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Abstract: HIV integrase is involved in the integration of viral DNA into chromosomal DNA, a biological
process that occurs by a sequence involving HIV DNA splicing and subsequent integration steps. In the quest
for small nucleotide systems with nuclease stability of the internucleotide phosphate bond and critical structural
features for recognition and inhibition of HIV-1 integrase, we have discovered novel, nuclease-resistant
dinucleotides with defined base sequences that are inhibitors of this key viral enzyme. Synthetic methodologies
utilized for the syntheses of the novel dinucleotides include an excellent new phosphorylating agent.

Introduction specific sequences'ACTG...CAGT-3) in the long terminal

The pol gene of HIV-1 encodes three viral enzymes, reverse ePeats (LTRs) of viral DNA. In the first step, which involves

transcriptase (RT), protease, and integrase (IN), that are essentidf Pre-integration process and is referred to 'qsr.ecessing (or

for viral replication. Two of these enzymes, HIV RT and HIV Cleavage step), specific endonuclease activity removes two
protease, have received considerable attention with respect tquCIGOt'qes from_each end of the doubl_e _hellcal V|ral_ DNA
the development of inhibitors:* The third enzyme, HIV IN, (synthesized prequusly by reverse transcrlptl_on) proqlucmg new
which is encoded in the'@nd of thepol gene of the virus, has 3-hydroxyl termini at the consgrved CA dinucleotide. This
received much less attention. HIV-1 IN is a relatively small truncz_ated viral DNA Is coupled |n_the_ next steps to host cell
protein (32 000 Da). It is involved in the integration of viral DNA in the nucleus (integration) which includes the DNA strand
DNA into host cell DNA, a biological process that occurs by a transfer reaction in which IN catalyzes covalent bond formation

sequence involving DNA cleavage {@rocessing) and coupling between the procesged-éhds of retroviral DNA and the'b
(integration) reaction%.® The enzyme apparently recognizes phosphate e”‘_‘ of an integrase-cleaved chromosomal DNA. BOt.h
the 3-processing and strand transfer steps involve transesteri-

* To whom correspondence should be addressed. Telephone: (319) 335-¢ ~+i ; ; ~
1364. Fax: (319) 353-2621. E-mail: vasu-nair@uiowa.edu. fications and can be assayed using recombinant HIV-1 IN and

t The University of lowa. a model double-helical DNA (21-mer) corresponding to the U5
* National Cancer Institute, NIH. region of HIV-1 LTR?® The crystal structure (2.5 A resolution)
(1) De Clercq, EJ. Med. Chem1995 38, 2491-2417. of HIV-1 IN has been reporteti®
(2) De Clercq, EClin. Microbiol. Re. 1997, 10, 674-693. . ) - .
(3) Moyle, G.; Gazzard, BDrugs 1996 51, 701-712. . Although studies on thg search for cllnlcally. us.e.ful anti-
(4) Molla, A.; Granneman, G. R.; Sun, E.; Kempf, D Ahtiviral Res integrase agents are relatively recent, the availability of the
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Scheme 1. Summary of the Key Steps in the Synthesis of Dinucleoti@lesd 7
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recombinant integrase has contributed to the identification of molecules. The solution phase approach was preferred because
some interesting lead compounds which include small and largethis allowed the synthesis of these compounds in sufficient
nucleotides! 15 In the quest for a small nucleotide system with quantities 50 mg) to allow for complete structural studies as
resistance to nuclease of the internucleotide phosphate bond anevell as reproducible enzyme assays. Thus, isodeoxynucleoside
critical structural features for recognition and inhibition of HIV 2 was phosphorylated with the bifunctional phosphorylating
integrase, we designed dinucleotides with features that exploitedagent, 2-chlorophenylphosphoro-bis-triazot&fé to give 3 in

the ability of integrase to recognize the terminal sequence of 58% yield after purification (Scheme 1).

the truncated viral DNA during DNA cleavage and prior to  The internucleotide coupling was carried out with triisopro-
strand transfer. The molecular design led to the discovery of pylbenzenesulfonyl tetrazolide (TPS-TAZ)o give the pro-
conceptually novel, nuclease-resistant, non-natural dinucleotidestected dinucleotidet in 66% vyield. The formation oft was

with defined base sequences that are inhibitors of this key viral confirmed by its NMR and HRMS data. Deprotection with 2%
enzyme. This paper describes our discoveries in this areadichloroacetic acid gave (56% yield), and this key intermediate

involving both chemistry and enzymology. was fully characterized bjH and3P NMR and HRMS data.
) ) Further deprotection d with NH,OH gave target molecul@
Results and Discussion (66%), after purification by reversed-phase HPLGg(@thanol/

water). The product was initially identified by comparison of
é—iPLC ion-exchange retention times with that of natural di-
nucleotides (Partisil-10 SAX ion-exchange column, phosphate
buffer system, retention tirre 70 min). The complete structure
was established by multinuclear NMR datii(13C, 3P NMR
spectra and COSY, HMQC, and HMBC data), quantitative UV
spectra, CD spectra, and ESI HRMS data [calculated7for
539.1404 (M— H)~, found: 539.1402]. The quantitative UV
spectral data Amax 263 nm, ¢ 19400) gave evidence of
hypochromicity in these molecules. This and the CD data
(Figure 1) suggested the existence of base stacking interactions.
For stacking interactions to occur, the carbohydrate moieties
must assume an orthogonal relationship, which results in an
unusual internucleotide phosphate linkage (Figure 2). The

Synthesis.The synthesis of two of the target moleculés,
and7, are summarized in Scheme 1. These and other molecule
of this paper were designed with a natuvatleoxynucleoside
(3-OH terminus) bonded through a-53' internucleotide
phosphate linkage to an isomericelated deoxynucleosidé: 18
Dinucleotide6 and its precursor were synthesized in several
steps from protected S(g-isodeoxyadenosine, a structural
analogue of natural' 2leoxyadenosine. This precursor, although
previously synthesized by d8was prepared for these studies
by a more convenient route using the cyclic sulfit&Synthesis
of the dinucleotides utilized the solution-phase phosphotriester
approactt?21 The solid-phase synthesis using a DNA synthe-
sizer was useful only for sub-milligram quantities of target

