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Abstract: The HIV-1 integrase (IN) and reverse transcriptase (RT) are essential enzymes in the virus cycle. RT is crucial for the retro-
transcription of the RNA viral genome, while IN is involved in the insertion in host chromosome of the proviral double strand DNA pro-
duced by RT. This enzyme has two associated functions: the RNA- and DNA-dependent DNA polymerase (RDDP and DDDP) and the
ribonuclease H (RNase H). The RNase H function catalyzes the selective hydrolysis of the RNA strand of the RNA:DNA heteroduplex
replication intermediate. Since the discovery that catalytic cores of both HIV-1 RNase H and IN are folded in a very similar way, have
very similar active site geometries, and show the same DDE triad absolutely required for catalytic activity, some researches were devoted
to study IN and RNase H dual inhibitor. Our decennial interest in design and synthesis of IN inhibitors led us to study the activity of our
compounds also on RNase H activity. The results of the activities showed by pyrrolyl and quinolonyl diketo acids are reported and dis-

cussed.
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Human immunodeficiency virus type 1 (HIV-1) integrase (IN)
is an enzyme essential for viral replication that mediates the inser-
tion of viral DNA within the host cell genome via a multistep proc-
ess occurring in the following biochemical stages: (i) assembly of a
stable DNA-enzyme complex with specific DNA sequences at the
end of the HIV-1 long terminal repeat regions, (ii) 3'-processing
that consists of the endonucleolytic cleavage of the 3'-ends of the
viral DNA, (iii) transport through the nuclear envelope of the mul-
timeric complex, called pre-integration complex (PIC), including
viral proteins, IN and the processed DNA, (iv) strand transfer,
which consists of the ligation of the viral 3'-OH DNA ends (gener-
ated by 3'-processing) to the 5-DNA phosphate of a host chromo-
some, (v) removal of the two unpaired nucleotides at the 3'-ends of
the viral DNA, and (vi) gap filling, probably accomplished by cel-
lular enzymes, Fig. (1). In the past decade, IN has emerged as an
attractive target; in fact, it is essential for retroviral replication, and
no host-cell equivalent of IN is known, so that IN inhibitors should
not interfere with normal cellular processes, and therefore have a
high therapeutic index. HIV IN is a 32-kDa protein comprising
three structural domains: the amino-terminal domain, the carboxy-
terminal domain and the catalytic core domain that contains a triad
of invariant carboxylate residues required for catalysis: D64, D116,
and E152, called DDE motif. A Mg®" ion is coordinated by D64
and D116 along with water molecules, whereas E152 that lies close
to D64 does not participate in metal binding [1, 2].

Whereas structural studies of IN reveal a single binding site for
Mg®', the number of metal ions present and required in the active
site during the process remains controversial. Since a second metal
has been observed in an avian sarcoma virus IN crystal structure
[3], and because of the two-metal structure for polynucleotide trans-
ferases [4, 5], it has been proposed that a second metal (Mg or
Mn2+) can be coordinated between D116 and E152 once HIV-1 IN
binds its DNA substrate(s) [6, 7]. It is therefore likely that the
metal(s) coordinate(s) IN and the phosphodiester backbone of the
DNA substrate(s) during the 3'-processing and strand-transfer steps.

A great number of HIV-1 IN inhibitors with metal binding
properties have been described, including diketo acids (DKAs) and
their bioisosters, and numerous reviews have been published [8-18].
Among them, two compounds, Elvitegravir [19] and Raltegravir
[20, 21], demonstrated promising clinical trial results and advanced
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into later stage trials, the latter being the first drug approved as IN
inhibitor in 2007, Fig. (2).

It is generally believed that IN inhibitors such as DKA (A), or
their bioisoster dihydroxypyrimidine carboxamide class (B), includ-
ing raltegravir (1) bind these two metal ions in the active site while
the hydrophobic aryl group participates in a specific interaction
with an adjacent hydrophobic pocket or surface, Fig. (3) [22, 23].

Reverse transcriptase (RT) is another enzyme that is essential in
the early steps of the HIV-1 life cycle for the conversion of the viral
single-stranded RNA genome into a double-stranded DNA, which
is subsequently translocated into the cell nucleus and integrated into
the cell host DNA [24, 25]. RT is a multifunctional enzyme that
possesses several distinct associated activities including RNA- and
DNA-dependent DNA polymerase (RDDP and DDDP, respec-
tively), ribonuclease H (RNase H), strand transfer, strand displace-
ment synthesis and nucleotide excision, Fig. (4) [24-26].

