The total synthesis time after end of
bombardment (EOB) was about 110 min and
the identity of [*®F]FHOMP was confirmed by co-
injection of the non-radioactive reference com-
pound FHOMP (Figure 5).

In vitro phosphorylation of FHOMP

The selectivity of FHOMP for HSV1-TK over hTK
was investigated in vitro in a phosphorylation
assay with the purified recombinant enzymes.
Both recombinant enzymes were functional as
indicated by the formation of phosphorylated
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Figure 6. In vitro uptake (%/mg protein) of [**FIFHOMP and [*8F]FHBG in HEK293TK+ cells (TK+) over HEK293 con-
trol cells (control). Data are expressed as mean+standard deviation of triplicate sample. [*®F]FHBG data has been

shown before in [20].

dT (dT-mP) and ADP after incubation with dT.
Increasing ADP concentrations were observed
during FHOMP and PCV-control incubation with
HSV1-TK and ATP but only autohydrolysis was
detected with hTK. These data indicate that
FHOMP is indeed a substrate for HSV1-TK but

not for hTK (Figure S1, Supplementary).

In vitro cell uptake studies

Figure 6 summarizes the uptake of [*®F]JFHOMP
and [*8F]FHBG in vitro in HSV1-tk transfected
(HEK293TK+) and control cells. Cells were incu-
bated for the indicated durations with ['8F]
FHOMP or [*¥F]FHBG. The uptake of [*¥F]FHOMP
was 52-fold (at 30 min) and 244-fold (at 180
min) higher in HSV1-TK containing HEK293TK+
cells than in control cells. The uptake ratios for
[*®F]FHBG at 30 min and 240 min were 5 and
81, respectively. Uptake into control HEK293
cells was low for [*®FJFHOMP with
3.6E-04+7.7E-05 %/mg protein and
1.8E-03+1.3E-04 %/mg protein for [*®F]FHBG.
[*8FIFHOMP uptake ratios were significantly (P
< 0.02; Student t test) higher than [*®F]FHBG
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uptake ratios, i.e., 9.9-fold higher at 30 min,
7.1-fold higher at 60 min, and 3.6-fold higher at
120 min. Uptake of [*¥F]JFHOMP into murine
P388 cells was lower than into HEK293 control
cells, excluding [*®F]JFHOMP accumulation by
murine TK or a murine transporter (data not
shown).

Octanol/buffer logD of [*¥F]FHOMP and [*8F]
FHBG at pH 7.4

The lipophilicity of [*F]JFHOMP and [*F]FHBG
was determined by the shake-flask method at
physiological pH 7.4. A log Doira of -0.87+0.03
was obtained for [*¥F]JFHOMP and -0.87+0.01
for [*8F]FHBG, respectively.

In vitro metabolism by liver microsomes

In mouse or human liver microsomes, over 99%
of [*®F]FHOMP was still intact after 120 min of
incubation at 37°C. A stability study of the for-
mulated solution (5% ethanol in water) revealed
no radioactive degradation products of the par-
ent compound at room temperature over 240
min.

Am J Nucl Med Mol Imaging 2013;3(1):71-84
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Figure 7. Decay-corrected blood radioactivity-time curves after i.v. injection of [*®F]FHOMP. Linear (A) and semi-
logarithmic (B) representations of decay-corrected radioactivity (%ID per g blood) after intravenous injection of [*8F]
FHOMP. Symbols represent the data of three mice, solid lines are fitted mono-exponential functions (weighted for
the squared deviations in the In plot). The first data point (2 min) of the second animal (squares) was excluded from
the fit. Fitted biological half-lifes were 23.6 min (circles), 31.1 min (squares), and 24.0 min (triangles).

Coronal

Transversal
transversal

Figure 8. PET images of [*®F]JFHOMP and [*®F]FHBG. Mice were scanned for 30 min (2 bed positions) 60 min after
tracer injection. (A) and (B) HSV1-TK+ (left shoulder) and control (right shoulder) xenograft-bearing mice were in-
jected with 12 MBq [*®F]FHOMP (A) or 21 MBq [*®F]FHBG (B). C. Mouse without xenografts after ENT-1 blockade with
NBMPR-P and injection of 18 MBq [*®F]JFHOMP. Max SUV 1 except for brain sections with max SUV 0.5 (A) and (B)
and 0.1 (C). MIP, maximal intensity projections. Anesthesia: 2-3% isoflurane in air/oxygen.