(11) Mazumder, A.; Neamati, N.; Sommadossi, J.-P.; Gosselin, G.;

Schinazi, R. F.; Imbach, J.-L.; Pommier, ¥lol. Pharmacol 1996 49, (17) Nair, V.; St. Clair, M.; Reardon, J. E.; Krasny, H. C.; Hazen, R. J,;
621-628. Paff, M. T.; Boone, L. R.; Tisdale, M.; Najera, |.; Dornsife, R. E.; Everett,

(12) Mazumder, A.; Cooney, D.; Agbaria, R.; Gupta, M.; Pommier, Y. D. R.; Borroto-Esoda, K.; Yale, J. L.; Zimmerman, T. P.; Rideout, J. L.
Proc. Natl. Acad. SciU.S.A.1994 91, 5771-5775. Antimicrob. Agents Chemothet995 39, 1993-1999.

(13) Ojwang, J. O.; Buckheit, R. W.; Pommier, Y.; Mazumder, A.; De (18) Nair, V.; Nuesca, Z. MJ. Am. Chem. Sod992 114, 7951-7953.
Vreese, K.; Este, J. A.; Reymen, D.; Pallansch, L. A.; Lackman-Smith, C.; (19) Nair, V.; Wenzel, TBioconjugate Chenl998 9, 683-690.

Wallace, T. L.; De Clercq, E.; McGrath, M. S.; Rando, R Antimicrob. (20) Reese, C. BTetrahedron1978 34, 3143-3179.

Agents Chemothefl995 39, 2426-2435. (21) Chattopadhyaya, J. B.; Reese, C.NBicleic Acids Res198Q 8,
(14) Mazumder, A.; Neamati, N.; Ojwang, J. O.; Sunder, S.; Rando, R. 2309.

F.; Pommier, Y.Biochemistryl996 35, 13762-13771. (22) van Boom, J. H.; van der Marel, G. A.; van Boeckel, C. A. A;;
(15) Taktakishvili, M.; Neamati, N.; Pommier, Y.; Nair, Bioorg. Med. Wille, G.; Hoyng, C. F. InChemical and Enzymatic Synthesis of Gene

Chem. Lett200Q 10, 249-251. Fragments Gassen, H. G., Lang, A., Eds.; Verlag Chemie: Weinheim,
(16) Nair, V.; Jahnke, T. SAntimicrob. Agents Chemothet995 39, 1982; pp 53-70.

1017-1029; Bolon, P. J.; Sells, T. B.; Nuesca, Z. M.; Purdy, D. F.; Nair, (23) Wreesmann, C. T. J.; Fidder, A.; van der Marel, G. A.; van Boom,
V. Tetrahedrornl994 50, 7747-7764; Nair, V.; Nuesca, Z. Ml. Am. Chem. J. H. Nucleic Acids Resl983 11, 8389-8405.

So0c.1992 114, 7951-7953; Nair, V.; Jahnke, T. Bioorg. Med Chem. (24) 24.0ligonucleotide Synthesis: A Practical Approa&uait, M. J.,
Lett 1995 5, 2235-2238. Ed.; IRL Press: Oxford, 1984.
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Figure 1. Temperature-dependent CD spectra of dApdC (a) and
IsodApdC (b) in 10 mM sodium-cacodylate (pH 7.0) at 0.2 mM final
concentration.

Figure 2. A Minimum-energy conformational representation of the
anti-integrase inhibitor, plsodApdC.
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ethanol, for this transformation (Scheme 2). Treatmen8af
with 10 in pyridine in the presence of TPS-TAZ at room
temperature for 0.5 h followed by deprotection of the trityl group
with dichloroacetic acid (3 min) gavel in 70% overall yield
(for two steps). The yield of the phosphorylation step was
consistently between 80 and 90ReagentlO is an excellent
new phosphorylating agen€ompoundl1 was isolated, puri-
fied, and completely characterized. Deprotection with,QH
gave target molecul&2. If the immediate product of the reaction
of 8aand10is worked up with 10% NEOH instead of aqueous
pyridine, the overall phosphorylation approach produces a novel
dinucleotidel3, which bears a methylcytosine base, a result of
the ammonolysis of the phosphorylated intermediate involving
the 4-position of thymine. That this reaction had indeed
occurred, was confirmed unequivocally by the NMR and ESI
HRMS data of13.

Inhibition Studies with Recombinant HIV Integrase. HIV
integrase inhibition assays were conducted with purified re-
combinant integrase using a 21-mer oligonucleotide substrate
as described previously by Pommier and co-workéfihe data
are summarized in Table 1. Compoufidvas found to have
strong inhibitory activity against recombinant wild-type HIV
integrase in reproducible assays4d@9 uM for 3'-processing
and 25uM for strand transfer). The activity is much greater
than for dideoxynucleoside monophosphafe¢e.g., 6,9-
IsoddAMP, AZT,L.-ddCMP, Table 1) and is close to the activity
of the corresponding “natural dinucleotide” pdAp&CThe
significant anti-integrase activity of the unusual dinucleotide
and its natural analog suggests base sequence selectivity. This
sequence selectivity is consistent with the catalytic mechanism
of 3'-processing in which endonuclease activity produces a
truncated viral DNA with a terminal CA dinucleotide. Molecular
recognition by the integrase of the ultimate and penultimate
bases at the'%nd of the minus strand of noncleaved viral DNA
may result in stable complex formation before the strand transfer
reaction?® Thus, the potent inhibitor activity o may reflect
the affinity that HIV integrase has for this dinucleotide sequence.
In addition, other dafd also suggest that two neighboring bases
may fulfill a substantial part of the essential interaction
requirements when integrase recognizes its viral DNA substrate.
Further support for this comes from the inactivity of pCplsodA,
that is, the compound in which the sequence is reversed from
compound6. Additional support comes from the observation
that the AT analogue corresponding to compouhdi.e.,
plsodApT12) exhibits low activity for the cleavage and strand
transfer steps. The termindtphosphate appears to be essential
for activity as the precursor @, that is, the dinucleotide that

consequences of this with respect to nuclease stability arejs devoid of the Sphosphate group, (i.e., compourml is

discussed below.

