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ABSTRACT: 2-Hydroxyisoquinoline-1,3(2H,4H)-dione was
recently discovered as a scaffold for the inhibition of HIV-1
integrase and the ribonuclease H function of HIV-1 SRR
transcrlptase First, we investigate its interaction with Mg and
Mn*" using different spectroscopic techniques and report that
2-hydroxyisoquinoline-1,3(2H,4H)-dione forms a 1:1 complex
with Mg>" but a 1:2 complex with Mn>*. The complex
formation requires enolization of the ligand. ESR spectroscopy
shows a redox reaction between the ligand and Mn”" producing

COOMe

1C5y (HIV-1 Ribonuclease H) = 61 nM
ICsp (HIV-1 integrase) = 4.77 pM

OH

O

superoxide anions. Second, 2-hydroxyisoquinoline-1,3(2H,4H)-dione, its magnesium complex, and its 4-methyl and 2-hydroxy-4-
methoxycarbonylisoquinoline-1,3(2H,4H)-diones were tested as inhibitors of HIV-1 integrase, reverse transcriptase ribonuclease
H, and DNA polymerase functions. Their antiviral activities were evaluated and 2-hydroxy-4-methoxycarbonyl-isoquinoline-
1,3(2H,4H)-dione was found to inhibit the viral replication of HIV-1 in MT-4 cells. Cross-resistance was measured for this
compound on three different viral strains. Experimental data suggest that the antiviral activity of 2-hydroxy-4-methoxycarbony-
lisoquinoline-1,3(2H,4H)-dione is probably due to the RNase H inhibition.

B INTRODUCTION

The three HIV-1 enzymes, namely protease, reverse transcrip-
tase, and integrase, have emerged as ideal targets for the devel-
opment of inhibitors of HIV-1 replication. Anti-HIV drugs
targeting these enzymes have been approved for use in the
treatment of HIV infection." However, the emergence of drug
resistance can attenuate the efficacy of antiretroviral treatment.
To suppress these drug-resistant variants, novel anti-HIV drugs
that block new targets or several targets simultaneously are
urgently needed.

Among these new strategies, the development of inhibitors of
integrase (IN) and of the ribonuclease H (RNase H) function of
reverse transcriptase (RT) has been proposed.” Indeed, HIV-1
integrase and the RNase H domain of HIV 1 RT exhibit striking
similarities of structure and function,* justifying the biological
evaluation of newly synthesized compounds on these two viral
enzymatic targets

Reverse transcription is performed by reverse transcriptase.
RT combines two distinct enzymatic activities, a DNA
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polymerase activity (N-terminal two-thirds) and a RNase H
activity that cleaves the RNA strand of a RNA/DNA hybrid (C-
terminal one-third).

IN inserts the viral DNA into the host cellular genome through
a multistep process that includes two catalytic reactions: 3'-
endonucleolytic processing at both ends of the viral DNA (3'-P)
and joining of the 3’-processed viral DNA and host chromosomal
DNA (strand transfer: ST).

To date, no X-ray structure of the entire HIV-1 IN with or
without substrate is available. Fifteen X-ray structures of the core
domain, with and without intact C- or N- termlnal domains, have
been solved. In these cases, only one Mg”" ion bound by D64
and D116 has been found in the active site of IN.”~** However,
there is growing evidence in support of a two-metal ion theory.
For 1nstance, X-ray structures of ASV integrase with Cd2+ or

* show a second binding site between D64 and E157,"* and
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Scheme 1. HIV-1 RNase H and IN Inhibitors
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most molecular docking studies consider that IN may welcome
two Mg”" ions in its active site. In this hypothesis, the two metal
ions should be separated by 3.6 to 3.7 A. Very recently, Hare et al.
reported the crystal structures of full-length prototype foamy
virus (PFV) integrase-DNA complexes with various HIV-1
integrase inhibitors, exhibiting two metal ions in the strand
transfer active site (ngr or anJr).]S

The structure of the HIV-1 RNase H domain has been
determined from crystals of the intact enzyme, from the isolated
RNase H domain, and from cocrystals of HIV-1 RT and
substrate."®”"® The active site of the RNase H function contains
four acidic residues, D443, E478, D498, and D549, that likely
coordinate two divalent metal ions that are essential for catalysis,
with an intermetallic distance of 4 A."® In a cocrystal structure of
full-length HIV-1 RT in a ternary complex, a single Mg” " ion was
observed.*® The similar RNase H domain of E. coli binds one or
two divalent cations; however, the most recent cocrystal struc-
tures of the B. halodurans and human RNase H with bound
substrates strongly sug§est that RNase H uses a two-metal ion
mechanism of catalysis.”"** As demonstrated by a NMR study of
the RNase H domain, the two Mg binding sites present very
different dissociation constants, showing that both sites are
largely unoccupied under physiological conditions in the absence
of substrate.”?

The design of IN and RNase H inhibitors is therefore strongly
related to their ability to bind two Mg>" ions separated by

3.6—4.0 A>* Several inhibitors (Scheme 1) characteristically
present three aligned heteroatoms (bold atoms, mainly three
oxygens). Typical examples are members of the diketoacid family
(DKA, IN inhibitor L-708,906>° or RNase H inhibit0r26),
8-hydroxyquinoline-7-carboxamide®” (among the first IN inhi-
bitors in clinical trials, L-870,810 and L-870,812), 6-hydroxy-5-
oxopyrimidinecarboxamide (raltegravir, the first FDA-approved IN
inhibitor),”® 2-hydroxyisoquinoline-1,3(2H,4H)-dione (RNase
H inhibitor),” hydroxytropolones (among the first designed
inhibitors of both IN and RNase H),***' and madurahydrox-
ylactone derivatives.*>

The ability of such inhibitors to bind two divalent ions (at least
partially) has been evidenced by us and others in the case of the
DKA family.>* "% Moreover, analysis of the drug-induced IN
mutations led to the conclusion that these compounds inhibit
viral replication by sequestering magnesium cations of the
catalytic IN core.

