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Abstract—Arylene bis(methylketone) compounds specifically block nuclear translocation of the HIV-1 pre-integration complex by
forming Schiff-base adducts with contiguous lysines within nuclear localization signal.
# 2002 Published by Elsevier Science Ltd.

Over the last several years, significant progress has been
achieved in treating human immunodeficiency virus
type 1 (HIV-1) infection. This progress is mostly due to
the introduction into clinical practice of HIV protease
inhibitors, a new class of potent antiviral agents. When
used in combination with inhibitors of viral reverse
transcriptase (RT), they reduce the viral load in
HIV-infected patients to undetectable levels and stop
the depletion of CD4+ T cells in patients with an
AIDS-compromised immune system.1,2 However, major
problems in fighting this virus remain. They include
viral resistance to drugs, low-level replication of drug-
sensitive virus due to incomplete antiviral effect of the
drugs, and pronounced toxic side effects associated with
prolonged administration of the drugs. These con-
siderations clearly justify the need to develop novel
highly specific anti-HIV compounds.

Establishment of integrated HIV provirus and produc-
tive viral infection depend critically on the successful
translocation of the HIV-1 genome from the cytoplasm
into the nucleus of an infected cell following viral
entry.3 This step becomes especially critical for HIV-1
infection of non-dividing cells, such as terminally dif-
ferentiated macrophages, where the nuclear envelope
stays intact throughout the life span of the cell. The
viral genome is transported into the nucleus as part of a
large pre-integration complex comprising viral DNA

and proteins, including integrase (IN), reverse tran-
scriptase (RT), viral protein R (Vpr), and matrix anti-
gen (MA).4�6 Within MA, there are two clusters of
basic amino acids (residues 26–32 and 110–114) that
are highly homologous to the nuclear localization
sequence (NLS) of simian virus 40 (SV40) large T
antigen7 and participate in targeting the HIV-1 pre-
integration complexe to the nucleus.8 Contiguous lysine
residues in the NLS are essential to confer its nuclear
targeting activity, which is mediated by NLS interac-
tion with a cellular transport protein, karyopherin a
(reviewed in ref 9).

A class of arylene bis(methylketone) compounds was
designed to specifically inactivate basic-type HIV-
1NLSs by forming Schiff base adducts with contiguous
lysines in the signal (Fig. 1).9 The compounds were
shown to be potent inhibitors of nuclear import of the
HIV-1 genome and of virus replication in cultures of
primary monocytes and T cells in vitro10,11 and in lym-
phoid tissue cultured ex vivo.12 The selectivity and low
cytotoxicity of these compounds were determined by
their specific targeting to HIV-1 pre-integration com-
plexes due to interaction between the pyrimidine side
chain of the compounds and the RT protein.10 How-
ever, the compounds of this class are poor inhibitors of
RT, and their mechanism of anti-HIV action does not
involve RT inhibition.11

While the mechanism of activity of arylene bis
(methylketone) compounds was hypothesized to involve
formation of Schiff bases between the carbonyl groups
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of the compounds and the e-amino groups of lysine
residues in the NLSs of the HIV-1 matrix antigen9,10 no
direct experimental support for this hypothesis has been
provided. Here, we report results of structure-function
analysis of arylene bis(methylketone) compounds,
which support the role of Schiff-base formation as a
mechanism of compounds’ anti-HIV activity.

To investigate the mechanism of anti-HIV activity of
arylene bis(methylketone) compounds, we synthesized
several analogues of ITI-0294, where the keto groups
were the focus of the study (Table 1). Reduction of
ITI-0294 bis-keto groups by NaBH4 quantitatively
yielded the bis-alcohol product (ITI-0299). The struc-
tural confirmation of the alcohol compound was
achieved by NMR and mass spectrometry.13 Another
methyl ester derivative (ITI-0499) was synthesized by
coupling dimethyl 5-aminoisophthalate with 2-amino-
4-chloro-6-methylpyrimidine as described previously.14

The acid product (ITI-0599) was generated from the
methyl ester by base treatment. These compounds were
tested in vitro in parallel with a prototypic active com-
pound ITI-0294 for anti-HIV activity and for the ability
to inhibit nuclear import of the HIV-1 PIC.

