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Abstract

The reverse transcriptase (RT) of HIV which has been inhibited by the incorporation of AZT into the primer strand is subject to a
deblocking reaction by cellular ATP. This reaction yields unblocked primer plus the dinucleoside tetraphosphaié,. Ax e present
study, we report that AZTfA is an excellent substrate for the enzymesAghydrolase (asymmetrical dinucleoside tetraphosphatase, EC
3.6.1.17), an enzyme that is widely distributed in many cell types. Progress of the reaction has been moni&téd\bR, and it was
found that hydrolysis results in the production of AZTTP:ATP in a 7:1 ratio. The A&Tpas also hydrolyzed at a rate 1.8-fold more
rapidly than ApA. Spectrophotometric assays yielded Michaelis constants of 2.35 andBLTar Ap,A and AZTpA, respectively. It
therefore, appears that M hydrolase can play a useful role in the regeneration of the AZTTP, the active form of AZT, for the inhibition
of HIV RT.
Published by Elsevier Science B.V.
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1. Introduction phatase Yoza et al., 199¥. It has recently been noted that
ATP, acting as AMP-tagged pyrophosphate, can support
Nucleoside analogs that inhibit HIV reverse transcrip- this reverse reaction, yielding a dinucleoside tetraphosphate
tase by acting as chain terminators represent a mainstay(Meyer et al., 1998, 1999Further, strains of HIV express-
of clinically approved HIV therapyRurman et al., 1986; ing mutant reverse transcriptase that facilitate the reverse
Sandberg and Slikker, 1995Unblocking of the termi-  ATP-dependent unblocking reaction have been identified
nated primer strand can theoretically result from reversal (Arion et al., 1998; Meyer et al., 1999In order to under-
of the polymerase reaction to yield the nucleoside analog stand the possible significance of this unblocking reaction,
triphosphate. However, this reaction requires pyrophos- it becomes necessary to consider the further metabolism
phate, which is typically present at low concentrations of the dinucleoside tetraphosphate. The enzymgAApy-
due to its rapid intracellular degradation by alkaline phos- drolase (asymmetrical dinucleoside tetraphosphatase, EC
3.6.1.17), widely distributed in many cell types, acts as
Abbreviations: AMP, adenosine smonophosphate; A\, diadenosine an asymmetric phosphata_se to produce a mixture of NMP
5,5”-PLPh-tetraphosphate  or adenosind(@raphospho(3adenosine: and NTP from dinucleoside tetraphosphate substrates. It
ATP, adenosine ‘&riphosphate; AZT, 3azido-3-deoxythymidine; AZT- has been demonstrated that @iB2dideoxynucleoside
MP, 3-azido-3-deoxythymidine 5monophosphate; AZT4#, 3'-azido- tetraphosphates (ddiygdN) are substrates for this enzyme,
3'-deoxythymidine(9tetraphospho(¥-adenosine; AZTTP, ‘3azido-3- although the hydrolytic reaction proceeds approximately

deoxythymidine 5triphosphate; ddAMP, 'Z'-dideoxyadenosine '5 - . .
monophosphate: ddA®. 2 3-dideoxyadenosine(Retraphospho(5- five-fold more slowly than the corresponding hydrolysis

adenosine; ddATP,’ @ -dideoxyadenosine riphosphate; HIV, human  Of ApaA (Gunther Sillero et al., 1997 Thus, it appears
immunodeficiency virus; NMP, nucleoside’-fonophosphate; NMR,  that this enzyme could play a role in the regeneration of
nuclear magnetic resonance; NOE, nuclear OVERHAUSER enhance- charged nucleoside analogs for further reaction with the
ment; NpN’, various dinucleoside tetraphosphates; NTP, nucleoside primer strand. In the present study, we have perforﬁ%@d

/4 . . N PRStT] us _ X
fettggugzgzzté’ RT, reverse transcriptaseUpdiuricine 5,5""-",P* NMR analyses of the metabolism of AZZA by the human