RNase H activity, which degrades the RNA of the RNA-DNA
hybrid molecules, is required at several steps during the reverse
transcription process, and a functional RNase H is essential for
retroviral replication. HIV IN and RNase H belong to a broader
class of nucleotide-related enzymes including nucleases, polym-
erases, and polynucleotidyl transferases [3, 27].

Phosphoryl transfer is a common chemical transformation,
which is essential for a number of basic cellular functions such as
DNA replication and transcription, signal transduction and metabo-
lism. HIV-1 RNase H catalyzes phosphoryl transfer through nu-
cleophilic substitution reactions on phosphate esters, requiring the
concerted action of a general base activating the nucleophile and a
general acid protonating the leaving group. In particular, catalysis
occurs by deprotonation of a water molecule to form a nucleophilic
hydroxide group that attacks the scissile phosphate group on RNA
[28, 29]. In order to accomplish this reaction, the HIV-1 RT-
associated RNase H function requires either Mg®" or Mn?", thus
being classified as a metal dependent transposases, Fig. (5) [30].
However, differently from the other RNase Hs such as the E. coli
RNase H that needs a single divalent cation in the active site [31],
the structure of the HIV-1 RNase H domain has been proposed to
need two divalent cations that, consistently with the phosphoryl
transfer geometry, seem to be coordinated by the active site car-
boxylates D443, E478, D498 and D549, Fig. (5) [29]. These resi-
dues compose a three-amino-acid DDE motif, highly conserved in
many HIV-1 strains in the core domain of the RNase H active site:
mutations in any of the D443, D498 and E478 residues abolish
enzyme activity [32, 33].

© 2011 Bentham Science Publishers Ltd.
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Fig. (1). Steps of integration process performed by HIV-1 IN.
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Fig. (2). Chemical structures of a HIV-1 IN inhibitors Raltegravir (1) and Elvitegravir (2).
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Fig. (3). Metal binding ability of DKA (A) and dihydroxypyrimidine
carboxamide (B).

Surprisingly, determination of the three-dimensional structure
of the catalytic core of HIV-1 RNase H led to the finding that HI'V-
1 RNase H and HIV-1 IN are folded in a very similar way and have
very similar active site geometries. Catalytic cores of both HIV-1
RNase H and IN share a similar o-fold containing a central five-
stranded mixed B-sheet surrounded by o-helices on both sides in
the same topological order [34-36]. Moreover, RNase H and IN
have remarkably similar active sites with the same DDE triad abso-
lutely required for catalytic activity.

The pivotal role of RT in the HIV-1 life cycle has made this en-
zyme a key target in the AIDS chemotherapy leading to the devel-

opment of several classes of RT inhibitors (RTI), which have been
discovered and approved for the treatment of HIV-1 infected pa-
tients [37, 38]. However, although RT is a multifunctional enzyme,
all approved RTI actually target, only the RT-associated polym-
erase function. Inhibitors of RT-associated RNase H function were
less studied if compared with both RT-associated polymerase func-
tion and IN inhibitors. However, in the last five years more atten-
tion has been given to the HIV-1 RT-associated RNase H activity as
drug target. As a result, several compound screenings were per-
formed by different teams and diverse classes of inhibitors were
found to be able to inhibit the HIV-1 RNase H activity. Among
them, natural products, hydrazones, naphthalene sulfonic acids,
DKAs, N-hydroxyimides, hydroxypyrimidine carboxylates, nitro-
furan-2-carboxylic acid carbamoylmethyl ester derivatives, viny-
logous ureas, and thiocarbamates and triazoles, were reported, the
most part of which having metal-chelating ability [39].

Within the above cited class of RNase H inhibitors, some
DKAs inhibitors of HIV-1 IN have shown anti-RNase H activities
[40, 41] whereas DNA aptamers first described as inhibitors of
RNase H have been reported to inhibit HIV-1 integrase [42]. Re-
cently, tropolones [43-45] and madurahydroxylactone derivatives
[46] have been reported to inhibit both enzymes.
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Fig. (5). Schematic representation of the two-metal ion mechanism of catalysis for the RNase H activity of HIV-1 reverse transcriptase.