Compared to the plethora of IN inhibitors, there are few
examples of RNase H inhibitors, and to the best of our knowl-
edge, none of them has revealed exceptional antiviral activities
except for a series of compounds patented by Merck (see
Scheme 1).%® There is no firm physicochemical evidence that
they complex magnesium cations within the RNase H catalytic
center. However, RNase H cocrystallized with 2-hydroxyisoqui-
noline-1,3(2H,4H)-dione in the presence of manganese cations
was reported in 2006.>°
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Scheme 2. Structures of the Tested Compounds
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Starting from the pioneering work of Klumpp et al,* we
anticipated that 2-hydroxyisoquinoline-1,3(2H,4H)-dione 1 may
be an ideal platform to design new RNase H and/or IN inhibitors
depending on the substitution of this scaffold. For this purpose,
we synthesized a series of substituted 2-hydroxyisoquinoline-
1,3(2H,4H)-diones in order to study their ability to bind divalent
ions in connection with their biological properties.>”**

In the present work, we investigate the interaction of 2-hydro-
xyisoquinoline-1,3(2H,4H)-dione 1 with two divalent cations
(Mg®" and Mn>"). Depending on the nature of the cation, we
used different spectroscopic methods: UV—vis spectroscopy to
determine the stoichiometry of the complexes and their stability
constants, IR spectroscopy, 'H and "*C NMR (for Mg*"), and
ESR (for Mn*") to determine their structures both in solid state
and in solution. In order to evaluate the impact of a substitution
at position 4, we also synthesized two analogues of 1: one bearing
an electron-withdrawing group (2-hydroxy-4-methoxycarbony-
lisoquinoline-1,3(2H,4H)-dione 3) and the other bearing an
electron-donating moiety (2-hydroxy-4-methylisoquinoline-
1,3(2H,4H)-dione 4) (Scheme 2). Their tautomeric forms in
solution, as well as the stoichiometries and stability constants of
their magnesium complexes, were related to their antiintegrase,
antiRNase H, and antiviral activities together with those of 2, the
synthesized Mg>" complex of 1.

B RESULTS

UV—Vis Spectroscopy—Stoichiometries and Stability
Constants. The interaction of ligand 1 with magnesium cations
was previously studied.*” The stoichiometry (M/L) was found
to be 1:1, and the value of K, was 3.0 x 10* mol-L™". The
elemental data obtained with the synthesized Mg>" complex 2,
[Mg(L)(H,0)4] (Scheme 3), were in perfect accordance with
this stoichiometry, and its UV—vis spectrum fully superimposed
on that obtained from equimolar mixtures of ligand and magne-
sium acetate at the same concentration. For compound 3
(Figure 1), the stoichiometry and stability constant were found
to be 1:1 and 4.3 £ 0.8 0 x 10°> mol-L™", respectively.
Compound 4 (Figure 2) interestingly displayed two stoichio-
metries, 1:1 (minor) and 1:2 (major), with respective K, values of
2.0 0.9 x 10° mol-L™ " and 4.7 £ 0.5 x 10" mol>-L ™.

In the case of Mn”", after 4 min of incubation of ligand 1 and
Mn** solutions, UV spectra were recorded and the stoichiom-
etry was found to be 1:2 and K, was 8.0 x 10" mol*-L ™. After a
longer time, the UV spectra of the solution still underwent strong
modifications, but stoichiometry calculations gave the same
result. The same UV spectra were obtained by mixing 2 equiv
of the ligand 1 with manganese(IIl) acetate.

"H and ">C NMR Studies of the Ligands and Their Magne-
sium Complexes. Prior to ma§nesium cation complexation
studies, a glance at the 'H and "*C NMR ligand spectra led us
to have further insight into their structural features. Whereas 1

Scheme 3. Structure of the Magnesium Complex 2
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Figure 1. Job plots of 3 with Mg”": (@) 5 x 10~ * Mand A = 365.5 nm;
(M) 8 x 10 *Mand A =302.5n0m; (A) 8 x 10 *Mand A = 365.5 nm.

Absorbance

04 : : : )
0,1 0,3 05 0,7 09

Figure 2. Job plots of 4 with Mg*": (@) 5 x 10" *Mand A = 365.5 nm;
(M) 8 x 10 *Mand A =302.50m; (A) 8 x 10 *Mand A = 365.5 nm.

was exclusively obtained as its keto form, 3 and 4 were found to
exist as mixtures of keto and enol forms with close keto to enol
ratios of 55:45 and 60:40, respectively. Distinction between these
two forms was based upon the Hy and C, signals, and we could
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Scheme 4. Possible Tautomeric Forms of 3 and 4
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unambiguously establish the keto forms of 1, 3, and 4. However,
we had strong doubts about the exact canonical form of the other
observed tautomer for 3 and 4, arising from the set of chemical
shifts attributed to the carbonyl carbons. The carbonyl carbons of
3 shifted from 161.0 ppm and 163.3 ppm for the keto form to
158.3 ppm and 161.0 ppm for the enol form, whereas, in the case
of 4, they shifted from 161.3 ppm and 170.1 ppm for the keto
form to 146.7 ppm and 152.4 ppm for the enol form. Curiously,
the substitution in position 4 had no effect on the chemical shift
of carbon C, (83.7 ppm for 3, 84.0 ppm for 4, and 84.4 ppm for 2
(the magnesium complex of 1)). These spectacularly high field
shifts of the carbonyl signals led us to suspect aromatization of
the enol form of 4. Scheme 4 depicts the possible tautomeric
states (ketonic, enolic, or aromatized) of 3 and 4. In an attempt to
solve this problem, we undertook to calculate the theoretical *C
chemical shifts for the different possible tautomers.