* Corresponding author. Tek:1-919-541-4879; fax+1-919-541-5707.  hydrolase. The primary product of this reaction is AZTTP,
E-mail address: london@niehs.nih.gov (R.E. London). indicating that this conversion could contribute to the
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regeneration of AZTTP and hence to the reblocking of the 2.2. Preparation of other reagents
primer strand.
ApsA, AMP, and ATP were purchased from Sigma and
were used without further purification. AZZf (free acid

2. Materials and methods form) was obtained from TriLink Bio Technologies, Inc.
(San Diego, CA) and was used without further purifica-
2.1. Preparation of human ApsA hydrolase tion after confirmation of purity byH and3!P NMR spec-

troscopy. HPLC analysis by TriLink indicated >97% purity.
The cDNA for the human ApA hydrolase gene was Concentrations of nucleotides and dinucleotides for NMR
subcloned from IMAGE clone 104884 (Research Genetics, experiments were typically 5mM (s&ection 3.
Inc.). The following PCR primers were used to generate a
DNA fragment with an Ndel restriction site at the start of the 2.3. NMR methods
coding sequence and an EcoRI restriction site after the stop
codon: 5-GGGCATATGGCCTTGAGAGCATGTGG-35- 3lp NMR spectra were acquired on a Varian Inova
GGGAATTCAGGCCTCTATGGAGCAAAG-3 The PCR 500 NMR spectrometer at 2& using a Nalorac Z-SPEC
product was digested with EcoRI and Ndel and ligated into triple resonancelf, 13C, 31P) probe operating at &P
similarly digested vector DNA, pET30&{] (Novagen). The  frequency of 202.4MHz. A one-pulse experiment was
resulting plasmid, dubbed pET30AP4AH, allows for ex- used to obtain®'P spectra. Spectra were processed and
pression of ApA hydrolase under the control of the T7 pro- analyzed with Varian VNMR software. Peaks for hydrol-
moter. Thus, the construct was transformed Edcherichia ysis products of AZTpA were identified by comparison
coli strain BLR (DE32) (Novagen) and cells containing of chemical shifts to those of A@\ hydrolysis products,
the plasmid were grown to mid-log phaségfo =~ 0.6) ATP, AMP, and AZTTP. Identity of the AMP peak was
at 37°C in LB medium containing 50.g/ml kanamycin. confirmed by spiking the sample with authentic AMP and
ApsA hydrolase expression was induced by addition of noting the increased intensity of the AMP resonance. Rates
isopropyl thiog-p-galactoside (IPTG) to 1 mM, and the of hydrolysis were determined by fitting peak intensities
growth was continued for 3 h. for representative peaks (AMP/AZTMP) to an exponen-
The harvested cells were resuspended in 50 mM Tris—HCl tial equation using Kaleidagraph software. Phosphorus-31
pH 8.0 with protease inhibitors added (LDCalbiochem NMR spectra were simulated using either an in house Math-
Protease Inhibitor Cocktail Set Il per ml of suspended cells), ematica program, or using the program NMR Simulator,
and were lysed by sonication in a Branson Sonifier 200 us- “NMRSM”, Revision 1.0 fttp://www.chem.vt.edu/chem-
ing a microtip probe at output level of six for ¥030 s with dept/hbell/simulation/VTNMR.htmlwritten by H.M. Bell,
30s cooling in an ice bath. The lysate was centrifuged at Virginia Tech, Blacksburg, VAhbell@chemserver.chem.vt.
30,000x g for 15min followed by addition of solid am-  edu
monium sulfate to the supernatant to 25% saturation. This
was kept on ice 30 min and then centrifuged at 30,209 2.4. Enzyme kinetics methods
for 10 min. The supernatant was brought to 60% saturation
with addition of solid ammonium sulfate and chilled on ice Saturation kinetics of ApA hydrolase were determined
for 30 min and centrifuged as before. The 60% ammonium by computer fitting of substrate concentration—initial veloc-
sulfate precipitate, containing AA hydrolase, was resus- ity data to the Michaelis—Menten equation. Initial velocities
pended in a minimal amount of 50 mM Tris—HCI, pH 8.0, were measured by following the hyperchromicity at 259 nm
and the protein solution was applied to a 2.6xx68 cm col- caused by the hydrolysis of Ap or AZTp4A (Pinto et al.,
umn of Sephacryl S-100. Enzyme was eluted with 50 mM 1991; Randerath et al., 1966Hyperchromicity was esti-
Tris—HCI, pH 8.0. Fractions containing AA hydrolase mated at 17% for ApA and 5% for AZTpA. The reaction
were identified by SDS—polyacrylamide gel electrophore- mixture consisted of 2nM AfA hydrolase, 1Qug alka-
sis, pooled, and loaded onto an FPLC column (2.6xcm  line phosphatase (to insure reaction irreversibility), 10 mM
15cm) containing Q-Sepharose (Amersham). The column MgCl,, and 50 mM imidazole, pH 7.0. Reaction volume was
was washed with 50 mM Tris—HCI, pH 8.0 and Aphydro- 1.0 ml. Reactions were initiated by the addition ofApor
lase was eluted with a linear gradient of 0-1000 mM NaCl AZTp4A (final concentrations varied from 1 to 20M).
in 50 mM Tris—HCI, pH 8.0. Fractions containing A hy-
drolase were identified by SDS—polyacrylamide gel elec-
trophoresis, pooled, and concentrated to a volume of 2ml 3. Results
using a Centricon YM-3 filter unit (Millipore). The protein
was chromatographed once again on a 2.6<f8 cm col- 3.1. Phosphorus-31 NMR characterization
umn of Sephacryl S-100 and eluted with 50 mM Tris—HCI,
pH 8.0. Fractions containing 4@ hydrolase were judged The 3P NMR spectrum of ApA approximates a dou-
pure by SDS—polyacrylamide gel electrophoresis. blet of doublets, but is more accurately characterized as
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Fig. 1. Lower trace3'P spectrum of AZTpA; upper trace: simulated spectrum using the coupling constants given in the text. Sample contained 5mM
AZTp4A in 50mM imidazole buffer with 10mM EDTA, pH= 7.0. Spectral parameters: 6000.6 Hz spectral width, 11,986 complex points, 0.999s
acquisition time, 256 scans.