Blood radioactivity-time curve and biological (t1/2) were calculated as described under
half-life of [*8F]JFHOMP Methods. The average t, , was 26.2 + 4.2 min.
The averaged blood radioactivity-time curves Small-animal PET studies with [*8F]FHOMP and
after intravenous injection of [*®F]JFHOMP in [8F]FHBG

three nude mice, uncorrected for potential

radiometabolites, are shown in Figure 7. The Static whole body (two beds, 60-90 min) PET
decay-corrected blood radioactivity (%ID/g) images of xenograft-bearing mice after i.v.
decreased with first order kinetics. The radioac- injection of [*®F]JFHOMP and [‘|F]FHBG are
tivity-time curves were fitted with a mono-expo- shown in Figure 8. The time frame for the static
nential function and biological half-life values PET scans was based on the dynamic scans
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Table 1. Biodistribution (SUV

biodis)

and PET data (SUV

PET

) of [*8F]JFHOMP and [*®F]FHBG in xenograft-

bearing mice and of [*®F]JFHOMP in normal mice injected with the ENT1 blocker NBMPR-P (1h before

radiotracer) at 60 min after radiotracer injection

- [*®F]IFHOMP [*8F]FHBG [**F]IFHOMP+NBMPR-P
e SUVbiod\s SUVPET SUvbicvdis SUVPET SUVbiod'\s SUVPET

Xenograft TK+ 0.34+0.02 0.28 0.20£0.08 0.27

Xenograft control 0.19+0.06 0.16 0.067+0.00 0.07

Blood 0.16+0.03 0.034+0.00 0.15+0.06

Spleen 0.11+0.01 0.091+0.03 0.08+0.03"

Liver 0.16+£0.01 0.063+0.01 0.12+0.04

Kidney 0.33+0.07 0.39+0.12 0.23+0.10

Lung 0.13+0.00 0.040+0.01 0.10£0.04

Bone 0.19+0.03 0.050£0.10 0.12+0.04

Heart 0.14+0.01 0.034+0.01 0.10+£0.03

Brain 0.099+0.01 0.12 0.003+0.00 0.01 0.057+0.02" 0.07

Stomach w. cont. 0.12+0.08 0.026+0.01 0.049+0.01"

Intestine w. cont. 0.71+0.09 1.77+0.02 0.55+0.13"

Pancreas 0.10+0.03 0.065+0.03 0.079+0.03

Muscle 0.13+0.04 0.13 0.041+0.01 0.04 0.12+0.05 0.12

Thyroid 0.19+0.05 0.041+0.01 0.11+0.04

Gallbladder 0.5t02.4 1.8t06.2 1.2t02.0

Urine 14 to 343 120 to0 218 14 to 102

SUV___data are the meantstandard deviation of four animals for [*®F]FHOMP, three animals each for [*F]FHBG and for [8F]

biodis

FHOMP + NBMPR-P. [**F]FHOMP and [*®F]FHBG radioactivity accumulation was significantly higher in transgenic xenografts
than in the control xenografts for [**F[FHOMP (P 0.003) and for [*®F]FHBG (0.04). *Significantly different from values of [**F]
FHOMP mice (P < 0.03) (Student t test). SUV,_, data are from the PET scans shown in Figure 8.

and was chosen when SUV ratios between
HEK293TK+ and HEK293 control xenografts
and between HEK293TK+ xenografts and
background (region between the xenografts)
for [*®FJFHOMP were highest (data not shown).
[*8FIFHOMP accumulated in the TK-positive
xenograft, consistent with the biodistribution
results (see next Section). Uptake in the control
xenograft was low and similar to background
activity. The respective SUVs are shown in
Table 1. The hottest spot was the abdomen, fol-
lowed by the gallbladder and the TK-positive
xenograft. [*F]JFHBG showed similar imaging
characteristics as [*® FJFHOMP with a higher
abdominal activity, but less intense general
background activities.

Ex vivo biodistribution of [*F]FHOMP and [18F]
FHBG in xenograft-bearing mice

Table 1 summarizes the biodistribution data of
[*8FJFHOMP and [*8F]FHBG in xenograft-bearing
mice at 60 min after radiotracer injection.
Radioactivity accumulation for [*®F]FHOMP and
[*8F]FHBG in transgenic xenografts was signifi-
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cantly higher than in the control xenografts (P <
0.003 and 0.04, respectively). The uptake ratio
of TK+ to control xenograft was 2.0+0.8 for
[*8FIFHOMP (n=4) and 3.0+1.2 for [*®F]FHBG
(n=3), and the respective TK+ xenograft to
blood ratios were 2.1+0.4 and 5.942.1. Control
xenograft to blood ratios for [*®F]JFHOMP and
[*8F]FHBG were 1.1+0.3 and 2.0+0.2, respec-
tively. The distribution patterns of the two trac-
ers were similar, however, [*8F]FHOMP exhibit-
ed higher activities in most tissues except
intestines and kidneys.

Effect of ENT1 inhibition on ex vivo biodistribu-
tion and PET with [*8F]FHOMP

To determine whether ENT1 affects [**F[FHOMP
biodistribution and whether ENT1 inhibition
results in lower background radioactivity, mice
were analyzed by PET and post mortem biodis-
tribution after pre-treatment with the ETN1
inhibitor NBMPR-P. As shown in Figure 8C,
except for a lower brain uptake, no reduction in
background radioactivity was observed com-
pared to the baseline PET image. The ex vivo
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biodistribution after ENT1 inhibition (Table 1)
showed significantly reduced radioactivity in
the brain (P < 0.002), spleen (P < 0.02), stom-
ach (P < 0.002), intestines (P = 0.03) and pan-
creas (P < 0.02). In tissues such as muscle and
blood, which generally contribute to high back-
ground signals in PET images, no reduction in
radioactivity accumulation was observed.

