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5'-S-(2-Aminoethyl)-6- N-(4-nitrobenzyl)-5'-thioadenosine (SAENTA), 5'-S-(2-acetamidoethyl)-6- N-[(4-
substituted)benzyl]-5'-thioadenosine analogues, 5'-S-[2-(6-aminohexanamido)]ethyl-6- N-(4-nitrobenzyl)-
5-thioadenosine (SAHENTA), and related compounds were synthesized by SyAr displacement of
fluoride from 6-fluoropurine intermediates with 4-(substituted)benzylamines. Conjugation of the pendant
amino groups of SAENTA and SAHENTA with fluorescein-5-yl isothiocyanate (FITC) gave fluorescent
probes that bound at nanomolar concentrations specifically to human equilibrative nucleoside transporter
1 (hENT1) produced in recombinant form in model expression systems and in native form in cancer
cell lines. Transporter binding effects were studied and the ability of the probes to predict the potential
antitumor efficacy of 2/-deoxy-2’,2'-difluorocytidine (gemcitabine) was demonstrated.

Introduction

Specialized transmembrane proteins facilitate entry of nu-
cleosides (including anticancer and antiviral drug analogues)
into cells.' Seven such proteins in mammalian cells are
presently categorized into two types of equilibrative (facilita-
tive diffusion) and concentrative (active transport) nucleoside
transporters (ENTs” and CNTs). ENTs mediate transport of
nucleosides bidirectionally and most are driven by concentra-
tion gradients. CNTs transport nucleosides into cells actively,
driven by Na™* (and sometimes H™) gradients. ENTs are more
widely distributed in mammalian tissues than CNTs, which
are found in epithelial cells and other specialized tissues. Two
groups of ENT proteins are differentiated by their relative
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“Abbreviations: ACSAENTA, 5'-S-(2-acetamidoethyl)-6- N-(4-nitro-
benzyl)-5'-thioadenosine; CNT, concentrative nucleoside transporter; ENT,
equilibrative nucleoside transporter; FITC, fluorescein-5-yl isothiocyanate;
FITC-SAENTA, 5-S-{2-3-(fluorescein-5-yl)thioureido-1-yl]}ethyl-6-N-(4-
nitrobenzyl)-5 -thioadenosine; FITC-SAEPTA, 5'-S-{2-[3-(fluorescein-5-yl)-
thioureido-1-yl]}ethyl-6- N-[4-(propanamido)benzyl]-5'-thioadenosine;
FITC-SAHENTA, 5'-S-{2-(6-[3-(fluorescein-5-yl)thioureido-1-yl]hexa-
namido)}ethyl-6-N-(4-nitrobenzyl)-5 -thioadenosine; FITC-SAHEPTA,
5'-S-{2-(6-[3-(fluorescein-5-yl)thioureido-1-ylJhexanamido)}ethyl-6-
N-[4-(propanamido)benzyl]-5'-thioadenosine; hENT1, human equili-
brative nucleoside transporter 1; MESF, molecules of equivalent soluble
fluorescein; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2 H-tetrazolium; NBAdo, 6-N-(4-nitrobenzyl)-
adenosine; NBMPR, p-nitrobenzylmercaptopurine riboside [6-S-(4-nitro-
benzyl)-6-thioinosine]; SAENTA, 5'-S-(2-aminoethyl)-6- N-(4-nitroben-
zyl)-5'-thioadenosine; SAEPTA, 5'-S-(2-aminoethyl)-6-N-[4-(propan-
amido)benzyl]-5'-thioadenosine; SAHENTA, 5'-S-[2-(6-aminohexan-
amido)Jethyl-6-N-(4-nitrobenzyl)-5'-thioadenosine; SAHEPTA, 5'-S-[2-(6-
aminohexanamido)]ethyl-6- N-[4-(propanamido)benzyl]-5 -thioadenosine.
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sensitivities to 6-S-(4-nitrobenzyl)-6-thioinosine (p-nitrobenzyl-
mercaptopurine riboside: NBMPR) (1) (Chart 1). In humans
and mice, ENT1s promote transport processes that are highly
sensitive to inhibition by NBMPR (k; = 0.1—1 nM). In con-
trast, ENT2s promote transport processes that are insensitive
to inhibition by concentrations of NBMPR less than ~1 uM.
In human cells and tissues, hENTT is the predominant nucleo-
side transporter.

There is increasing evidence that nucleoside transporters
may serve as biomarkers for predicting response to nucleoside
drugs.* Many studies have demonstrated the importance
of hENTI for cellular entry of nucleoside analogue drugs
and manifestation of their toxicities.”® More recently, studies
with samples from patients with pancreatic cancer have
revealed that hENT1-mediated nucleoside transport is an
important determinant of responses to 2’-deoxy-2’,2'-difluoro-
cytidine (gemcitabine) because patient response was positi-
vely correlated with the abundance of hENTI protein in
cancer tissues as measured by immunohistochemistry.'®~!?
That method, which utilizes monoclonal antibodies directed
against a synthetic peptide derived from hENTI,"? is applic-
able to paraffin-embedded or frozen tissue samples but is
time-consuming (cell fixation, permeabilization, and antigen
retrieval are required) and therefore less useful for routine
monitoring of site densities with freshly isolated cells. Enu-
meration of nucleoside-transport sites on such cells can be
performed by equilibrium binding of [’HINBMPR, but this
method cannot distinguish among subpopulations of cells
with different transporter densities or between internal and
cell-surface transporter molecules. A high-affinity fluorescent
analogue that can be used to determine cell-surface abun-
dances of hENT 1 enables rapid quantification of hENTT1 sites

©2010 American Chemical Society
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Chart 1. Structures of Nucleoside Transport Inhibitors 1—7b
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in clinical samples and allows predictions of treatment out-
comes with nucleoside drugs.'

NBMPR (1), NBAdo (2), SAENTA (3), AcCSAENTA (4),
and FITC-SAENTA (5a) are bound tightly by hENT1. The
fluorescent 5a'> was shown to be a high-affinity probe for
hENTI sites on cells by flow cytometry,'> 7 and quantifica-
tion of hENT]1 site densities on cultured cells and in freshly
isolated clinical samples was demonstrated.'®!%! Alkylation
of 6-thioinosine with 4-nitrobenzyl halides provided easy
access to NBMPR,?” but it is not an ideal biomedical agent
because SyAr displacement of 4-nitrobenzylthiolate from C6
of the purine ring by nucleophiles and homolytic cleavage of
the benzyl—sulfur bond (promoted by UV light*') are possi-
ble. NBAdo and analogues are more chemically stable and
also are bound tightly by ENT1s.>>">* The 5'-S-(2-acet-
amidoethyl) derivative 4 was bound well by the transporter
from pig erythrocyte ghosts, whereas replacement of the nitro
substituent on the phenyl ring of 2 with carboxamido or
sulfonamido groups produced analogues with much weaker
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binding affinities. Structure—activity relationship (SAR) studies
showed that the 4-nitrobenzyl moiety on sulfur or nitrogen at
C6 of the purine ring made a major contribution to binding.
Structural modifications were well tolerated at the C5' termi-
nus, and conjugation of Affi-Gel 10 with the amino group
on the 5-substituent of 3 produced a support for affinity-
chromatographic enrichment of the transporter protein.??
Conjugation of fluorescein-5-yl isothiocyanate (FITC) with
3 gave the thioureido-linked probe 5a'> (FITC-SAENTA;
also dubbed SAENTA-y,-fluorescein, where y, indicated the
number of atoms in the linkage between fluorescein and the
aminoethyl nitrogen atom of 3), and Jamieson et al.'® noted
that fluorescence output with their extended “5-(SAENTA-
xg)-fluorescein” analogue 6 was higher than that with 5a.
Reliable samples of Sa and 6 were not available, and the
outlined synthesis of SAENTA?* was problematic (poor over-
all yields of 3 often contaminated with byproducts).

We now report improved methods for the synthesis of
3, 4 and modified acetamido analogues, 5a, and the new
conjugate Sb. We also prepared the new analogues 5'-
S-[2-(6-aminohexanamido)]ethyl-6- N-(4-nitrobenzyl)-5'-thio-
adenosine (SAHENTA), 5'-S-[2-(6-aminohexanamido)]ethyl-
6-N-(4-propanamidobenzyl)-5'-thioadenosine (SAHEPTA),
and their FITC conjugates 7a and 7b that have the linker
between C5 of fluorescein and C5 of the nucleoside moieties
in 7a and 7b extended by seven atoms from that in Sa and 5b.
We measured cell-surface staining of hENT1 sites in several
cell types by fluorescence detection of the binding with 7a
at nanomolar levels. Cellular uptake of the anticancer drug
gemcitabine was associated with the abundance of transporter
populations at cell surfaces, which provides methodology for
prediction of potential clinical efficacy.

Chemistry

Our prior studies with 6-N-(substituted)adenosine com-
pounds revealed large differences in binding affinities for deri-
vatives with different groups on N6 of adenine.”*>* Significant
variations in binding affinities were observed with modifications
on the phenyl ring of 6-N-(substituted-benzyl)adenosines,
whereas changes at the 5-S-(2-aminoethyl) moiety were well
tolerated. Therefore, we synthesized and evaluated 5'-S-(2-
acetamidoethyl) analogues of 3 with various substituents at
C6 of the purine moiety to identify promising candidates for
conjugation with FITC.

The Agbanyo et al. synthesis of 3*> employed alkylation of
the adenine moiety at N1 followed by Dimroth rearrangement
to the N6 isomer. Those steps, and others in the sequence,
produced byproducts that were difficult to separate and poor
overall yields of contaminated 3 were often obtained. Our
diazotization/fluorodediazoniation of aminopurine nucleo-
sides®?® and SNAr displacement of fluoride with amines®’
occurred under mild conditions that offered an attractive
route for synthesis of the desired compounds. Selective acetyl-
ation of the hydroxyl groups of the model substrate 5'-chloro-
5'-deoxyadenosine”® (8) (Scheme 1) and treatment of the 2/,3'-
di-O-acetyl derivative with NaNO, in ~55% HF-pyridine at
—25t0 0 °C produced the 6-fluoropurine compound 9 (86%)
without incident. Solid NaNO, was more convenient and
safer than rerz-butyl nitrite,?® but the HF-pyridine concentra-
tion and temperature conditions were more demanding.

Treatment of 8 with the sodium thiolate generated from
2-acetamidoethanethiol gave 5'-S-(2-acetamidoethyl)-5'-
deoxy-5'-thioadenosine (10). The 2/,3/-di-O-acetyl derivative
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Scheme 1. Synthesis of 6-Fluoropurine Intermediate 11a“
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“Reagents and conditions: (a) Ac,O, pyridine, 0 °C; (b) NaNO»,,
~55% HF-pyridine, —25 to 0 °C; (c) AcNH(CH,),SH, NaH, DMF,
70 °C; (d) NaNO,, ~55% HF-pyridine, —10 to —5 °C.

was prepared readily, but diazotization/fluorodediazoniation
did not proceed as cleanly. Lower temperatures and/or
equivalent ratios of NaNO, resulted in slower formation of
the desired 6-fluoropurine product and generation of more
decomposition byproducts. Higher temperatures or ratios of
NaNO, produced increased quantities of an N-nitrosoamide
byproduct. For example, NaNO, (6.5 equiv) in HF-pyridine
(~55%) at —10 to —5 °C gave 9-[5-S-(2-acetamidoethyl)-2,3-
di-O-acetyl-5-deoxy-5-thio-f-p-ribofuranosyl]-6-fluoropu-
rine (11a) (28%) plus 11b (56%), whereas 1.5 equiv of NaNO,
under the same conditions gave 11a (64%) plus 11b (24%).
Clean 11a for the preparation of the model binding probes was
obtained by flash chromatography.