Target molecules was synthesized by phosphorylation of
intermediates with 2-cyanoethylphosphate?®in the presence
of DCC followed by deprotection with NA4OH. This compound
was characterized as described abov&fdie COSY spectrum
with assignments is shown in Figure 3.

Three other dinucleotides were synthesized by multistep
procedures for these studies. Compo8ndas prepared using
methodologies similar to the synthesis @f However, 5
phosphorylation oBa with 2-cyanoethylphosphate as well as
other reagents (e.g., phosphoroimidazolides, phosphorotriaz
olides, phosphoramidites, etc.) was inefficient. We therefore
developed a new reagerttQ), a derivative of 2,2sulfonyldi-

(25) Torrence, P. A.; Witkop, B. INucleic Acid ChemistryTownsend,
L. B., Tipson, R. S., Eds.; Wiley: New York, 1978; Part 2, pp 98B8.

(26) Smrt, J. InNucleic Acid ChemistryTownsend, L. B., Tipson, R.
S., Eds.; Wiley: New York, 1978; pp 88%8B88.

remarkably less potent. Another interesting observation that
arises from these studies is that HIV integrase tolerates
modifications in the base moiety, which is in contrast to the

nucleotide binding site of HIV reverse transcriptase where there
is little tolerance for modified bases. For example, compound
13 which bears a 5-methylcytosine base shows good activity
against HIV integrase. The active dinucleotides of Table 1
inhibited all enzymatic activities of integrase and DNA-integrase

cross-linking in the same range as indicated in Table 1 when
either Mr#™ or Mg?+ was used as a cofactor (data not shown).

(27) Mazumder, A.; Neamati, N.; Sundar, S.; Owen, J.; Pommier, Y. In
Methods in Cellular and Molecular Biology: Antral Evaluatior; Kinch-
ington, D., Schinazi, R., Eds.; Humana: Totowa, 1998.

(28) Mazumder, A.; Uchida, H.; Neamati, N.; Sunder, S.; Jaworska-
Maslanka, M.; Wickstrom, E.; Zeng, F.; Jones, R. A.; Mandes, R. F.;
Chenault, H. K.; Pommier, YMol. Pharmacol 1997, 51, 567—575.

(29) Ellison, V.; Brown, P. OProc. Natl. Acad. Sci. U.S.A994 91,
7316-7320.
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Figure 3. The 600 MHz!H COSY NMR Spectrum of compour@lwith complete assignments.

Scheme 2.New Phosphorylation Methodology in the Synthesis of Dinucleotideand 13
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This suggests that these compounds bind to the catalytic coreto degradation by exonucleases. For example, for comp@und
of integrase and the inhibition of integrase is metal-independent. cleavage of the internucleotide phosphate bond is approximately
Studies with ExonucleasesAnother remarkable aspect of 33% of that for the natural dinucleotide, dApdC, with PDE |

these dinucleotides with isomeric deoxynucleoside componentsand approximately 20% with PDE II. The results are graphically
is that the internucleotide bond exhibits resistance to cleavagerepresented in Figures 4 and 5.

by mammalian 5 and 3-exonucleases [phosphodiesterases The resistance to internucleotide phosphate bond cleavage is
(PDE I and Il)]. Cleavage reactions were monitored by HPLC not associated with chemical alteration of the phosphate bond
as described in the Experimental Section. Analysis of these (e.g., thio modificatio?) or with other structural chang&s?
results revealed that internucleotide phosphate bonds in which(e.g., arabino modification) as is found with nuclease-resistant
one of the components is an isodeoxynucleoside are resistant (30) Marshall, W. S.; Caruthers, M. I$ciencel 993 259, 1564-1570.
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Table 1. Anti-Integrase Inhibition Data for Novel Dinucleotides Experimental Section
and Some Selected Compounds

General. NMR spectra were recorded on a Ben model AC-300

compound 3processing(M)  strand transferyM) and AMX-600 spectrometers. Chemical shifts ppm) are relative to
plsodApdC6 19 25 TMS (*H and*3C) or HsPO; (3'P). High-resolution FAB and ESI mass
IsodApdC7 200 200 spectra were determined on VG ZAB-HF and Micromass, Inc. Autospec
plsodApT12 150 150 high-resolution mass spectrometers. UV spectra were recorded on a
plsodAp5MeCl13 60 50 Cary 3 UV-visible spectrophotometer. Preparative layer chromatog-
pCplsodA >300 >300 raphy used plates prepared with E. Merck&Wilica gel. Column
(573'|503dAMP i200 >200 chromatography was carried out on columns packed with-240
ﬁ%ﬂy\cﬂl\apl 1&8 12? mesh silica gel. HPLC separations were performed on a Waters

pdApdCE® 6 3 automated 600E system or a Beckman System Gold HPLC using C
columns or Partisil-10 SAX ion-exchange columns.
Materials. Thymidine, 2-deoxycytidine hydrochloride, 2;3ulfo-

PDE | Hydrolysis nyldiethanol, TPS-TAZ, 4,4dimethoxytrityl chloride, 2-chlorophenyl-

14 dichlorophosphate, imidazole, 2-cyanoethylphosphate (Ba salt) were
g dApdC purchased from Aldrich or Sigma, and CPG-immobilized T and C from
E ¥ Applied Biosystems Inc. PDE | (bovine intestinal mucosa) and PDE Il
g isodApdC (bovine spleen) and pAdpC were purchased from Sigma Chemical Co.
8 054 / N-_B_enzoyl-3»-O-<51cetylcy‘udmé“v33 and 3-O-acetyl- (or benzoyl) thy-
i midine?*3* were prepared by reported methods.
§ Synthesis N-Benzoyl-3-O-dimethoxytritylisodeoxyadenosine-3
[ (2-chlorophenyl) Sodium Phosphate (3)Compound? (1.784 mmol

