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The Hint-1 hydrolase assisted cleavage of the P–N bond in

adenosine-59-O-[N-(tryptophanylamide)]phosphoramidothioate

proceeds with retention of configuration at the phosphorus

atom which is consistent with the formation of a covalent

enzyme–substrate complex.

The enhancement of the therapeutic activity of antiviral and

anticancer nucleoside analogs and suppression of their side-effects

are continuing goals of several research establishments.1 As

demonstrated in numerous studies,2 therapeutic nucleosides must

be converted into their 59-O-triphosphates to achieve biological

activity. In order to overcome restrictions imposed by the

intracellular phosphorylation mechanism on antiviral and anti-

tumor nucleoside analogs, several prodrug approaches have been

designed, including phosphoramidate di- and monoesters derived

from amino acids.3 Those classes of nucleoside derivatives have

been selected because of the relatively low stability of the P–N

bond in cellular media.4 Although the enzyme responsible for

hydrolysis of phosphoramidates has not been established, involve-

ment of putative phosphoramidase in the intracellular release of

nucleoside 59-O-phosphate has been demonstrated.5 Recently,

Brenner et al. reported that AMP–lysine and AMP–alanine were

hydrolyzed by both Saccharomyces cerevisiae Hnt1 and rabbit

Hint1 hydrolases and suggested that Hint hydrolases might be

responsible for nucleoside monophosphoramidate prodrug activa-

tion in vivo.6 Because of this proposal, the mechanism of

phosphoramidase activity is significant and the possible involve-

ment of a covalent nucleotidyl–enzyme intermediate is an

intriguing question.7 While, in the case of the Fhit protein, the

involvement of such an intermediate has been demonstrated by

Frey et al.,8 for the Hint enzyme responsible for P–N bond

cleavage, which belongs to a different branch of the HIT (histidine

triad) family, evidence for a nucleotidyl–enzyme intermediate has

not yet been presented. Therefore, stereochemical studies on the

Hint assisted P–N bond cleavage are important, since inversion of

configuration at the phosphorus atom would exclude a double-

displacement mechanism.7

Here, we report on the stereochemistry of the reaction catalyzed

by rabbit Hint1, using the P-diastereoisomers of adenosine-59-O-

[N-(tryptophanylamide)]phosphoramidothioate (1). Stereo-

controlled synthesis of diastereoisomers of 1 was feasible via our

oxathiaphospholane approach to the synthesis of P-chiral diesters

and amidoesters of phosphoric and phosphorothioic acids.9

Accordingly, N-(2-thiono-1,3,2-oxathiaphospholanyl)tryptophan

methyl ester (2) was employed as a precursor in the synthesis of

phosphoramidothioate 1 (Scheme 1). Compound 2 was obtained

as a mixture of two diastereoisomers, in a 1 : 1 ratio, from the

reaction of tryptophan methyl ester hydrochloride with 2-chloro-

1,3,2-oxathiaphospholane in the presence of elemental sulfur.10

The isomers were separated by fractional crystallization. The

absolute configuration at phosphorus of individual species 2 has

been assigned by X-ray analysis{ (see also the supporting

information{); the diastereoisomer absorbing at lower field in

the 31P NMR spectrum has been assigned as RP-2. Its

P-stereoretentive reaction with N6,O29,O39-tribenzoyladenosine in

the presence of DBU, followed by removal of protective groups,

provided SP-1 (see the supporting information{). Although both

diastereoisomers of 1 served as substrates for the rHint1 enzyme,§

the diastereoisomer RP-1 was hydrolyzed some 4 times faster than

its counterpart SP-1 (Table 1). The hydrolysis of RP-1" was

performed at pH 7.5 to avoid chemical cleavage of the acid-labile

P–N bond and loss of the sulfur from the resulting AMPS.8a

Interestingly, although the reaction was terminated after 2 h, the

process of P–N bond cleavage was accompanied by a parallel

enzymatic reaction of P–S bond cleavage (loss of sulfur) and both

AMPS and AMP were isolated on RP-HPLC. In an independent

experiment, we have demonstrated that the rate of conversion of
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Scheme 1 Synthesis of adenosine-59-O-[N-(tryptophanylamide)]

phosphoramidothioates (1).
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AMPS into AMP is greater than the hydrolysis of the P–N bond

in both the isomers (Table 1). These rate constant assignments

explain why the predominant product of enzyme-assisted P–N

bond cleavage of SP-1 is AMP. Under the above conditions, we

were able to perform the experiment with rHint1 degradation of

RP-1 into AMPS-[18O] (3) giving sufficient product for stereo-

chemical analysis. Use of the procedure designed in this laboratory

(Scheme 2)11 allowed us to assign the stereochemistry at the

phosphorus atom in 3 by a stereospecific two-step conversion into

the corresponding ATPaS[18O] (4) using tandem adenylate kinase

(AK)–pyruvate kinase (PA).I In this reaction, the [18O]oxygen

atom could be located at either the nonbridging (4a) or bridging

(4b) position depending on the stereochemistry of the earlier

rHint1 catalyzed hydrolysis. In the next step, after HPLC isolation,

ATPaS[18O] was used as the substrate in stereospecific extension of

the d[(AP)5A] primer (5) to heptamer 6, catalyzed by terminal

deoxynucleotidyl transferase (TdT). Because of the special

conditions used (a concentration of ATPaS equal to that of the

primer, and only two hours incubation of the reaction mixture at

37 uC), a heptamer 6 was the main product of this reaction.11 The

heptamer 6b, resulting from attack on ATPaS[18O] with

[18O]oxygen at the bridging position, should not contain an

[18O]-label, while heptamer 6a, formed from ATPaS[18O] with

[18O]oxygen at the nonbridging position, should incorporate [18O].