Nucleoside binding affinity for hENT1 is enhanced by a
4-nitrobenzyl group at N6 (or S6) of the purine moiety,*>
but nitro groups can participate in single electron transfer
(SET) reactions and activate systems for photochemical
processes.”! Therefore, we also evaluated amide analogues
linked through the carbonyl carbon or amide nitrogen at C4 of
the appended benzyl rings. Trifluoroacetylation of 4-(amino-
methyl)benzoic acid (12) (Scheme 2), treatment of the trifluoro-
acetamido intermediate with thionyl chloride, and addition
of an amine gave the 4-[(trifluoroacetamido)methyl]benz-
amides 13, which were purified before removal of the trifluoro-
acetyl group to give the 4-(aminomethyl)benzamides 14.
Treatment of 4-{[(zert-butyloxycarbonyl)aminoJmethyl}ani-
line (15) with acyl or sulfonyl chlorides gave the 4-[(Boc-
amino)methyl]-N-(acyl or sulfonyl)anilines 16 that were
deprotected to give the 4-(aminomethyl)-N-(acyl or sulfo-
nyl)anilines 17.

Compound 11a underwent clean and rapid SyAr displace-
ment of fluoride®” with the 4-substituted benzylamines
14a—14j and 17k—17t in MeOH at ambient temperature.
Deacetylation of the intermediates (only the intermediate
diacetate from 17k was purified and characterized) gave the
model probes 18a—18t, which were purified by chromato-
graphy or recrystallization. The analogues 18u—18w (Chart 2)
were prepared from 1la and N-ethyl-3-nitrobenzylamine,
1-(2-aminoethyl)-4-nitrobenzene, and (4-nitrophenyl)meth-
anethiol (prepared by treatment of 4-nitrobenzyl bromide
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Scheme 2. Synthesis of 4-(Substituted)benzylamines 14a—14j
and 17k—17t and Inhibitors 18a—18t*
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“Reagents and conditions: (a) (1) (CF3CO),0, pyridine, CH,Cl,, 0 °C

toambient, (2) SOCl,, CH,Cl,, ambient, (3) RNH, (or R’,NH), CH,Cl,,

0 °C to ambient; (b) 30% NH3/H,O, MeOH, 60 C; (c) RCOCI, Et;N,

0 °C (or RSO,Cl, pyridine, ambient); (d) CF;CO,H, CH,Cl, (or 37%

HCI/H,0, MeOH), ambient; (¢) 14a—j or 17k—t), Et;N, MeOH,
ambient.

with potassium thioacetate followed by deacetylation), re-
spectively.

NBAdo analogues with a free hydroxyl group at C5 had
shown large differences in the concentrations required for
inhibition of nucleoside transporters of cultured mouse S49
lymphoma and L1210/B23.1 leukemia cells [A(nM) >103],
and changes in the amide substituents at C4 of the phenyl ring
of 6-N-benzyladenosine analogues also resulted in signifi-
cant changes in the concentrations that inhibited binding
of NBMPR with pig erythrocyte transporters by 50% [ICsq
value A(uM) >107].** In marked contrast, transport of
[*H]uridine by recombinant hENT1 produced in yeast was
observed at 57—87% of control values with 3 nM concentra-
tions of 18a—18w (Table 1 in the Supporting Information)
and at 15—25% of control values at 10 nM. The 6-S-(4-
nitrobenzyl) analogue 18w was slightly more inhibitory than
18a—18v at 3 nM, but the relative inhibitory difference was
even smaller at 10 nM. It is noteworthy that almost no
structural sensitivity for binding to hENT1-yeast was ob-
served with the 5-S-(2-acetamidoethyl)-5'-thio analogues
18a—18w with 23 different 6-N-substituents. Because no
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Chart 2. Structures of Inhibitors 18u—18w
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“Reagents and conditions: (a) (CF3CO),0, pyridine, benzene, ambi-
ent; (b) (CF;CO0),0, 80 °C; (c) DCC, 4-nitrophenol, CH,Cl,, ambient;
(d) 20, NaH, DMF, ambient; (e) Ac,O, pyridine, 0 °C; NaNO,, ~55%
HF-pyridine, —10 to —5 °C; (g) 4-nitrobenzylamine or 171, Et;N,
MeOH, ambient; (h) 30% NH;3/H,O, MeOH, 60 °C; (i) FITC, Et3N,
DMEF, ambient; (j) 23, Et;N, DMF, ambient.

SAR trend was observed, 4-nitrobenzyl and 4-(propanamido)-
benzyl groups were selected for attachment at N6 of the
fluorescent-conjugate targets. hENT1 exhibited enhanced
affinity for the 4-nitrobenzyl moiety, and the 4-(propanamido)-
benzyl analogue 181 was bound well and does not contain a
nitro group.

Trifluoroacetylation of 2-aminoethanethiol (19) (Scheme 3)
gave 2-(trifluoroacetamido)ethanethiol (20). Treatment of 8
with the sodium thiolate derived from 20 gave the 5'-thioether,
which was acetylated and subjected to fluoro-diazotization
to give 9-{2,3-di-O-acetyl-5-S-[2-(trifluoroacetamido)ethyl]-
5-thio-f-p-ribofuranosyl}-6-fluoropurine (24). The electron
withdrawing trifluoroacetyl group on the amide nitrogen ame-
liorated the problematic formation of N-nitroso byproducts.
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SnAT displacement of fluoride from 24 with 4-nitrobenzyl-
amine and 171 at ambient temperature gave 25a and 25b,
respectively, which were deprotected (to give 3 and 26b) and
treated with FITC in Et;N/DMF at ambient temperature to
give 5a (56%) and 5b (95%), respectively.

Analogues with the extended spacer were then prepared.
Enhanced fluorescent output was noted with 6,'® and probes
with longer spacers between receptor-binding and fluorescent-
reporting entities usually present fewer problems with fluor-
escence quenching. Trifluoroacetylation of 6-aminohexanoic
acid (21) gave 22, which was converted into its 4-nitrophenyl
ester 23 with DCC and 4-nitrophenol. Treatment of 3 and
26b with 23 in Et;N/DMF gave the 5'-S-{2-[6-(trifluoroacet-
amido)hexanamido]ethyl}5’-thionucleoside derivatives 27a
and 27b, respectively. Removal of the trifluoroacetyl group
from 27a and 27b gave 28a and 28b. Treatment of crude 28a
and 28b with FITC/Et;N/DMF gave 7a (86%) and 7b (89%),
respectively.

Nucleoside Transport

Development of a high-affinity fluorescent probe for rapid
and efficient quantification of hENT1 sites on cell surfaces by
flow cytometry that would be applicable for prediction of the
transport of nucleoside analogue drugs into cancer (and viral-
infected) cells was our primary goal. An additional goal was
confocal-microscopy monitoring of the surface staining of
hENTI in living cells with native hENT1 and in various
cellular expression systems that produce recombinant hRENT1
proteins. Probes that identify cell-surface abundances of
hENT1 would be useful in distinguishing between ENT1
proteins located in intracellular membranes from those that
are located in plasma membranes and could potentially func-
tion in the transport of nucleosides into and/or out of cells.

Inhibition of [*H]uridine transport was measured with yeast
that were producing recombinant hENT1. NBMPR and
18a—18w (each tested at 3 nM) reduced transport to 51—
87% of control values (Table 1 in the Supporting Informa-
tion). An arbitrary selection of 4-nitrobenzyl and 4-(propan-
amido)benzyl groups at N6 of our fluorescent probe targets
was made because no SAR was observed for transport
inhibition in this model system with the 23 analogues tested.
Conjugation of 3 and 26b with FITC gave the known Sa and
its 4-(propanamido)benzyl analogue 5b. Conjugation of 28a
and 28b with FITC gave the new extended-linker probes 7a
and 7b, respectively.

The four fluorescein conjugates 5a, Sb, 7a, and 7b were
assessed for their abilities to inhibit [*HJuridine influx and
[*HINBMPR binding in yeast producing recombinant hENT1.
Uptake of [*H]uridine (1 #M) was measured at ambient
temperature during 20 min in the absence (control) or pre-
sence of a partially inhibitory concentration of unlabeled
NBMPR (3 nM) or each of the four compounds 5a, 5b, 7a,
or 7b (also at 3 nM). NBMPR reduced uridine transport
by approximately 50%, whereas Sa, 5b, 7a, and 7b reduced
uridine transport by 20—30%. Again, only small differences
were observed among the four compounds (Figure 1A).
Inhibition of binding of ’H]NBMPR (5 nM) to recombinant
hENT1 in yeast in the absence or presence of unlabeled
NBMPR, 5a, 5b, 7a, or 7b (all at 500 nM) is shown in
Figure 1B. Itis noteworthy that the 4-nitrobenzyl compounds
5a and 7a exhibited much greater inhibition of binding of
[PHINBMPR to hENTI than their 4-(propanamido)benzyl
analogues Sb and 7b.
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Figure 1. Inhibition of [*H]uridine uptake and ["HJNBMPR bind-
ing in yeast producing recombinant hENTI1. (A) Uridine uptake.
Uptake of [*H]uridine (1 xM) was measured at ambient temperature
during 20 min in the absence (control) or presence of unlabeled
NBMPR (3 nM) oreach of 5a, 5b, 7a, or 7b (3 nM). Uptake values in
the presence of test compounds are expressed as percentages of
values in their absence (control). Results from three independent
experiments were used to calculate the SE values. (B) NBMPR
binding. Binding of [PH]NBMPR (5 nM) was measured in the
absence or presence of 500 nM unlabeled NBMPR, 5a, 5b, 7a, or
7b for 60 min at ambient temperature and inhibition is plotted as
percentages of values in the absence of text compounds (control).
Results are the average of three independent experiments.

Inhibition of binding of ['HINBMPR (5 nM) to cultured
human CEM lymphoblastoid leukemia cells in the presence of
excess (500 nM) unlabeled NBMPR (or 5a, 5b, 7a, or 7b) was
calculated as a percent of binding in the absence of an inhi-
bitor and represented “total” specifically bound [PTHINBMPR
(control values). Figure 2A shows that FITC-SAHENTA (7a)
produced the most potent inhibition, similar to that with
unlabeled NBMPR. The four analogues were also subjected
to experiments in which 2.5 x 10> CEM cells in phosphate-
buffered saline (PBS) were incubated with the individual
compounds (100 nM) for 1 h, and the cell-associated fluores-
cence was analyzed by flow cytometry. The highest fluores-
cence intensity was observed with 7a (Figure 2B) in harmony
with the results from inhibition of [P’H]NBMPR-binding with
hENTI in yeast (Figure 1B) and in CEM cells (Figure 2A).
Binding of 7a (100 nM) to CEM cells in the absence or
presence of NBMPR (1 uM) was monitored by flow cyto-
metry as described in the Experimental Section. Histograms
of the cell-bound fluorescence (Figure 2C) show that the
presence of NBMPR (1 uM) caused a reduction in the binding
of 7a to CEM cells similar to the fluorescence values observed
with untreated cells. Similar to the results with recombinant
hENTI in yeast, the 4-nitrobenzyl compounds 5a and 7a
exhibited two- to 4-fold greater inhibition of the binding of
[PHINBMPR with CEM cells relative to their 4-(propan-
amido)benzyl analogues 5b and 7b, although only small dif-
ferences had been observed (Figure 1A) in the inhibition of

Robins et al.

A
100[ — T s
S 75
S 50|
@)
HH []
0

&&i& @ P AR
(N

Counts

Counts

10
FL1-Height

Figure 2. Interacttion of FITC conjugates with hENT1 on CEM cells.
(A) Inhibition of binding of [’HINBMPR. Binding of [’HI]NBMPR
(5 nM) was measured in the absence or presence of excess (500 nM)
unlabeled NBMPR (or 5a, 5b, 7a, or 7b) as described in the Experi-
mental Section (inhibition plotted as % control with no NBMPR, 5a,
5b, 7a, or 7b). Results are the average of two independent experi-
ments. (B) Binding measured by flow cytometry. Shown are fluores-
cence histogram of the binding of 5a, 5b, 7a, or 7b with hENT1 on
CEM cells treated with the respective analogue (100 nM) and
incubated for 1 h. Cell-bound fluorescence was analyzed by flow
cytometry as described. (C) Inhibition of binding of 7a by NBMPR.
CEM cells were treated with 7a (0 or 100 nM) or [7a (100 nM) +
NBMPR (1 uM)]. In the latter case, cells were preincubated with
NBMPR for 10 min prior to the addition of 7a. Results shown were
from one representative experiment of three.