Discussion

Target compound 6 with substrate specificity
for HSV1-TK was successfully synthesized in
eight steps (Figure 3) with chemical yields rang-
ing from 46 to 88%. During the synthesis of
tosyl precursor 12, N-1 and N-3 in the pyrimi-
dine ring were protected with MOM groups in
order to avoid intramolecular cyclization
between N-1 and the acyclic moiety at the C-6
position of the pyrimidine ring during radiosyn-
thesis. The protection of N-1 and N-3 atoms in
the pyrimidine ring was a critical step and quite
challenging probably due to the acidic nature of
pyrimidine nitrogen atom. Thus, we were
delighted when the treatment of compound 8
with methoxymethylchloride  successfully
resulted in N-1 and N-3 MOM protection of the
dibenzylated compound 9 in an excellent yield
of 97%. Standard catalytic hydrogenolysis with
H, over Pd/C led to a complete reduction of the
double bond in pyrimidine 9. This over-reduc-
tion has been reported for other pyrimidines
[30] therefore, an alternative method involving
an in situ hydrogenation approach using
Pd(OH), and cyclohexene system was pursued.
Using this approach, no reduction of the double
bond was observed and almost a quantitative
conversion of compound 9 to 10 (93%) was
achieved within two hours.

For the radiosynthesis of [®F]-6, a different
synthetic strategy was adapted in order to cir-
cumvent a complex multi-step radiosynthesis.
This strategy consisted of developing a suitable
precursor that would allow the radiosynthesis
in a two-step reaction sequence. As such, com-
pound 12 bearing easily cleavable protecting
groups and a tosylate leaving group was
designed and synthesized in optimal chemical
yields. The radiosynthesis of [**F]JFHOMP
(Figure 4B) was accomplished in an overall
decay corrected yield of 25%. The optimization
of [*8F]-fluorination step showed that [*8F]TBAF
was the best fluorinating agent when compared
to K[*8F]F and Cs[*®F]F. Addition of tert-butanol
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enhanced the incorporation yields up to 88%
and a 10-fold higher overall yield was obtained
using [*8F]TBAF combined with tert-butanol and
acetonitrile. Enhancing the nucleophilicity of
fluoride ions and also the rate of the nucleo-
philic fluorination through the use of protic co-
solvents has been reported previously [31].
Deprotection of the intermediate [8F]-13 was
easily achieved with conc HCI. The harsh hydro-
lysis conditions generated not only the final
product but also a more polar unidentified side-
product resulting in a 51% radiochemical yield
for this step. Formulation of ['8F]-6 without the
need to evaporate the mobile phase or trapping
on a cartridge is a clear benefit. The radiosyn-
thesis is reliable and robust delivering ['8F]
FHOMP in high product amounts suitable for
preclinical pharmacological in vitro as well as in
vivo evaluations .

Negligible in vivo defluorination is a prerequi-
site for a good [*8F]-labeled PET probe as [*8F]
fluoride accumulates in osseous tissue.
Cytochrome P450-mediated defluorination of
[*8FIFHOMP was excluded in vitro with human
and mouse liver microsomes. Indeed, no bone
uptake of radioactivity was observed in vivo in
mice after [*®F]FHOMP application.

The in vitro uptake of [*®F]JFHOMP into the sta-
bly transfected HEK293TK+ cells was signifi-
cantly higher than in control cells (Figure 6).
[*8F]JFHOMP showed strikingly higher uptake
ratios than [*8F]FHBG due to lower uptake into
control cells at all investigated time points. For
comparison, the highest uptake ratio of N-Me-
[*8F]FHBT, also a C-6 substituted pyrimidine
derivative, was 70 at 120 min [20]. Based on
these results, we expected a high uptake ratio
of TK+ to control xenograft in vivo. The in vivo
studies showed that the average absolute
radioactivity in the transgenic xenografts was
higher for [*8F]FHOMP than [*8F]FHBG. However,
[*®F]FHBG had a more favorable HSV1-TK+
xenograft/background ratio than [*¥F]FHOMP
owing to its relatively low tissue activity.

Low background activity of [*® F]FHBG may be
due to more rapid clearance from the blood
than [*®F]JFHOMP resulting in increased TK+/
blood or TKt/tissue ratios. Considering the
higher intestinal radioactivity of [**F]FHBG and
the significantly lower blood concentration at
60 min postinjection, we speculate that a
hepatic transporter may be involved that
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excretes [*®F]FHBG more efficiently into the bile
than [*F]FHOMP resulting in lower background
but higher abdominal activity for [*8F]FHBG. In
this study, the radioactivity uptake of purine
derivative [*®F]FHBG and pyrimidine derivative
[*8FJFHOMP was cleared by both the hepatobili-
ary and renal pathways resulting in high radio-
activity in the abdominal region and in urinary
bladder. [*F]FFAU, a pyrimidine derivative, how-
ever, is known to be favorably excreted via the
kidneys [32]. The reduced abdominal back-
ground radioactivity of [*8F]FHOMP may be con-
sidered an advantage when compared [*8F]
FHBG.

