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Abstract: To facilitate the delivery of nucleotide-based therapeutics to cells and tissues, a variety of
pronucleotide approaches have been developed. Our laboratory and others have demonstrated that
nucleoside phosphoramidates can be activated intracellularly to the corresponding 5'-monophosphate
nucleotide and that histidine triad nucleotide binding proteins (Hints) are potentially responsible for their
bioactivation. Hints are conserved and ubiquitous enzymes that hydrolyze phosphoramidate bonds
between nucleoside 5'-monophosphate and an amine leaving group. On the basis of the ability of
nucleosides to quench the fluorescence of covalently linked amines containing indole, a sensitive, contin-
uous fluorescence-based assay was developed. A series of substrates linking the naturally fluorogenic
indole derivatives to nucleoside 5'-monophosphates were synthesized, and their steady state kinetic
parameters of hydrolysis by human Hintl and Escherichia coli hinT were evaluated. To characterize the
elemental and stereochemical effect on the reaction, two P-diastereoisomers of adenosine or guanosine
phosphoramidothioates were synthesized and studied to reveal a 15—200-fold decrease in the specificity
constant (kea/ Km) when the phosphoryl oxygen is replaced with sulfur. While a stereochemical preference
was not observed for E. coli hinT, hHintl exhibited a 300-fold preference for p-tryptophan phosphora-
midates over L-isomers. The most efficient substrates evaluated to date are those that contain the less
sterically hindering amine leaving group, tryptamine, with ke.a: and K values comparable to those found
for adenosine kinase. The apparent second-order rate constants (kca/Km) for adenosine tryptamine
phosphoramidate monoester were found to be 107 M~1 s~ for hHintl and 108 M~1 s~ for E. coli hinT.
Both the human and E. coli enzymes preferred purine over pyrimidine analogues. Consistent with observed
hydrogen bonding between the 2'-OH group of adenosine monophosphate and the active site residue,
Asp43, the second-order rate constant (kca/ Km) for thymidine tryptamine phosphoramidate was found to
be 3—4 orders of magnitude smaller than that for uridine tryptamine phosphoramidate for hHintl and 2
orders of magnitude smaller than that for E. coli hinT. Ara-A tryptamine phosphoramidate was, however,
shown to be a good substrate with a specificity constant (kca/Km) only 10-fold lower than the value for
adenosine tryptamine phosphoramidate. Consequently, nucleoside phosphoramidates containing un-
hindered primary amines and either an o or 5 2'-OH group should be easily bioactivated by Hints with
efficiencies rivaling those for the 5'-monophosphorylation of nucleosides by nucleoside kinases. The
differential substrate specificity observed for human and E. coli enzymes represents a potential therapeutic
rationale for the development of selective antibiotic phosphoramidate pronucleotides.

Keywords:  Histidine triad nucleotide binding proteins (Hints); phosphoramidase; human Hintl;
Escherichia coli hinT; fluorogenic phosphoramidates

Introduction as both antiviral and anticancer drugs. Unfortunately, because
Nucleosides are an important class of therapeutics. Inthey typically must be converted by intracellular kinases to
particular, nucleosides have been clinically used for decadesthe corresponding'&nono-, di-, and triphosphate, the utility

of a given nucleoside will depend on the substrate specificity
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these methods rely on either remote chemical or enzymaticcomposed of the sequence His-X-His-X-His-XX, where X
activation of the masking moiety, followed by collapse of is a hydrophobic residue. Three primary HIT families have
an unstable intermediate and release of the nucleotide. Earlybeen identified. The first and most ancient is the family of
efforts to design phosphate ester pronucleotides were limitedthe histidine triad nucleotide binding protein (Hint). Hint
in their success. Our laboratory and others have sought tohomologues isolated from rabbitshumans? chickens'®
utilize phosphoramidate esters as possible pronucledtifles. yeasti? andEscherichia cofi® have been shown to be purine
Recently, direct intracellularPN bond cleavage has been nucleoside phosphoramidases. Mammalian Hintl has been
observed by ESI-MS for AZT-tryptophan phosphoramidate suggested to have tumor suppressor activity imimtl-
monoester8.Moreover, we have demonstrated that human knockout mice modét!®> and human non-small cell lung
and bacterial variants of a subfamily of the histidine triad carcinoma cell$® Related to this observation, the expression
(HIT) protein superfamily are nucleoside phosphorami- of hHintl has been shown to be a potential regulator of
dases? apoptosis? Nevertheless, the cellular function and biochemi-
HIT enzymes are a ubiquitous superfamily consisting cal relevance of the phosphoramidase activity have remained
primarily of nucleoside phosphoramidases, dinucleotide a mystery. Two less typical members of the Hint family are
hydrolyases, and nucleotidylyl transferasedhe distin- Aprataxin, which is mutated in ataxia-oculomotor aprax-
guishing feature of these enzymes is an active site motif ial®*°and the scavenger mMRNA decapping enzyme, DcpS/
DCS-1, a 7-methyl GpppG hydrolya¥&! The second family
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and was reported to possess tumor suppressor acivitye Experimental Procedures
third family contains relatives of galactose-1-phosphate  General Synthetic Procedure for Fluorogenic Nucleo-
uridylyltransferase (GalT), which is a specific nucleoside side 3-PhosphoramidatesNucleoside 5phosphoramidates
monophosphate transferéSe. were prepared in a single-step carbodiimide-mediated cou-
The reaction mechanism of the Hint protein family has pling reaction as described previou8lwith minor modifica-
been proposed to be a two-step double replacement, in whicHion.
the complex of a phosphoramidate with His112 of hHintl  1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
or His101 of E. coli hinT forms a covalent HirtNMP chloride (4.5 equiv) was added to a solution of nucleoside
intermediate (N is A or G) followed by dissociation of the ~5'-monophosphate (1 equiv) and indole compound (5 equiv)
amine. In the second step, the HitMP intermediate  in H20 (pH~7.0, adjusted with sodium hydroxide) at room
undergoes hydrolysis to release NMP and Hint. The mech- temperature fo6 h and concentrated under reduced pressure.
anism is inspired by the similarities of Hint proteins to Phit ~ The resulting solid was then purified by flash chromatog-
and GalT25 Recently, human Fhit has been shown to possessraphy (SiQ, 5:3:0.5 CHCYMeOH/H,O mixture containing
phosphoramidase activity with adenosiriepBosphoimida- ~ 0.5% NHOH) to give the desired products. For some