[*H]uridine transport by recombinant hENTI in yeast with
Sa, 5b, 7a, or 7b.

Inhibition of the entry of [*PH]uridine (1 #M) into CEM cells
by 7a was assessed in 30 s time-course experiments and was
found to be equivalent with the inhibition observed with 1-uM
concentrations of either 7a or unlabeled NBMPR (Figure 3A).
Graded concentrations of 7a (0—10 uM) produced dose-
dependent inhibition of transport of [*H]Juridine (1 #M) in
CEM cells with an effective concentration for 50% inhibition
(ECsp) of 18 4.7 nM (Figure 3B), which indicated high-
affinity binding of 7a by hENTI1. Binding specificity for 7a
was assessed with graded concentration-dependent competi-
tions by 7a (0—1000 nM) against [’HINBMPR (10 nM) for
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Figure 3. Inhibition of [*H]uridine influx and PH]NBMPR binding
by 7a. (A) Uridine influx. Time courses of influx of [*H]uridine
(1 uM, W) in CEM cells in the absence or presence of NBMPR
(1 uM, A), 7a (1 uM, ¥), or uridine (1 mM, ¢) was measured for
0—30 s. Plotted values were derived from two independent experi-
ments. (B) Dose-dependent inhibition of uridine transport by 7a.
CEM cells were preincubated with graded concentrations of 7a
(0—10 uM) for 10 min, and [3H]uridine transport was measured as
described in the Experimental Section. Results derived from three
independent experiments were plotted as % control (no 7a). (C)
Dose-dependent inhibition of NBMPR binding by 7a. Inhibition of
[PHINBMPR (10 nM) binding was measured after 1 h incubations of
cells in the absence or presence of graded concentrations of 7a.
Specifically bound [PHINBMPR (expressed as % control that was
bound in the absence of 7a) was plotted as a function of 7a
concentrations (three experiments each performed with triplicates).

hENT] sites on CEM cells. Figure 3C shows the inhibition of
[*HINBMPR binding by 7a with ECsy = 14 & 4 nM.

CEM cells were incubated with different concentrations of
7a (0—25 nM) in the absence or presence of NBMPR (1 uM)
as described in the Experimental Section, and cell-associated
fluorescence was analyzed by flow cytometry. Reaction volumes
and cell numbers were maintained such that depletion of the
concentrations of 7a did not occur. Fluorescence intensities
and the percentage of positive cells increased to saturation
as a function of increasing concentrations of 7a. NBMPR-
sensitive binding values were obtained by subtraction of the
fluorescence in the presence of excess NBMPR from that in
the presence of 7a, and the values (% gated x mean fluores-
cence intensities) were plotted against the initial concentra-
tions of 7a (Figure 4A). Half-maximal binding in these studies

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 16 6045

z A
g 4500,
2 ] ]
= .
2 3000F
=
%)
2 1500
e
S
= ) R
= 0 10 20 30
[7a] (nM)
B
— 100
2
s 751
[=]
O 50
J
S 25
0_ o
-11.5 9.0 -6.5 -4.0

Log [Gemcitabine] (M)

Figure 4. Equilibrium binding and protection from cytotoxicity
with 7a. (A) Equilibrium binding of 7a with CEM cells. The mean
channel fluorescence output at each of the concentrations of 7a was
multiplied by the number of positive cells, and the resulting values
(expressed as fluorescence) were plotted as a function of the con-
centrations of 7a. Values in the presence of NBMPR (1 uM) were
subtracted from the total value, and the net fluorescence values were
plotted for one representative experiment out of four. (B) Evalua-
tion of 7a as a protective agent against cytotoxicity. CEM cells were
treated with gemcitabine (0—100 M, O) in the absence or presence
of NBMPR (1 uM, @) or 7a (1 uM, O) for 72 h. Cells were pretreated
with NBMPR or 7a for 2 h prior to the addition of gemcitabine for
the protection experiments. The results are averages of two inde-
pendent experiments with six replicates each.

occurred when 7a was at a concentration of ~4 &+ 1 nM, a
value that should approximate the Ky value for the specific
binding of 7a to the hENTI sites on CEM cells because
experiments were conducted under equilibrium-binding con-
ditions (prolonged exposures, nondepleting conditions).

The abilities of NBMPR and 7a to protect CEM cells
against gemcitabine cytotoxicity were compared (Figure 4B)
to determine if 7a could function as an equivalent high-affinity
inhibitor of hENT1-mediated transport of gemcitabine. Cells
in 96-well plates were exposed to graded concentrations
of gemcitabine (0—100 M) in the absence or presence of
NBMPR or 7a (1 uM). Cells were incubated with NBMPR or
7a for 1 h to allow saturation of binding to hENT1 before
addition of graded concentrations of gemcitabine. NBMPR
and 7a each caused an approximately 30-fold protection
against the cytotoxic effects of gemcitabine during extended
drug exposures.

We evaluated the abundance of cell-surface hENTT in six
cancer cell lines of human or murine origin (S49, L1210, HL-
60, CEM, K562, and BeWo) with known (and different)
numbers of NBMPR binding sites by flow cytometry to assess
whether 7a was a viable candidate for prediction of hENT1
site densities before chemotherapy with nucleoside drugs.
Cells were incubated with 7a (100 nM) for 1 h at ambient
temperature. The increases in fluorescence staining were
roughly proportional to the known abundances of hENTI1
with the cells tested (Figure 5A), which demonstrated that 7a
was a useful probe for quantification of hENTT sites. Cell
permeation is the initial barrier encountered by nucleoside
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Figure 5. Evaluation of 7a as a cell-surface probe. (A) Flow
cytometry with cells with different numbers of hENT]I sites. S49,
L1210, HL60, CEM, K562, and BeWo cells were incubated with 7a
(100 nM) for 1 h and the cell-bound fluorescence was measured by
flow cytometry. (B) Quantification of hENT]1 sites by site-specific
binding of PHINBMPR. The binding of P’HINBMPR with CEM,
S49, L1210, HeLa, and HL60 cells was measured as described in the
Experimental Section. The bar graph shows the numbers of sites/cell
with the different cell lines. (C) Quantification of hRENT1 sites using
fluorescent beads. Flow cytometry with standardized fluorescent
beads was used to quantitate the numbers of cell-surface hENT1
sites measured with 7a for the CEM, S49, L1210, HeLa, and HL60
cell lines. The number of molecules of equivalent soluble fluorescein
(MESF, as a measure of hENT]1 sites) was plotted relative to each
cell line (results are representative of four independent experi-
ments).

analogues on their pathways to drug activity, and nucleoside
transporters at cell surfaces mediate that first crucial process.
We also evaluated whether 7a was an impermeable surface
probe because the smaller NBMPR molecule, which can enter
cells by transport and/or diffusion,'” reports both intracellular
and cell surface hENT1 abundance.’’ Measurement of cell-
associated ["THINBMPR gave a combined total of exobound
hENT]1 sites on plasma membranes plus hENT1 associated
with intracellular membranes (Figure 5B), whereas flow cyto-
metry with 7a measured only the exobound sites (Figure 5C).
The fluorescence densities observed with 7a showed lower
abundances of surface hENT] sites on S49 and L1210 cells
relative to the values obtained by counting cell-associated
[*'HINBMPR. The number of molecules of equivalent soluble
fluorescein (MESF) bound to the cells was calibrated with
fluorescent beads.

We also evaluated whether 7a could be used to visualize
hENTI sites by fluorescence microscopy on three model cell
systems used extensively for the characterization of hENT1.
Cultured CEM cells with native hENT]1 activity and yeast or
Xenopus oocytes with recombinant hENT1 activity were
individually incubated without or with 7a (100 nM) in the
absence or presence of NBMPR (1 uM) for 1 h and then
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Yeast Oocytes

Figure 6. Confocal microscopic analysis of the staining of hRENT1
sites with 7a. CEM cells and recombinant hENT1-producing yeast
and oocytes were incubated individually with 7a (0 or 100 nM) in the
absence or presence of NBMPR (1 #M) and spun down quickly. The
pellets were resuspended in a small volume of phosphate-buffered
saline, layered on coverslips coated with poly-L-lysine, and visua-
lized immediately with a confocal microscope. Bright staining on
the membranes indicates binding with 7a.

Control

+7a

+ 7a + NBMPR

processed as described in the Experimental Section. Parts
A—C of Figure 6 show that specific cell-surface staining of
hENT1 was observed.

Discussion and Summary

The protected 5'-S-(2-acetamidoethyl)-6-fluoropurine nu-
cleoside 11a underwent clean SyAr displacement of fluoride
with 4-(substituted)benzylamines, and the intermediates were
deprotected to give the 5'-(2-acetamidoethyl)-6- N-[4-(substi-
tuted)benzyl)adenosine derivatives 18a—18w that inhibited
[*H]uridine transport at nearly equivalent nanomolar levels
with hENT 1-containing yeast. SNyAr displacements with the
5'-S-(2-trifluoroacetamidoethyl)-6-fluoropurine nucleoside
24 and 4-nitrobenzylamine or 4-(propanamido)benzylamine
followed by complete deprotection gave 3 or its propanamido
analogue 26b, respectively. Treatment of those crude 5'-S-(2-
aminoethyl) intermediates with the 4-nitrophenyl (active)
ester of 6-(trifluoroacetamido)hexanoic acid gave the 5'-
S-{2-[6-(trifluoroacetamido)hexanamido]}ethyl-5'-thio com-
pounds 27a and 27b. The four trifluoroacetamido interme-
diates were easily purified by flash chromatography, and
aqueous methanolicammonia at 60 °C effected removal of the
trifluoroacetyl group to give amino compounds that did not
require purification. Deprotection of 25a and 25b followed by
treatment of the amino intermediates 3 and 26b with FITC
gave Saand Sb, and treatment of 27a and 27b by the same two-
stage sequence gave the extended-linker conjugates 7a and 7b.
Conjugates 5a, 5b, 7a, and 7b were purified by flash chromato-
graphy, whereas HPLC was employed to remove persis-
tent byproducts formed during prior syntheses that used
alkylation/rearrangement and deprotection of a phthalimido
intermediate.

The four fluorescein conjugates 5a, 5b, 7a, and 7b inhibited
[*H]uridine transport at nearly equivalent nanomolar levels,
whereas they exhibited substantial differences in levels of
inhibition of ['THINBMPR binding. Compounds 5a and 7a
produced effects similar to those observed in the presence of
excess nonradioactive NBMPR, whereas the effects of 5b and
7b were negligible. Similar results were observed in NBMPR-
binding experiments with CEM cells in which 5a and 7a
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produced 2—4-fold greater inhibition of NBMPR binding
than 5b and 7b. Flow-cytometry experiments validated the
efficacies of 5a and 7a as hENT1 probes. Conjugate 7a
showed the highest inhibition of NBMPR binding and yielded
the highest fluorescence output when bound to CEM cells.
Further characterization of 7a was pursued with CEM cells,
which are known to possess a single nucleoside transporter
type (i.e., hENTI).*® Flow cytometric experiments showed
that binding of 7a to hENT] sites on CEM cells was inhibited
by NBMPR, which indicated that the interaction of these two
inhibitors with hENT1 sites was mutually exclusive. We also
demonstrated that 7a was a potent inhibitor of [*H]uridine
transport in CEM cells with an ICsq value of 17 nM for the
inhibition of uridine influx. Binding of [’H[NBMPR was
inhibited by 7a in a concentration-dependent manner with
an ICsq value of 14 nM. Equilibrium binding was measured as
a function of increasing concentrations of 7a (0—25 nM), and
a Ky value of 4 nM was calculated for binding of 7a to hRENT1
sites.