0 . . . 1.176 mg) was kept overnight under vacuum ov&dsRo remove traces

of water. 2-Chlorophenyldichlorophosphate (2-CIPhORD@Immol,
0.32 mL) and 1,2,4-triazole (4.0 mmol, 276 rf) were dissolved
under nitrogen in anhydrous THF (220 mL) and cooled on ice. TEA
Figure 4. Phosphodiesterase | activity. These assays were carried out(4 mmol, 545 mL) was added dropwise, resulting in a copious
using various concentrations of dApdC and isodApdC as substrates.precipitate. The reaction mixture was stirred fer2Lh and then filtered
The reactions were analyzed by HPLC using a methamater gradient into the flask containin@. It was kept fo 2 h on ice andhen quenched
as described in the Experimental Section. with water (2 mL). After 0.5 h, ethyl acetate (200 mL) was added, and
the organic layer was washed with saturated aqueous NakDonL)

0.4 PDE Il Hydrolysis and brine (10 mL). The solvent was evaporated, and pyridine was
removed with toluene. The residue was purified by column chroma-
tography (CHCI,/10% MeOH) to give3 (227 mg, 58%) as a white

dApdC A foam R = 0.1, CHCI2/10% MeOH).'H NMR (CDCly): 8.64 (br s,
1H, NHBz), 8.33 (s, 1H, H-8), 7.96 (s, 1H, H-2), 7.95 (s), 75812
\ (m) and 6.75-6.70 (d) (22H, Arom-H), 5.44 (br s, 1H/)25.25 (br s,
isodApdC 1H, 3), 4.27 (br s, 2H, 1, 3.70 (s, 7H, CHO, 4), 3.46 (br s, 2H, 9.
/ 13C NMR (CDCh): 167.2 (CO), 153.1 (C-6), 152.2 (C-2), 151.1 (C-
4),142.0 (C-8), 145.5, 138.4, 136.4, 135.8, 135.4, 134.1, 133.1, 130.1,
128.9, 127.9, 127.6 (Arom), 128.2 (C-5), 115.0, 114.8 (DMTr), 86.0
(PheC), 84.9 (4), 75.3 (2), 70.1 (1), 62.8 (8), 62.4 (3), 55.0 (OCH).
0 05 ) 5 ESI HRMS: (M+ H)* calcd for G4H4oCINsNaG,P 848.2243, found
’ ’ 848.2250.
Substrate Conc. (mM) N-Benzoyl-1-deoxy-2-isoadenosine-3[(2-chlorophenyl)(N-ben-

Figure 5. Phosphodiesterase Il activity. These assays were carried outZ0Yl-3-O-acetyl-cytidine-3-yl)] Phosphate (5).A mixture of3 (0.770
using various concentrations of dApdC and isodApdC as substrates.Mmol, 670 mg) andN-benzoyl-3-O-acetyl-cytidine (0.770 mmol, 270
The reactions were analyzed by HPLC using a methanater gradient ~ MQ) was repeatedly evaporated with anhydrous pyridine and then
as described in the Experimental Section. dissolved in pyridine (3 mL) under nitrogen. 2,4,6-Triisopropylben-
zensulfonyltetrazolide (TPS-TAZ)(1.54 mmol, 555 mg) was added.
compounds, but with the structural distortion of this phosphate After 1 h atroom temperature, the reaction mixture was quenched with
bond as illustrated in Figure 2. It appears that distortion of the water (0.5 mL) and then left to stand for 1.5 h and concentrated. The
internucleotide phosphate bond in compoindsults in binding residue was dissolved in ethyl acetate (100 mL) and washed with
to the active site in a less productive mode than the natural saturated aqueous NaHE x 20 mL). Solvents were removed by
counterpart. evq?ozjagon elmd coEvaporatlon ;]/vn?cz‘glll/ge;el,\/lag?ﬂthe r'eSK(sté)% was
In summary, we have synthesized novel, sequence-specificf’nurl led by column chromatography (GEIl2/5% MeOH) to give 6
. - g . L g (66%) ofN-benzoyl-3-O-dimethoxytrityl-1-deoxy-2-isoadenosine-
d|nuclgotlde§ that are inhibitors of HIV mtggrase. The |rjh|b|t|on 3-[(2-chlorophenyl)k-benzoyl-3-O-acetylcytidine-5yl)] phosphate4)
data give e\{lder)ce for sequence selec_t|V|t_y when_ HIV |nt_egrase as a white foamR, = 0.35, CHCl,/5% MeOH).3H NMR (CDCh):
recognizes its V|ra_l DNA _substrate, which is consistent w!th the gg7 (s, 1H, A H-8), 8.22 (s, 1H, A H-2), 8.6%8.03 (d, 2H, C H-6,
mechanism of action of integrase. Interestingly, these dinucle- gz), 7.85-7.83 (d, 1H, C H-5), 7.837.80 (m, 3H, Arom), 7.557.10
otides that possess distorted internucleotide phosphate linkagesm, 14H, Arom), 6.78-6.70 (m, 5H, DMTTY), 6.20 (g, 1H, C'}, 5.62—
are more stable with respect to cleavage by bothabd 3- 5.50 (m, 1H, A 2), 5.48-5.38 (m, 1H, C 3, 5.27-5.22 (d, 1H, A 3),
exonucleases. Further studies of conceptually new, nuclease4.52-4.35 (m, 2H, A 1) 4.30 (m. 1H, C 4, 4.25-4.13 (m, 2H,CH
resistant, sequence-specific dinucleotides as inhibitors of HIV 5). 3.70 (s, 6H, CHO), 3.53-3.35 (m, 2H, A 9.
integrase are in progress. The protected dinucleotidé (500 mmol, 600 mg) was dissolved in
3 mL of anhydrous methylene chloride and cooled on an ice-bath. Cold

0 0.5 1 1.5
Substrate Conc. (mM)

0.2 ]

Product Conc. (mM)

(31) Torrence, P. F.; Imai, J.; Johnston, MAhal. Biochem 1993 129,
103-110. (33) Ishido Y.Chem. Abstr199Q 112, 700.