Among magnetic shielding tensors calculation methods, the
gauge invariant atomic orbitals (GIAO)* are currently the
method of choice.*” Regarding the theory level, density func-
tional theory (DFT) has emerged as a good option, since it
provides acceptable levels of accuracy at relatively low computa-
tional cost.*"**

Compounds 3 and 4 have four tautomeric forms each, which
were all examined: a keto form a, an enolic form represented by
two different resonance structures in the calculations (b/c), and
two different aromatic forms d and e. The lowest energy
conformers were first identified using a systematic pseudo-
Monte Carlo search and the Merck molecular force field when
applicable. The geometry of the selected conformers was pre-
optimized at the AM1 level and further optimized at the B3LYP/
6-31G(d) level. Gas phase GIAO >C NMR calculations were
then carried out on the minimized structures at the B3LYP/6-
311G+(d,p) level. Calculations were carried out using the
Gaussian 03 package.”

cscalcx = Opf — Ox+ 6ref (1)

Chemical shifts were calculated according to eq 1, where 0, fand
0, are the NMR isotropic magnetic shielding values calculated at

the same level of theory for the reference compound and the
nucleus x of interest, respectively, and O, is the experimental
chemical shift of the reference compound. Considering that most
carbons in the structures are sp’-hybridized and that TMS has
previously been shown to be an inappropriate standard in *C
GIAO calculations for sp>-hybridized carbons,**~*” benzene was
chosen as reference.

As shown in Table 1, the computed GIAO NMR chemical
shifts for the keto forms 3a and 4a are in high accordance with
experimental data, therefore validating this approach. As far as
the second tautomer observed experimentally is concerned,
carbons C,4 and, more surprisingly, C; are highly shielded when
compared to the keto forms, exhibiting chemical shifts situated in
the aromatic region and making it particularly difficult to
elucidate whether it is enolic or aromatic. Although assignment
of the second forms was less obvious from direct interpretation of
the experimental spectra, the results obtained from this compu-
tational study strongly indicate that the second observed tauto-
mer in each case corresponds to enols 3b/3c and 4b/4c. In
addition to overall statistical values, there are two carbons that
obviously discriminate between enolic and aromatic forms,
namely C, and Cg,. The deviation between experimental and
computed chemical shifts is well above 10 ppm in the case of
aromatic forms d and e, ruling them out. However, predictions
for the enolic form b/c are a lot more accurate for these two
carbons as well as for the rest of the structure.

The complexation of ligand 1 with magnesium cations was
previously investigated.” Briefly, in the absence of cation, the '"H
NMR spectrum of 1 presents five signals: a singlet at 4.26
ppm (2H, H,), three aromatic signals at 7.37—7.52 ppm (H,
and Hj), 7.70 ppm (Hg), and 8.03 ppm (Hg), and a broadened
singlet at 104 ppm (OH). In the presence of 0.1—1.0
equiv of magnesium acetate, the singlets at 426 and 104
ppm progressively disappear and a singlet at 5.55 ppm is ob-
served. For 1 equiv of magnesium acetate, four signals are
observed at 5.55 ppm (1H, H,), 6.83 ppm (Hj), 7.18 ppm (H;
and H;), and 7.80 ppm (Hg). The "H NMR spectrum of 1 in the
presence of 1 equiv of magnesium acetate was in perfect
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Table 1. Analysis of the Differences in '*C Chemical Shift between B3LYP/6-311G+(d,p) GIAO NMR Predictions and
Experimental Results in ds-DMSO for the Possible Tautomers of 3 and 4

Compound 3 GIAO NMR chemical shift predictionsvs
experimental values
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accordance with that of the newly synthesized solid complex 2 at
the same concentration and the observed peak of water (3.3
ppm) on the "H NMR spectrum of 2 integrated exactly for eight
protons according to the elemental formula, [Mg(L)(H,0),]
(these measurements were repeated three times with three
different synthetic batches).

Additionally, three other series of experiments were carried out:
instead of magnesium acetate, we added 2 equiv of sodium acetate.
A quite different spectrum was then observed with five signals at
5.15 ppm (1H, H,), 6.60 ppm (H,), 6.95 ppm (Hg), 7.10
ppm (Hg), and 7.75 ppm (Hs). The addition of 2 equiv of sodium
hydroxide gave a similar result whereas the addition of magnesium
chloride did not rapidly modify the initial spectrum. Two weeks
were needed to observe the appearance of complexation.

In the absence of complexation, the *C NMR spectrum of
ligand 1 presents nine signals at 37.6 ppm (C,), 125.6 (Cg,),
125.8, 126.5, 128.4, 131.8, and 135.7 (C,,) ppm (aromatic
carbons) and 161.3 and 166.0 ppm (carbonyl carbons). After

1816

magnesium complexation (1 equiv of magnesium acetate), the
signal at 37.6 ppm disappears and a new signal at 84.4 ppm (C,)
is observed, the aromatic signals moderately shift (113.3 (Cg,),
117.8, 122.7, 125.4, 129.2, and 137.8 (C4,) ppm), and the
carbonyl carbon signals shift to high field (157.7 and 158.6
ppm). A similar *C NMR spectrum was obtained for the solid
complex 2.

IR Study of the Ligand 1 and Its Complex 2. The spectrum
of 2 presented a large band at 3369—3434 cm ™', which is absent
in the IR spectrum of 1, confirming the presence of molecules of
water in the sphere of coordination of complex 2. The two
vibration bands (1723 and 1666 cm ') characteristic of the
carbonyl bonds of 1 shifted to 1626 and 1551 cm™ ' in complex 2,
and the vibration band at 2926—2920 cm” ' (methylene CH
bonds of 1) disappeared. These results attest the formation of an
enolate upon magnesium complexation.

ESR Study of the Mn?>" Complex of 1. The Mn*"
ESR spectra were recorded for different ratios Mn2+/ligand

dx.doi.org/10.1021/jm 1014692 |J. Med. Chem. 2011, 54, 1812-1824
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Figure 3. ESR spectra of a 1 mM methanolic solution of Mn(OAc), (blue) with 0.5 (black), 1.0 (green), and 2.0 (red) equiv of 1.
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Figure 4. (left) ESR spectrum of a solution in DMSO of Mn(OAc), and 2 equiv of 1 in the presence of DMPO. (right) Experimental and simulated ESR

spectra of DMPO-OOH®.

in methanol. The characteristic six-line signal of Mn®" (Landé
factor g = 2.0153, a(iso) = 94.31 G) disappeared for a ratio of
one Mn”*" for two ligands (Figure 3). Since this result
indicated that Mn*" is probably oxidized to silent oxidized
forms of manganese, we therefore carried out the same
experiment in DMSO in the presence of DMPO.