zolide (AMP-Im) and adenosine-phosphoN-methylimi- tryp'gamine anqlogues, the preparative HPLC purification was
dazolide (AMP-N-Melm) as substrates with similar catalytic Carried out using an Alltech Econosphere C8 column (10
efficiencies in comparison with its best substrate5sPO- mm x 250 mm) with a linear gradient elution of solvent A

adenosine-P5'-O-adenosine triphosphate (442426 The (HPLC-grade water) and solvent B (HPLC-grade methanol)

only reported spectroscopic substrate of Hint, adenosine 5 &t @ flow rate of 3 mL/min. The gradient is as follows: 0%
O-p-nitrophenylphosphoramidate (AMP-pNA), has relatively B for 2 min, from 0 to 5% B from 2 to 12 min, and from 5
poor Michaelis-Menten parametersd, = 0.00187 s, K to 100% B from 12_ to 16 min. The e]utmn peak atBmin

= 134, andkealKm = 14 51 M~1).27 Other reported methods V&S collected to give the white S,Ol'd' _

for detecting Hint-catalyzed reaction are either a comp- . 2(_S)-[A(_jenosyl-5-(phosphorylamln_o)]-3_-(3-|ndolyl)pr0p-
licated coupled assay that can detect only formation of rionic Acid Methyl Ester (1). The yield is 62.7% (0.96 g)

: ; : : i id:! 0 8.03 (1H, s)
AMP?24 or a discontinuous and labor-intensive HPLC or TLC 25 2 white solid:*H NMR (D20, 300 MHz) A
ssay? IScontintiou Imensiv 7.87 (1H, s), 7.07 (2H, m), 6.77 (2H, m), 6.57 (1H, 1), 5.73

, _ (1H, d), 4.49 (1H, t), 4.18 (1H, m), 4.05 (1H, m), 3.68 (3H,

In this study, we report the development of a continuous m), 3.4 (3H, s), 2.74 (2H, mfP NMR (D;0, 300 MH2)o
fluorescence-based assay for Hint phosphoramidase activity 7 33. rRMS (E'SI.)TI/Z caled for [M— H]- 5461508 found
which we then used to map the substrate specificity for the 546.,1503. ’

human and bacterial enzymes. On the basis of these results, [2-(3-Indolyl)-1(S)-(methylcarbamoyl)ethyl]phos-

we propose a set of parameters for the design of Hint yhoramidic Acid 5'-Adenosyl Ester (2).The yield is 71.9%
activatible phosphoramidate pronucleotides. (0.31 g) as a white solid*H NMR (D,0, 300 MHz)d 8.07
(1H, s), 7.94 (1H, s), 7.2 (2H, d), 7.12 (2H, d), 6.91 (1H, s),
(22) Ohta, M.; Inoue, H.: Cotticelli, M. G.; Kastury, K.; Baffa, R.: 6.85 (1H, 1), 6.65 (1H, t), 5.77 (1H, d), 4.45 (1H, t), 4.13
Palazzo, J.; Siprashvili, Z.; Mori, M.; McCue, P.; Druck, T.; Croce, (1H, t), 4.03 (1H, m), 3.62 (3H, m), 2.49 (3H, s), 1.77 (2H,
C. M.; Huebner, K. The FHIT gene, spanning the chromosome m); 3P NMR (D,O, 300 MHz)¢ 7.10; HRMS (ESI)m/z
3p14.2 fragile site and renal carcinoma-associated t(3;8) break- calcd for [M + H]* 547.1824, found 547.1851.
ggglt, is abnormal in digestive tract canceZgll 1996 84, 587— [2-(3-Indolyl)-1(S)-carbamoylethyl]phosphoramidic Acid
| 5'-Adenosyl Ester (3).The yield is 92% (0.045 g) as a white

(23) Frey, P. A.; Wong, L. J.; Sheu, K. F.; Yang, S. L. Galactose-1- o
phosphate uridylyltransferase: Detection, isolation, and charac- solid: *H NMR (D20, 300 MHz)6 7.93 (1H, s), 7.79 (1H,

terization of the uridylyl enzymeMethods Enzymoll982 87, s), 7.16 (2H, d), 6.99 (2H, d), 6.86 (1H, s), 6.71 (1H, 1),
20—36. 6.55 (1H, t), 5.65 (1H, d), 4.33 (1H, t), 4.03 (1H, t), 3.96
(24) Huang, K.; Arabshahi, A.; Wei, Y.; Frey, P. A. The mechanism (1H, m), 3.56 (3H, m), 2.78 (2H, m§!P NMR (D,O, 300

of action of the fragile histidine triad, Fhit: Isolation of a covalent  MHz) ¢ 7.01; HRMS (ESI)m/z calcd for [M — H]~
adenylyl enzyme and chemical rescue of H96G-Bidchemistry 533.1668. found 533.1668.