(32) Sokolova, N. I.; Dolinnaya, N. G.; Krynetskaya, N. F.; Shabarova, (34) Schaller H.; Weimann G.; Lerch B.; Khorana H. EAm. Chem.
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2% dichloroacetic acid (DCA) in methylene chloride {106 mL) was
added. The crimson red reaction mixture was kept for 3 min on the
ice-bath, poured onto saturated aqueous NafH{@@mL), and extracted
with methylene chloride (2<x 50 mL), and then the solvent was
evaporated. The residue was purified by column chromatography (CH
Cl/7% MeOH) to give5 (225 mg, 56%) as a white foank(= 0.35,
CH,Clo/7% MeOH).*H NMR (D20): 8.31 (br s, 1H, A H-8), 8.11 (s,
1H, A H-2), 7.43 (d, J 7.8 Hz, 1 H, C H-6), 5.97 (t, J 6.0 Hz, 1 H, C
1, 5.75 (br s, 1H, C H-5), 5.24 (q, J 5.4 Hz, 1H, A,24.76-4.75 (m,
1H, A 3), 4.40-4.37 (m, 1H, A 1), 4.36-4.34 (m, 1H, C 3), 4.31—
4.28 (m, 1H, A 1), 4.22 (s, 1H, A 4, 4.14 (dt, 1H, A Ba), 4.10 (dt,
1H, A5}), 3.95 (s, 1H, C 3, 3.35 (s, 1H, C §), 2.95 (s, 1H, C ),
2.24-2.20 (m, 1H, C 2), 2.01-1.97 (m, 1H, C 2)). 3P NMR (CHCEk)
—11.13 (s),—12.22 (s), ratio 1:1. ESI HRMS: (M- H)" calcd for
C41H39C|N3012P 9012105, found 901.2121.
2'-Deoxycytidylyl(5'—3")-1'-deoxy-2-isoadenosine 5phosphate
(6). Compoundb (0.16 mmol, 150 mg) and-cyanoethylphosphate?®
(0.8 mmol, 0.6 mL) (prepared from its Ba salt), were evaporated with
anhydrous pyridine three times. Dicyclohexylcarbodiimide (DCC) (110
mmol, 230 mg) was added together with 4 mL of pyridine. A copious
white precipitate of dicyclohexylurea formed within 10 min. After 48
h, the reaction mixture was filtered, the precipitate was washed with

Taktakisét al.

2.25-2.21 (dt,J; = 13.8 Hz,J, = 6.0 Hz, 1H, C 2) and 1.98-1.93
(dt, Jy=13.8 Hz,J, = 6.0 Hz, 1H, C 3)). 3C NMR, (D;0): 164.2 (C
C-4), 157.5 (C C-2), 157.4 (A C-6), 154,6 (A C-2), 154.0 (A C-4),
143.5 (A C-6), 143.4 and 143.0 (A C-8), 120.8 (A C-5), 97.5 (C C-5),
87.7and 87.5 (A3, 87.5 (C 1), 87.1 and 87.0 (C'% 82.0 and 82.00
(A3, 73.00 (A1), 717 (C 3),66.7 and 66.6 (C'p 64.1 and 64.00
(A2, 62.7 (A B), 42.2 (C 2). **P NMR (D,0): —0.85 (S)./max 263
(e = 19400). ESI HRMS: (M~ H)~ calcd for GgH24NgOgP 539.1404,
found 539.1402.
N-Benzoyl-1-deoxy-2-isoadenosine-3[(2-chlorophenyl)(3-O-
acetylthymidine-5-yl)] Phosphate (8a). The 3-O-dimethoxytrityl
derivative of8a (423 mg, 50%) was prepared usi8¢770 mmol, 670
mg), 3-O-acetyl-thymidine (770 mmol, 210 mg), and TPS-TAZ (1.54
mmol, 555 mg) in a procedure similar to that described 4or
Detritylation with methylene chloride/2% DCA furnish&d (261 mg,
85% vyield) as a mixture of diastereomers. It was purified by column
chromatography (CkCl./7% MeOH). The slower moving diastereomer
of 8a[125 mg, 40% R = 0.40 (CHCl,/MeOH)]: *H NMR (CDCl):
8.37 (s, 1H A H-2), 8.10 (d, 2H, Bz), 7.577.10 (m, 8H, Arom), 7.51
(s, 1H, T H-6), 6.19 (dd}, = 5.8 Hz,J, = 2.9 Hz, T H-1), 5.42-5.39
(m,2H, AZ and T 3), 5.12-5.10 (m, 1H, A 3), 4.70-4.64 (m, 1H,
A1), 4.59-4.52 (m, 1H A 1), 4.41-4.37 (m, 1H A 4), 4.20-4.11

pyridine, and the combined filtrate was evaporated and coevaporated(m, 2H, A 5), 4.06-4.01 (m, 1H, T 4), 3.93-3.83 (m, 2H, T 5,

with water to remove pyridine. Cold N)@H (29%, d 0.88, 40 mL)

2.24 (dd,J; = 9 Hz, J, = 5.7 Hz, T 2), 2.01-1.96 (m, 1H, T %),

was added, and the suspension was heated in a Hastelloy bomb reactd?.09 (s, 3H, Ac), 1.64 (s, 1H, T G} 3P NMR (CDCk): —0.50. The

at 60-65 °C for 6 h. The reactor was cooled and opened, and the
reaction mixture was filtered. The filtrate volume was reduced by one-
fifth to remove excess N The pH was adjusted to 10 by the addition
of 29% NH,OH (a drop). The reaction mixture was extracted with
diethyl ether (2x 20 mL) and the aqueous layer was evaporated to a
small volume and filtered, and the filtrate was treated with LiOH (to

faster migrating diastereomer 8& [136 mg, 45% vyield R = 0.41
(CH,Cl,/MeOH)]: *H NMR (CDCl): 10.08 (br s, 1H, NH), 8.78 (s,
1H, A H-8), 8.46 (s, 1H, A H-2), 8.16 (d, 2H Bz), 7.56 (s, 1H, T H-6),
7.54-7.17 (m, 8H, Arom), 5.89 (dd}, = 5.8 Hz,J, = 2.9 Hz, T 1),
5.46-5.44 (m, 1H A 2), 5.25-5.21 (m, 1H, T 3, 5.09-5.07 (m, 1H,