A new sixline signal superimposed on the Mn’" signal
(Figure 4) that is characteristic of the adduct DMPO-OOH
(an = 1415 G and ay = 11.3 G).

Anti-IN, anti-RNase H, and Antiviral Properties. The in-
hibitory potency of 2-hydroxyisoquinoline-1,3(2H,4H)-diones
1, 3, and 4 and magnesium complex 2 was evaluated on HIV-1
integrase (Figure S) and HIV-1 reverse transcriptase ribonu-
clease H and polymerase functions (Figure 6).Their effect on
HIV-1 replication was also evaluated on MT-4 cells. Results are
reported in Table 2; the values determined for raltegravir*® and
the best published Merck’s RNase H inhibitor® are included for
the purpose of comparison. 1 and its magnesium complex 2
revealed very similar inhibitory activities on both integrase (ICs,
around 5.2 uM) and RNase H (ICs, around 4.5 uM).

In order to replicate, HIV needs to establish itself as a provirus
in the host. Therefore, integrase promotes the integration of the
cDNA copy of the viral RNA genome into the host chromatin.
For this purpose, IN needs to catalyze two reactions, namely the
3'-processing reaction, producing recessed DNA ends by

endonucleolytic cleavage of the conserved CA dinucleotide at
the 3'-terminus of the viral DNA, and the strand transfer reaction
resulting in the insertion of both recessed viral DNA ends into
the host-cell chromosome. State of the art ELISA based assays
allow evaluation of the overall enzymatic activity (3'-processing
and strand transfer) of integrase inhibitors. Using preprocessed
substrates, the strand transfer reaction can be decoupled from the
3'-processing reaction. To date, the only integrase inhibitor
approved for its use in the clinic, Raltegravir, inhibits the strand
transfer reaction. Compounds 1, 2, and 3 inhibit the integrase
reaction in both assays with nearly identical ICy, (Table 2),
pointing out that the integrase inhibition is probably due to
strand transfer inhibition. The substitutions at position 4 led to
contrasted results. A methoxycarbonyl group conferred to 3 a
remarkable RNase H inhibitory activity (ICs, = 61 nM) but did
not strongly modify the anti-integrase activity of 1. Conversely, a
methyl group had a negative effect on the inhibition of RNase H
(ICso = 38.8 uM). This excellent RNase H inhibitory activity
conferred to 3 an appreciable antiviral activity with an ECs of
13.4 uM and a therapeutic index of 4.5, whereas the other
compounds exhibited limiting cytotoxicities. In order to gain
insight into the mechanism of action of 3 and in spite of a low
therapeutic index, a cross-resistance profile of 3 was measured. In
total, three different strains resistant against integrase and RT
inhibitors were included. For integrase, two different kinds of
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inhibitors have been described so far. Strand transfer inhibitors,
such as Raltegravir, inhibit the enzymatic reaction of integrase
directly by binding to the catalytic core of integrase and displac-
ing the single stranded processed substrate'® of the viral DNA.
LEDGINS, on the other hand, are experimental drugs inhibiting
the viral integration in cell culture by binding on an allosteric site

B biotin B B

b avidin
\ﬁ" digoxinin ELISA detedionly R

)— Anti-D

\P peroxidase

Figure 5. Schematic outline of a standard ELISA assay as described in
detail in the Methods section. Oligodeoxynucleotides resembling the
viral S’ LTR sequence are labeled with biotin (B) and digoxigenin (D) in
the complementary strand. After 3'-processing and strand transfer, the
reaction products are denatured and bound to streptavidine coated (A)
microtiter plates. The overall enzymatic activity is analyzed by detecting
the digoxigenin label with a specific antibody fused to peroxidase. In
order to analyze the strand transfer enzymatic activity, the first step is
omitted and a preprocessed substrate is used.

on integrase and therefore displacing the cellular cofactor of
integration LEDGF/p75.* Interestingly, 3 does not show any
cross-resistance with both types of inhibitors (see Table 3,
resistance strains A128T and G140S/Q148H*), clearly indicat-
ing the novel mechanism of action of compound 3 in comparison
with known integration inhibitors. The same finding is observed
for the non-nucleotide reverse transcriptase inhibitors®®
(NNRTTI) (see Table 3 A17R). Hence, compound 3 represents
a novel strategy for inhibiting HIV replication in cell culture.

H DISCUSSION

2-Hydroxyisoquinoline-1,3(2H,4H)-dione 1 easily formed
complexes with dlvalent cations with 1:1 and 1:2 stoichiometries
for Mg*" and Mn®", respectively. These stoichiometries were
established using UV—vis and resonance spectroscopies in
solutlon ("H NMR for Mg”" and ESR for Mn*"). In the case
of Mg*", complex 2 was also synthesized and its NMR data were
similar to those obtained after mixing solutions of ligand and
magnesium acetate at the same concentration. Unfortunately,
this isolated magnesium complex was amorphous and its crystal-
lographic structure could not be obtained.

IR and NMR data confirmed the facile enolization of the
ligand when complexed both in solution (NMR) and at the solid
state (IR). Since the pK, of the proton of the hydroxyl imide
group is about 8, we reasonably assume that the ligand is
bianionic in the presence of magnesium cations. The coordina-
tion sphere is completed with four molecules of water that can be
characterized by IR and quantified from the "H NMR spectrum
of the magnesium complex in a solution of dry DMSO-ds. We
propose the structure given in Scheme 3 for the solid magnesium
complex 2.