2004 43, 76377642. . .
(25) Wedekind, J. E.; Frey, P. A.; Rayment, |. The structure of 2(S)-[Guanosyl-3-(phosphorylamino)]-3-(3-indolyl)-

nucleotidylated histidine-166 of galactose-1-phosphate uridylyl- Proprionic Ac'd Methyl Ester (6). The yield is 72% (0.66
transferase provides insight into phosphoryl group transfer. 9) as a white solid:*H NMR (D0, 300 MHz)6 7.74 (1H,
Biochemistryl1996 35, 11560-11569. s), 7.19 (2H, m), 6.91 (2H, m), 6.76 (1H, t), 5.58 (1H, d),
(26) Huang, K.; Arabshahi, A.; Frey, P. A. pH-Dependence in the 4.49 (1H, m), 4.21 (1H, m), 4.04 (1H, m), 3.72 (3H, m),
hydrolytic action of the human fragile histidine trigur. J. Org. 3.41 (3H, s), 2.82 (2H, mBP NMR (D,O, 300 MHz)

Chem.2005 5198-5206. . -
(27) Krakowiak, A.; Pace, H. C.; Blackburn, G. M.; Adams, M.; ;'63285_"_1'(?8’\/'8 (ESIyzcaled for [M— H]™ 562.1451, found

Mekhalfia, A.; Kaczmarek, R.; Baraniak, J.; Stec, W. J.; Brenner,
C. Biochemical, crystallographic, and mutagenic characterization [2'(3'_|nd0|¥|)'1(S)'(methylcarbamoyl)?thyuphos'
of Hint, the AMP-lysine hydrolase, with novel substrates and Phoramidic Acid 5'-Guanosyl Ester (7).The yield is 64.2%

inhibitors. J. Biol. Chem2004 279, 18711-18716. (0.29 g) as a white solid*H NMR (D0, 300 MHz)$ 7.72
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(1H, s), 7.22 (1H, d), 7.14 (1H, d), 6.86 (2H, m), 6.74 (1H,
m), 5.56 (1H, d), 4.45 (1H, m), 4.12 (1H, m), 3.98 (1H, m),
3.62 (3H, m), 2.83 (2H, m), 2.45 (3H, s}P NMR (D:0,
300 MHz) 6 7.38; HRMS (ESI)m/z calcd for [M + H]*
563.1773, found 563.1813.
[2-(3-Indolyl)-1(S)-carbamoylethyl]phosphoramidic Acid
5'-Guanosyl Ester (8).The yield is 38.3% (0.21 g) as a white
solid: *H NMR (D20, 300 MHz)¢6 7.72 (1H, s), 7.28 (1H,
d), 7.15 (1H, d), 6.90 (2H, m), 6.73 (1H, t), 5.56 (1H, d),
4.44 (1H, m), 4.11 (1H, m), 3.96 (1H, m), 3.60 (3H, m),
2.85 (2H, m);3P NMR (D,O, 300 MHz)¢ 7.10; HRMS
(ESI) m/z calcd for [M — H]~ 547.146, found 547.144.
2(R)-[Adenosyl-5-(phosphorylamino)]-3-(3-indolyl)-
proprionic Acid Methyl Ester (11). The yield is 40.1%
(0.31 g) as a white solid*H NMR (D0, 300 MHz)6 8.16
(1H, s), 7.86 (1H, s), 7.17 (2H, m), 6.93 (1H, 1), 6.83 (1H,
s), 6.78 (1H, t), 5.83 (1H, d), 4.20 (1H, t), 4.12 (1H, m),
3.80 (1H, m), 3.70 (2H, m), 3.19 (3H, s), 2.77 (2H, FP
NMR (D.0, 300 MHz)¢6 7.36; HRMS (ESI)m/z calcd for
[M — H]~ 546.1508, found 546.1513.
[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Adenosyl
Ester (12).The yield is 37.4% (0.26 g) as a white soli¢H
NMR (DO, 300 MHz)¢6 7.98 (1H, s), 7.86 (1H, s), 6.99
(2H, m), 6.73 (2H, m), 6.55 (1H, t), 5.7 (1H, d), 4.46 (1H,
m), 4.23 (1H, m), 4.12 (1H, m), 3.78 (2H, m), 2.77 (2H,
m), 2.43 (2H, m)P NMR (D;0O, 300 MHz)6 10.25; HRMS
(ESI) m/z calcd for [M — H]~ 488.1447, found 488.148.
[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-(16-
Arabinofuranosyl)adenine Ester (13).The vyield is 47%
(0.45 g) as a white solid*H NMR (D0, 300 MHz)o 8.07
(1H, s), 7.78 (1H, s), 7.11 (1H, d), 7.05 (1H, d), 6.8 (1H, 1),
6.75 (1H, s), 6.67 (1H, t), 6.03 (1H, d), 4.43 (1H, m), 4.29
(1H, m), 3.92 (3H, m), 2.80 (2H, m), 2.51 (2H, ni}P NMR
(D20, 300 MHz)6 10.23; HRMS (ESIyz calcd for [M —
H]~ 488.1447, found 488.1422.
2(R)-[Guanosyl-5-(phosphorylamino)]-3-(3-indolyl)-
proprionic Acid Methyl Ester (14). The yield is 16.3%
(0.12 g) as a white solid*H NMR (D0, 300 MHz)6 7.88
(1H, s), 7.32 (2H, m), 7.08 (1H, m), 6.95 (2H, m), 5.74 (1H,
d), 4.29 (1H, m), 4.14 (1H, m), 3.82 (3H, m), 3.32 (3H, s),
2.90 (2H, m);3P NMR (D,O, 300 MHz) 6 7.46; HRMS
(ESI) m/z caled for [M — H]~ 562.1451, found 562.1462.
[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Guano-
syl Ester (15).The yield is 16.0% (0.10 g) as a white solid:
IH NMR (D0, 300 MHz)é 7.76 (1H, s), 7.2 (2H, m), 6.98
(1H, m), 6.80 (2H, m), 5.60 (1H, d), 4.27 (1H, m), 4.14 (1H,
m), 3.86 (1H, m), 3.79 (1H, m), 2.85 (2H, m), 2.56 (2H,
m); 3P NMR (D,O, 300 MHz)6 10.21; HRMS (ESIymz
calcd for [M — H]~ 504.1397, found 504.1400.
[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-(7-Ben-

Na* form). The yield is 31% (0.04 g) as a white solié
NMR (D20, 300 MHz)$ 7.17-7.06 (m, 7H), 6.91 (s, 1H),
6.81 (t, 1H), 6.62 (t, 1H), 5.65 (d, 1H), 4.96 (d, 2H), 4. 25
(t, 1H), 4.15 (d, 1H), 3.963.72 (m, 2H), 2.942.67 (m,
2H), 2.61 (t, 2H)3P NMR (D;0, 300 MHz)d 10.44; HRMS
(ESI) m/z calcd for [M + H]* 618.1837, found 618.1825.