an AA'’XX’ spectrum. Thex phosphates are centered at with a shift difference of 4.0 Hz for the twp phosphorus
—11.3ppm and th@ phosphates at23.0 ppm (referenced  nuclei. The observed and simulatétP spectra are shown
to external phosphoric acid standard). There are several rein Fig. 1, and correspond to coupling constantd;s =
ported NMR studies of ApA (Plateau et al., 1981; Kolodny ~ 2Jyp = 183Hz,2Jpy = 16.3Hz,%J,z = *J,p = 0.4 Hz,
and Collins, 1986; Westkaemper, 1987; Tanner et al., 2002 and®J,, = 0. The error in determination of the peak posi-
Plateau et al. reported coupling constantszm‘g = 16.3 tions makes the values for the coupling interactions fairly
and?Jgg = 13.7 Hz, measured at pH 7.8 with 5mM MgCl  uncertain.
present, while Kolodny and Collins, working at pH 7.0, re-
ported?J,g = 1536Hz, 4/, = 3.02Hz, as well as an 35 Kinetics
unexpectedly small couplin@/BB = 10.77 Hz between the
two centrall phosphates, and a surprising six bond coupling  After determining a concentration of AA hydrolase that
6/, = 5.73Hz between the twa. phosphorus nuclei. We  would yield a rate sufficient to allow NMR observations
are aware of no precedent for such a long range phosphorusver a period of several hourd'P studies were performed
coupling, so we have also analyzed the spectrum using theon both AgA and AZTmA. NMR samples consisted of
formalism for an AAXX’ spin system in a Mathematica cal- 5mM ApsA or AZTp4A, 100nM human ApA hydrolase,
culation. The simulation predicts a maximum of 10 resolved and 10 mM MgC} in 50 mM imidazole buffer at pH 7.0
resonances for both the AAnd XX nuclei. The spectrafor (600 ml total volume). Portions of sample spectra showing
theaa’ andBp’ nuclei appear identical and were readily fit the course of AZTpA hydrolysis by ApA hydrolase are
using coupling constant§Jag> = 182Hz, ZJBB = 16.4Hz, shown inFig. 2 Note the disappearance of the AZiFp«a
41&3/ = 0.2Hz, and®J,, = 0. The values for these cou- andP phosphate peaks and the appearance of the AMP and
pling constants are typical of structurally related molecules AZTTP phosphate peaks.
such as ATP Gorenstein, 1984; Son et al., 197%his dis- Phorphorus-31 NMR spectra of the monophosphate and
crepancy with the previous analysis most likely arises due y phosphate peaks for the hydrolysis products of both
to the limited signal/noise obtained in the earlier studies. ApsA and AZTpA are shown inFig. 3. The ratio of
For AZTp4A all of the 21P resonances are theoretically in- products formed from AZTpA is 7:1 AZTTP:ATP (also
equivalent. The spectra were fit using the NMRSM program, equal to AMP:AZTMP), obtained by integration of the
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Fig. 2.3P NMR spectra of a sample initially containing 5 mM AZFg 100 nM ApA hydrolase, 10 mM MgGl in 50 mM imidazole buffer, pH= 7.0.
Time points are as follows, from top to bottom: initial, 10, 20, 30, 60, 90, 120, and 180 min. Left hand Bareid Py; right hand panelPg. NTP
indicates nucleoside triphosphate resonances, which include both ATP and AZTTP peaks.