Interestingly, ligand 1 also complexed Mn>* cations. Due to
the instability (in the first few minutes of the reaction) of the
UV—vis spectra, we decided to measure the stoichiometry at a
fixed short time (4 min) and after a longer time (30 min) when
the spectra did not evolve any more. In both cases, the stoichi-
ometry was 1:2. This stoichiometry was already observed for 2,3-
dlhydroxyqumolme However, the ESR study suggested that
Mn*" is oxidized. The six-line signal characteristic of Mn*"
disappeared for exactly 2 equiv of ligand. We suppose that a

Table 2. Inhibition of HIV-1 IN and RT RNase H Activities, Antiviral Activity, and Cytotoxicity of Compounds 1—4 (ICs in M)

IN activity activity in MT-4 cells
compd RNase H activity” of RT, ICs, polymerase activityb of RT, ICs, overall® ICs, ST¢ 1Cso HIV-1° ECy, cytotoxicity’ CCso

1 591 4 2.44 >50 6324261 791+271 >27.05 27.05
2 3.01 £ 1.2 NT 4114185 2.89+£227 >69.13 69.13
3 0.061 % 0. 005 >50 4774058 490+ 0.1.7 1344+ 44 60.85 + 2.85
4 388 >50 3304173 NT >250 >250
Raltegravir™® >25 >100 0.002—0.007 0.013 & 0.0005  >18
Merck’s RNase H inhibitor™® 0.045 £ 0. 028 13+ 1.3" 24 0.19 £ 0. 12/ 33+23

“ Concentration required to inhibit by 50% the in vitro RNase H activity of HIV-1 RT. Values are means =& standard deviations from at least three
independent experiments. ” Concentration required to inhibit by 50% the in vitro polymerase activity of HIV-1 RT. Values are means = standard
deviations from at least three independent experiments. “ Concentration required to inhibit by 50% the in vitro overall integrase activity. Values are
means =+ standard deviations from at least three independent experiments. 4 Concentration required to inhibit by 50% the in vitro strand transfer
integrase activity. Values are means =+ standard deviations from at least three independent experiments. “ Effective concentration required to reduce the
HIV-1-induced cytopathic effect by 50% in MT-4 cells. Values are means - standard deviations from at least three independent experiments.’ Cytotoxic
concentration required to reduce MT-4 cell v1ab111ty by 50%. Values are means % standard deviations from at least three independent experiments.
¢RNase H assay using wild-type HIV-1-RT. " Polymerase assay using D443N HIV-1-RT. 'HIV-1 HXB2 single cycle viral replication assay in HeLa P4-
2 cells.” CCso = concentration for 50% cytotoxic response using Alamar Blue indicator in HeLa P4-2 cells
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Figure 6. Schematic outline of the HIV-1 reverse transcriptase RNase H and the DNA polymerase assays.

Table 3. Reduced Susceptibilities of Resistant HIV Strains to
Compound 3 and Reference Compounds

viral target
integrase reverse transcriptase
resistance  virus strain® compound 3 raltegravir efavirenz  AzaT
LEDGIN® IN-A128T 2 1 1 1
raltegravir IN-G140S/ 1 >400 1 1
Qu48H*
efavirenz RT-A17R IIIB° 1 1 17 1

?Viral strain selected to be resistant against the drugs mentioned in the
first column of the table. © A strain was selected to be resistant against the
LEDGINs.*® CFold resistance in comparlson with the respective WT-
strain of HIV-1. Raltegravu’ re51stant strains* (and references within).
®HIV-1 strain resistant to NNRTIs.>

L,Mn*" complex is formed at first. Manganese then rapidly
oxidizes in the presence of dissolved oxygen to form a
(L,MnO,)*" complex silent in ESR (Scheme $) that decom-
poses into a stable L,Mn>" complex, leading to the simultaneous
production of superoxide anion. Hydroxysalen manganese com-
plexes have previously been identified as superoxide
generators.53 In the presence of the spin trap DMPO, a new

six-line signal characteristic of the trapping of superoxide anion
was observed. This observation is of particular interest, since
enzymatlc assays with integrase and RNase H sometimes use
Mn”* as cofactor. Moreover, cocrystallization of an enzyme and
its inhibitor with divalent metallic cations is problematic if this
cation is implicated in a redox process.

})rewously shown in the case of diketoacids®> and rosmarinic
acid’ complex 2 exhibits a slightly better inhibitory activity
on enzymes than 1. The stability constant is sufficiently high to
assume that ligand 1 binds magnesium cations during the inhibition
assays. This is supported by the very close ICs’s of ligand 1 and its
magnesium complex 2 on both enzymes (Table 2). Integrase
inhibition is probably due to strand transfer inhibition, as shown
when this specific enzymatic activity is studied. Antiviral activities
could not be evaluated due to limiting cytotoxicities. Here again, 2
was found to be three times less toxic than 1.

Substitution at position 4 had particular implications on
enzymatic activities. 3 and 4 revealed antiintegrase activities
similar to that of 1. On the contrary, the effect on RNase H
activity was much more contrasted. Whereas an electron-donat-
ing methyl group (compound 4) strongly decreased RNase H
inhibition, introduction of an electron-withdrawing methoxycar-
bonyl moiety (compound 3) revealed a major influence on this
activity (ICso = 61 nM) and places 3 among the best RNase H
inhibitors ever reported (as a point of reference, Merck’s RNase
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Scheme 5. Superoxide Anion Release from the Manganese Complex of 1

H inhibitor has an ICsy of 45 nM;>® see the biological data
reported in Table 2). This may be due to resonance stabilization
of the corresponding enolate, the formation of which is required
for metal chelation. Indeed, density functional relative energy
calculations of the different tautomers at the B3LYP/6-311G+
(d,p) level indicate that the 3b/3c enol form is more stable than
the keto form 3a by nearly 6 kcal-mol " (see the Supporting
Information). This fact seems to have a great influence on the
biological activities of 3, particularly RNase H inhibition. On the
other hand, the presence of an inductive electron-donating
methyl moiety on C,4 favors the keto form of 4 and increases
the acidic proton’s pK,. Compound 4 might then not be able to
easily recruit divalent metal ions upon entering the active site of
RNase H. All compounds presented a 1:1 cation chelating
stoichiometry in solution except for compound 4, which could
also predominantly complex magnesium cations in a 1:2 manner.
At this stage of the study, it would be hazardous to establish any
relationship between complexation stoichiometries in solution
and enzymatic inhibitions. The series must be developed to a
larger extent in order to try to achieve this goal.