[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Inosyl
Ester (17). The yield is 4.5% (0.057 g)*H NMR (D0,
300 MHz) 6 8.04 (1H, s), 7.54 (1H, s), 7.14 (2H, m), 6.86
(1H, m), 6.77 (1H, s), 6.69 (1H, m), 5.72 (1H, d), 4.28 (1H,
m), 4.16 (1H, m), 3.87 (1H, m), 3.76 (1H, m), 2.75 (2H,
m), 2.46 (2H, m)2P NMR (D0, 300 MHz)d 10.29; HRMS
(ESI) m/z calcd for [M — H]~ 489.1288, found 489.1279.

[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Uridyl
Ester (18). The yield is 6.3% (0.041 g)!H NMR (D0,
300 MHz)6 7.37 (2H, m), 7.21 (1H, d), 6.97 (2H, m), 6.86
(1H, m), 5.58 (1H, d), 5.18 (1H, d), 3.96 (3H, m), 3.84 (1H,
m), 3.69 (1H, m), 2.95 (2H, m), 2.72 (2H, m¥P NMR
(D20, 300 MHz)6 10.26; HRMS (ESIYWz calcd for [M —

H]~ 465.1175, found 465.1174.

[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Cytidyl
Ester (19). The yield is 4.7% (0.031 g)!H NMR (D0,
300 MHz)6 7.42 (1H, d), 7.33 (1H, d), 7.20 (1H, d), 6.94
(2H, m), 6.83 (1H, m), 5.59 (1H, d), 5.35 (1H, d), 3.90 (4H,
m), 3.68 (1H, m), 2.93 (2H, m), 2.7 (2H, ¥ NMR (D0,
300 MHz) ¢ 10.24; HRMS (ESI)m/'z calcd for [M — H]~
464.1335, found 464.1335.

[2-(3-Indolyl)-1-ethyl]phosphoramidic Acid 5'-Thymidyl
Ester (20). The yield is 21.9% (0.072 g) as a white solid:
IH NMR (D,0, 300 MHz)6 7.24 (1H, d), 7.14 (1H, d), 7.09
(1H, s), 6.92 (2H, m), 6.76 (1H, m), 5.93 (1H, t), 4.26 (1H,
m), 3.89 (1H, m), 3.78 (1H, m), 3.67 (1H, m), 2.9 (2H, m),
2.66 (2H, m), 1.99 (1H, m), 1.82 (1H, m), 1.23 (3H, &P
NMR (D20, 300 MHz)¢ 10.12; HRMS (ESI)yn/z calcd for
[M — H]~ 463.1383, found 463.1396.

N-(2-Thiono-1,3,2-oxathiaphospholanyl):-tryp-
tophan Methyl Ester (21). N-(2-Thiono-1,3,2-oxathiaphos-
pholanyl)+-tryptophan methyl ester was prepared as previ-
ously described with minor modificatior.

To a solution ofL-tryptophan methyl ester hydrochloride
(0.25 g, 1 mmol) was added 5 mL of dry pyridine elemental
sulfur (0.07 g, 2 mmol). Then 2-chloro-1,3,2-oxathiaphos-
pholane (1 mmol) was added dropwise. The reaction mixture
was stirred at room temperature for 12 h. Then the solvent
was removed under reduced pressure; to the residue was
added acetonitrile (10 mL), and an excess of sulfur was
filtered off. After evaporation of the solvent, the residue was
dissolved in 23 mL of chloroform and applied to a silica
gel (206-300 mesh) column (2.5 cm 18 cm). The column
was eluted with chloroform. Appropriate fractions were

zylguanosyl) Ester (16).The reaction mixture was heated combined and evaporated under reduced pressure to give the
at 55°C for 6 h. The product mixture was concentrated and desired compound as a mixture of diastereocisomers. The
the residue chromatographed on silica gel, eluting first with diastereoisomers were separated by crystallization. From the
a CHCBE/MeOH mixture (80:20) and then with a CHLI

MeOH/H,O mixture (5:3:0.25, containing 0.5% N&H).

The solid obtained after evaporation of the solvent was
passed through an ion exchange column (Dowex-50W8-200,

(28) Baraniak, J.; Kaczmarek, R.; Korczynski, D.; Wasilewska, E.
Oxathiaphospholane approach to N- and O-phosphorothioylation
of amino acidsJ. Org. Chem2002 67, 72677274.
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solution of both diastereoisomers in chloroform was depos-
ited the isomer absorbing at lower field5# NMR [(CDCk,

121 MHz) 6 96.54]. Mother liquor was concentrated, and
the solid residue was dissolved in the solution of chloroform
and diethyl ether (10:1). Crystals collected from this solvent
mixture constituted the pure diastereomer resonatigFn
NMR at higher field [(CDC4, 121 MHz)6 95.52]. Crystals

of the diastereoisomer absorbing®# NMR at lower field
have appeared to be appropriate for X-ray anaRfsighich
proved the existence of thieconfiguration at the phosphorus
center: yield of 0.27 g (75%}H NMR (CDCl;, 300 MHz)

0 8.09 (bs, 1H), 7.57 (d, 1H), 7.39.35 (m, 1H), 7.24
7.06 (m, 3H), 4.384.06 (m, 4H), 3.67 (s, 3H), 3.443.26

(m, 4H); 3P NMR (CDCB, 121 MHz) 6 96.54 R,), 95.52
($); HRFAB-MS nvz calcd for [M — H]~ 355.0418, found
355.0419.