Since the hypermutability of the HIV-1 genome easily results in
drug-resistant strains, in time this leads to an overall reduction of
drug efficacy. Therefore, the identification of new RTI that target
other essential RT-associated functions such as the RNase H activ-
ity could be an attractive approach to enhance the anti-HIV-1 drug

armamentarium effectiveness [47]. Further, the simultaneous inhi-
bition of HIV-1 IN, RT polymerase, and RT RNase H activities by
metal-chelating compounds appears as a novel and attractive thera-
peutic, way which could contribute to overcome the problems oc-
curring during combination therapy.
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Fig. (6). Design of dikeyo hexenoic acids (i.e. Sb) and reference structures 3 and 4. The cinnamoyl and the benzyl portions are highlighted with dashed and
full line, respectively, while diketo portion and carboxylic function are pointed out with bold bonds.

Our efforts to find HIV-1 IN inhibitors, started in the last part
of 90s, time in which we designed and synthesized conformation-
ally restrained cinnamoyl derivatives belonging to the polyhydroxy-
late aromatic compound class [48,49]. Then, after the demonstra-
tion that polyhydroylated aromatic derivatives were inhibitors of
HIV-1 entry in cell-based assays [50] and did not target the IN in
vivo, we decided to focus our attention on the aryl diketoacid com-
pounds, which were proven to be effective HIV-1 IN inhibitors both
in cell-based assays and in vivo [51, 52].

Starting form the structure of the i) pyrrole derivative L-
731,988 (3) reported by Hazuda as anti-IN agent [S1] and ii) poly-
hydroxy cinnamoyl derivatives (such as 4) that we previously iden-
tified as potent IN inhibitors in enzyme assays [48, 49], we de-
signed new pyrrolyl diketohexenoic acid derivatives as potential IN
inhibitors (i.e. 5b), Fig. (6). Pyrrolyl diketohexenoic acids (i.e. 5b)
are characterized by i) the cinnamoyl moiety of polyhydroxy aro-
matic derivatives, in which the phenyl ring is replaced by the bioi-
sosteric pyrrole moiety; ii) the diketo acid group of DKA series; iii)
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Scheme 1. Synthetic pathway to obtain pyrrolyl diketohexenoic acids 5.
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the carboxylic function found both in DKAs (i.e. 3) and in our de-
rivatives (i.e. 4); iv) an benzyl portion typical for both DKAs and
cinnamoyl derivatives (i.e. 1-benzylpyrrole or trihydroxyben-
zylidene group, respectively), Fig. (6). The newly designed N-
benzylpyrrolyl diketohexenoic acids (5) were a promising tool to
explore how the elongation of the diketobutanoic chain would af-
fect anti-IN activity [53-55].

Compound 5b and 75 congeners were synthesized and tested
against both recombinant IN in enzyme assays and HIV-1 infected
cells in cell-based assays. The synthetic pathway to obtain deriva-
tives 5 is reported in Scheme 1.

Data of cytotoxicity and antiviral activities in enzyme (IN) and
cell-based assays of selected pyrrolyl diketohexenoic acids 5 and a
few related congeners 6 and 7 are reported in Table 1, using 3 as the
reference compound.

In general, compounds 5-7 were found to be potent ST inhibi-
tors, with activities within the range 0.026-110 pM. These DKA
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(a) Benzylhalide, K,CO;, DMF, 18 h, 90°C; (b) 2-propanone, SN NaOH, 24 h, 25 °C: (c) diethyl oxalate, NaOEt, THF, 1h, 45 min, 25 °C; (d) IN NaOH, THF,

MeOH, 1.5 h, 25 °C.
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Table 1. Cytotoxicity and Antiviral Activities in Enzyme (IN - Related to ST, and RNase H) and Cell-Based Assays of Pyrrolyl Diketo Acids 5-7

/ N \ P N COOX
() OH
N
R
= 5
ICs" (WM)