A 3'),453-4.44 (m, 2H, A 1), 4.22-4.21 (m, 1H, A 4), 4.30-4.29

saturation). Anhydrous ethanol (10 volumes) was added to the resulting(m, 2H, A 5), 3.95-3.88 and 3.8%3.76 (m, 3H, T 4and 5), 2.23-

slurry which was centrifuged at 10 000 rpm,°C for 15 min. The

2.16 (m, 1H, T H-2), 2.02-1.96 (m, 1H, T H-3), 2.10 (s, 3H, Ac),

supernatant was discarded, and the precipitate was stirred with Dowex1.73 (s, 3H, T CH). 3P NMR (CDCEk): —0.72. ESI HRMS: (M+

50 H* resin (5 mL) and filtered through the same resin (20 mL). The
UV-absorbing fractions (60 mL) were concentrated and filtered. The
filtrate was purified by reversed-phase HPLC (flow rate 5 mL/min,
H20) to give6 (49 mg, 49%) (retention time 35 min, single peak) as
a fluffy white material after lyophilization. lon-exchange HPLC used
the following buffers: A 2mM KHPQ;, 8 mM KCI, 0.05 M MgCh,
0.05% acetonitrile, pH 3.0; B: 0.2 M Ki*O,, 0.9 M KCI, 0.8 M
MgCly, 5% acetonitrile, pH 3.0; retention time 70 min (cf., ref 1.
NMR (D-0): 8.31 (br s, 1H, A H-8), 8.11 (s, 1H, A H-2), 7.43 (@,
=7.8Hz,1H,CH-6),597 (1)=6.0Hz, 1 H, C1),5.75 (brs, 1H,
C H-5), 5.24 (q,d = 5.4 Hz, 1H, A 2), 4.76-4.75 (m, 1H, A 3),
4.40-4.37 (m, 1H, A 1), 4.36-4.34 (m, 1H, C 3, 4.31-4.28 (m,
1H, A 1), 4.22 (s, 1H, A 4, 4.14 (dt, 1H, A 5), 4.10 (dt, 1H, A &),
3.95 (s, 1H, C 9, 3.35 (s, 1H, C §), 2.95 (s, 1H, C 5), 2.24-2.20
(m, 1H, C 2,), 2.01-1.97 (m, 1H, C 2). 3C NMR, D,O: 166.6 (C
C-4), 157.6 (C C-2), 157.6 (A C-6), 154.5 (A C-2), 154.0 (A C-4, not
observable), 143.0 (C C-6), 142.8 (A C-8), 120.0 (A C-5) 98.1 (C C-5),
87.5 (A 4),87.1 (C 1), 87.0 (C 4),82.3(A3), 73.3(A 1), 71.8 (C
3'), 66.8 (C ), 66.1 (A 2), 63.4 (A B), 42.0 (C 2). 3'P NMR (D:0):
8.8 (s, phosphomonoester)0.9 (s, phospodiester), ratio 142263
(e = 19500). ESI HRMS: (M- H)~ calcd for GgH2sNgO12P, 619.1067,
found 619.1056; (M— 2H + Na) calcd for GgHo3NgNaO:gP»
641.0887, found 641.0906.
2'-Deoxycytidylyl(5—3")-1'-deoxy-2-isoadenosine (7)(21 mg,
66%) was prepared usirtg(0.06 mmol, 54 mg) and concentrated NH
OH (15 mL) in a procedure similar to that described GoReversed-
phase HPLC purification of was done at a flow rate 5 mL/min, using
water (solvent A) and ethanol (solvent B) in the following linear binary
gradient: 100% A (100 min),-660% B (160 min); retention time 150
min, single peak. lon-exchange HPLC: retention time 22 min (cf. ref
17).1 H NMR, (D:O): 8.25 (s, 1H, A H-8), 8.10 (s, 1H, A H-2), 7.40
7.39 (d,J = 7.2 Hz, 1H, C H-6), 5.945.92 (t,J = 6.3 Hz, 1H, C ),
5. 66-5.65 (d,J = 7.2 Hz, 1H, C H-5), 5.265.24 (gn,J = 3.6 Hz,
1H, A 2), 4.84-4.82 (m, 1H, A 3), 4.39-4.36 (m, 1H, A 1), 4.29-
4.26 (q,J = 5.6 Hz, C 3), 4.24-4.22 (dd,J. = 6.6 Hz,J, - 4.2 Hz,
A1), 4.12-4.09 (m, 1H, A 4), 4.04-4.02 (m, 2H, A 5, and C 5,
and 3.97-3.924 (m, 2H, A 5, and C %)), 3.89-3.88 (m, 1H, C 4,

H)* calcd for GsHzsCIN7O1,P 812.1840, found 812.1845.

