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A CEM cell cDNA T7 phage display library was prepared and used to screen for activating enzymes of
phosphoramidate prodrugs of AZT monophosphate. Although, inefficient compared to ribonucleotide
based phosphoramidates, hHint 1 was identified as the likely intracellular pronucleotide activating
enzyme.

� 2009 Published by Elsevier Ltd.
Nucleosides are an important class of agents for both viral and
cancer chemotherapy, as well as immunosuppressive, anti-ische-
mic and antibacterial agents. Unfortunately, the therapeutic use-
fulness of nucleosides has been limited by their short half-life
in vivo and the requirement for intracellular phosphorylation.

In theory, the requirement for phosphorylation could be over-
come by the use of nucleotides. Nucleotides, however, are too polar
to cross most cell membranes and are rapidly dephosphorylated by
plasma and membrane bound phosphatases.1 The development of
a prodrug strategy (i.e., pronucleotide) for the in vivo delivery of
nucleotides has been proposed.1

Previous work from our laboratory has demonstrated that ami-
no acid phosphoramidate monoesters of antiviral and antitumor
nucleosides are water soluble, non-toxic, highly stable and potent
antiviral and antitumor agents.2–5 Mechanistic studies of phospho-
ramidates of nucleosides, such as 30-azido-30-deoxythymidine
(AZT) and 50-fluoro-20-deoxyuridine (FudR), have indicated that
the antiviral and antitumor activity of these compounds is depen-
dent on enzymatic P–N bond hydrolysis.2–4 In addition, direct evi-
dence of intracellular P–N bond hydrolysis has been demonstrated
by monitoring the release of O18 labeled AZT-MP from O18 AZT
tryptophan methyl ester phosphoramidate by capillary LC-ESI-
MS/MS.6,7 Subsequent, subfractionation experiments revealed that
80% of the AZT-phosphoramidase activity was associated with the
cytoplasm. (S. L. Chang and C. R. Wagner, unpublished data) Taken
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together, these results suggest that a nucleoside phosphoramidate
hydrolase(s) is likely responsible for AZT phosphoramidate
hydrolysis.

Recently, human histidine triad nucleotide binding protein 1
(hHint1) has been found to be a nucleoside phosphoramidase
and acyl-AMP hydrolase.8–11 Hints are ubiquitously expressed in
both prokaryotes and eukaryotes, containing a highly conserved
His-X-His-X-His-XX motif in the active site, where X is a hydropho-
bic amino acid.12 Structure–activity relationship studies have
revealed that hHint1 prefers purines over pyrimidines and
D-amino acids over L-amino acids.9 In addition, kinetic and crystal-
lographic studies demonstrated that the 20- and 30-hydroxyl groups
of the ribose ring are required for maximal efficiency.9 In particu-
lar, although AZT-L-phenylalanine methyl ester, compound 1
(Fig. 1), was found to have both antiviral and antitumor activ-
ity3,4,13 and to undergo intracellular conversion to AZT-MP6,7, a
31P NMR based assay was unable to demonstrate that it was a sub-
strate for hHint1, thus casting doubt on the hypothesis that it is
responsible for the intracellular conversion of AZT phosphorami-
dates to AZT-MP.9

Consequently, we have chosen to prepare a T7 phage CEM cell
cDNA library and identify potential AZT-phosphoramidases by
selection with an affinity column prepared from an inhibitor of
AZT phosphoramidate hydrolysis. Phage can be used to display
peptides and proteins as fusion proteins to capsid proteins.14,15

T7 phage display was preferred over conventional M13 phage dis-
play, because secretion and extrusion through the periplasmic
space can be deleterious to mammalian cytoplasmic proteins.16,17
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Figure 1. Structures of (a) & (b): Phosphoramidate substrates and Ara-C prodrugs,
(c) affinity column. The free acid of compound 2 was coupled to the diaminodi-
propylamine resin.

Table 1
Steady-state kinetic parameters for hydrolysis of phosphoramidates by hHint1 in
HEPES buffer (pH 7.2) at 25 �C using continuous fluorescence assay

Compds Km (lM) kcat (s�1) kcat/Km (s�1/M�1)

3 460 (±252) 0.0033 (±0.0008) 7 (±6)
4 981 (±634) 0.0247 (±0.008) 25 (±24)
5 41 (±4)a 0.012 (±0.001)a 230 (±40)a

6 0.13 (±0.02)a 2.1 (±0.01)a 15,000,000 (±3,000,000)a

a Values are taken from Ref. 9.
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In order to carry out our strategy for identifying the putative
AZT-phosphoramidase, we first designed and synthesized a poten-
tial stable analog of 1, the carbamate analog, compound 2 (Fig. 1).3

Compound 2 (100 lM) was shown to inhibit greater than 99% of
the conversion of 1 by CEM cell lysates.3 An affinity column was
then prepared by coupling the corresponding free acid to diamin-
odipropylamine resin (Pierce, IL).