None of the tested compound inhibited the polymerase
function of RT at concentrations up to 50 uM, leading to a
selectivity ratio (Pol/RNase H) of >820 for 3. Interestingly, only
compound 3 was effective on viral replication among the series.
In order to have more information on the mechanism of action of
3, we measured its antireplication potency on HIV-1 resistant
strains. The first two strains present mutation on IN. Mutation
A128T has been previously isolated in one of our laboratories
from resistance to a new inhibitor of the interaction IN/
LEDGF,* and the double mutant G140S/Q148H corresponds
to the most resistant strain to raltegravir.*” The third selected
strain A17R IIIB is one of the classical viral strain resistant to
NNRTI (efavirenz, for example).’® The AzaT resistance strain
(RTMC) is based on a HXB2D. Unfortunately, 3 is not active
enough to be able to inhibit this strain; therefore, we could not
include the AzaT resistant strain in the analysis. Cross-resistance
results reported in Table 3 show that the antiviral activity of 3 is
probably related to its action on the ribonuclease H function of
reverse transcriptase. Further investigations, such as time-of-
addition experiments, are needed to confirm or invalidate this
hypothesis. Among the reasons that might account for the
contrast in activity between enzymatic and cellular assays are
insufficient intrinsic potency, low cell permeability, or high
protein binding. Starting from this remarkable hit, further
experiments are underway in our laboratories to develop this
novel family of selective inhibitors of RT RNase H function,
optimize its pharmacokinetic properties, and increase its antiviral
potency.

B CONCLUSION

We demonstrated in this article that 2-hydroxyisoquinoline-
1,3(2H,4H)-dione (1) and methyl 2-hydroxy-1,3-dioxo-1,2,3,4-

tetrahydroisoquinoline-4-carboxylate (3) efficiently bind mag-
nesium cations in a 1:1 stoichiometry. At first sight, this result
seems in opposition to the hypothetic binding of two divalent
magnesium ions proposed by Klumpp et al.*® However, it only
reflects the best metal chelating site of the ligand in solution and
in the absence of any protein and does not exclude the possibility
that it may also interact with a second metal ion by a perfect fit
into the catalytic active site of the enzyme, which may be
illustrated by the orientation of raltegravir in the IN active site
of PFV."?

In this study, 2-hydroxyisoquinoline-1,3(2H,4H)-dione is
once again revealed as a formidable scaffold for the design of
integrase and/or ribonuclease H inhibitors. We have shown in a
first article®” that placing benzamide or phenacetamide groups at
position 7 strongly improves the anti-IN activity. Herein the two
first examples of substitution at position 4 revealed contrasted
results, and a strong inhibitor of RNase H was evidenced. Very
recently, we have shown that the selectivity of this scaffold can be
optimized for integrase activity by substituting position 4 with
lipophilic alkyl moieties.*® However, due to a lack of activity on
viral replication, further optimization of this scaffold is needed for
the development of a suitable new class of antiretroviral agents
acting as selective inhibitors of IN or RNase H. We naturally keep
in mind that an ester group is usually unattractive, mainly due to
possible metabolic instability. These studies will be reported in
due course.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents and solvents were pur-
chased from Aldrich-Chimie (Saint-Quentin-Fallavier, France), were
ACS reagent grade, and were used as provided. NMR spectra were
obtained on an AC 300 Bruker spectrometer in the appropriate solvent
with TMS as an internal reference. Chemical shifts are reported in 0
units (parts per million) and are assigned as singlets (s), doublets (d),
doublets of doublets (dd), triplets (t), quartets (q), quintets (quin),
sextuplets (sext), multiplets (m), and broad signals (bs).

Melting points were obtained on a Reichert Thermopan melting
point apparatus, equipped with a microscope, and are uncorrected.

Mass spectra were recorded on a Thermo-Finnigan PolarisQ mass
spectrometer (70 eV, Electronic Impact). Elemental analyses were
performed by CNRS laboratories (Vernaison).

The UV—vis study was carried out on a JASCO V-530 UV/vis
spectrometer equipped with a water thermostable 4-position turret cell
holder (MHT-344).

Infrared spectra were obtained on a Perkin-Elmer 881 spectrometer
on KBr paths.

X-band ESR spectra were obtained with a Bruker Elexsys 580
spectrometer operating at 100 kHz modulation frequency at room
temperature (20 °C). The g factor measurements were related to the
“strong pitch”, g = 2.0028.

Elemental analyses were performed by CNRS laboratories
(Vernaison) and were within 0.4% of the theoretical values.
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Chemistry. 2-Hydroxyisoquinoline-1,3(2H,4H)-dione LH, (1) and
Its Magnesium Complex [Mg(L)(H;0),] (2). The ligand 1 was synthe-
sized in a two step procedure’” from commercially available homo-
phthalic anhydride. Keto form (100%): orange solid; yield 86%; mp
199 °C (butanone); "H NMR (DMSO-dy) 0 4.26 (s, 2H, H,), 7.37—
7.52 (m, 2H, H,, Hs), 7.70 (td, 1H, *] = 7.6 Hz, *] = 1.5 Hz, Hy), 8.03
(dd, 1H, *J = 7.6 Hz, *J = 1.5 Hz, Hy), 10.4 (s, 1H, OH); *C NMR
(DMSO-dg) 0 37.6 (C,), 125.6 (Cg,), 125.8 (C;), 126.5 (Cg), 128.4
(Cs), 131.8 (Cg), 135.7 (Cyy), 161.3 (C,), 166.0 (C5); ESI-MS m/z 178
M+ H)"; IR (cm_l, KBr cells; b broad; m medium; w weak; s strong)
3300 (bm), 3188 (bm), 2926 (w), 2900 (w), 1725 (s), 1666 (s), 1608
(m), 1463 (m), 1431 (m), 1372 (m), 1263 (s), 1169 (m), 929 (m), 731
(m). CoH,NO;: Caled C 61.02, H 3.98, N 7.91; Found C 61.13, H 4.23,
H 7.62.