N-Benzoyl-1-deoxy-2-isoadenosine-§2-chlorophenyl)(3-O-ben-
zoylthymidine-5'-yl)] Phosphate (88. The 3-O-dimethoxytrityl de-
rivative of 8b (118 mg, 100%) was prepared usiB@g0.12 mmol, 109
mg), 3-O-benzoylthymidine (0.1 mmol, 35 mg), and TPS-TAZ (0.3
mmol, 100 mg) in a procedure similar to that described 4or
Detritylation (CH.CI,/2% DCA,15 mL) and purification by column
chromatography (C¥C1./5%MeOH) gave8b (30 mg, 35%) (mixture
of diastereomers, ratio 1:1) as a white foaR,= 0.35 (CHCIy/
5%MeOH).*H NMR (CDClg): 11.06 (br s, 1H, NHBz), 10.17 (br s,
1H, T NH), 8.76 and 8.74 (s and s, 1H, A H-8), 8.39 and 8.37 (s and
s, 1H, A H-2), 8.04-7.99 (m, 4H, Bz), 7.62 and 7.59 (s and s, 1H,
T-6), 7.69-7.14 (m, 10H, Arom), 6.546.37 (m, 1H, T 1), 5.88 (br s,
1H, 5-OH), 5.58 (br s, 2H, A 2and T 3), 4.66-4.60 and 3.99-3.91
(9H, unresolved sugar protons signal), 2:&636 (m, 2H, T 2), 1.84
and 1.82 (d and d, 3H, Gj 3'P NMR (CDCk): —8.95 (s),—9.93 (s).

ESI HRMS: (M + H)* calcd for GoH3sCIN7O1.P 874.1996, found
874.2021.

Thymidylyl(5'—3)-1'-deoxy-2-isoadenosine-5phosphate (12was
prepared fronBa in four steps. Sulfonyldiethanol (20 mmol, 3.08 g)
was evaporated with anhydrous pyridine several times and dissolved
in 10 mL of pyridine under nitrogen. 4Dimethoxytrityl chloride (10
mmol, 3.39 g) was added, and the reaction was left overnight at room
temperature. The reaction mixture was partitioned between cold
methylene chloride (300 mL) and saturated aqueous NaHTD mL),
and the organic phase was concentrated. The residue was purified by
column chromatography (CBI./3% MeOH) to give 20-(4,4-
dimethoxytrityl) sulfonyldiethanol (4.0 g, 87%) as a colorless #il.
NMR (CDCly): 7.43-7.24 (9H, Arom), 6.356.30 (m, 4H, Arom),
4.12 (m, 2H, DMTrOCH), 3.81 (s, 6H, CHO), 3.68 (t,J = 6 Hz, 2H,
CH;0OH), 3.40 (t,J = 6 Hz, 2H, DMTrOCHCH;), 3.10-3.05 (m, 2H,
CH;CH:OH). ESI HRMS: (M + Na)" calcd for GsH2s0sNaS
479.1497, found 479.1510.

The compound from the previous step (5 mmol, 2.28 g) was
evaporated with anhydrous pyridine several times and dissolved in 5
mL of pyridine. 1,2,4-Triazole (40 mmol, 276 mg) and TEA (40 mmol,
545 mL) were dissolved in 100 mL of anhydrous THF under nitrogen
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and cooled. POGI(10 mmol, 0.092 mL) was added dropwise-ab

°C. After stirring for 10 min, the reaction mixture was filtered under
nitrogen into the solution prepared above. Aftéh at 0°C, the reaction
mixture was partitioned between cold ethyl acetate (300 mL) and
NaHCQ; (saturated, 100 mL), washed with brine x1100 mL), and

J. Am. Chem. Soc., Vol. 122, No. 24, BBXY

(e = 17990). ESI HRMS:
554.0995; found 554.0980.
Hydrolytic Cleavage Catalyzed by Phosphodiesterases (PDE |
and I1). Phosphodiesterase | AssaysThe reaction mixtures were
prepared using 20L (0.32 mM), 40uL (0.64 mM), 60uL (0.96 mM),

(M— H)’calcd for GoHaeN7013P2:

concentrated. The residue was purified by column chromatography and 80uL (1.28 mM) of dApdC and isodApdC (and other modified

(CH:CI/12%MeOH) to give 20-(4,4-dimethoxytrityl) sulfonyldietha-
nol disodium phosphatel() as a colorless glassy material (3.0 g,
100%).*H NMR (CDCls): 7.45-7.25 (m, 9H, Arom), 6.356.30 (m,
4H, Arom), 4.26-4.10 (m, 2H, DMTrOCH), 3.65-3.45 (m, 2H, CH-
OP), 3.26-3.15 (m, 2H, DMTrOCHCH,), 3.10-3.05 (m, 2H, CH-
CH,OP). 3P (CDCE): —4.90 (br s).

The compound from the previous step (0.5 mmol, 300 r@) &nd
8a (0.1 mmol, 80 mg) were evaporated several times with anhydrous
pyridine and then dissolved in 4 mL of pyridine under nitrogen. TPS-
TAZ (1 mmol, 340 mg) was added and the reaction mixture was kept
for 0.5 h at room temperature. Workup of the reaction mixture and the
following steps were done as described 5do give 11 as a colorless
glassy material (0.85 mg, 70% fro8a). CompoundL1 (0.7 mmol, 85
mg) was fully deprotected as described farand worked up as
described fo6. Reversed-phase HPLC purification (flow rate 5 mL/
min, HO) gavel?2 (retention time 30 min, major peak) as a white
fluffy material after lyophilization (21 mg, 48%)H NMR (D;0): 8.34
(s, 1H, A H-8), 8.10 (s, 1H, A H-2), 7.24 (s, 1H, T H-6), 6.01Jt=
6.1 Hz, 1H, T 1), 5.27 (gn,J = 3.6 Hz, A 2), 4.98 (gn,J = 3.6 Hz,
A 3'), 4.41-4.32, 4.25-4.09 and 4.023.95 (m,m,m, 9H, unresolved
sugar signals), 2.242.14 (m, 1H, T 2), 1.97-1.89 (m, 1H, T 2),
1.67 (s, 1H, CHT). 3P NMR (D;0): —0.19 (br s, phosphomonoester),
—1.94 (s, phosphodiester), ratio 1:dmax 263 € = 18000). ESI
HRMS: (M — H)~ calcd for GoH2sN7010P 635.1051, found 635.1078.
Minor peak (retention time 35 min) gavE3 (1.5 mg, 3%, see data
below).