Compd R X ST RH ECs,” (0M) CCs (WM) SI¢
5a H Et 15 - 0.25 >50 >200
5b H H 0.09 15 0.35 >50 >143
5¢ 2-Cl Et 8.0 9.8 3 >50 >17
5d 2-Cl H 4.0 5.0 1.3 >50 >38
Se 2-CN Et 9.00 32 17 32 >2
s5f 2-CN H 0.26 6 >50 >50 -
5g 2-F Et 0.98 6.3 0.31 >50 >161
5h 2-F H 0.98 6.4 0.35 >50 >143
5i 2-Me Et 32 3.0 14 >50 >36
5j 2-Me H 0.17 26 3.7 >50 >14
5k 2-OEt Et 12 >100 0.6 33 55
5l 2-OEt H 0.31 64 >0.2 33 >165
5m 2-OMe Et 23 >100 0.2 39 195
5n 2-OMe H 0.53 16 0.2 >50 >250
50 3-Cl Et 6 19 0.79 >50 >63
5p 3-Cl H 0,31 9 >50 >50 -
5q 3-CN Et - 5 7.1 >50 >7
5r 3-CN H 0.75 5 >50 >50 -
5s 3-F Et 11 9.0 22 >50 >23
5t 3-F H 0.92 14 5.1 >50 >10
5u 3-Me Et 8.0 9.6 24 >50 >21
5v 3-Me H 1.3 46 1.9 >50 >26
5w 3-OMe Et 60 20 0.35 >50 >143
5x 3-OMe H 0.49 >100 1.3 >50 >38
Sy 4-Cl Et 42 8.0 26.3 >50 >2
5z 4-Cl H >4.1 5.0 >50 >50 -

5aa 4-CN Et >111 8 >50 >50 -
5ab 4-CN H 1.70 6 >50 >50 -
5ac 4-F Et 2.3 8.0 <0.2 >50 >250
5ad 4-F H 0.026 2.5 0.63 >50 >79
5ae 4-Me Et >111 73 17.4 >50 >3
5af 4-Me H 12 17 >50 >50 -
5ag 4-OMe Et 110 6.7 >50 >50 -
5ah 4-OMe H 4.1 3.0 17.4 >50 >3
6a =0 H 0.232 7.5 0.66
6b NH, H 0.204 2.0 0.63
7 - H 0.73 7.0 1.4
3 0.057 1.5 54 36
BTDBA 1.9 32 >50

“Compound concentration required to reduce rIN strand transfer (ST) and rRNase H activity (RH) by 50%. ° Compound concentration required to achieve 50% protection of MT-4/KB
cells from the HIV-1 induced cytopathicity, as determined by MTT method. ‘Cytotoxicity: compound dose required to reduce the viability of mock-infected cells by 50%. ‘Selectivity
index: CCs¢/ECs, ratio.
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Table 2. Cytotoxicity and Antiviral Activities in Enzyme (IN - Related to ST and RNase H) and Cell-Based Assays of Quinolonyl Diketo Acids 8
and 9
OH O [0) OH
\ /
XO00C COOX
N
8 F

Compd R X ICs* (UM) ST inhib %" (10 uM) RH ECs" (WM) CCs" (M) SI°
8a 7-Py" Et 23 55.6 4.1 >200 >49
8b 7-Py" H 0.028 70.7 0.17 >200 >1176
8¢ 6-F Et 0.58 21.5 >50 >200 -
8d 6-F H 0.030 61.6 >50 >200 -
8e 7-F Et 1.3 239 >50 >200 -
8f 7-F H 0.020 6 >50 >200 -
8g 6-Cl Et 21 24.5 nt® nt®
8h 6-Cl H 0.028 -10.3 46.1 >200 >4
8i 7-Cl Et 14 -19.5 nt® nt®
8j 7-Cl H 0.019 -10.1 >50 >200 -
9a Et 0.34 11.8 091 191 210
9b H 0.012 80.4 429 >200 >47

“Compound concentration required to reduce rIN strand transfer (ST) by 50%. "Percentage of inhibition of RNase H (RH) activity at 10 uM. ‘Compound concentration required to
reduce the exponential growth of MT-4/KB cells by 50%. ‘Cytotoxicity: compound dose required to reduce the viability of mock-infected cells by 50%. “Selectivity index: CCsy/ECso

ratio. ‘Py = pyrrolidin-1-yl. nt = not tested.