MALDI-TOF MS analysis of the final product 6** (Fig. 1)

unambiguously proved the presence in this heptamer of

[18O]oxygen (d[(AP)5A]PS18OA, 6a). Scheme 2 compares paths a

and b. This means that the overall process involves steps as

presented in path a and proves that rHint1, the enzyme of the first

branch of the HIT superfamily, cleaves the P–N bond with

stereochemical retention of configuration. This process is consis-

tent with the formation of a covalent enzyme–substrate complex11

Table 1 Active-site-dependent nucleotide hydrolysis (nmol min21 mg21) by rabbit Hint and human Fhit

Substratea Rabbit Hint Human Fhit No enzyme

AMPS-Trp-(Rp)-1 0.0894 ¡ 0.0098 — Not detectable
AMPS-Trp-(Sp)-1 0.0241 ¡ 0.0015 — Not detectable
AMPS 0.1242 ¡ 0.0421 0.0046 ¡ 0.0006 0.0000955 ¡ 0.0000113
a Substrates were assayed at 200 mM and at pH 7.5. Error values (SD) designate the observed ranges for triplicate measurements.

Scheme 2 Stereochemical consequences of the cleavage of the P–N bond

in AMPS-Trp-(RP)-1 assisted by Hint-1 hydrolase.

Fig. 1 MALDI-TOF MS analysis of: (a) 6a obtained from RP-1 as

described in the text, confirming path a; (b) 6b obtained in the independent

experiment of the TdT-assisted reaction of d(Ap6A) with commercially

available AMPS.
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and is the first report of the stereochemical course of enzymatic

P–N bond scission. The result is in agreement with the mechanism

of action of two P–O cleaving enzymes belonging to different

branches of the HIT superfamily, namely Fhit hydrolase (second

branch) and galactose-1-phosphate uridylyltransferase (GalT, third

branch).13,14 The observed loss of sulfur from AMPS as a

sequential process accompanying P–N bond cleavage in the

action of Hint-1 on nucleoside 59-O-phosphoramidothioates is

additionally supported since the AMP isolated contains two

[18O]oxygen atoms (MALDI-TOF analysis, Fig. 1). Moreover,

preliminary results (not presented here) have shown that this

desulfuration process is not ribonucleotide specific. Treatment of

59-O-phosphorothioylated deoxyadenosine, deoxyguanosine, cyti-

dine, and deoxycytidine with Hint-1 effectively converts each of

them into the corresponding 59-O-phosphates. Since the Hint

enzyme has been shown to have homologs in all forms of life,14

our observations may become pertinent to the further elucidation

of the metabolism of nucleoside 59-O-phosphorothioates, formed

as primary products of degradation of antisense oligonucleotide

phosphorothioates by 39-exonucleases. Additional studies con-

cerning the elucidation of the mechanism of the enzyme-catalyzed

desulfuration process are in progress.
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Notes and references

{ 2: C14H17N2O3PS2, M = 356.41, monoclinic, space group P21, a =
8.4537(6), b = 9.5906(7), c = 10.0814(8) s, b = 104.847(6)u, U =
790.07(10) s

3, T = 110(2) K, Z = 2, m = 0.451 mm21, Rint = 0.023,
R1 = 0.0201, wR2 = 0.0524 (I . 2s(I)). CCDC 614931. For crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/
b615160d
§ Wild-type rabbit Hint was expressed and purified in Escherichia coli using
pSGA02-HINT as described in ref. 6.
" AMPS-Trp-(RP)-1 substrate at a concentration of 1 mM was incubated
with homogeneous rabbit Hint enzyme (12 mg) at 30 uC in a 240 ml reaction
containing 66 mM sodium/potassium phosphate buffer pH 7.5, 0.5 mM
MgCl2 and 80% 18O-enriched water. After 2 h, the reaction was stopped by
denaturation at 95 uC (3 min) following chilling in ice. The products were
isolated using RP-HPLC (ODS-Hypersil column, 5 mm) with a linear
gradient of 0–33% CH3CN–0.1 M triethylammonium bicarbonate, pH 7.4,
0.85% min21, at a flow rate of 1 ml min21. Under these conditions,
adenosine 59-O-[18O]-phosphorothioate eluted at 15.50 min. Conversion of

AMPS[18O] into ATPaS[18O]-(SP) and the terminal deoxyribonucleotidyl
transferase assay were performed as described in ref. 11.
I According to the Cahn–Ingold–Prelog rules, the isotopic replacement
16O A 18O in compound 3 changes neither the sense of chirality nor the
absolute configuration of the phosphorus atom, as the atomic numbers of
the two oxygen isotopes are the same.12

** Mass spectrometry analyses were performed as described elsewhere.11
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