Passive diffusion and/or mediated transport of PHINBMPR
through cell membranes could result in measured counts that
include association of ["H[NBMPR with intracellular mem-
branes, as has been shown previously,'® as well as extra-
cellular binding to hENT1. Erroneous predictions of drug res-
ponse based on estimated hENT 1 sites for facilitated nucleoside
influx could result, and accumulation of [PHINBMPR might
be amplified in tumors with increased cell permeabilities. We
compared the relative levels of association of [PHINBMPR
versus 7a with $49 and L1210 cells. The larger ['HINBMPR
values indicated that intracellular [’HINBMPR might also be
present relative to the surface binding with 7a. Recent studies
with cultured pancreatic cell lines*'** showed a strong correla-
tion between [*H]3'-deoxy-3'-fluorothymidine (FLT) uptake
and the number of extracellular NBMPR binding sites/cell, and
the uptakes of FLT and gemcitabine were comparable in
predicting gemcitabine toxicity in the pancreatic cancer cell
lines tested.

NBMPR and 7a provided similar protection of cells against
the cytotoxic effects of gemcitabine, which indicated that they
both interact at hRENT] sites (thereby inhibiting drug influx).
Six different cell lines with different origins and numbers of
hENT!] sites were analyzed by flow cytometry with 7a, and
higher levels of fluorescence were observed with cells that had
greater hENT] site densities. Definitive membrane staining
was observed with 7a and three model systems (yeast, oocytes,
and cells) that produced hENT1, and this same approach was
used to measure cell-surface hRENT1 levels with CEM cells and
yeast that produced mutant hENT1.*** Staining of hRENTI-
producing cells with 7a has also been correlated with transport
of the positron emission tomography (PET) imaging agent
FLT (used clinically to identify proliferating tumor cells) in
the human cancer cell lines MCF-7, A549, U251, A498, and
Capan-2.%!

In summary, methodology has been developed for reliable
syntheses of 3, 28a, analogues, and fluorescent-conjugate
probes. The FITC conjugate 7a at nanomolar levels has been
validated as a cell-surface probe of hENTI1 with several in
vitro model systems using flow cytometry or confocal micro-
scopy. It is a potentially useful tool for analysis of hENT1
mutations that affect protein targeting to the plasma mem-
brane and regulation of hENTI in response to different
stimuli. Staining with 7a enables rapid quantification of sur-
face hENTI sites, which makes this procedure applicable to
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clinical samples for initial prediction of expected responses to
nucleoside drugs.

Experimental Section

Chemistry General. Reactions were run under an N, atmo-
sphere unless stated otherwise. Glassware was flame-dried.
Reagent-grade solvents were dried with a Glass Contour drying
system equipped with cylinders of activated alumina. FT-NMR
spectra were obtained with Varian 300 and 500 MHz spectro-
meters in the indicated solvents. Internal references for NMR
spectra were: '"H, CDCls (7.27 ppm), MeOH-d, (4.87 ppm), and
DMSO-dg (2.50 ppm). '*C, CDCl; (77.23 ppm), MeOH-d,
(49.15 ppm), and DMSO-d; (39.51 ppm). High-resolution mass
spectra (HRMS) were obtained with a Joel SX 102A double
focusing mass spectrometer with an HP-9000 workstation. UV
spectra were obtained with an HP 845X UV—visible spectro-
photometer. TLC was performed with Sobent Technologies
Silica G/UV254 plates. Flash chromatography was performed
with silica gel (32—63 u) purchased from Bodman with the
indicated reagent-grade solvents. Some of the compounds
18a—18w were recrystallized after column chromatography;
those that failed to crystallize were subjected to flash chroma-
tography a second time before being tested as inhibitors of
nucleoside transport. FITC (90% isomer I) was purchased from
Aldrich. All of the nucleoside analogues tested as transport
inhibitors were of >95% purity as determined by our reported
TLC, UV, and high-field NMR methods.*

9-(2,3-Di-0-acetyl-5-chloro-5-deoxy-f-p-ribofuranosyl)-6-
fluoropurine (9). Compound 87%(200 mg, 0.7 mmol) was added
to pyridine (2 mL) and Ac,O (2 mL) at 0 °C. The solution was
stirred for 4 h at 0 °C and volatiles were evaporated. Flash
chromatography of the residue (2 — 5% MeOH/CH,Cl,) gave
2/,3/-di-O-acetyl-5'-chloro-5'-deoxyadenosine (160 mg, 62%) as
a white solid: UV (MeOH) max 261 nm, min 235 nm. "H NMR
(DMSO-ds, 500 MHz) 6 8.39 (s, 1H), 8.19 (s, 1H), 7.39 (brs, 2H),
6.25(d,J = 6.0 Hz, 1H), 6.09 (t, J = 5.8 Hz, 1H), 5.63 (dd, J =
4.0,5.5Hz, 1H), 4.38—4.41 (m, 1H), 4.05(dd, J = 5.3, 12.3 Hz,
1H), 3.97 (dd, J = 6.5, 12.0 Hz, 1H), 2.13 (s, 3H), 2.02 (s, 3H).
3C NMR (DMSO-dg, 125 MHz) 6 169.4, 169.2, 156.2, 152.9,
149.1,139.9,119.1,85.2,81.3,71.7,70.9,43.8,20.4,20.1. HRMS
(FAB) m/z 369.0840 (M™" [C4H 4CIN5Os] = 369.0840).

NaNO, (180 mg, 2.61 mmol) was added to a stirred solution
of the diacetate (200 mg, 0.54 mmol) in ~55% HF-pyridine (1.8
mL) at —25 °C. Stirring was continued while the temperature
was allowed to rise slowly to 0 °C. Ice—water was added, the
mixture was extracted (CH,Cl,), the combined organic phase
was washed (5% NaHCO3;/H»O and then H,0), and volatiles
were evaporated under vacuum. Flash chromatography of the
residue (80% EtOAc/hexanes) gave 9 (173 mg, 86%) as a white
solid foam: UV (MeOH) max 239 nm, min 217 nm. 'H NMR
(CDCls, 500 MHz) 6 8.66 (s, 1H), 8.36 (s, 1H), 6.30 (d, J = 6.0
Hz, 1H),5.93 (t,J = 6.0 Hz, IH), 5.66 (dd, J = 3.8, 5.8 Hz, |H),
4.52(dd, J = 4.0,8.0 Hz, 1H), 3.93 (dd, J = 4.3, 11.8 Hz, 1H),
3.89 (dd, J = 4.5, 12.0 Hz, 1H), 2.17 (s, 3H), 2.06 (s, 3H). "*C
NMR (DMSO-dg, 125 MHz) 6 169.3,169.2, 158.9 (d, J = 256.3
Hz), 155.0(d, J = 10.7 Hz), 151.9 (d, J = 14.5 Hz), 146.0, 120.0
(d, J = 29.7 Hz), 86.0, 81.5, 72.0, 70.6, 43.7, 20.3, 20.1. HRMS
(FAB) m/z 373.0708 (MH™ [C4H 5 CIFN4Os] = 373.0715).

5'-S-(2-Acetamidoethyl)-5'-thioadenosine (10). NaH (60% in
mineral oil, 1.34 g, 33.5 mmol) was added to a solution of
2-acetamidoethanethiol (3.40 g, 28.6 mmol) in DMF (120 mL)
at 0 °C. Stirring was continued for ~10 min at 0 °C until bubble
evolution ceased, and 8° (5.00 g, 17.5 mmol) was added. The
mixture was stirred at 70 °C until the conversion to 10 was
complete (TLC) and volatiles were evaporated under vacuum.
Flash chromatography of the residue (10 —20% MeOH/
CH,Cl,) gave 10 (5.96 g, 92%) as a white solid: UV (MeOH)
max 260 nm, min 229 nm. '"H NMR (DMSO-d,, 500 MHz) ¢
8.34 (s, IH), 8.15 (s, 1H), 7.92 (t, J = 5.0 Hz, 1H), 7.27 (s, 2H),
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5.89(d,J = 6.0Hz, 1H), 5.48 (d,J = 6.0 Hz, 1H), 5.30 (d, J =
5.0 Hz, 1H), 4.74 (dd, J = 6.0, 11.0 Hz, 1H), 4.14 (dd, J = 4.8,
8.8 Hz, 1H), 3.98—4.02 (m, 1H), 3.17(dd, J = 7.0, 13.0 Hz, 2H),
2.92(dd,J = 5.8,14.3Hz, 1H), 2.84 (dd, J = 7.3, 13.8 Hz, |H),
2.56 (dt, J = 2.0, 6.8 Hz, 2H), 1.78 (s, 3H). *C NMR (DMSO-
dg, 125 MHz) 6 169.1, 156.1, 152.6, 149.4, 139.8, 119.1, 87.3,
83.8, 72.6, 72.5, 38.6, 33.9, 31.4, 22.5. HRMS (FAB) m/z
391.1183 (MNa™ [C4H,0NgO4SNa] = 391.1164).

9-[5-S-(2-Acetamidoethyl)-2,3-di-O-acetyl-5-thio-f-p-ribofura-
nosyl]-6-fluoropurine (11a) and 9-{2,3-Di-O-acetyl-5-S-[2-(/V-
nitrosoacetamido)ethyl]-5-thio-f-p-ribofuranosyl}-6-fluoro-
purine (11b). A mixture of 10 (10.0 g, 27.1 mmol) in pyridine
(100 mL) and Ac,O (24 mL) at 0 °C was stirred for2h at 0 °C. Ice
and MeOH were added and volatiles were removed under
vacuum. Flash chromatography of the residue (5 — 20%
MeOH/CH-Cl,) gave 2',3’-di-O-acetyl-5'-S-(2-acetamido-
ethyl)-5'-thioadenosine (11 g, 90%) as a white solid foam: UV
(MeOH) max 258 nm, min 227 nm. '"H NMR (DMSO-dg, 500
MHz) ¢ 8.40 (s, 1H), 8.19 (s, IH), 7.92 (t, J/ = 5.5 Hz, 1H), 7.38
(s, 2H), 6.19 (d, J = 6.0 Hz), 6.10 (t, J = 5.8 Hz, 1H), 5.56 (dd,
J=43,58Hz, 1H),4.26—4.30 (m, 1H), 3.17(dd, J = 6.8, 12.8
Hz, 2H), 3.04 (dd, J = 5.8, 14.3 Hz, 1H),2.99(dd, J = 7.3,13.8
Hz, 1H),2.57 (dt,J = 2.5,6.8 Hz, 2H), 2.13 (s, 3H), 2.01 (s, 3H),
1.78 (s, 3H). '3C NMR (DMSO-dq, 125 MHz) 6 169.5, 169.3,
169.2, 156.2, 152.9, 149.1, 140.0, 119.2, 85.2, 81.5, 72.2, 71.8,
38.5,33.1,31.4,22.5,20.4,20.2. HRMS (EI) m/z 452.1495 M+
[C1gH24NOS] = 452.1478).