As shown in Figure 2a, among the new derivatives
only compound ITI-0599 demonstrated significant
anti-HIV activity in macrophage cultures at a con-
centration 1 mM, however, its effect was much weaker
than that of the prototypic compound ITI-0294 at
0.1 mM. To measure directly the effect of these com-
pounds on HIV-1 nuclear import, we employed a
recently developed cell-free nuclear import assay.15 In
this assay, nuclear import of the HIV-1 pre-integra-
tion complex is measured in digitonin-permeabilized
HeLa cells by PCR using primers specific for 2-LTR
forms of viral DNA, which are produced exclusively
within the nucleus. Using this assay, we determined
that the inhibitory effect of ITI-0559 on HIV-1
nuclear import is at least 10-fold weaker than that of
ITI-0294 (Fig. 2b).

Previously, we hypothesized that a direct reaction
between the lysine residues within MA p17NLS results
in the formation of a Schiff base. Formation of two Schiff
bases after reaction with adjacent lysines characteristic of
nuclear localization signals would stabilize the biomole-
cular complex, shifting the equilibrium toward product
formation. This assumption was indirectly supported by

incorporation of tritium into MA upon reducing a
reaction mixture of MA and ITI-0294 with NaBT4.

10

This evidence, however, was weakened by the possibility
of non-specific (i.e., outside of the NLS regions) inter-
actions between the compound and lysine-rich MA
protein. Our present findings confirm the essential role
of the keto-groups of ITI compounds in inhibition of
HIV-1 nuclear import and also negate any critical
role for a hydrogen bond formation between MA
NLS and ITI-0294. Of note, a possible formation of
salt bridges between NLS and ITI-0599 (Table 1)
may explain the weak inhibitory effect of this com-
pound.

Taken together, our results demonstrate that the ketone
groups are required for anti-HIV activity of the ITI
compounds. This requirement is consistent with the
proposed Schiff base formation between the com-
pounds and the lysine residues in MA NLSs. There-
fore, these groups should be preserved in the design of
future analogues.

Figure 1. Postulated interaction of ITI-0294 with the NLS of HIV-1
matrix antigen (MA).

Table 1. Structure–function analysis of anti-HIV activity of CNI

compounds

Compd Structure IC50 (nM)

ITI-H0294 100

ITI-H0299 NA

ITI-H0499 NA

ITI-H0599 100

IC50 concentration of the drug giving 50% reduction in viral replica-
tion, measured by RT activity in the supernatant of HIV-1ADA-infected
macrophage cultures.
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Figure 2. Analysis of anti-HIV activity of anti-NLS compounds. (a) Analysis of compounds’ activity in macrophage cultures. Triplicate cultures of
primary monocyte-derived macrophages were infected with HIV-1ADA in the absence (control) or presence of indicated concentrations of the com-
pounds. Half of the culture medium was changed every 3 days maintaining the same concentration of the compounds. On day 14 after infection,
reverse transcriptase (RT) activity in the culture supernatant was determined as described.16 Results are presented as percentage of RT activity in
drug-treated versus control (untreated) cultures, and error bars show SD of the mean. (b) Analysis of ITI-0599 activity in the nuclear import assay.
Nuclear import assay was performed with digitonin-treated HeLa cells and HIV-1 pre-integration complexes derived from HIV-1LAV-infected H9
cells in the absence (negative control) or presence of indicated concentrations of ITI-0599 or ITI-0294 (positive control) compounds as described
previously.15 Results were analyzed by PCR using primers specific for 2-LTR circle forms of HIV-1 DNA, which are detected exclusively in the
nucleus. PCR was performed in the linear range of amplification, as verified by amplification of PCR standards (dilutions of p2LTR, a plasmid
containing cloned fragment of circularized HIV-1 genome).
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