corresponding resonances:

HO, OH
HaC 000 0 O
HN Q 009" ; ;
)\ | \P// \P// \P/? \P// CH, © Nﬁ
o I
NH,

N3
125 % 87.5 %

We note that although tféP{*H} NOEs for thew, 8 and
v phosphate groups may differ, the comparisorsign 3in-
volve thea ory resonances of the two nucleotides, which are
expected to exhibit similar relaxation characteristics. A com-
parison of the rates of hydrolysis of A and AZTyA by
Ap4A hydrolase under the conditions of the study is shown
in Fig. 4. AZTp4A is hydrolyzed 157 4 0.19 times faster
than ApA. These data are derived from the resonance in-
tensities of the AMP phosphate. Such a comparison neglects
the slower rate of hydrolysis yielding ATP and AZTMP.
Since under the conditions of the assay, the hydrolysis
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Fig. 3. 3P NMR spectra showing the final hydrolysis products of AZAp(lower trace) or ApA (upper trace). The regions of the spectrum shown
correspond to the nucleoside monophosphate (A) and to the nucleoside triphdBph&ke The small shift difference between AMP between the two

samples arises due to a small pH difference.

reaction yielding AZTMP+ ATP is proceeding at 1/7 the
rate of the hydrolysis reaction yielding AMPAZTTP, the
total hydrolysis rate including both sets of products pro-
ceeds at a rate (8/7H7 = 1.79 relative to the hydrolysis
of Ap4A.

Assuming simple Michaelis—Menten kinetics, the initial
rate of hydrolysis will be given by:

_ kealE][S]
~ Km +[S]

Vo

and 0.71uM for AZTp4A. The value for AZTpA must be
considered as a qualitative measure since it is measuring a
composite of the two separate hydrolysis reactions of the
AZTp4A yielding either AMP and AZTTP or AZTMP and
ATP. Further, the maximum absorbance change for com-
plete hydrolysis of AZTp4A was only about 5% compared
with a 20% change for hydrolysis of AB, so the accuracy

of the measurement is limited. However, thégg values
are qualitatively similar to the values reported for 4Ap
hydrolysis by the ApA hydrolases from other systems
(Guranowski, 200D For the substrate concentration used in

where E is the enzyme concentration, S the substrate conthe NMR studies, [S}»> Kum, S0 thatvy & kea{E]. Hence,

centration, anKy, the Michaelis constant. Thi€y, values
determined spectrophotometrically were: 2,38 for ApsA

the observed rate variation must arise from a difference in
keat rather tharKy.