In general, due to the low lipophilicity of nucleo-
sides and nucleobases, cell uptake depends on
specific nucleoside transport proteins in the
plasma membrane [33, 34]. Nucleoside trans-
port proteins are encoded by two gene families:
SLC28, encoding for the CNTs, consisting of
three isoforms (CNT1-3), which are Na*-
dependent symporters, and SLC29, encoding
for the ENTs consisting of four isoforms (ENT1-
4) which are Na+-independent diffusion-limited
channels [35, 36]. We investigated whether
ENTZ1, which is expressed in many mammalian
tissues including erythrocytes, brain, vascular
endothelium, placenta, heart, liver, lung and
colon may contribute to the higher background
radioactivity of [*®F]FHOMP compared to [*8F]
FHBG. Inhibition of ENT1 with NBMPR-P signifi-
cantly reduced brain uptake of [*®F]FHOMP,
indicating that ENT1 is involved in blood-brain
barrier passage of the radiotracer. However,
the general background was not reduced by
ENTZ1 inhibition. In addition, [*83F]FHOMP uptake
into murine cells was lower than into HEK293
control cells in vitro, excluding a mouse-specific
mechanism of cell retention. It will be important
in future studies to verify other factors that
could have an effect on the background radio-
activity of [*®F]FHOMP.

Conclusions

An efficient and convenient chemical and radio-
chemical synthesis of a new C-6 substituted
pyrimidine derivative 6-((1-fluoro-3-hydroxypro-
pan-2-yloxy)methyl)-5-methylpyrimidine-
2,4(1H,3H)-dione (FHOMP) for HSV1-TK imag-
ing has been developed and accomplished in
yields and purity suitable for in vivo studies with
PET. [*8F]FHOMP exhibited higher uptake ratios
between HEK293TK+ and HEK293 control
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cells than [*8F]FHBG in vitro but not in vivo. The
lower ratio in vivo is a consequence of the high-
er general background radioactivity of [*¥F]
FHOMP. ENT1 is an important mediator of [*8F]
FHOMP uptake in brain but does not contribute
to the relatively high tissue radioactivity in gen-
eral. Although the in vivo properties of [*¥F]
FHOMP do not outperform [*¥F]JFHBG with
respect to HSV1-TK+ xenograft/background
ratio, the reduced abdominal background
radioactivity of [*8F]JFHOMP may be considered
an advantage.
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Supporting Information
Analytic and chromatographic methods

Pre-coated Merck silica gel 60F-254 plates were used for thin layer chromatography and the spots were
detected under UV light (254 nm). Column chromatography was performed using silica gel (0.040-
0.063 mm) Fluka; glass column was slurry-packed under gravity. The *H, *3C and *°F NMR spectra were
recorded at 23 °C on a Bruker Avance 400 (*H, 400 MHz; *3C, 100 MHz; *°F, 376 MHz) spectrometer
using CDCl,or DMSO-d, as the solvent. Chemical shifts (ppm) were determined relative to internal CHCI,
(*H, 8 7.24; CDCl,), internal CDCI, (**C, & 77.0, CDCl,), internal DMSO-d, (*H, 6 2.49; DMSO-d,), or interal
DMSO0-d, (**C, 6 39.5, DMSO-d,). For *°F NMR measurements, CFCI, was used as the internal standard.
Values of the coupling constant, J, are given in hertz (Hz). Low-resolution mass spectra (LRMS) were
recorded with a Micromass Quattro micro APl LC-ESI. High resolution mass spectra (HRMS) were
recorded with a Bruker FTMS 4.7T BioAPEXII (ESI).

Analytical radio-high performance liquid chromatography (HPLC) of [*8F]FHOMP was performed on an
Agilent 1100 series HPLC system equipped with a UV multi-wavelength detector and a Raytest Gabi
Star detector using a Gina software. [*¥FJFHOMP was analyzed on a reversed-phase column, (Gemini
C18, 250 x 4.6 mm, particle size: 5 ym, Phenomenex) using a flow rate of 1 mL/min (UV detection at
267 nm) and a gradient as follows: Eluent A was water, eluent B was acetonitrile. The gradient was from
100% A to 90% A and 10% B at 0-15 min, then isocratic at 90% A from 15-20 min, then to 100% A from
20-21 min followed by 100% A isocratic from 21-25 min.

Semi-preparative radio-HPLC was performed on an HPLC system equipped with a Merck-Hitachi L-6200A
intelligent pump, a Knauer variable-wavelength ultraviolet detector and an Eberline radiation monitor.
[**F]FHOMP was purified on a reversed phase column, (Gemini C18, 250 x 10 mm, particle size: 5 ym,
Phenomenex) using a flow rate of 4 mL/min and a gradient as follows: Eluent A was water, eluent B was
ethanol. After 10 min isocratic 100% A the gradient was from 100% A to 90% A and 10% B at 10-30 min.