General Procedure for the Synthesis of Nucleoside'
O-(L-Tryptophanylphosphoramidothioates). Nucleoside

[2-(3-Indolyl)-1(S)-carbamoylethyl]-(Rp)-thiophosphor-
amidic Acid 5'-Adenosyl Ester (5).The yield is 74.5% (0.41
g) as a white solid'H NMR (D,0, 300 MHz)6 8.28 (1H,

s), 8.06 (1H, s), 7.32 (1H, d), 7.13 (1H, d), 7.02 (1H, s),
6.85 (1H, t), 6.69 (1H, t), 5.82 (1H, d), 4.50 (1H, m), 4.16
(2H, m), 3.94 (1H, m), 3.70 (2H, m), 2.97 (2H, NP NMR
(D20, 121 MHz)6 57.96; HRFAB-MSm/z calcd for [M —
H]~ 547.1954, found 547.1940.

[2-(3-Indolyl)-1(S)-carbamoylethyl]-(S,)-thiophosphora-
midic Acid 5'-Guanosyl Ester (9).The yield is 76.2% (0.43
g) as a white solid:*H NMR (D,O, 300 MHz)¢ 7. 86 (1H,

s), 7.37 (1H, d), 7.23 (1H, d), 6.96 (2H, t), 6.80 (1H, 1),
5.66 (1H, d), 4.52 (1H, m), 4.18 (1H, m), 4.10 (1H, m), 3.86
(2H, m), 3.66 (1H, m), 2.96 (2H, m§P NMR (D;O, 121
MHz) 6 55.63; HRFAB-MS m/z calcd for [M — H]~
563.1304, found 543.1236.

[2-(3-Indolyl)-1(S)-carbamoylethyl]-(Ry)-thiophosphor-
amidic Acid 5'-Guanosy! Ester (10).The yield is 66.5%

5'-O-(tryptophanylphosphoramidothioates) were prepared by (0.38 g) as a white solid’H NMR (DO, 300 MHz)¢ 7.

a similarly described procedure with minor modificati®n.

The individual diastereoisomer ®-(2-thiono-1,3,2-ox-
athiaphospholanyl)tryptophan methyl ester (0.36 g, 1 mmol)
was dissolved in dry acetonitrile (5 mL), and into this
solution was dropped a solution ®f-isobutyryl-0?,0°-
diacetylguanosine (0.44 g, 1 mmol) Nf,0% ,O3-tribenzoy-
ladenosine (0.58 g, 1 mmol) and DBU (16E, 1.1 mmol)
in dry acetonitrile (6 mL). The reaction mixture was stirred

93 (1H, s), 7.39 (1H, d), 7.23 (1H, d), 7.03 (1H, s), 6.97
(1H, 1), 6.80 (1H, t), 5.65 (1H, d), 4.58 (1H, m), 4.19 (1H,
m), 4.12 (1H, m), 3.89 (1H, m), 3.76 (2H, m), 2.96 (2H,
m); 3P NMR (D;O, 121 MHz)¢6 57.91; HRFAB-MSnvz
calcd for [M — H]~ 563.1304, found 563.1250.

Continuous Fluorescent Phosphoramidase Activity As-
say. Stock solutions of substrates (5 mM) were prepared in
deionized water and filtered through a Oi@n filter.

at room temperature for 12 h and then concentrated underHydrolysis of the fluorogenic substrate by Hint proteins was
reduced pressure. The residual solid was suspended in 1@arried out in 60Q«L of degassed HEPES buffer [20 mM

mL of 20% aqueous ammonia and left for 24 h at room

HEPES (pH 7.2) and 1 mM Mgg]lin quartz cuvettes at 25

temperature in a tightly closed vial. Ammonia was then °C. The purification of Hint proteins has been described
evaporated; the residue was dissolved in water and purifiedPreviously*® Fluorescence measurements were taken in a
on a Sephadex A-25 column (3 cg20 cm), and products ~ Varian/Cary Eclipse fluorimeter with the kinetics program
were eluted with a linear gradient of triethylammonium equipped with a thermostated cuvette holder. The excitation
bicarbonate buffer (pH 7.5) from 0.05 to 0.4 M. The Wwavelength was set at 280 nm; fluorescence emission was
appropriate fractions were combined and evaporated to yieldmeasured at 360 nm, and excitation and emission slits were
the oily product, which was dissolved in water and passed Set at 10 nm for substrate concentrations from 50 nM to 2
through a Dowex 50Wx2 (N3 column (1.5 cmx 10 cm). uM or 5 nm for substrate concentrations from 4 to,/84@.

The fractions Containing the product were combined and The fluorescence intensity was monitored for 2 min to obtain

|yoph|||zed to pro\/ide the Corresponding products as a the baseline and allow the temperature to stabilize &5
colorless solid. and then enzyme was added to initiate the reaction. The

[2-(3-Indolyl)-1(S)-carbamoylethyl]-(S;)-thiophosphora- increase in fluorescence intensity was recorded feB@min

midic Acid 5'-Adenosyl Ester (4).The yield is 71% (0.39  ©N the basis of the rate of hydrolysis. The initial velocities
g) as a white solid:*H NMR (D,0, 300 MHz)é 8.20 (1H, were obtained by converting the slope of the quoresgence
s), 8.08 (1H, s), 7.32 (1H, d), 7.12 (1H, d), 7.03 (1H, s), spectrum into micromolar substrate hydrolyzed per minute,
6.84 (1H, 1), 6.67 (1H, 1), 5.82 (1H, d), 4.44 (1H, m), 4.12 based on the fluorescence standard curves of substrate and

(2H, m), 3.80 (2H, m), 3.71 (1H, m), 2.97 (2H, AP NMR indole product solutions (Figure 1 and Tables | and Il of the
(Dzé 121 MHZ)(S, 55.65: HREAB-MSnz caled for [M— Supporting Information). Measurements were carried out in
H]- 5;47_1954 found 54’7_1942_ duplicate, and variants are given as the standard deviation.