derivatives were also endowed of antiretroviral activity against
HIV-1 infected cells (ECso from 0.2 to 26.3 uM), and good selectiv-
ity indexes (up to >250), with few exceptions (5f,p,r,z,aa,ab,af,ag).
However, an accurate analysis of the data led us to think that further
targets could be involved in the inhibition of the life cycle of HIV-1
in infected cells, since no direct correlation could be found between
the anti-IN data and the antiviral activities. In particular, a number
of compounds 5-7 were more potent in cell-based than in enzyme
assays against rIN (see compounds 5a,c,d,g-i,k,m-0,s,u,w,y,ac,ae
and 7). First we thought that RNase H function of the RT could be
inhibited besides IN, based on i) the above cited similarities of the
active sites of IN and RNase H [34-36], and ii) the reports on the
anti-RNase H activity of 4-[5-(benzoylamino)thien-2-yl]-2,4-
dioxobutanoic acid (BTDBA), a DKA discovered by Merck [40].
Thus, we decided to test all pyrrolyl diketo acids synthesized in our
laboratories, against RNase H in enzyme assays. The results of this
screening are reported for selected derivatives 5-7 in Table 1, using
BTDBA as the reference compound. Very interestingly, the major-
ity of tested compounds were active in inhibiting the RNase H ac-
tivity of RT. The data of activity were within the range 2-64 UM,
and only a few compounds (5a,k,m,x) were inactive in these as-
says. So we decided to study more deeply the properties of Sac, one
of the most potent derivatives against RNase H. Compound Sac
(RDS 1643) selectively inhibits the RNase H function of the HIV-1
RT, without affecting neither its DNA polymerase associated activ-
ity, nor the RNase H activity associated to the Avian Myeloblasto-
sis Virus (AMV) RT or the E. coli RNase H, while it barely af-
fected the HIV-1 IN activity [41]. We also performed a partial
characterization of the interaction between RDS 1643 and the HIV-
1 RT by time of addition, kinetic and drug association studies. Fi-
nally, we demonstrated that RDS 1643 inhibits in cell-based assays
the replication of wild type and HIV-1 strains resistant to RTIs
currently used in clinical practice [41]. This interesting results led

us to pursue the research in this field and actually, new compounds
as RNase H inhibitors are in development that will be publish soon.

In parallel to the development of pyrrolyl diketo acids, we de-
signed also quinolonyl diketo acids [56-62] characterized by one (8)
[56] or two (9) DKA chains [57], as IN inhibitors. The monofunc-
tional derivatives 8 were selective ST inhibitor, while the bifunc-
tional compounds 9 were active also against 3’-P. Thus IN inhibi-
tors 8 and 9 were useful tools to study the mechanism of action of
IN. In particular, we demonstrated through cross-linking experi-
ments between IN and its DNA substrate that derivatives 9 bind to
both DNA acceptor and donor sites [63].

Based on the results obtained in the enzyme assays against
RNase H with pyrrolyl diketo acids 5-7, we decided to test also our
quinolonyl diketo acids against the RNase H function of the RT. A
first group of quinolonyl DK As were tested against rRNase H at 10
uM. Compound 8 and 9 in general showed good activity against the
RNase H function with % that ranged from 6 to 80.4. In general,
both monofuntional and bifunctional derivatives were good RNase
H inhibitors (Table 2). Interestingly in a few cases (see 8h-j) we
found increased activity of RNase H activity. This issue will be
further studied and discussed in the future.

The data in our hand led us to conclude that both classes of
compounds pyrrolyl and quinolonyl DKAs, are dual inhibitors of
IN and RNase H function of the RT. Further studies will be devoted
to develop potent agents active against both enzymes (dual inhibi-
tors). These dual inhibitors could be excellent antiretroviral agents
useful to overcome the resistance of the virus.
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ABBREVIATIONS

HIV-1 = Human immunodeficiency virus type 1

IN = integrase

PIC = pre-integration complex

RT = reverse transcriptase

RDDP = RNA-dependent DNA polymerase

DDDP = DNA-dependent DNA polymerase

RNaseH = ribonuclease H

DKA = diketo acid

RTI = RT inhibitors

BTDBA = 4-[5-(benzoylamino)thien-2-yl]-2,4-dioxobutanoic

acid

AMV = Avian Myeloblastosis Virus
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