The magnesium complex 2 was synthesized according to the proce-
dure described by Sechi et al.** Enol form (100%): yield 80%; "H NMR
(DMSO-dg) 6 3.30 (bs, 8H, 4 H,0), 5.55 (bs, 1H, H,), 6.83 (td, 1H, * =
7.6 Hz, *] = 1.5 Hz, Hg), 7.18—7.22 (m, 2H, H,, H;), 7.80 (dd, 1H, *] =
7.6 Hz, *] = 1.5 Hz, Hg); >*C NMR (DMSO-dy) 6 84.4 (C,), 113.3
(Csa), 117.8 (C5), 122.7 (Cg), 125.4 (Cs), 129.2 (Cg), 137.8 (Csa),
157.7 (Cy), 158.6 (Cs); ESI-MS m/z 390 (6%, [** Mg(L)(H,0), +
DMSO + K]™), 388 (38%, [** Mg(L)(H,0), + DMSO + K] "), 374
(33%, [ Mg(L)(H,0), + DMSO + Na] ™), 372 (100%, [** Mg(L)-
(H,0), 4+ DMSO + Na]*); IR (em ™!, KBr cells; b broad; m medium;
w weak; s strong): 3375 (bs), 1630 (s), 1555 (s), 1522 (m), 1461 (m),
1364 (m), 1204 (w), 961 (m), 796 (w). CoH;3MgNO.: Calcd C 39.81,
H 4.83, N 5.16; Found C 40.05, H 5.12, H 5.48.

Methyl 2-Hydroxy-1,3-dioxo-1,2,3,4-tetrahydroisoquinoline-4-car-
boxylate (3). Methyl 2-(benzyloxy)-1,3-dioxo-1,2,3,4-tetrahydroisoqui-
noline—4—carb0xylate55 (1.0 mmol) was dissolved in a minimum amount
of CH,Cl,, and boron trichloride (1.0 M solution in CH,Cl,, 6.0 mL, 6.0
mmol) was added dropwise at room temperature. The solution was
stirred for 1 h, and water (20 mL) was slowly added. After the mixture
had been stirred for 5 min, the precipitate was filtered and the aqueous
layer was extracted with ethyl acetate. Organic layers were dried over
Na,SO, and concentrated in vacuum. Organic residues and precipitate
were gathered and triturated in anhydrous ether to give 3 as a white
powder in 85% yield; mp 166—168 °C. Keto form (55%): 'H NMR
(DMSO-dg) 6 3.71 (s,3H, OCHs), 5.47 (s, 1H, CH), 7.43 (dd, 1H,*Js_¢=
7.6 Hz,*Js_» = 1.6 Hz, Hy), 7.60 (td, 1H, HAr, *] = 7.6 Hz, *] = 1.6 Hz),
7.72 (td, 1H, HAr, *] = 7.5 Hz, *] = 1.6 Hz), 8.10 (dd, 1H, *J;_, = 7.6 Hz,
*Js—6 = 1.5 Hz, Hg); >C NMR (DMSO-ds) 0 52.9 (C,), 54.0 (OCHj),
124.7 (Cg,), 127.3 (C5), 128.2 (Cg), 128.9 (Cs), 132.2 (Cy,), 1342
(Cq), 161.0 (C,), 163.3 (Cs), 167.5 (COO). Enol form (45%): 'H
NMR (DMSO-d) 6 4.00 (s, 3H, OCHj), 7.38 (td, 1H, HAr, >J = 7.5 Hz,
*= 1.6 Hz),7.72 (td, 1H, HAr, *] = 7.5 Hz, ] = 1.6 Hz), 8.20 (dd, 1H,
¥s_6=7.5Hz,%Js_,=1.6 Hz,Hs),8.40 (dd, 1H, *Js_,=7.5Hz, *Jg_¢ =
1.6 Hz, Hy); *C NMR (DMSO-dy) 0 53.4 (OCH,), 83.7 (C,), 120.0
(Cga), 123.9 (C,), 127.6 (Cg), 127.9 (Cs), 132.8 (C,y), 1332 (Cg),
158.3 (C;), 161.0 (Cs), 171.6 (COO); ESI-MS m/z 236 (M + H) ™.
CoH,NO;: Caled C 56.17, H 3.86, N 5.96; Found C 55.99, H 3.78,
N 6.12.

2-Hydroxy-4-methylisoquinoline-1,3(2H,4H)-dione (4). The synthe-
sis of 4 has already been described.*®

UV—Vis Spectroscopy—Stoichiometries and Stability Constants.
The interaction of 2-hydroxyisoquinoline-1,3(2H,4H)-diones with di-
valent cations was studied in methanolic solution by mixing solutions of
ligand (1, 3, or 4) and cation or after dissolution in methanol of the solid
complex 2.

The stoichiometries of the complexes were measured using the
previously reported Job method.*” Solutions of 2-hydroxyisoquino-
line-1,3(2H,4H)-dione and metal acetate in methanol of the same
concentration were prepared. The variation of the absorption was
measured at 302.5 and 365.5 nm for solutions containing (1 —x)mL

of the acetate solution and x mL of ligand solution; the reference
cuvettes contained x mL of ligand solution and (1 — x) mL of methanol.
pH was made constant by adding sodium acetate to the reference
solution. By plotting the absorbance as a function of the molecular
fraction of ligand, the maxima of the curves give the stoichiometries of
the complexes.