5-Methyl-2'-deoxycytidinylyl (5'—3')-1'-deoxy-2-isoadenosine-5
phosphate(13). This compound was prepared starting with the same
procedure as fot2, that is, with8a (0.1 mmol), the phosphorylating
reagent (0.5 mmol), and TPS-TAZ (1 mmol). However, the workup
after the first step was different and involved treatment with cold 15%
NH4OH (5 mL) followed ly 2 h atroom temperature. The reaction

dinucleotides) substrate concentrations in 2800f 50 mM Tris-Cl
buffer (pH 7.6) containing 10 mM Mg&lReactions were initiated by
the addition of 4Q:L of enzyme (5 units/mL) to each reaction mixture
at 37°C for 1 h. The reactions were stopped by addition of 26®f

1 M phosphate buffer pH 4.0 containing 5 mM EDTA. The reactions
were analyzed by HPLC using agxolumn (3.9x 300 mm) with a
gradient of the following: 620 min, 100% water; 2640 min, 90:10
water:methanol; 4660 min, 80:20 water:methanol, and-600 min,
70:30 water:methanol. The flow rate was 0.6 mL/min. The retention
times for both PDE assays were as follows:d2oxyadenosine and
2'-isodeoxyadenosine, 52 min'-@eoxycytidine, 28 min; 2deoxycy-
tidine 5-monophosphate, 9 min;-Beoxyadenosine 3nonophosphate,
2'-isodeoxy-adenosiné-gnonophosphate, 26 min; dApdC and IsodAp-
dC, 46 min.

Phophodiesterase Il AssaysThe assay mixtures were prepared
using 20uL (0.32 mM), 40uL (0.64 mM), 60uL (0.96 mM), and 80
uL (1.28 mM) of dApdC and isodApdC and other substrate concentra-
tions in the 250uL of 0.1 M acetate buffer (pH 6.0) containing 10
mM MgCl,. The reactions were initiated by the addition ofb of
enzyme (5 units/mL) to the reaction mixture at 3Z for 1 h. The
reactions were stopped by addition of 280 of 0.5 M Tris-Cl buffer
(pH 10.0) containing 5 mM EDTA and analyzed by HPLC as described
above.

Anti-Integrase Studies.Anti-integrase studies were carried out as
described previously by Pommier and co-work&rs.

In brief, IN was preincubated at a final concentration of 200 nM
with the inhibitor in reaction buffer (50 mM NaCl, 1 mM HEPES,
[pH 7.5], 50uM EDTA, 50 uM dithiothreitol, 10% glycerol [wt/vol],

7.5 mM MnCk, 0.1 mg of bovine serum albumin per ml, 10 mM
2-mercaptoethanol, 10% DMSO, and 25 mM MOPS [morpholinepro-
panesulfonic acid] [pH 7.2]) at 30C for 30 min. Then, the 'send

mixture was concentrated and partitioned between ethyl acetate (100.-P-labeled linear oligonucleotide substrate (20 nM) was added, and
mL) and brine (30 mL). The organic phase was separated and incubation was continued for 1 h. Reactions were quenched by the
concentrated, and the residue was purified by column chromatographyaddition of an equal volume (14L) of loading dye (98% deionized
(CH:CL/12%MeOH/1%TEA) to give a colorless glassy material (110 formamide, 10 mM EDTA, 0.025% xylene cyanol, 0.025% bromophen-
mg, 85%) that was deprotected as describedéfoReversed-phase  ©! blue). An aliquot (5uL) was electrophoresed on a denaturing 20%
HPLC purification (5 mL/min, HO) gavel3 (retention time 35 min) polyacrylamide gel (0.09 M Tris-borate [pH 8.3], 2 mM EDTA, 20%
as a white fluffy material after lyophilization (25 mg, 46%j NMR acrylamide 8 M urea). Gels were dried, exposed in a Phosphorimager
(D20): 8.29 (s, 1H, A H-8), 8.03 (s, 1H, A H-2), 7.18 (@= 1.0 Hz, cassette, and ana_lyzed with a Molecular Dynamlc_s_PhosphorImager
1H, T H-6), 5.94 (tJ = 6.3 Hz, 1H, T H-1), 5.19 (qn,J = 2.4 Hz, A (Molecular Dynamics, Sunnyvale, CA). Percent inhibition was calcu-
2, 4.91-4.87 (m, 1H, A 3), 4.33-4.24, 4.19-4.03 and 3.973.88 lated using the following equation: inhibiticn 100[1— (D — C)/(N
(m,m,m, 9H, unresolved sugar signals), 2-2507 (m, 1H, T 2), 1.93- — C)], where C, N, and D are the fractions of 21-mer substrate
1.84 (m, H, T 2), 1.59 (s, 3H, T Ch). 3P NMR (D;0): 9.17 (br s, converted to 19-mer (gprocessing product) or strand transfer products
phosphomonoester; 1.49 (s,) phospodiester)ma 263 € = 18500). for D_NA_ qlone, DNA plus_ IN, and IN plus drug, respectlvt_aly. The
ESI HRMS: (M — H)~ calcd for GoH2NgO1P»: 633.1161, found 50% inhibitory concentrations (Kg) were determined by plotting the
633,1221; (M— 2H)?", calcd for GoHeNsO1P2:  316.5030; found log of drug concentration versus percent inhibition and identifying the
316.5015. concentration which produced an inhibition of 50%.
Thymidylyl(5'—3')-1'-deoxy-2-isoadenosine (9)Compound (15
mg, 75%) was prepared usiBp (0.035 mmol, 30 mg) and 29% NH
OH (10 mL) and purified by reversed-phase HPLC as describef for
(retention time 120 min, single peakd NMR (D;0): 8.30 (s, 1H, A
H-8), 8.13 (s, 1H, A H-2), 7.21 (s, 1H, T H-6), 5.98 = 7.5 Hz,
1H,T 1), 5.30-5.26 (m, 1H, A 2), 4.25-4.19 and 4.16:3.92 (m,m,m,
10H, unresolved sugar proton signals), 2:2115 (m, 1H, T 2), 2.08—
1.99 (m, 1H, T 3,), 1.67 (s, 3H, T CH). 3P (D,O): 1.93 (S)Amax263
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