NaNO, (160 mg, 2.32 mmol) was added to a solution of the
diacetate (700 mg, 1.55 mmol) in ~55% HF-pyridine (6 mL) at
—10 °C and the mixture was stirred for 1.5 h at —10 to —5 °C.
Ice—water was added and the mixture was extracted (CH,Cl,).
The combined organic phase was washed (5% NaHCO;/H,O
and then H,0) and volatiles were removed under vacuum. Flash
chromatography of the residue (EtOAc — 5% MeOH/EtOAc)
gave 11a (450 mg, 64%) as a white solid foam and 11b (180 mg,
24%) as light-yellow oil. 11a: UV (MeOH) max 237 nm, min 221
nm. 'H NMR (CDCl;, 500 MHz) 6 8.62 (s, 1H), 8.36 (s, 1H),
6.29(t,J = 5.3Hz,1H),6.20(d,J = 4.5Hz, 1H),5.94(t,J = 5.5
Hz, 1H), 5.59 (t, J = 5.3 Hz, 1H), 4.39 (dd, J = 4.8, 10.8 Hz,
1H), 3.31—3.42 (m, 2H), 3.04 (dd, J = 4.8, 14.8 Hz, I1H), 2.95
(dd,J = 6.0, 14.0 Hz, 1H), 2.62—2.71 (m, 2H), 2.12 (s, 3H), 2.03
(s, 3H), 1.93 (s, 3H). '*C NMR (CDCl;, 125 MHz) 6 170.5,
169.8, 169.5, 160.0 (d, J = 261.0 Hz), 155.0 (d, J = 11.4 Hz),
152.3(d,J = 14.6 Hz), 144.1, 121.1 (d, J = 28.9 Hz), 86.8, 82.4,
73.1,72.3, 38.7, 33.9, 32.9, 23.2, 20.7, 20.4. HRMS (FAB) m/z
478.1165 (MNa™ [C 3H», FN5sO¢SNa] = 478.1173). 11b: UV
(MeOH) max 238 nm, min 215 nm. '"H NMR (CDCls, 500 MHz)
08.64 (s, 1H), 8.30 (s, 1H), 6.18 (d,/ = 5.0 Hz, 1H), 5.92 (t,J =
5.3 Hz, 1H),5.59 (t,J = 5.8 Hz, 1H), 4.38 (dd, J = 5.0, 11.0 Hz,
1H), 3.82—3.91 (m, 2H), 3.01 (dd, J = 5.0, 14.0 Hz, 1H), 2.97
(dd,J = 6.3,14.0 Hz, 1H), 2.70 (s, 3H), 2.41—2.53 (m, 2H), 2.12
(s, 3H), 2.04 (s, 3H). '*C NMR (CDCl;, 125 MHz) ¢ 174.4,
169.7, 169.5, 160.0 (d, J = 261.0 Hz), 155.0 (d, J = 11.4 Hz),
152.3(d,J = 13.7Hz), 144.0, 121.2(d, J = 28.9 Hz), 87.1, 82.6,
73.2,72.3, 37.4, 33.8, 29.0, 22.5, 20.6, 20.4. HRMS (FAB) m/z
485.1255 (MH™ [CsH», FNO5S] = 485.1255).

Procedure A: General Method for Synthesis of 13a—13j.
Example: N-Butyl-4-[(trifluoroacetamido)methyl]benzamide (13c).
4-(Aminomethyl)benzoic acid (12; 1.00 g, 6.61 mmol) was added
to a stirred solution of dried CH,Cl, (15 mL) and pyridine
(2.14mL, 2.10 g, 2.66 mmol) at 0 °C. Trifluoroacetic anhydride
(1.87 mL, 2.78 g, 13.2 mmol) was slowly added and stirring
was continued for 2 h at ambient temperature. Volatiles were
removed under vacuum, SOCI, (5 mL) was added, and the mix-
ture was stirred for 3 h at ambient temperature. Excess SOCI,
was removed under vacuum and the residue was dissolved
(CH,Cl,). The solution was cooled in an ice-bath and butyl-
amine was slowly added until no further heat was produced
(excess butylamine was added to ensure complete amide for-
mation). The mixture was stirred overnight at ambient tempera-
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ture and volatiles were removed under vacuum. Flash chro-
matography of the residue (30 — 50% EtOAc/hexanes) gave 13¢
(1.62 g, 81%) as a white solid. "H NMR (CDCls, 500 MHz) ¢
7.67(d,J = 8.0Hz,2H),7.27(d,J = 7.5Hz,2H), 7.18 (brs, 1H),
6.17 (br s, 1H), 4.56 (d, J = 5.5 Hz, 2H), 3.43—3.47 (m, 2H),
1.57—1.63 (m, 2H), 1.41 (hex, J = 7.5 Hz, 2H), 0.96 (t,
J = 7.5Hz, 3H). HRMS (FAB) m/z 325.1126 (MNa™ [C,H ;-
F3;N,0,Na] = 325.1140).

Procedure B: General Method for Deprotection of 13a—13;.
Example: 4-(Aminomethyl)-/V-butylbenzamide (14c). Compound
13c (800 mg, 2.65 mmol) was mixed with MeOH (5 mL) and
30% NH3/H,O (5 mL) in a sealed pressure tube and the mixture
was heated at 60 °C until deprotection was complete (~8 h,
TLC). Volatiles were removed under vacuum to give 14c.
HRMS (EI) m/z 206.1414 (M [C;»H sN,O] = 206.1419).
The crude product mixture was used directly in the next step
for SNAr displacement with 11a.

Procedure C: General Method for Synthesis of 16k—16t.
Example: tert-Butyl N-[4-(Acetamido)benzyl]carbamate (16k).
tert-Butyl N-(4-aminobenzyl)carbamate (15) (1.00 g, 4.50 mmol)
was mixed with Et;N (3.10 mL, 2.25 g, 22.3 mmol) and CH,Cl,
(15 mL), and the solution was cooled in an ice-bath. Acetyl
chloride (480 uL, 530 mg, 6.75 mmol) was slowly added over
~2 min, and the mixture was stirred at 0 °C until acetylation was
complete (~10 min, TLC). The mixture was then washed (H,0)
and volatiles were evaporated under vacuum. Flash chromato-
graphy of the residue (50% EtOAc/hexanes) gave 16k (1.13 g,
95%) as a white solid. '"H NMR (CDCls, 500 MHz) 6 7.46 (d,
J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 7.17 (br s, 1H), 4.81
(brs, 1H), 4.27 (s, 2H), 2.19 (s, 3H), 1.46 (s, 9H). HRMS (FAB)
m/z 287.1374 (MNa™ [C4H50N,O3Na] = 287.1372).

Procedure D: General Method for Removal of the -BOC
Protecting Group from 16k—16t. Example: 4-(Acetamido)benzyl-
amine (17k) Hydrotrifluoroacetate. Compound 16k (350 mg,
1.33 mmol) was dissolved in CH,Cl, (5 mL), and the stirred
solution was cooled to 0 °C. Trifluoroacetic acid (TFA, 2 mL)
was added and stirring was continued for 2 h at ambient
temperature. Volatiles were removed under vacuum and the
resulting yellow oil solidified upon addition of dried Et,O.
Filtration gave the light-yellow TFA salt of 17k. Neutralization
(Et3N) of a sample of this material gave TLC-clean 17k. HRMS
(EI) m/z 164.0950 (M™ [CoH |2N>O] = 164.0950).

Procedure E: Alternative Removal of the --BOC Group. Ex-
ample: 4-(Nonanamido)benzylamine (17n). HC1/H,O (37%,
3 mL) was added to a stirred solution of 16n (900 mg, 2.49
mmol) in MeOH (5 mL), and stirring was continued for
18 h at ambient temperature. Volatiles were removed under
vacuum, Et;N was added, and volatiles were removed under
vacuum. The residue was dissolved (CH,Cl,), the solution
was washed (1 M KOH/H,0), and volatiles were evaporated
under vacuum. Recrystallization of the residue (Et,O/
hexanes) gave white solid 17n that was used directly for
SnAr displacement with 11a.

Procedure F: General Method for Synthesis of 18a—18w.
Example: 5'-5-(2-Acetamidoethyl)-6-/N-[4-( N-propylcarbamoyl)-
benzyl]-5'-thioadenosine (18b). Crude 4-(aminomethyl)-N-propyl-
benzamide 14b {HRMS (EI) m/z 192.1267, M [C; H,(N,O] =
192.1263; from procedure B with 13b (~1.87 mmol)} was
mixed with 11a (430 mg, 0.95 mmol) in MeOH (5 mL). Et;N
(262 uL, 190 mg, 1.88 mmol) was added, the solution was stirred
for 4 h at ambient temperature, and volatiles were removed
under vacuum. Flash chromatography of the residue (5 — 10%
MeOH/CH,Cl,) gave a product that was mixed with MeOH
(5 mL) and 30% NH3/H,O (5 mL) in a sealed pressure tube.
The mixture was stirred for 1 h at 60 °C, and volatiles were
evaporated under vacuum. Flash chromatography of the resi-
due (5 — 10% MeOH/CH,Cl,) gave a product (440 mg, 86%)
that was recrystallized (MeOH) to give white solid 18b. UV
(MeOH) max 267 nm (e 23 500), min 241 nm (¢ 13 800). 'H
NMR (DMSO-dg, 500 MHz) 6 8.48 (br's, 1H), 8.40 (s, 1H), 8.36
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(t,J = 5.5Hz, 1H),8.21 (s, I1H), 7.94 (t,J = 5.5Hz, 1H), 7.75(d,
J = 8.5Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 5.90 (d, J = 6.0 Hz,
1H), 5.51(d, J = 4.5Hz, 1H), 5.34 (brs, 1H), 4.75 (brs, 3H), 4.14
(brs, 1H), 4.00 (dt, J = 4.0, 6.5 Hz, 1H), 3.15—3.21 (m, 4H), 2.92
(dd, J = 5.8, 13.8 Hz, 1H), 2.84 (dd, J = 7.3, 13.8 Hz, 1H), 2.56
(dt,J = 2.5,7.0 Hz, 2H), 1.78 (s, 3H), 1.50 (hex, J = 7.0 Hz, 2H),
0.87 (t, J = 7.5 Hz, 3H). *C NMR (DMSO-d,, 125 MHz)
0 169.1, 166.0, 154.4, 152.5, 148.9, 143.1, 140.0, 133.2, 127.1,
126.7,119.6,87.4,83.8,72.6,72.5,42.7,40.9, 38.6, 33.9, 31.4,22.5,
22.4, 11.4. HRMS (FAB) m/z 566.2149 (MNa" [C,sH33N;Os-
SNa] = 566.2162).

(2-Trifluoroacetamido)ethanethiol (20). Thoroughly powdered
2-aminoethanethiol hydrochloride (19) (3.0 g, 26 mmol) was
mixed with pyridine (5.2 mL) in dried benzene (40 mL). Trifluoro-
acetic anhydride (4.40 mL, 6.54 g, 31.2 mmol) was slowly added
to the stirred mixture, and stirring was continued overnight at
ambient temperature. Careful addition of 0.5 M Na,CO;/H,O
was followed by extraction (CHCI3) of the aqueous layer and
removal of volatiles from the combined organic layers under
vacuum. Flash chromatography of the residue (30% EtOAc/
hexanes) gave 20 (4.0 g, 88%). "H NMR (DMSO-dj, 500 MHz) 6
9.52 (brs, 1H), 3.35(q, J = 6.5 Hz, 2H), 2.59—2.64 (m, 2H), 2.50
(t, J = 8.0 Hz, 1H). HRMS (EI) m/z 172.0032 (M — H [C4H3s-
F3;NOS] = 172.0044).

9-{2,3-Di-O-acetyl-5-S-[2-(trifluoroacetamido)ethyl]-5-thio-
p-p-ribofuranoyl}-6-fluoropurine (24). NaH (60% in mineral oil,
0.18 g, 4.5 mmol) was added to a stirred solution of 20 (730 mg,
4.2 mmol) in DMF (20 mL) at 0 °C and stirring was con-
tinued for ~5 min at 0 °C (until evolution of gas bubbles ceased).
5'-Chloro-5'-deoxyadenosine®® (8) (1.0 g, 3.5 mmol) was added,
the mixture was stirred for 20 h at ambient temperature, and
volatiles were evaporated under vacuum. Flash chromato-
graphy of the residue (10 — 20% MeOH/CH,Cl,) gave 5'-S-[2-
(trifluoroacetamido)ethyl]-5'-thioadenosine (1.29 g, 87%): UV
(MeOH) max 258 nm, min 229 nm. '"H NMR (DMSO-dg, 500
MHz) 6 9.48 (br s, 1H), 8.34 (s, 1H), 8.15 (s, 1H), 7.27 (s, 2H),
5.89(d,J = 6.0Hz, 1H),5.49 (d,J = 6.5Hz, 1H),5.31 (d,J =
5.5Hz, 1H), 4.74 (“*q”, J = 5.5Hz, 1H), 4.14 (dd, J = 5.3,9.3
Hz, 1H), 4.01 (dt, J = 4.0, 6.5 Hz, 1H), 3.32—3.37 (m, 2H), 2.94
(dd, J = 6.0, 13.5 Hz, 1H), 2.86 (dd, J = 7.3, 13.8 Hz, 1H),
2.63—2.72 (m, 2H). '*C NMR (DMSO-d;, 125 MHz) 6 156.3 (q,
J = 36.3 Hz), 156.1, 152.7, 149.5, 139.9, 119.2, 1159 (q, J =
288.1 Hz), 87.4, 83.8, 72.62, 72.60, 38.9, 33.7, 30.3. HRMS
(FAB) m/z 445.0884 (MNa+ [C14H17F3N604SN3] = 4450882)