Equilibrium Dialysis. Equilibrium dialysis is figured as

a simple but effective tool for the exploration of interactions
between molecules in vitro. The interaction between hHint1
and 3-azido-3-deoxythymidine:-phenylalanine phospho-
ramidate monoesterL{APO) was analyzed with the equi-
librium biodialyzer (The Nest Group, Inc.). hHint1 (0.4®1)

and L-APO (0.1~8.6 mM) were loaded into the sample
chamber, and Tris buffer [20 mM Tris (pH 7.5), 1 mM

(29) Wieczorek, M. Unpublished results.

(30) Stec, W. J.; Grajkowski, A.; Karwowski, B.; Kobylanska, A.;
Koziolkiewicz, M.; Misiura, K.; Okruszek, A.; Wilk, A.; Guga,
P.; Boczkowska, M. Diastereomers of nucleosid®32-Thio-
1,3,2-Oxathia(selena)phospholanes): Building blocks for stereo-
controlled synthesis of oligo(nucleoside phosphorothioaleysm.
Chem. Soc1995 117, 12019-12029.
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Figure 1. Fluorescence assay. The time course was for conversion of the first 10% of the reaction.

EDTA, and 1 mM DTT] was loaded into the assay chamber. low micromolar range, while interfilter effects limited the
The concentration of free-APO at equilibrium was deter-  highest substrate concentration to /4d.
mined by the absorbance at 267 nm. The control was Hint Substrate Specificity. From an examination of the

performed without adding protein. Michaelis—-Menten parameters for the series of indole-
_ _ containing nucleoside phosphoramidates, a picture of the
Results and Discussion substrate specificity for both hHint1 arethinT begins to

Continuous Fluorescence Assay Developmersince the emerge (Tables-13). First, on the basis d./Kn values,
discovery that Hints are nucleoside phosphoramidases, wewhen either adenosine or guanosine phosphoramidate-
have embarked on an effort to map the substrate specificityincorporatedL-tryptophan, the human enzyme preferred
of these unique enzymes so that we may better understandsubstitution of theo-carboxylate with ac-carboxamide
their native function, as well as profit from their potential (Table 1). In contrastecinT exhibited no significant
as pronucleotide bioactivators. Although both HPLC-bésed preference for either the methyl ester, methyl amide, or amide
and NMR-base¥ assays of Hint phosphoramidase activity substitution. This discrepancy is likely due to the closeness
have been developed, only two spectrophotometric assayf a H-bond donor in the vicinity of the phosphoramidate
have been devised. A spectrophotometric assay has beem-carboxylate. This apparently is not the case édninT,
developed that relies on the release of methylcoumarinaminesince no particular preference for a substitution at the
from releasedert-butoxycarbonyl--lysine methylcoumari-  a-carboxylate was observed. When the effect of amino acid
namide by trypsirt3 A continuous spectrophotometric assay stereochemistry was examined, hHint1 was far more sensitive
that depends on the ability to monitor the release of to configurations at the--carbon of the amino acid, prefer-
p-nitroaniline (410 nm) after hydrolysis of adenosirie-® ring D- over L-tryptophan by approximately 70- and 120-
p-nitroaniline phosphoramidate (AMP-pNA) by Hints has fold for the adenosine and guanosine phosphoramidates,
also been developéd.While each of these spectrophoto- respectively (Table 2). In contrast, the bacterial enzyme
metric assays has its advantages, the low substrate specificitgxhibited no particular amino acid stereochemical preference,
(vide supra) for AMP-pNA and the discontinuous nature and thus revealing an additional difference between the active
restriction to lysine-based phosphoramidates of the coumarin-sites that may be exploited in the development of bacterially
based assay spurred us to investigate the feasibility ofspecific pronucleotides. The discrepancy between the en-
developing a simple, sensitive, and efficient continuous zymes was eliminated with the removal of daearboxylate.
fluorescence assay that was also structurally flexible enoughTryptamine phosphoramidates of adenosine were shown to
to allow the substrate specificity of these enzymes to be have significantly highek..values and lowek, values and,
probed in greater detail. therefore K.o/Km values that are 240-fold (hHintl) and 44-

Nucleoside phosphoramidates, such as AZTyptophan fold (echinT) greater than the values far-tryptophan
methyl ester phosphoramidate monoester, that incorporatephosphoramidates (Table 2). Obviously, for both enzymes,
the fluorescent indole moiety have been shown to have potenthe a-carboxylate presents a significant stereochemical
antiviral and anticancer activityAs can be seen in Figure barrier to not only substrate binding but also, on the basis
1, because of intramolecular quenching, hydrolysis of the of the proposed mechanism, formation of the initial adeny-
adenosine tryptophan phosphoramiddt iy hHintl can lated enzyme.
be easily observed by monitoring the increase in indole  On the basis of the crystal structure of hHintl with the
fluorescence with time. Due to the magnitude of fluorescence stable ADP analogue, AMPCP, the conserved residues
guenching ¢ 10-fold), this assay can be carried out in the His112(hHintl) and His10&thinT) and His114(hHintl) and
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Table 1. Steady State Kinetic Comparison of Hydrolysis of Phosphoramidate and Phosphoramidothioate Substrates by
hHintl and echinT in HEPES Buffer (pH 7.2)2

-~ H I
—N—P—0 0
o={f_ ¢
R
Rs OH OH
Keat (s71) Km (uM) Keatl Km (x1073 s71 M)
compound R1 R2 Rs hHintl echinT hHint1 echinT hHintl echinT
1 adenine O~ OCH3 0.012 + 0.001 1.1+01 41+ 4 43 £ 3 0.23 £ 0.04 28+ 4
2 adenine O~ NHCH3 0.02 + 0.003 0.52 + 0.06 44 + 11 63+ 8 05+0.2 8+2
3 adenine O~ NH; 0.45+0.01 1.28 + 0.09 50+ 3 94+ 9 9.2+0.7 14+2
4 adenine S (Sp) NH2 0.011 + 0.007 0.02 +0.01 216 +15 361 +27 0.05+0.04 0.05 £ 0.03
5 adenine ST (R,) NH: 0.03 + 0.008 0.07 +£ 0.05 49 +14 779 + 56 0.6 +0.3 0.09 £ 0.07
6 guanine O~ OCH3s 0.0071 + 0.002 0.50 + 0.02 31+1 32+3 0.23+0.01 16 +2
7 guanine O~ NHCH3 0.024 + 0.002 0.56 + 0.07 65+9 67 £ 14 0.37 +£0.08 8+3
8 guanine O~ NH2 0.23 £ 0.01 0.52 + 0.04 58+ 6 64 +8 4.0+ 0.6 8+2
9 guanine S (Sp) NH: 0.002 + 0.0001 0.01 + 0.003 52+ 6 190 £ 66 0.04 +0.007 0.05+ 0.03
10 guanine  S™(Rp) NH: 0.012 + 0.003 0.011 £ 0.003 162 +23 137+40 0.07 +£0.03 0.08 + 0.04