For the determination of the stability constants, the same method was
used with differently concentrated ligand and metal acetate solutions. K4
can be obtained using eq 2:

M (ot mp)—

Ky —
¢ mt =g = L(p — 1) " = (m 4 n)a

)

where p = [L]/[M] ([M] being the concentration of the metal acetate
and [L] the concentration of the ligand). In the case of Mn*", we
observed variations of the absorbance during time and decided to record
the spectra 4 and 30 min after mixing the two solutions.

"H and >C NMR Study—Stoichiometry and Structure of the
Magnesium Complex of 1. The NMR study was carried out only on
the complexation of 1 with Mg2+, since Mn*" is paramagnetic and
induces a strong broadening and shifting of all the signals. In order to
avoid a possible interference of rapid hydration of dry magnesium
acetate, we used magnesium acetate tetrahydrate and controlled that
water did not modify the spectrum of 2-hydroxyisoquinoline-1,3-dione.
Water (6% v/v) was added to a 10~ > M solution of 1 in DMSO-ds.

The complexation was studied by adding variable volumes of 10> M
solutions of magnesium acetate and 1 in DMSO-ds. Additionally, three
other experiments were performed with 2 equiv of sodium acetate (in
order to maintain the acetate concentration) and 2 equiv of sodium
hydroxide or magnesium chloride.

ESR Study of the Mn?" Complex of 1. The Mn>" ESR spectra were
recorded for methanolic solutions of ligand and manganese acetate at
different MnH/ligand ratios. Spin trapping experiments were per-
formed to detect reactive oxygen species produced upon variation of
the redox state of manganese. DMSO was used as solvent, and 5,5-
dimethylpyrroline N-oxide (DMPO) provided the spin trapping agent.

Biology. Integrase Inhibition. To determine the susceptibility of
the HIV-1 integrase enzyme to different compounds, we used an
enzyme-linked immunosorbent assay. This assay uses an oligonucleotide
substrate in which one oligo (5'-ACTGCTAGAGATTTTCCACACT-
GACTAAAAGGGTC-3') is labeled with biotin on the 3’-end and in
which the other oligo is labeled with digoxigenin at the §'-end. For the
overall integration assay, the second S'-digoxigenin-labeled oligo is S'-
GACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3'. The
integrase was diluted in 750 mM NaCl, 10 mM Tris (pH 7.6), 10%
glycerol, 1 mM f3-mercaptoethanol, and 0.1 mg/mL bovine serum albumin.
To perform the reaction, 4 uL of diluted integrase (corresponds to a
concentration of WT integrase56 of 1.6 uM) and 4 uL of annealed oligos
(7 nM) were added in a final reaction volume of 40 uL containing
10 mM MgCl,, SmM DTT, 20 mM HEPES (pH 7.5), 5% PEG, and 15%
DMSO. The reaction was carried out for 1 h at 37 °C. These reactions
were followed by an immunosorbent assay on avidin-coated plates.>’
Strand transfer assays were performed according to previously reported
methods.>®

RT Assays

(i) RNase H Assay. The substrate for RNase H activity was prepared
as previously described.> E. coli RNA polymerase used single-stranded
calf thymus DNA as a template to synthesize complementary *H-labeled
RNA. For RNase H activity, recombinant HIV-1 RT®’ (4.5 pmol) was
incubated with the appropriate compound for 10 min at 37 °C in 20 #L.
The components of the incubation mixture were added to reach a final
concentration of S0 mM Tris-HCl (pH 8.0), 10 mM dithiothreitol,
6 mM MgCl,, 80 mM KCl, and the labeled nucleic acid duplex (20000
cpm) in a final volume of 50 yL. After incubation for 10 min at 37 °C, the
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reaction was stopped by addition of 1 mL of cold 10% TCA containing
0.1 M sodium pyrophosphate, the acid-precipitable material was col-
lected on nitrocellulose filters and washed, the radioactivity was deter-
mined, and the radioactivity released from the hybrid was determined by
subtraction from the undigested hybrid control.

(ii) DNA Polymerase Assay. Recombinant RT was incubated with
the appropriate compound for 10 min at 37 °C in 20 uL. Then
incubation was carried out at 37 °C for 10 min. The reaction mixture
contained, in a final volume of 0.05 mL, SO mM Tris-HCl (pH 8.0),
S mM MgCl,, 10 mM dithiothreitol, 100 mM KCl, 20 ug/mL poly(A)-
oligo(dT), 0.5 uCi of [*H]dTTP (56 Ci/mmol), 20 uM dTTP, and
enzyme. Reactions were stopped by the addition of 1 mL of 10% cold
trichloroacetic acid with 0.1 M sodium pyrophosphate. The precipitate
was filtered through a nitrocellulose membrane washed with 2%
trichloroacetic acid and dried, and the radioactivity was determined.

In Vitro Anti-HIV and Drug Susceptibility Assays. The
inhibitory effect of antiviral drugs on the HIV-1-induced cytopathic
effect (CPE) in human lymphocyte MT-4 cell culture was determined by
the MT-4/MTT assay.”' This assay is based on the reduction of the
yellow colored 3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium
bromide (MTT) by mitochondrial dehydrogenase of metabolically
active cells to a blue formazan derivative, which can be measured
spectrophotometrically. The 50% cell culture infective dose (CCIDs)
of the HIV-1 (IlI) strain was determined by titration of the virus stock
using MT-4 cells. For the drug susceptibility assays, MT-4 cells were
infected with 100—300 CCIDs of the virus stock in the presence of
S-fold serial dilutions of the antiviral drugs. The concentration of various
compounds achieving 50% protection against the CPE of the different
HIV strains, which is defined as the ECg,, was determined. In parallel,
the 50% cytotoxic concentration (CCs,) was determined.

B ASSOCIATED CONTENT

© Ssupporting Information. Complete details of calculated
3C nuclei magnetic shielding constants, experimental chemical
shifts, and statistical values (coefficient of determination and
mean absolute error of the different canonical forms of 3 and 4, as
well as computed relative energies ). This material is available free
of charge via the Internet at http://pubs.acs.org.
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