That material (200 mg, 0.47 mmol) was added to a stirred
solution of pyridine (3 mL) and Ac,O (1 mL) at 0 °C and stirring
was continued for 1.5 h at 0 °C. Ice and MeOH were added and
then volatiles were removed under vacuum. Flash chromato-
graphy of the residue (3 — 5% MeOH/CH,Cl,) gave 2',3'-di-O-
acetyl-5'-S-[2-(trifluoroacetamido)ethyl]-5’-thioadenosine (210
mg, 87%): UV (MeOH) max 258 nm, min 227 nm. '"H NMR
(DMSO-dg, 500 MHz) 6 9.47 (t, J = 5.5 Hz, 1H), 8.39 (s, |H),
8.18 (s, 1H), 7.37 (s, 2H), 6.19 (d, J = 6.5 Hz, IH), 6.10 (t,J =
6.0 Hz, 1H), 5.56 (dd, J = 4.3, 5.8 Hz, 1H), 4.27—4.31 (m, 1H),
3.32—3.36(m,2H), 3.05(dd,J = 5.5,14.0 Hz, 1H), 3.00 (dd, J =
7.0,14.0 Hz, 1H), 2.68 (dt,J = 2.5,7.0 Hz,2H), 2.12 (s, 3H), 2.01
(s, 3H). 3C NMR (DMSO-d,, 125 MHz) 6 169.4, 169.2, 156.3
(q,J = 35.8 Hz), 156.2,152.9, 149.1, 140.0, 119.2, 1159 (q, J =
288.1 Hz), 85.3, 81.5, 72.2, 71.8, 38.8, 33.0, 30.3, 20.4, 20.2.
HRMS (FAB) m/z 529.1090 (MNa™ [C gH,;F3N4OsSNa] =
529.1093).

That material (1.25 g, 2.45 mmol) was dissolved in ~55% HF-
pyridine (12 mL) at —10 °C, NaNO, (423 mg, 6.13 mmol) was
added, and the mixture was stirred for 2 h at —10 to —5 °C.
Ice—water was added, and the mixture was extracted (CH,Cl,).
The combined organic phase was washed (5% NaHCO;/H,O
and then H,O), and volatiles were removed under vacuum.
Flash chromatography of the residue (80% EtOAc/hexanes —
EtOAc) $ave 24 (810 mg, 65%): UV (MeOH) max 240 nm, min
221 nm. 'H NMR (DMSO-dg, 500 MHz) 6 9.46 (t, J = 5.5 Hz,
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1H), 8.92 (s, 1H), 8.76 (s, 1H), 6.37 (d, J = 5.5 Hz, 1H), 6.08 (t,
J = 5.3 Hz, 1H), 5.60—5.62 (m, 1H), 4.36 (dd, J = 5.5, 11.5Hz,
1H), 3.32(dd, J = 7.0, 12.5 Hz, 2H), 3.07 (dd, J = 5.8, 14.3 Hz,
1H), 3.03 (dd, J = 7.0, 14.0 Hz, 1H), 2.67 (dt, J = 3.0, 7.0 Hz,
2H), 2.13 (s, 3H), 2.02 (s, 3H). *C NMR (DMSO-d,, 125 MHz)
0169.4,169.3, 159.0 (d, J = 256.4 Hz), 156.3 (q, J = 36.1 Hz),
155.0(d, J = 11.4 Hz), 151.9 (d, J = 33.0 Hz), 146.2, 120.2 (d,
J=29.8Hz),1159(q,J = 288.1), 86.1, 81.9, 72.08, 72.06, 38.8,
32.8, 30.3, 20.4, 20.2. HRMS (FAB) m/z 510.1062 (MH*
[C18H20F4N5OGS] = 5]0]070)

2/,3'-Di-0-acetyl-6- N-(4-nitrobenzyl)-5'-S-[(2-trifluoroacet-
amido)ethyl]-5'-thioadenosine (25a). Et;N (0.36 mL, 260 mg, 2.6
mmol) was added to a stirred mixture of 24 (380 mg, 0.75 mmol)
and 4-nitrobenzylamine hydrochloride (210 mg, 1.1 mmol)
in MeOH (3 mL), stirring was continued for 1 h at ambient
temperature, and volatiles were removed under vacuum. Flash
chromatography of the residue (50% EtOAc/hexanes —
EtOAc) gave 25a (420 mg, 88%): UV (MeOH) max 265 nm,
min 227 nm. 'H NMR (DMSO-d,, 500 MHz) 6 9.48 (t, J = 5.3
Hz, 1H), 8.69 (brs, 1H), 8.46 (s, 1H), 8.25 (s, 1H), 8.17 (d, J =
9.0 Hz, 2H), 7.59 (d, J = 9.0 Hz, 2H), 6.22 (d, J = 6.0 Hz, 1H),
6.11(t,J = 5.8 Hz, 1H),5.57(t,J = 5.0Hz, 1H),4.81(d,J = 4.5
Hz, 2H), 4.28—4.31 (m, 1H), 3.33 (dd, J = 7.0, 13.0 Hz, 2H),
3.05(dd, J = 5.8, 14.3 Hz, 1H), 3.00 (dd, J = 7.0, 14.0 Hz, 1H),
2.67 (dd, J = 1.5, 6.8 Hz, 2H), 2.12 (s, 3H), 2.02 (s, 3H). *C
NMR (DMSO-dg, 125 MHz) 6 169.5, 169.3, 156.3 (q, J = 35.6
Hz), 154.3, 152.8, 148.6, 148.1, 146.4, 140.5, 128.1, 123.5, 119.8,
115.9 (q, J = 286.5 Hz), 85.4, 81.5, 72.2, 71.8, 42.7, 38.9, 33.0,
30.3, 20.4, 20.2. HRMS (FAB) m/z 664.1417 (MNa ™ [C,sH-
F3N;03SNa] = 664.1413).

2,3 -Di-0-acetyl-6-N-[4-(propanamido)benzyl]-5'-S-[(2-trifluoro-
acetamido)ethyl]-5'-thioadenosine (25b). Et;N (0.55 mL, 400 mg,
3.96 mmol) was added to a stirred mixture of 24 (870 mg,
1.71 mmol) and the TFA salt of 171 (600 mg, 2.05 mmol) in
MeOH (5 mL), stirring was continued for 3 h at ambient tem-
perature, and volatiles were removed under vacuum. Flash chro-
matography of the residue (80% EtOAc/hexanes — EtOAc —
10% MeOH/EtOAc) gave 25b (840 mg, 73%): UV (MeOH)
max 266 nm, min 241 nm. '"H NMR (DMSO-d,, 500 MHz) 0
9.78 (s, 1H),9.46 (t,J = 5.5Hz, |H), 8.42 (brs, 1H), 8.41 (s, |H),
8.24 (s, 1H), 7.49 (d, J = 8.5Hz, 2H), 7.25(d, J = 8.5 Hz, 2H),
6.20 (d,J = 6.5Hz, 1H), 6.10(t, J = 5.8 Hz, 1H), 5.56 (dd, J =
4.3, 6.8 Hz, 1H), 4.64 (br s, 2H), 4.27—4.30 (m, 1H), 3.34 (dd,
J = 6.8, 14.3 Hz, 2H), 3.05 (dd, J = 5.8, 14.3 Hz, 1H), 3.00 (dd,
J=17.0,14.0Hz, 1H),2.68 (dt,J = 2.0,7.0 Hz,2H), 2.28 (q, J =
7.5 Hz, 2H), 2.12 (s, 3H), 2.01 (s, 3H), 1.05 (t, J = 7.5 Hz, 3H).
13C NMR (DMSO-dg, 125 MHz) 6 171.7,169.4, 169.2, 156.2 (q,
J = 35.8 Hz), 154.4, 152.8, 148.4, 140.0, 138.0, 134.3, 127.5,
119.5,118.9,115.9(q,J = 287.6 Hz), 85.3,81.5,72.2,71.7,42.5,
38.8,33.0,30.2,29.4,20.4,20.2,9.6. HRMS (FAB) m/z 690.1915
(MNa™" [C,3H3,F3N;07SNa] = 690.1934).

Procedure G: General Method for Removal of Acetyl and
Trifluoroacetyl Protecting Groups. Example: 5'-S-(2-Amino-
ethyl)-6- N-(4-nitrobenzyl)-5'-thioadenosine (3). A mixture of 25a
(100 mg, 0.16 mmol) in 30% NH3/H,O (I mL) and MeOH
(1 mL) was heated at 60 °C in a sealed pressure tube until
deprotection was complete (~6 h, TLC). Volatiles were removed
to give a residue containing one major TLC-visible product 3.
HRMS (FAB) m/z 462.1565 (MH ™ [C19H»4N505S] = 462.1560).
The residue was used directly in coupling reactions with FITC
or 23.

5'-S-(2-Aminoethyl)-6-/N-[(4-propanamido)benzyl]-5'-thioade-
nosine (26b). Treatment of 25b (63 mg, 0.094 mmol) by proce-
dure G gave a residue containing 26b. HRMS (FAB) m/z
510.1886 (MNa ™ [C»,H»N,04SNa] = 510.1899) that was used
directly in coupling reactions with FITC or 23.

6-(Trifluoroacetamido)hexanoic Acid (22). A mixture of
6-aminohexanoic acid (21) (3.32 g, 25.3 mmol) in trifluoroacetic
anhydride (7 mL) was stirred for 1 h at ambient temperature and
then for 3 h at 80 °C. Volatiles were removed under vacuum, and
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the residue was dissolved in EtOAc. The solution was washed
(H»0), and volatiles were removed under vacuum. Recrystalli-
zation of the residue (EtOAc/Et,0) gave 22 (4.16 g, 72%). 'H
NMR (DMSO-ds, 500 MHz) 6 11.98 (s, 1H), 9.38 (s, 1H), 3.16
(“q”,J = 6.7Hz,2H), 2.19 (t, J = 7.3 Hz, 2H), 1.44—1.53 (m,
4H), 1.23—1.29 (m, 2H). HRMS (EI) m/z 228.0836 (MH™
[CsH | 3F3NO3] = 228.0848).

4-Nitrophenyl 6-(Trifluoroacetamido)hexanoate (23). A mix-
ture of 22 (1.26 g, 5.55 mmol), 4-nitrophenol (930 mg, 6.69
mmol), and DCC (1.39 g, 6.73 mmol) in CH,Cl, (10 mL) was
stirred overnight at ambient temperature. DCU was filtered and
volatiles were removed under vacuum. Flash chromatography
of the residue (20 — 30% EtOAc/hexanes) gave 23 (1.73 g,
90%). '"H NMR (CDCls, 500 MHz) 6 8.27 (d, J = 9.5 Hz, 2H),
7.28 (d, J = 9.0 Hz, 2H), 6.47 (br s, 1H), 3.41 (“q”, J = 7.0 Hz,
2H), 2.63 (t,J = 7.3 Hz,2H), 1.77—1.83 (m, 2H), 1.64—1.70 (m,
2H), 1.45—1.52 (m, 2H). HRMS (FAB) m/z 349.1021 (MH*
[C14H16F3N205] = 3491011)

6-N-(4-Nitrobenzyl)-5'-S-{ 2-[6~(trifluoroacetamido)hexanamido]-
ethyl}-5'-thioadenosine (27a). A mixture of crude 3 (~0.36 mmol
calculated from its precursor 25a), 23 (125 mg, 0.36 mmol), and
Et;N (61 uL, 44 mg, 0.44 mmol) in DMF (3 mL) was stirred
overnight at ambient temperature and volatiles were evaporated
under vacuum. Flash chromatography of the residue (5 — 10%
MeOH/CH,Cl,) gave 27a (110 mg, 47%): UV (MeOH) max
271 nm, min 232 nm. "H NMR (MeOH-d,, 500 MHz) 6 8.25
(s, 1H), 8.21 (s, 1H), 8.11 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 8.5
Hz,2H), 5.98 (d,J = 4.5Hz, 1H),4.75 (t,J = 5.0 Hz, 1H), 4.30
(t,J = 48 Hz, 1H), 4.18 (dd, J = 5.5, 10.5 Hz, 1H), 3.28—3.31
(m,2H),3.22(t,J = 7.0Hz,2H),2.97 (dd,J = 5.3, 13.8 Hz, |H),
291 (dd, J = 6.5, 14.0 Hz, 1H), 2.64 (dt, J = 3.0, 7.0 Hz, 2H),
2.13(t,J = 7.5Hz, 2H), 1.49—1.60 (m, 4H), 1.25—1.32 (m, 2H).
BCNMR (MeOH-d,, 125 MHz) 6 176.2,159.6 (q, J = 36.7 Hz),
156.2,154.1,150.3,148.7,148.6, 141.3,129.4,124.7,121.2, 117.7
(q, J = 286.1 Hz), 90.2, 85.9, 75.0, 74.2, 44.5, 40.7, 40.2, 37.0,
35.2,33.2,29.7,27.5,26.6. HRMS (FAB) m/z 693.2037 (MNa™*
[C,7H33F3NgO,SNa] = 693.2043).