2 Measurements were carried out in duplicate, and variants are given as the standard deviation.

Table 2. Steady State Kinetic Parameters of hHintl and echinT?

H
N
Y o Ry
H Il
N—I|3—O Io)
Rg o Ry
OH Rs
Keat (571) Km (uM) Keatl Km (x1073 s71 M~1)
compound R Rs Rs Rs hHintl echinT hHintl echinT hHint1l echinT
1 adenine H OH S-COOCHs; 0.012 + 0.001 114+0.1 41+ 4 45 + 12 0.23 £ 0.04 28+ 4
11 adenine H OH R-COOCH; 0.27 £ 0.02 1.0+0.2 41+0.9 45 +£ 12 70 £ 20 20 £ 10
12 adenine H OH H 21+01 4.5+ 0.07 0.13+0.02 5.24+0.2 15000+ 3000 870+ 50
13 adenine OH H H 1.1+ 0.03 1.5+ 04 1.0+ 0.06 60+19 1100 + 100 30 £ 20
6 guanine H OH S-COOCH; 0.0071 +0.002 0.50 + 0.02 31+1 32+3 0.23+£0.01 16 +2
14 guanine H OH R-COOCH; 0.26 + 0.02 0.37 £ 0.01 3.3+0.6 21+1 80 + 30 17+ 2
15 guanine H OH H 2.3+ 0.07 40+04 0.21 £ 0.02 6+1 11000 £+ 1000 700 + 200
16 7-benzylguanine H OH H 0.68 + 0.04 0.15+ 0.01 14 +2 56 + 6 50 + 10 26+0.7
17 hypoxanthine H OH H 2.6 +£0.04 42+0.1 0.71+£003 14+1 3700 + 300 310 + 40
18 uracil H OH H 25+0.3 24+0.6 22+04 42 + 15 1200 £ 500 70 + 60
19 cytosine H OH H 1.2+0.1 0.49 + 0.03 23+04 30+3 600 + 200 20+ 4
20 thymine H H H 0.10 + 0.01 0.02 + 0.002 32+5 46 £ 7 3+1 0.4 +£0.2

2 Measurements were carried out in duplicate, and variants are given as the standard deviation.

His103edinT) are likely to interact directly with the  decrease in th&:, values for both hHintl anddinT was
ph_osphorus oxygens {:md nitrogen of phqsphorami%jlates observed. The greater effect ky; observed for both adeno-
(Figure 2). To gain insights into the potential role of these sine and guanosine substrates likely reflects the similar impor-
side chains with the phosphoramidate oxygens, each of thetance of specifically aligned active site stabilizing interactions
oxygens of compound$ and 8 were stereospecifically o poth the transition state for either enzyme adenylation or
replaced with phosphoramidothioates (Table 1). A marked deadenylation. While thechinT K, values for the phos-
phoramidothioates increased, the hHirk}, value was
(31) Lima, C. D.; Klein, M. G.; Hendrickson, W. A. Structure-based

analysis of catalysis and substrate definition in the HIT protein unChan_ged for the adenosnﬁp, ?nalogue,‘o _and the
family. Sciencel997 278 286-290. guanosineS, analogue §). The idiosyncratic differences
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Table 3. echinT/hHintl Ratio of the Specificity Constant
(kcat/Km)

ratio of Kcai/ Km ratio of Kea/ Km
compound (echinT/hHint1) compound (echinT/hHint1)
1 122 + 39 11 0.3+£0.2
2 16 + 10 12 0.06 +0.01
3 15+03 13 0.03 £+ 0.02
4 1+1 14 0.21+£0.1
5 0.2+0.2 15 0.06 + 0.02
6 70 £12 16 0.05 + 0.02
7 22 £13 17 0.08 £ 0.02
8 20+0.8 18 0.06 £+ 0.07
9 1+1 19 0.03 £+ 0.02
10 1+1 20 0.13+0.11

observed for these substrates and the Hints may reflect subtle
discrepancies in their binding affinity and/or the rate of active
site adenylation by the two enzymes.

Probing the Hint base recognition site, we determined the
substrate specificity for both purine and pyrimidine phos-
phoramidates of tryptamine. Adenosiri€) and guanosine
(15) phosphoramidates were found to have the gre&tgst
Km values for both enzymes (Table 2). Indeed, the hHintl
Keal Km Value of 1.5x 10" s M~ for compound12 is 30-
fold greater than the value of 4.9 10° s* M~ reported
for the hydrolysis ofN-e-N-Boc-lysine adenosine phospho-
ramidate by the nearly identical rabbit Hir1The slight
preference by hHintl anddinT may be a reflection of a
somewhat tighter set of binding interactions between the
active site and N-3, as well as the ribose ring (Figure 3A,B).
Evidently, the predicted backbone carbonyl interaction with