N =
é;///
N,

o

100 200 300
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Fig. 4. Time course of ApA and AZTuA hydrolysis by ApA hydrolase. Hydrolysis of AZTpA and AA is measured by the intensity of the AMP
peaks [0 and x, respectively). The small shift difference observed for AMP between the two samples arises due to a small pH difference.
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4. Discussion N2 subsite would place the, B and+y phosphate groups in
positions corresponding to the vy, andB phosphate groups
RT-dependent removal of an AZT blocked primer termi- of the ApA substrate, respectively. Such binding would pre-
nus provides an important mechanism for the evasion of sumably result in cleavage betweRpandPg. The absence
AZT by HIV RT. In support of this conclusion, mutant forms  of any hydrolysis of ATP or other nucleoside triphosphates
of RT have been identified that exhibit enhanced unblock- appears to indicate that the putative site N2 must have neg-
ing activity (Arion et al., 1998; Meyer et al., 1999; Boyer ligible affinity for the second nucleoside. This conclusion
et al., 200). Since AZTpA, the product of the unblock-  has been confirmed in the NMR analysis of thesAphy-
ing reaction with ATP, is expected to be highly charged at drolase complexed with ATP—MgFwhich identified only
neutral pH, it is unlikely that this compound will exit the a single mode of binding. It was thus concluded that only
cell. Hence, its subsequent fate is relevant to the effective- one adenosine interacts significantly with the enzyme, even
ness of AZT therapy. Since it has been demonstrated thatin the case of diadenosine substrates, and therefore the sec-
the ApyA hydrolase has limited specificity for the base and ond adenosine has no significant interactions with the pro-
for whether the 2o0xy or deoxy sugar is present, it was an- tein (Fletcher et al., 2002 Based on these conclusions, the
ticipated that it might be able to hydrolyze AZjA. Fur- preferential formation of AZTTP versus ATP and the higher
ther, AmA hydrolase is widely distributed in mammalian rate of hydrolysis of AZTpA relative to AgA indicate that
tissues, having been identified in Ehrlich ascites tumor cells the AZT moiety interacts more strongly with the N1 nucle-
(Moreno et al., 198 human leukemia cellsQgilvie and oside binding subsite of the enzyme than adenosine. This
Antl, 1983, human placentaL@zewska et al., 1993 hu- conclusion is also supported by the lower Michaelis constant
man erythrocytes, leukocytes, and platelétarikin et al., obtained for AZTpA compared with ApA. In the solution
1995. Hence, the metabolism of AZTA by Ap4A hydro- structure of the ApA hydrolase—ATP—-MgF complex, the
lase could influence the effectiveness of AZT therapy. As ribose 2 and 3 hydroxyl groups are oriented outward from
observed here, AZT4A is actually a somewhat better sub- the binding cleft and have significant solvent exposure. This
strate for ApA hydrolase than ApA. Under the conditions  orientation explains the ability of the enzyme to accommo-
of our study, the hydrolysis reaction of AZJA proceeded date bulky groups at the position, e.g. 2-deoxyadenylated
1.8-fold faster than the hydrolysis of A, and yielded a  Ap4A (Guranowski et al., 20001t appears from the struc-
7:1 ratio of AZTTP:ATP. This reaction is thus available for ture of the enzyme—-ATP—MgFcomplex noted above that
the regeneration of AZTTP, which can then serve as a sub-the 3-azide group should be easily accommodated in the ac-
strate for the reverse transcriptase. Thus, almost 90% of thetive site. Further, there might be a stabilizing interaction with
AZTTP precursor is regenerated at a rate dependent on thelrp-91, a residue that is conserved in the human enzyme,
enzyme concentration in the cell. The AZTMP also is ex- following the alignment given b¥fletcher et al. (2002)
pected to be subsequently phosphorylated by thymidylate Hydrolysis of various NpN’ substrates by most Ap
kinase (EC 2.7.4.9) to regenerate AZTTIPufman et al., hydrolases indicate that there is relatively little preference
1986. The success of AZT therapy may thus depend in part for particular bases; for example, klp was almost as good
on the kinetic competition between the unblocking reaction a substrate as A@ (Vallejo et al., 1975 The dideoxy
and AZTTP regeneration by Ap hydrolase. The concen-  analogs ddApA and ddApddA were found to undergo hy-
trations of AZTTP in SIV-infected or uninfected peripheral drolysis with an initial rate of about 20% that of Ad
blood mononuclear cells were reported to be 74 and 140 nM, (Gunther Sillero et al., 1997Surprisingly, although the loss
respectively, about an order of magnitude lower than the of the Z and 3 hydroxyl groups reduces the hydrolytic rate,
levels of intracellular AZTMP Qian et al., 199% Thus, hydrolysis of ddApA yielded a product ratio [ddATR-
the ability of the enzyme to regenerate AZTTP rather than AMP]/[ATP + ddAMP] of ~3. This result appears to indi-
AZTMP represents a significant kinetic advantage for the cate that while the N1 binding site prefers the dideoxy nu-