Forthe determination of the microsomal stability of [*®F]FHOMP Ultra Performance Liquid Chromatography
(UPLC) was performed using a Waters ACQUITY UPLC® system equipped with a Berthold FlowStar LB513
radioactivity flow through detector (coincidence detection) and a Waters ACQUITY UPLC® BEH 2.1 x 50
mm, 1.7 ym C,, reversed-phase analytic column. Elution was performed at a flow of 0.6 mL/min and a
wavelength of 267 nm with a gradient from 100% A (sodium phosphate buffer, pH 7.0) and O % B (ace-
tonitrile) to 90% A and 10% B over a 1.5-min period, then a gradient to 30% A and 70% B until 2 min
followed by a constant flow of 30% A and 70% B until 3.0 min, then a gradient to 100% A and 0% B to
3.1 min followed by a constant flow of 100% A until 3.2 min.

Synthesis of reference FHOMP (6)

6-(Chloromethyl)-5-methylpyrimidine-2,4(1H,3H)-dione (1): Compound 1 was synthesized according
to published protocols starting from 5,6-dimethylpyrimidine-2,4(1H,3H)-dione [1]. *H NMR (400 MHz,
DMSO0-d,): 6 1.82 (s, 3H, CH,), 4.43 (s, 2H, CH,), 10.87 (s, 1H, N1H), 11.16 (s, 1H, N3H) ppm. **C NMR
(100 MHz, DMSO-d,): 6 9.1, 39.4, 107.4, 145.3, 150.6, 164.8 ppm. LRMS (ESI+) m/z 174.71 (M+H)".

2-(Benzyloxymethyl)oxirane (3): Compound 3 was prepared by benzylation of (+)-glycidol (2) by follow-
ing published methods [2]. *H NMR (400 MHz, CDCL,): 6 2.62 (dd, 1H, J = 5.0, 2.7 Hz, CH-CH,-0), 2.80
(dd, 1H, J = 4.9, 4.1 Hz, CH-CH,-0), 3.19 (m, 1H, CH), 3.45 (dd, 1H, J = 11.5, 5.7 Hz, O-CH,), 3.72 (dd,
1H,J = 14.1, 7.1 Hz, O-CH,), 4.60 (dd, 2H, J = 23.2, 11.9 Hz, Ph-CH-0), 7.26-7.38 (m, 5H, Ph) ppm.
HRMS (ESI+) m/z found 164.0830, calcd 164.0837 for C, H,.O

100 12727
1-(Benzyloxy)-3-fluoropropan-2-ol (4): Epoxide 3 was selectively opened via fluorination using TBABF-
KHF, according to published methods [3]. *H NMR (400 MHz, CDCl,): 6 2.54 (bs, 1H, OH), 3.58 (m, 2H,
0-CH,-CH), 4.05 (m, 1H, 0-CH,-CH), 4.46 (ddd, 1H, J, .= 47.5 Hz, J_ = 18.3, 9.7 Hz, F-CH,), 4.48 (ddd,

1H,J, .= 47.5 Hz,J, = 18.3,9.7 Hz, F-CH,), 4.57 (s, 2H, Ph-CH,-0), 7.29-7.39 (m, 5H, Ph) ppm. *C NMR
(100 MHz, CDCI,): 8 69.3 (d, J,. = 20.5 Hz), 70.0 (d, J,, = 6.8), 73.5, 83.9 (d, J, . = 169.9 Hz), 127.8,

"I "I v
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127.9, 128.5, 137.6 ppm. *F NMR (376 MHz, CDCl,): 6 -232.1 (dt, 1F) ppm. HRMS (ESI+) m/z found
184.0893, calcd 184.0899 for C, H, ,FO,.

10" 13

6-((1-(Benzyloxy)-3-fluoropropan-2-yloxy)methyl)-5-methylpyrimidine-2,4(1H,3H)-dione (5): NaH (60%
in mineral oil, 39 mg, 1.629 mmol) was added to a solution of 4 (100 mg, 0.586 mmol) in THF (17 mL)
at O °C. The mixture was stirred for 30 min at room temperature. Compound 1 (55.4 mg, 0.317 mmol)
was added at O °C and the reaction was stirred for 5 min at 0 °C. After warming to room temperature,
the mixture was heated to reflux for 16 h. The reaction was cooled to room temperature, quenched with
ice and water, diluted with ethylacetate and washed with water and brine. The organic phase was dried
over MgS0, and concentrated. The residue was purified by column chromatography on silica gel (CH,CI,
: CH,O0H = 30: 1) to afford 5 (46.6 mg, 46%). "H NMR (400 MHz, DMS0-d,): 6 1.75 (s, 3H, CH,), 3.57 (dd,
2H,J=5.5, 1.0 Hz, BnO-CH,), 3.83 (m, 1H, CH), 4.41 (s, 2H, C6-CH,), 4.52 (s, 2H, Ph-CH,), 4.55 (m, 2H,
CH,-F), 7.32 (m, 5H, Ph), 10.46 (s, 1H, N1H), 11.07 (s, 1H, N3H) ppm. **C NMR (100 MHz, DMSO0-d,): &
9.0,65.2,68.1(d, J, .= 8.5 Hz), 72.4, 77.2 (d, J, .= 18.5 Hz), 82.7 (d, J, . = 167.4 Hz), 106.0, 127.5,
128.3, 138.0, 145.9, 150.7, 164.9 ppm. **F NMR (376 MHz, DMSO-d): & -230.1 (dt, 1F) ppm. LRMS
(ESI+) m/z 322.68 (M+H)*.