2-NH, (Figure 3C) I.s significant, Sm(?e thén, a.nd therefc.)re Figure 2. X-ray crystallographic structure of hHintl with
KealKm, for tryptamine phosphoramidate of inosirrXis 14 AMPCP (A) (PDB entry 1AV5) and of the hHint1 active
3-fold Iower_ than the _value _f(_)r tryptamlne_ guanosine o iith bound AMP (B) (PDB entry 1KPF: ref 31).
phosphoramidatel). Neither uridine {8) nor cytidine (L9)
phosphoramidates can access either of these backbonéhe 2-OH group is in the oppositg-configuration, is
interactions; thus, purine substrates are preferred by bothtolerated as a substrate (Table 2).
enzymes, with a uridine analogue enjoying a slight preference  Summary and Concluding Remarks.On the basis of
over a cytidine analogue. Although the crystal structure these results, a general outline of the phosphoramidase
studies demonstrated that N-7 for both adenosine andsubstrate specificity requirements for Hints can be delineated.
guanosine is solvent accessible, the introduction of a benzylFirst, although there is a clear preference for purine phos-
group at this position seriously compromised both khe phoramidates, pyrimidine-based phosphoramidates can be
and K, value and therefore théc./Kn. Nevertheless, considered as viable substrates. Second, on the basis of
modifications on this face are still remarkably well tolerated. crystal structure studies and our kinetic results with phos-
As exhibited by the crystal structure of hHintl (Figure phoramidothioates, substitutions of the phosphoramidate
3), two significant hydrogen bonding interactions are made oxygens are not likely to be tolerated. Third, regardless of
with the ribose of either AMP or GMP. The inability of either the base, maintenance of an electrophilic or hydrogen-
hHintl orechinT to efficiently hydrolyze thymidine tryptamine  bonding group at the ribos€-gosition is essential. Phos-
phosphoramidate2() is consistent with this finding. Fur-  phoramidates containing deoxy- or dideoxynucleosides, such
thermore, although we were able to demonstrate by equi-as d4T and AZT, therefore, are not likely to be substrates
librium dialysis that the potent antiviral AZT phosphorami- for mammalian Hint$:457Nevertheless, as the results with
date4, -APO, is able to modestly bind to hHint1 k= 1.0 Ara-A demonstrate, th@-configuration is well tolerated,
+ 0.2 mM); L-APO proved neither to be an inbibitor nor a opening the door to the potential for drugs such as fludara-
substrate for hHintl (Chou, T.-F. and Wagner, C. R., bine?33clofarabine’* Ara-C 3*>%¢and the recently discovered
unpublished results). Thus, phosphoramidates of dideoxy-2'-methyl nucleosideés to be substrates for Hints. Fourth,
nucleosides are unlikely to be substrates for Hints. The phosphoramidates containing a primary amine with as few
configuration of the substituents at this position is not as two methylene groups are significantly favored as
absolute, since the Ara-A phosphoramidat8)(in which substrates over sterically crowded amines. The remarkable

B
L

His110
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His114 His51
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expanded by improving their cellular uptake, as well as by
incorporation of an additional tissue targeting compound or
synergistic drug coupled through an alkyl amine linker.
Last, although the phosphoramidase activity of Hints has
only recently been discovered, it has been known for decades
that both bacterial and mammalian tissues express a ribo-
nucleoside phosphoramidase. Smith and Burrow were the
first to demonstrate this activity, when they discovered that
E. coli extracts were able to efficiently hydrolyze adenosine
phosphoramidate (AMP-N}L4° Shabarova and co-workers
later partially purified a phosphoramidase from rabbit and
rat liver extracts that specifically preferred to hydrolyze
phosphoramidate-containing purine bases ewamino ac-
ids# The first phosphoramidase purified to homogenenity
was obtained from bacterial extracts by Kumon and co-
workers and shown to be a 28 kDa homodirffednfortu-
nately, since they did not obtain sequence data for this
protein, its identity could not be determined. Consequently,
on the basis of our substrate specificity results for both
bacterial and human Hints, we believe that the identity of
the phosphoramidase previously studied is eukaryotic Hint1l
and prokaryotic hinT. Nevertheless, given the inability of
hHintl to hydrolyzeL-APO or the related antiviral analog,
3-azido-3-deoxythymidine=-tryptophan methyl amide phos-
phoramidate (Chou, T.-F. and Wagner, C. R., unpublished
results), it is highly unlikely that the phosphoramidase

(35) Kufe, D. W.; Major, P. P.; Egan, E. M.; Beardsley, G. P.
Correlation of cytotoxicity with incorporation of ara-C into DNA.
J. Biol. Chem198Q 255 8997-9000.

(36) Major, P. P.; Egan, E. M.; Beardsley, G. P.; Minden, M. D.; Kufe,
D. W. Lethality of human myeloblasts correlates with the
incorporation of arabinofuranosylcytosine into DNAroc. Natl.
Acad. Sci. U.S.A1981, 78, 3235-3239.

Figure 3. Hydrogen bonding network surrounding the purine

ring and ribose of AMP-bound hHintl (A) (PDB entry 1KPF; (37) Eldrup, A. B.; Allerson, C. R.; Bennett, C. F.; Bera, S.; Bhat, B.;
ref 31) and ribose GMP-bound rabbit Hintl (B) (PDB entry Bhat, N.; Bosserman, M. R.; Brooks, J.; Burlein, C.; Carroll, S.
3RHN; ref 43), revealing the chemical basis of discrimination S.; Cook, P. D.; Getty, K. L.; MacCoss, M.; McMasters, D. R.;
by hHintl of ara-adenosine, guanosine, and inosine as Olsen, D. B.; Prakash, T. P.; Prhavc, M.; Song, Q.; Tomassini, J.
substrates. E.; Xia, J. Structure-activity relationship of purine ribonucleosides
efficiency with which Hints can convert nucleoside phos- for inhibition of hepatitis C virus RNA-dependent RNA poly-

meraseJ. Med. Chem2004 47, 2283-2295.

values of 18—10° observed for nucleoside kinases, such as (38) Maj, M. C; Singh, B.; Gupta, R. S. Pentavalent ions dependency
! is a conserved property of adenosine kinase from diverse

- . 30 L
adenosmg kln.a?séé. One Ca_n envision, thergfore, that the sources: ldentification of a novel motif implicated in phosphate
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