6-N-[4-(Propanamido)benzyl]-5'-S-{2-[6-(trifluoroacetamido)-
hexanamido]ethyl}-5'-thioadenosine (27b). A mixture of crude
26b (~0.20 mmol calculated from its precursor 25b), 23 (82 mg,
0.24 mmol), and Et;N (33 xL, 24 mg, 0.24 mmol) in DMF
(3 mL) was stirred overnight at ambient temperature and
volatiles were evaporated under vacuum. Flash chromato-
graphy of the residue (5 — 10% MeOH/CH,Cl,) gave 27b
(130 mg, 96%): UV (MeOH) max 266 nm, min 255 nm. 'H
NMR (DMSO-dg, 500 MHz) 6 9.78 (s, 1H), 9.38 (brs, 1H), 8.37
(s, 1H), 8.33 (brs, 1H), 8.22 (s, |H), 7.87 (t,J = 5.8 Hz, IH), 7.49
(d,J = 8.5Hz,2H),7.25(d,J = 9.0 Hz,2H), 5.90 (d, J = 6.0 Hz,
1H), 549 (d, J = 6.5 Hz, 1H), 531 (d, J = 5.0 Hz, 1H),
4.73—4.75 (m, 1H), 4.64 (br s, 2H), 4.14 (dd, J = 4.5, 9.0 Hz,
1H), 4.00 (dt, J = 4.0, 6.5Hz, 1H), 3.13—3.20 (m, 4H), 2.92 (dd,
J =528,13.8Hz, 1H), 2.83 (dd, J = 6.8, 13.8 Hz, 1H), 2.56 (dt,
J =2.0,7.0Hz 2H),2.28 (q, J = 7.5Hz,2H),2.03 (t,J = 7.3
Hz,2H), 1.43—1.50 (m, 4H), 1.18—1.23 (m, 2H), 1.05(t,J = 7.5
Hz, 3H). *C NMR (DMSO-d,, 125 MHz) 6 172.0, 171.8, 156.1
(q,J = 35.8 Hz), 154.4, 152.6, 148.8, 139.8, 137.9, 134.4, 127.5,
119.6, 118.9, 116.0 (q, J = 288.5 Hz), 87.4, 83.8, 72.63, 72.55,
457, 42.5, 38.5, 35.2, 33.9, 31.4, 29.4, 28.0, 25.8, 24.8, 9.6.
HRMS (FAB) m/z 719.2557 (MNa" [C3oH39F3N3OsSNa] =
719.2563).

5'-S-{2-[(6-Amino)hexanamido]ethyl}-6- N-(4-nitrobenzyl)-5'-
thioadenosine (28a). Treatment of 27a (55 mg, 0.082 mmol) by
procedure G gave a residue containing 28a. HRMS (FAB) m/z
575.2394 (MH ™ [C55H35NgO¢S]=575.2400) that was used direc-
tly for conjugation with FITC.

5'-$-{2-[(6-Amino)hexanamido]ethyl}-6- N-[(4-propanamido)-
benzyl]-5'-thioadenosine (28b). Treatment of 27b (60 mg, 0.086
mmol) by procedure G gave a residue containing 28b. HRMS
(FAB) m/z 623.2753 (MNa™ [C,3H4oNgOsSNa] = 623.2740)
that was used directly for conjugation with FITC.

Robins et al.

Procedure H: General Method for Conjugation of FITC with
the Pendant Amino Group at C5'. Example: 5a. A mixture of
FITC (58 mg, 90% isomer I, 0.13 mmol), crude 3 (~0.13 mmol
calculated from its precursor 25a), and Et;N (56 4L, 41 mg, 0.41
mmol) in DMF (2 mL) was stirred with protection from light for
3 h at ambient temperature and volatiles were removed under
vacuum. Flash chromatography of the residue (10 — 12— 15%
MeOH/CH,Cl,) gave 5a (64 mg, 56%): UV—vis (50 mM pH 7.0
phosphate buffer) max 241, 265, 367, 496 nm (¢ 47 100, 39 100,
5200, 42 100), min 227, 255, 362, 409 nm (e 38 400, 37 600, 4300,
2900). '"H NMR (DMSO-ds, 500 MHz) ¢ 10.15—10.21 (br m,
3H), 8.59 (br s, 1H), 8.44 (s, 1H), 8.26 (br s, 1H), 8.24 (s, 1H),
8.22 (s, 1H), 8.17(d, J = 9.0 Hz, 2H), 7.74 (d, J = 8.0 Hz, 1H),
7.57(d,J = 8.5Hz, 2H), 7.17 (d, J = 8.0 Hz, 1H), 6.67 (d, J =
2.0 Hz, 2H), 6.55—6.61 (m, 4H), 5.92 (d, J = 5.5 Hz, 1H), 5.53
(d, J = 6.0 Hz, 1H), 5.38 (br s, 1H), 4.80 (br s, 3H), 4.18 (br s,
1H),4.05—4.09 (m, 1H), 3.68—3.69 (br m, 2H), 3.01 (dd, J = 6.0,
14.0 Hz, 1H), 2.93 (dd, J = 6.8, 13.8 Hz, 1H), 2.74—2.80 (m,
2H). "*C NMR (DMSO-dg, 125 MHz) 180.4, 168.5, 159.8, 154.3,
152.6, 152.0, 149.0, 148.3, 146.8, 146.3, 141.2, 140.2, 1294,
129.1, 128.0, 126.8, 124.2, 123.5, 119.7, 116.7, 112.7, 109.8,
102.2, 87.5, 84.0, 72.6, 43.5, 42.6, 33.8, 30.5. HRMS (FAB)
I’}’l/Z 851.1921 (l\/ll‘l+ [C40H35N801()Sz] = 8511918)

5b: Treatment of a mixture of FITC (50 mg, 90% isomer I,
0.12 mmol), crude 26b (~ 0.12 mmol calculated from its
precursor 25b), and Et;N (48 uL, 35 mg, 0.35 mmol) in DMF
by procedure H gave 5b (96 mg, 95%:; flash chromatography
with 10 — 15— 20% MeOH/CH,Cl,): UV—vis (50 mM pH 7.0
phosphate buffer) max 241, 264 (sh), 320 (sh), 367 (sh), 496 nm
(51700, 40 100, 6500, 4200, 39 800), min 226, 406 nm (& 39 800,
2900). 'H NMR (DMSO-dj, 500 MHz) 6 10.11 (br s, 2H), 10.05
(brs, 1H), 9.78 (s, 1H), 8.38 (s, 1H), 8.34 (brs, 1H), 8.22 (s, 2H),
8.15(brs, 1H),7.73(d,J = 7.5Hz, 1H),7.49 (d,J = 9.0 Hz, 2H),
7.24(d,J = 8.5Hz,2H), 7.17 (d, J = 8.0 Hz, 1H), 6.67 (d, J =
2.5 Hz, 2H), 6.55—6.61 (m, 4H), 5.91 (d, J = 6.0 Hz, 1H), 5.51
(d,J = 5.5Hz,1H),5.33(d,J = 5.0 Hz, 1H),4.76—4.78 (m, 1H),
4.63 (br s, 2H), 4.16—4.18 (m, 1H), 4.04—4.08 (m, 1H),
3.69—3.70 (br m, 2H), 3.01 (dd, J = 6.0, 14.0 Hz, 1H), 2.92
(dd,J = 7.3, 13.8 Hz, 1H), 2.75—2.81 (m, 2H), 2.27 (q, J = 7.5
Hz, 2H), 1.05 (t, J = 7.5 Hz, 3H). *C NMR (DMSO-d;, 125
MHz) 0 180.4, 171.8, 168.5, 159.6, 154.4, 152.6, 151.9, 148.8,
147.2, 141.2, 139.9, 138.0, 134.5, 129.6, 129.1, 127.5, 126.6,
124.1, 119.6, 118.9, 116.6, 112.6, 109.7, 102.2, 87.4, 83.9,
72.64, 72.62, 43.5, 42.5, 33.8, 30.5, 29.4, 9.7. HRMS (FAB)
WZ/Z 877.2430 (1\/“‘]Jr [C43H41N80982] = 8772438)

7a: Treatment of a mixture of FITC (33 mg, 90% isomer I,
0.077 mmol), crude 28a (~ 0.078 mmol, calculated from its
precursor 27a), and Et;N (33 uL, 24 mg, 0.24 mmol) in DMF
by procedure H gave 7a (64 mg, 86%:; flash chromatography
with 10 — 15— 20% MeOH/CH,Cl,): UV—vis (50 mM pH 7.0
phosphate buffer) max 240, 265, 367, 496 nm (& 53 700, 43 100,
7200, 47 500), min 227, 256, 362, 409 nm (& 45 600, 42 000, 5800,
4000). "H NMR (DMSO-dg, 500 MHz) 6 10.13 (brs, 2H), 10.04
(brs, 1H), 8.59 (brs, 1H), 8.43 (s, 1H), 8.27 (s, 1H), 8.22 (s, 1H),
8.16—8.18 (m, 3H), 7.91 (t,J = 5.8 Hz, 1H), 7.74 (d,J = 7.0 Hz,
1H), 7.58 (d,J = 8.5Hz,2H), 7.17(d, J = 8.5Hz, 1H), 6.67 (d,
J = 2.5Hz, 2H), 6.55—6.61 (m, 4H), 591 (d, J = 6.0 Hz, 1H),
5.52(d,J = 6.5Hz,1H),5.35(d,J = 4.5Hz, 1H),4.81 (brs, 2H),
4.76—4.77 (brm, 1H), 4.14—4.15 (br m, 1H), 4.00—4.03 (m, 1H),
3.47—3.48 (brm, 2H), 3.17—3.21 (m, 2H), 2.93 (dd, J = 5.8,13.8
Hz, 1H), 2.84 (dd, J = 6.8, 13.8 Hz, 1H), 2.56 (dt, J = 2.5, 7.0
Hz,2H),2.07 (t,J = 7.5Hz, 2H), 1.49—1.58 (m, 4H), 1.26—1.32
(m, 2H). >*C NMR (DMSO-dq, 125 MHz) 6 180.3, 172.1, 168.6,
159.6, 154.3, 152.6, 151.9, 149.0, 148.3, 146.8, 146.3, 141.5,
140.2, 129.3, 129.1, 128.0, 126.6, 124.1, 123.5, 119.7, 116.3,
112.6, 109.8, 102.2, 87.4, 83.9, 72.64, 72.57, 43.7, 42.6, 38.5,
35.3, 33.9, 31.4, 28.2, 26.2, 25.0. HRMS (FAB) m/z 964.2756
(MHJr [C4()H4(,N9OMSZ] = 9642758)