6-((1-Fluoro-3-hydroxypropan-2-yloxy)methyl)-5-methylpyrimidine-2,4(1H,3H)-dione (6): Palladium on
activated carbon 10% (15 mg, 0.014 mmol Pd) was added to a 10 mL-reacti-vial containing 5 (46.6 mg,
0.145 mmol). Methanol (1 mL) was added and the system was flushed with argon. H, gas was bubbled
into the system using a balloon. Having the system saturated with H,, the balloon was removed and the
closed system was heated to 80 °C for 20 h. After cooling to room temperature and filtration through
celite (CH,OH) the crude was purified by column chromatography on silica gel (CH,CI, : CH,OH =20 : 1)
to obtain 6 (17 mg, 50%). "H NMR (400 MHz, DMSO-d,): 8 1.74 (s, 3H, CH,), 3.51 (t, 2H, J = 10.4 Hz,
CH,-OH), 3.63 (m, 1H, CH), 4.41 (s, 2H, C6-CH,), 4.47 (m, 2H, CH-F), 5.02 (t, 1H, J = 11.3 Hz, OH), 10.40
(s, 1H, N1H), 11.04 (s, 1H, N3H) ppm. **C NMR (100 MHz, DMSO-d,): 8.8, 59.4 (d, J.¢=6.7 Hz), 64.9,
79.2(d,J. = 14.2 Hz), 82.1 (d, J. .= 133.1 Hz), 105.2, 146.2, 150.6, 164.8 ppm. **F NMR (376 MHz,

TCF "CCF

DMSO0-d,): 6 -230.4 (1F) ppm. HRMS (ESI+) m/z found 233.0932, calcd 233.0932 for C,H,,FN,0,.
Synthesis of precursor 12

6-((1,3-Bis(benzyloxy)propan-2-yloxy)methyl)-5-methylpyrimidine-2,4(1H,3H)-dione (8): NaH (60% in
mineral oil, 124.5 mg, 3.11 mmol) was added to a solution of 1,3-bis(benzyloxy)propan-2-ol (7) (213 uL,
0.86 mmol) in THF (10 mL) at O °C. The mixture was stirred for 60 min at room temperature. A solution
of 1 (147.1 mg, 0.84 mmol) in THF (5 mL) was added at O °C over 40 min. The reaction was stirred at
room temperature for 30 min and heated to reflux for 19 h. After this time, the mixture was concen-
trated, treated with ice water and neutralized. The solution was extracted with ethylacetate. The com-
bined organic phases were dried over MgSO, and concentrated. The residue was purified by column
chromatography on silica gel (CH,Cl, : CH,OH = 40 : 1) to afford 8 (168.5 mg, 49%) as yellow solid. 1H
NMR (400 MHz, DMSO-d,): 6 1.72 (s, 3H, CH,), 3.55 (m, 4H, BnO-CH,), 3.78 (m, 1H, CH), 4.43 (s, 2H,
C6-CH,), 4.50 (s, 4H, Ph-CH,), 7.32 (m, 10H, Ph), 10.36 (s, 1H, N1H), 11.04 (s, 1H, N3H) ppm. **C NMR
(100 MHz, DMS0-d,): 6 8.8, 65.2, 69.5, 72.2, 77.9, 105.1, 127.4, 127.4, 128.1, 138.1, 146.4, 150.5,
162.7 ppm. LRMS (ESI+) m/z 410.76 (M+H)*.

6-((1,3-Bis(benzyloxy)propan-2-yloxy)methyl)-1,3-bis(methoxymethyl)-5-methylpyrimidine-
2,4(1H,3H)-dione (9): Compound 8 (65 mg, 0.158 mmol) was dissolved in DIPEA (300 pL) and dichloro-
methane (450 L) and the mixture was stirred for 30 min. Chlorotrimethylsilane (60 pL, 0.473 mmol)
was added and the reaction was stirred for 30 min. After this time, methoxymethyl chloride (MOMCI)
(70 yL, 0.92 mmol) was added. After 1 h, additional MOMCI (250 uL, 3.29 mmol) was added. After 22 h,
the reaction was diluted with ethylacetate, washed with saturated aqueous NaHCO3 solution and
extracted with ethylacetate. The combined organic phases were combined, washed with brine, dried
over Na,SO, and concentrated in vacuo. The crude product was purified by column chromatography on
silica gel (ethylacetate : hexane = 1:1) to yield 9 (77 mg, 97%). *H NMR (400 MHz, CDCl,): 5 2.01 (s, 3H,
CH,), 3.34 (s, 3H, N3-MOMCH,), 3.43 (s, 3H, NI-MOMCH,), 3.57 (m, 4H, BnO-CH,), 3.81 (m, 1H, CH),
4.52 (s, 4H, Ph-CH,), 4.68 (s, 2H, C6-CH,), 5.39 (s, 2H, N3-MOMCH,), 5.42 (s, 2H, NI-MOMCH,), 7.27-
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7.37 (m, 10H, Ph) ppm. *C NMR (100 MHz, CDCl,): 6 11.1, 57.0, 57.9, 64.4, 70.5, 72.7, 73.7, 75.1, 78.6,
111.9, 127.8, 127.9, 128.5, 137.8, 145.0, 152.5, 163.6 ppm. LRMS (ESI+) m/z 498.80 (M+H)".