reblocking reaction. cleoside, the hydrolysis rate is slower. This combination of
Although the structure of the human Mphydrolase has  factors might indicate that the N2 binding site, while having
not yet been determined, the structures of they- very low affinity for the nucleoside generally, has still lower

drolase derived fronlLupinus angustifolius L., both free affinity for the dideoxynucleoside. Thus, the dideoxy substi-
(Swarbrick et al., 2000and as an ATP complex*[etcher tution reduces affinity for both nucleoside-binding subsites,
et al., 2002 have been determined by NMR spectroscopy. but the affinity for the N2 site is reduced to a greater de-
Studies utilizing a broad range of substrates Hi@ilabeled gree than the affinity for N1. This contrasts with the anal-
water have shown that cleavage occurs between jteng ysis given above for AZTyP, in which the azido group is
P, phosphate groupsGuranowski, 2000 Recognition of proposed to enhance binding to the N1 site.

the ApwA substrate by the enzyme might be considered to  In conclusion, the regeneration of AZTTP from AZ#p
involve two nucleoside subsites, N1 and N2, and a site thatmay constitute an important mechanism in limiting the un-
interacts with the bridging polyphosphate chain. Following blocking pathway and thus RT evasion of AZTTP. Future
such a model, binding of a ATP to the N1 subsite would be therapeutic approaches could account for and take advan-
expected to result in an inert complex, while binding to the tage of this reblocking mechanism. The concentrations of
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AZTTP derived through this pathway may be small com- Kolodny, N.H., Collins, L.J., 1986. Proton and phosphorus-31 NMR study
pared with peak levels of AZTTP achieved after uptake of the dependence of diadenosine tetraphosphate conformation on metal

- . ions. J. Biol. Chem. 261, 14571-14575.
and phosphorylation of the nucleoside, but would become Lazewska, D., Starzynska, E., Guranowski, A., 1993. Human placen-

more significant over longer time periods as intracellular o (asymmetrical) diadenosing5”-P1, P4-tetraphosphate hydrolase:
AZT levels decline. Further, the ability of the A hydro- purification to homogeneity and some properties. Protein Expir. Purif.
lase to regenerate primarily AZTTP, the active form of the 4, 45-51.

intracellular drug, would facilitate the reblocking reaction. Meyer. PR, Matsuura, S.E., So, A.G., Scott, W.A., 1998. Unblocking

. . L of chain-terminated primer by HIV-1 reverse transcriptase through a
Although the exact physiological relevance of these findings nucleotide-dependent mechanism. Proc. Natl. Acad. Sci. U.SA. 95,

is uncertain, previous studies have indicated that intracel- 134711347,

lular AZT nucleotide levels vary greatly among individuals Meyer, P.R., Matsuura, S.E., Mian, A.M., So, A.G., Scott, W.A., 1999.
(Tornevik et al., 1991 and thus, it is possible that there A mechanism of AZT resistance: an increase in nucleotide-dependent
may be cases where the reblocking mechanism is important primer unblocking by mutant HIV-1 reverse transcriptase. Mol. Cell

. . . 4, 35-43.
in cell-based or human systems. Further studies to elu0|dateMoreno A Lobaton. C.D. Gunther Sillero. MA.. Sillero. A 1982

the structural basis for the preferentlal generation of AZTTP Dinucleosidetetraphosphatase from Ehrlich ascites tumor cells: inhi-

from AZTp4A by the hydrolase are currently in progress. bition by adenosine, guanosine and uridideeraphosphates. Int. J.
Biochem. 14, 629-634.

Ogilvie, A., Antl, W., 1983. Diadenosine tetraphosphatase from human
leukemia cells: purification to homogeneity and partial characterization.
J. Biol. Chem. 258, 4105-4109.
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