A T7 phage library displaying CEM cDNA was screened for pro-
teins binding specifically to the carbamate (compound 2) affinity
column and eluted with compound 1. The phage titer of the eluted
solutions increased from 103 pfu/ml after the first round to
105 pfu/ml at the third round of binding and elution. To confirm
the enrichment of specific phage particles cDNAs inserted into the
eluted phages were analyzed by PCR with primers flanking the
library construction site of the T7 phage DNA. The phage PCR prod-
ucts from the first round of elution appeared as smear bands (data
not shown). The PCR products of the eluted phages from the sec-
ond-, and third-round amplifications (Fig. 2, lanes 2, 3, 7 and 10),
Figure 2. PCR of ten individual clones after third round of biopanning.
however, revealed bands around 400–600 bp. These results indi-
cated that specific phages were selectively enriched by the biopan-
ning procedure. PCR and DNA sequences were determined for 10
phages eluted and selected from the third round of biopanning. Four
of the isolated clones had a PCR product of 381 bp (Fig. 2, lanes 2, 3, 7
and 10) that produced an open reading frame of 126 amino acids. The
BLAST search with the nucleotide sequences matched with human
Hint1 gene in GeneBank (gi: 4885412).

Previously, direct intracellular P–N bond cleavage of the AZT
phosphoramidates, 1 and 3 has been observed by ESI-MS.3 Since
earlier 31P NMR based assays were unable to observe the conver-
sion of 1 to AZT-MP18, we chose to use a more sensitive fluorogenic
assay that relies on the enhanced fluorescence of tryptophan or 3-
indolyl upon P–N bond cleavage, which allows the detection of the
fluorogenic substrate conversion at low micromolar concentra-
tions.9 The kcat value for hHint1 hydrolysis of 3 was determined
to be 0.0033 ± 0.0008 s�1, and the Km was 460 ± 252 lM, yielding
a second order rate constant of kcat/Km (7 ± 6) M�1 s�1 (Table 1).
Substrate specificity studies have shown that hHint1 favors the
configuration at the a carbon of the amino acid, exhibiting prefer-
ences for D- over L-tryptophan by about 70–120-fold.9 Since re-
moval of the carboxymethyl moiety has been shown to greatly
enhance phosphoramidate hydrolysis by hHint1, we prepared
and evaluated the ability of the 3-indolyl phosphoramidate analog,
4, to serve as a substrate for hHint1. As expected, the kcat increased
by greater than sevenfold, while the Km value was largely unaf-
fected, resulting in a modest threefold enhancement in substrate
specificity for the non-carboxymethyl ester containing substrate.

Since hHint1 has been found to prefer phosphoramidates con-
taining purines and a ribose ring with 20- and 30-hydroxyl groups,
we compared the ability the enzyme to hydrolyze the AZT phos-
phoramidates, 3 and 4, with the corresponding adenosine phos-
phoramidates, 5 and 6.9 The kcat values for the L-tryptophan
methyl ester phosphoramidates were found to differ by a modest
fourfold and the Km by greater than 10-fold, resulting in a 32-fold
preference for the adenosine phosphoramidate, 5, over the AZT
phosphoramidate, 3. In contrast, the kcat values for the 3-indolyl
containing phosphoramidates were found to differ by 85-fold and
the Km by greater than 7500-fold, resulting in a nearly million-fold
preference for the adenosine over the AZT phosphoramidate. Thus,
similar to the results for 3 and 4, removal of the carboxy methyl es-
ter moiety of the amino acid enhances hHint1 selectivity.

Previously, we have demonstrated by both intact and cell free
metabolism studies that antiviral and antitumor AZT phosphoram-
idates are converted to the corresponding AZT 50-monophos-
phates.4,6,7,19 The identity of this enzyme(s) has remained
unknown. Based on our results from T7 phage display, affinity
chromatography and steady-state kinetics carried out with a sensi-
tive fluorogenic assay, hHint1 appears likely to be the enzyme
responsible for AZT phosphoramidate bioactivation by PBMCs
and CEM cells.
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