6-(((1,3-Dihydroxypropan-2-yl)oxy)methyl)-1,3-bis(methoxymethyl)-5-methylpyrimidine-2,4(1H,3H)-
dione (10): To a solution of 9 (300 mg, 0.60 mmol) in ethanol (23 mL), Pd(OH), on activated carbon 20%
(382.5 mg, 0.54 mmol) and cyclohexene (4.5 mL) were added and the reaction was heated to reflux for
70 min. After cooling, the mixture was filtered through celite (ethylacetate) and the solvent was evapo-
rated to yield 10 (179 mg, 93%) as light-yellow oil. *H NMR (400 MHz, CDCI,): 5 2.09 (s, 3H, CH,), 2.32
(bs, 2H, OH), 3.45 (s, 3H, N3-MOMCH,), 3.48 (s, 3H, NI-MOMCH,), 3.62 (m, 1H, CH), 3.78 (ddd, 4H, J =
30.2, 11.8, 3.7 Hz, OH-CH,), 4.70 (s, 2H, C6-CH,), 5.41 (s, 2H, N3-MOMCH,), 5.49 (s, 2H, N1-MOMCH,)
ppm. **C NMR (100 MHz, CDCL,): 5 11.3, 57.5, 58.0, 62.7, 64.0, 72.8, 75.4, 80.8, 112.0, 144.6, 152.4,
163.3 ppm. LRMS (ESI+) m/z 318.70 (M+H)*.

6-(((1-Hydroxy-3-((4-methoxyphenyl)diphenylmethoxy)propan-2-yl)oxy)methyl)-
1,3-bis(methoxymethyl)-5-methylpyrimidine-2,4(1H,3H)-dione (11): To a solution of 10 (20 mg,
0.063 mmol) in DMF (0.4 mL) triethylamine (9.5 mg, 0.094 mmol) was added and the mixture was
stirred at room temperature for 10 min. 4-methoxytritylchloride (20 mg, 0.064 mmol) and catalytic
amount of DMAP were added and the reaction was stirred for 2 h at room temperature. The mixture was
diluted with ethylacetate, washed with water and brine, dried over MgSO, and concentrated. The resi-
due was purified by column chromatography on silica gel (ethylacetate : hexane 1:4 to ethylacetate :
hexane 1:1) to afford 11 (11.2 mg, 30%). *H NMR (400 MHz, CDCl,): & 1.95 (s, 3H, CH,), 2.31 (bs, 1H,
OH), 3.21 (m, 2H, MMTrO-CH,), 3.35 (s, 3H, N3-MOMCH,), 3.36 (s, 3H, NI-MOMCH,), 3.57 (m, 2H,
OH-CH,), 3.63 (m, 1H, CH), 3.73 (s, 3H, MMTrCH,), 4.57 (dd, 2H, J = 52.6, 11.7 Hz, C6-CH,), 5.34 (m, 4H,
MOMCH,), 6.77 (m, 2H, CH-C-0-CH,), 7.14-7.36 (m, 12H, MMTrCH) ppm. **C NMR (100 MHz, CDCl,): &
11.3, 55.2, 57.5, 57.9, 63.0, 63.5, 64.2, 72.7, 75.3, 80.5, 87.0, 111.8, 113.2, 127.1, 127.9, 128.3,
130.3, 135.1, 144.0, 144.7, 152.4, 158.7, 163.4 ppm. LRMS (ESI+) m/z 612.87 (M+H)*.