7b: Treatment of a mixture of FITC (36 mg, 90% isomer I,
0.082 mmol), crude 28b (~0.081 mmol calculated from its
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precursor 27b), and Et;N (34 uL, 25 mg, 0.25 mmol) in DMF by
procedure H (flash chromatography with 15 — 20% MeOH/
CH,Cl,) gave 7b (71 mg, 89%): UV—vis (50 mM pH 7.0
phosphate buffer) max 240, 263 (sh), 318 (sh), 367, 496 nm
(¢37 800, 28 400, 4700, 3300, 33 300), min 226, 361, 410 nm (¢ 30
700, 3000, 2100). "H NMR (DMSO-d,, 500 MHz) 6 10.18 (br's,
2H), 10.07 (brs, 1H), 9.82 (s, 1H), 8.39 (brs, 2H), 8.27 (brs, 1H),
8.23 (brs,2H),7.93(t,J = 5.8 Hz, 1H), 7.74 (d,J = 7.0 Hz, |H),
7.49(d,J = 8.5Hz,2H),7.25(d,J = 8.0 Hz, 2H), 7.17 (d, J =
8.5 Hz, 1H), 6.67 (d, J = 2.0 Hz, 2H), 6.55—6.62 (m, 4H), 5.90
(d,J =5.5Hz,1H),5.53(d,J = 6.5Hz, 1H),5.37(d,J = 5.0 Hz,
1H), 4.75—4.76 (m, 1H), 4.64 (brs, 2H), 4.13—4.15 (m, 1H), 4.01
(dt, J = 4.0, 6.3 Hz, 1H), 3.48—3.50 (br m, 2H), 3.16—3.21 (m,
2H), 2.93 (dd,J = 6.3, 13.8 Hz, 1H), 2.84 (dd, J = 7.0, 14.0 Hz,
1H), 2.57 (dt, J = 2.5, 7.0 Hz, 2H), 2.28 (q, J = 7.5 Hz, 2H),
2.07 (t,J = 7.3 Hz, 2H), 1.49—1.58 (m, 4H), 1.26—1.32 (m, 2H),
1.05 (t, J = 7.8 Hz, 3H). 3C NMR (DMSO-d,, 125 MHz)
0 180.3, 172.1, 171.8, 168.6, 159.5, 154.4, 152.7, 151.9, 148.8,
146.9, 141.5, 139.9, 138.0, 134.5, 129.3, 129.1, 127.5, 126.5,
124.1, 119.5, 119.0, 116.3, 112.6, 109.8, 102.2, 87.4, 83.8, 72.7,
72.6, 43.8, 42.5, 38.5, 35.3, 33.9, 31.4, 29.4, 28.2, 26.2, 25.0,
9.7. HRMS (FAB) m/z 990.3290 (MH" [C4oH5,N9O,0S,] =
990.3279).

Nucleoside Transport General. NBMPR, mineral oil, and
other chemicals were obtained from Sigma Chemical Company
(Mississauga, ON). [*'H]Uridine and ["H]NBMPR were from
Moravek Biochemicals (Brea, CA). Tissue culture plates (96-
well) were from VWR Scientific (Whitby, ON). Cell culture
media and fetal bovine serum (FBS) were from Invitrogen
(Burlington, ON). Ecolite was from ICN Pharmaceuticals
(Montreal, PQ) and 550 silicone oil was from BC Bearings
(Edmonton, AB). The Cell Titer 96 Aqueous One Solution
cell proliferation assay kit was from Promega (Madison, WI).
Fluorescent quantification beads (Quantum FITC MESF beads)
were from Bangs Laboratories (Hornby, ON).

The human CCRF-CEM leukemia (hereafter termed CEM)
cell line was obtained from William T. Beck (The University of
Illinois at Chicago). The S49 mouse lymphoma, L1210 mouse
leukemia, HL-60 human lymphoblastoid leukemia, HeLa
human cervical adenocarcinoma, K562 human erythroleuke-
mia, and BeWo human choriocarcinoma cells were obtained
from the American Type Culture Collection (Manassas, VA).
Cells were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum as suspension (CEM, CEM-ARAC,
S49, L1210, HL-60, and K562) or adherent (HeLa and BeWo)
cultures. Cells were determined to be free of mycoplasma,
maintained in the absence of antibiotics, incubated at 37 °C in
a humidified atmosphere (5% CO,), and subcultured at 2- to
4-day intervals to maintain active proliferation. Cell numbers
were determined with a Coulter Z2 electronic particle coun-
ter equipped with a size analyzer (Beckman Coulter Canada,
Mississauga, ON). All transport and binding assays were per-
formed at ambient temperature in sodium buffer containing
144 mM NacCl, 20 mM Tris, 3 mM K,HPOy, and 5 mM glucose at
pH 7.4. Phosphate-buffered saline (PBS) was 0.01 M phosphate
buffer containing 138 mM NaCl and 27 mM KClI at pH 7.2.

Inhibition of hENT1-Mediated [*H]Uridine Transport in
Saccharomyces cerevisiae with 18a—18w. hENT1 cDNAs were
inserted into the yeast expression vector pYPGELS, and the
resulting plasmids were transformed into fuil::TRP1 (MATa,
gal, ura3-52, trpl, lys2, ade2, hisd2000, Afui::TRP1) and main-
tained as described.?®3” Yeast containing pYPhENTI were
grown in CMM/GLU medium to Agp 0.5—1.2, washed twice
with fresh medium, and resuspended to Ay 4.0. Transport assays
were performed at ambient temperature in 96-well plates as
described.*®*” Briefly, 50 uL portions of yeast suspensions were
added to 50 uL portions of 2x concentrated [*H]uridine in 96-well
plates. Because the initial rates of uridine transport into yeast
cells yroducing recombinant ENTs persist for intervals of 30—40
min,”® single time points at 20 min were used to estimate the initial
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transport rates. Yeast cells were collected on filter mats with a
Micro96 cell harvester (Skatron Instruments, Lier, Norway) and
rapidly washed with deionized water. Individual filter circles
corresponding to the wells of the 96-well plates were removed
from the filter mats with forceps and transferred to vials for
scintillation counting. Yeast suspensions were first incubated for
15 min with NBMPR (or analogue) solutions (3 nM) to allow
equilibration of the inhibitor with binding sites before addition
of radiolabeled uridine. Uptake was measured for 20 min as
described.*®

Evaluation of 5a, 5b, 7a, and 7b as Inhibitors of [3H]NBMPR
Binding to Yeast Producing Recombinant hENT1 and to CEM
Cells. The four title compounds were evaluated in yeast produ-
cing recombinant hENT1 as described above and in CEM cells
(which possess endogenous hENT1) as inhibitors of binding of
[*HINBMPR (5 nM) in the absence or presence of unlabeled
NBMPR, 5a, 5b, 7a, or 7b (each at 500 nM). Yeast were grown
in CMM/GLU medium to Agy 0.5—1.2, washed twice with
fresh medium, and resuspended to Agoo 4.0. Yeast suspensions
were incubated at ambient temperature for 60 min with 5 nM
[*HINBMPR in the absence (control) or presence of unlabeled
NBMPR, 5a, 5b, 7a, or 7b. After incubation, yeast were collec-
ted on filter mats with a Micro96 cell hyarvester and processed
for scintillation counting as described for transport experi-
ments. CEM cells were washed free of media, and suspensions
containing 10 cells in 100 L of sodium buffer were incubated at
ambient temperature for 60 min with PHJNBMPR in the
absence or presence of unlabeled NBMPR or title compound.
The mixtures were then spun through oil to remove unbound
[PHINBMPR, and cell pellets were solubilized with 5% Triton
X-100 and analyzed by liquid scintillation counting.

Analysis of Cell-Surface Binding of 5a, Sb, 7a, and 7b to CEM
Cells by Flow Cytometry. CEM cells were washed free of growth
medium, resuspended in buffer to a density of 2.5 x 10° cells/
mL, and incubated at ambient temperature for 1 h with either no
added compound (negative control) or 100 nM concentrations
of the title compounds. Cells were then collected by centrifuga-
tion, washed twice with buffer, and analyzed for fluorescence by
analytical flow cytometry.

Conjugate 7a was selected for further specificity testing. CEM
cells were treated for 1 h under three conditions: (1) no com-
pound added (negative control), (2) addition of 7a (100 nM), or
(3) addition of [7a (100 nM) + NBMPR (10 uM)]. Cells were
collected after 1 h by centrifugation, washed twice with buffer,
and analyzed for fluorescence by analytical flow cytometry.

Inhibition of the Influx of [*H]uridine into CEM Cells with 7a.
Measurement of the time course for [*H]uridine uptake was
conducted in sodium buffer at ambient temperature. Briefly,
exponentially growing cells were collected, washed once with
PBS, and resuspended in sodium buffer (100 uL, 10° cells/tube).
[*H]Uridine (2 uM, 100 uL) was added (final concentration
1 uM) in the absence or presence of NBMPR (1 uM) or 7a
(1 uM) or excess uridine (1 mM). Transport was allowed to
proceed during 0—30 s, and the mixture was then spun through
oil. The cell pellet was solubilized with 5% Triton X-100 and
analyzed by liquid scintillation counting.

Cells were pretreated with graded concentrations of 7a (0—10
uM) for 10 min in the inhibition experiments. Pretreated cells
(100 uL; 10° cells) were added to [*H]uridine in buffer (100 L,
2 uM), transport was allowed to proceed for 30 s, and the cells
were spun down and processed as described.

Inhibition of [PHINBMPR binding to CEM cells with 7a.
Washed CEM cells (10° cells/tube) in sodium buffer were
incubated at ambient temperature for 1 h with ["H]NBMPR
(10 nM) in the absence (control) or presence of graded concen-
trations of 7a (0—1000 nM). The cells were then centrifuged
through oil and processed as described above to measure bound
[’HINBMPR. Nonspecific binding was measured in the pre-
sence of excess unlabeled NBMPR (10 uM). Specific binding
(total minus nonspecific) was used for all analyses.
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Protection of CEM Cells from Gemcitabine Cytotoxicity with
NBMPR and 7a. CEM cells were seeded in 96-well plates (5 x
10% cells/well), incubated at 37 °C in a humidified atmosphere
(5% CO») for 24 h and then exposed to graded concentrations of
gemcitabine (0—100 M) for 72 h in the absence or presence of
NBMPR (1 uM) or 7a (1 uM). After 72 h, the cells were treated
with MTS reagent and staining was measured. The concentra-
tion of drug that inhibited the growth of treated cells by 50%
relative to that of untreated cells (ICsg) was calculated by
nonlinear regression analysis of data plotted as percentages of
control values against the logarithm of drug concentrations
using Graph Pad Prism software, Version 4.0 (San Diego, CA).

Analysis of Cell-Surface Binding of 7a to Cultured Cells by
Flow Cytometry. Cell-surface abundances of hRENT1/SLC29A1
on cultured cells were determined with 7a. Cells were washed
free of growth media, resuspended in sodium buffer (with a final
density of 2.5 x 10° cells/mL), and incubated at ambient tem-
perature with no compound (control), 7a (100 nM), or [7a
(100 nM) + NBMPR (10 uM)]. After 1 h, cells were spun down,
washed twice with buffer and analyzed for fluorescence by
analytical flow cytometry. Fluorescence-standard beads with
defined numbers of fluorescein molecules were treated under the
same conditions used for the cells. MESF values were calculated
after each experiment to convert 7a binding to MESF for
quantification of hRENTI sites.

Cell-Surface Staining and Confocal Microscopic Visualization
of hENT1 Sites on Saccharomyces cerevisiae, Xenopus laevis
Oocytes, and CEM Cells with 7a. Cell-surface abundances of
hENT1 on yeast, oocytes, and CEM cells were determined with
7a. Briefly, yeast, oocytes, or CEM cells were washed free
of media, suspended in PBS (10° cells/mL), and incubated at
ambient temperature with 7a (0 or 100 nM) or [7a (100 nM) +
NBMPR (10 uM)] in buffer for 1 h (for the latter experiment,
cells were preincubated with NBMPR for 10 min prior to
addition of 7a), spun down, washed (once quickly), and a small
volume of PBS was added. The cells were then seeded onto poly-
L-lysine coated dishes and visualized with a Zeiss axioscope
confocal microscope.
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