2-((1,3-Bis(methoxymethyl)-5-methyl-2,6-dioxo-1,2,3,6-tetrahydropyrimidin-4-yl)methoxy)-3-((4-
methoxyphenyl)diphenylmethoxy)propyl 4-methylbenzenesulfonate (12): Compound 11 (11.2 mg,
0.019 mmol) was suspended in pyridine (0.3 mL) and stirred at room temperature for 30 min.
Tosylchloride (16.4 mg, 0.086 mmol) dissolved in dichloromethane (0.1 mL) was added and the mixture
was stirred for 2 h at 30 °C. A catalytic amount of DMAP was added and the reaction was heated at
30 °C for 17 h. The mixture was quenched with water and diluted with ethylacetate. The mixture was
washed with 1M CuSO, solution and extracted with ethylacetate. The combined organic phases were
dried over MgS0, and concentrated. The residue was purified by column chromatography on silica gel
(ethylacetate : hexane = 1:1) to obtain 12 (6.4 mg, 45%). "H NMR (400 MHz, CDCI,): 6 1.92 (s, 3H, CH,),
2.44 (s, 3H, TsCH,), 3.21 (d, 2H, J = 19.1 Hz MMTrO-CH,), 3.36 (s, 3H, N3-MOMCH,), 3.43 (s, 3H,
N1-MOMCH,), 3.61-3.67 (m, 1H, CH), 3.80 (s, 3H, MMTrCH,), 4.03 (dd, 1H, >J = 10.6, *J =3.2 Hz , TsO-
CH,), 4.10 (dd, 1H, 2J = 10.6, ®J = 3.2 Hz, TsO-CH,), 4.53 (dd, 2H, J = 13.3, 11.7 Hz, C6-CH,), 5.32 (m,
2H, N3-MOMCH,), 5.39 (s, 2H, N1-MOMCH,) 6.81 (m, 2H, S-C-CH-CH), 7.21-7.36 (m, 14H, tritylCH), 7.74
(m, 2H, S-C-CH) ppm. **C NMR (100 MHz, CDCl,): 6 11.2, 21.7, 55.2, 57.1, 57.9, 62.5, 64.3, 69.6, 72.7,
75.0,775,87.0,112.0,113.3, 127.2,127.9, 128.2, 129.9, 130.3, 132.7, 134.8, 143.8, 143.8, 144.3,
145.1, 152.3, 158.8, 163.4 ppm. HRMS (ESI+) m/z found 767.2618 for [C,,H,,N,NaO, S]*, calcd
767.2609 for [C, H,,N,NaO, S]".

40" '44

Radiosynthesis of [*8FJFHOMP ([*5F]-6)

The no-carrier-added [*8F]-fluoride was trapped on the anion exchange cartridge and directly eluted into
a 5-mL sealed reaction vessel using a solution of tetrabutylammonium hydroxide (27.8 mg) in 0.6 mL of
methanol. The solvent was removed at 90 °C under reduced pressure and a stream of nitrogen.
Subsequently, water was removed by azeotropic distillation with acetonitrile (3 x 1 mL) under reduced
pressure and a stream of nitrogen at 90 °C. The vial was kept at room temperature for additional 5 min
under vacuum. To this dried [*8F]TBAF salt was added a solution of the tosylate precursor 12 (4 mg) in
0.3 mL tert-butanol and anhydrous acetonitrile (4:1). The reaction mixture was heated for 30 min at 110
°C. After cooling, the crude product was passed through an SPE cartridge (Sep-Pak silica, Waters AG) to
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remove TBA and unreacted fluoride. The cartridge was washed with acetonitrile (3 x 0.5 mL). The solvent
was evaporated at 90 °C under a stream of nitrogen to dryness. For hydrolysis, 0.6 mL of conc. HCl was
added and the mixture was heated for 10 min at 110 °C. The vial was cooled, neutralized with 4 M
NaOH (1.5 mL) and diluted with 0.6 M phosphate buffer to a total volume of 5 mL. The crude product
was injected onto the semi-preparative radio-HPLC column for HPLC purification. The desired product
fraction was collected at approximately 19 min (max. 5% ethanol in water) and directly passed through
a sterile filter into a sterile and pyrogen-free vial. Radiochemical yield was determined after purification
and based on the amount of starting activity.

Determination of partition coefficient

The log D, , of [**FIFHOMP and [**F]FHBG in 1-octanol/PBS was determined by the shake-flask method
as previously described [20]. [*®F]FHOMP or [*8F]FHBG (~1.5 MBq) was added in 5 mL water containing
5% ethanol to vials containing 0.5 mL each of 1-octanol and PBS. The vials were shaken for 20 min at
room temperature and the phases were separated by centrifugation. The radioactivity was measured in
50 pL of each phase with a gamma counter (Wizard, Perkin Elmer). Measurements were performed in
triplicates and log D values were calculated as the logarithmic ratio of the counts in the octanol and
PBS samples.

pH7.4.
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Figure S1. Phosphorylation pattern assay at 60 min of incubation: The formation of new peaks (ADP and some mo-
nophosporylated compounds) have been monitored by HPLC coupled with a UV detector at 254 nm. To assess the
functionality of the HSV1-TK and the human-TK enzymes, thymidine (dT) was used as a positive control. It showed
ADP formation for both enzymes as expected and monophosphorylated thymidine (dT-mP) could be detected. Penci-
clovir was used to compare with a well known HSV1-TK but not human-TK substrate. Very small substrate-indepen-
dent ATP hydrolysis was observed for the blank (no substrate) for both enzymes. These chromatograms clearly show
the formation of ADP for PCV (and some speculated monophosphorylated penciclovir (PCV-mP)) and FHOMP with
HSV1-TK but not the human-TK. The data for dT, PCV and blank have been shown before in [20].



