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ABSTRACT: Strategies for selectively killing HIV-infected
cells present an appealing alternative to traditional antire-
troviral drugs. We show here the first example of an inactive
“Trojan horse” molecule that releases a cytotoxic, small-
molecule proteasome inhibitor upon cleavage by HIV-1
protease. As a proof-of-concept strategy, the protein avidin
was used to block entry of the compound into the protea-
some in the absence of HIV-1 protease. We demonstrate
that this strategy is also feasible without requiring an
exogenous protein; a polylysine dendrimer-containing mol-
ecule is unable to enter the proteasome until cleaved by
HIV-1 protease. These results demonstrate that conditional
proteasome inhibitors could prove useful in the develop-
ment of new tools for chemical biology and future ther-
apeutics.

he development of anti-HIV drugs, including reverse tran-

scriptase inhibitors, protease inhibitors, co-receptor inhibi-
tors, and integrase inhibitors, has changed HIV infection into a
chronic, mostly treatable condition.! However, drug resistance is
problematic, and this is exacerbated by the need for continual anti-
retroviral treatment.”® As an alternative to the simple manage-
ment of long-term HIV infection, strategies have been developed
that seek to exploit cleavage by HIV-1 protease to activate “Trojan
horses” that selectively kill HIV-infected cells. Previously, these
strategies have employed proteins such as caspases,* proteinac-
eous toxins,” and ribonucleases® that normally exist as inactive
zymogens or contain a destabilizing sequence. These proteins were
modified to contain an HIV-1 protease recognition sequence;
cleavage by HIV-1 protease activated or stabilized the cytotoxic
protein, leading to cell death.

To make this approach more drug-like, we sought to develop a
compound that would release a cytotoxic small molecule instead
of a protein. Our strategy involves the HIV-protease-mediated
release of a cytotoxic epoxyketone proteasome inhibitor’ that is
rendered inactive by incorporating a large “blocking” group
(Figure 1). This steric cap prevents entry of the inhibitor into the
hollow catalytic chamber of the proteasome, which has an opening
of 1.3 nm.>’ On the basis of a comparison of SQNY/PIV, an HIV
protease consensus sequence, with structure-activity data from
proteasome inhibitor design studies,'®"" the peptide SQNY/PIVF
was chosen to form a protease-labile linker between a leucine
epoxyketone and the steric cap. Upon cleavage by HIV protease,
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Figure 1. A “Trojan horse” that releases a small molecule capable of
reaching the catalytic threonine of the proteasome only after cleavage by
HIV-1 protease.

1 would be released (Figure 2a), which we have found to be a
potent inhibitor of the proteasome's chymotrypsin-like activity
with low nanomolar cytotoxicity, similar to other epoxyketone-
based proteasome inhibitors."!

As aproof of concept, we synthesized 2, incorporating a biotin
moiety that, in the presence of avidin, would create a steric cap
large enough to prevent entry into the proteasome (Figure 2a).
Instead of including an epoxyketone pharmacophore, we first
incorporated a fluorogenic aminomethylcoumarin (AMC) moiety'”
that gives a direct readout of the ability of 2 to enter the proteasome.
As shown in Figure 2b, when incubated with 20S proteasomes in
the absence of avidin, 2 is able to enter the proteasome, where
AMC is liberated and fluoresces. However, in the presence of
avidin, 2 cannot enter the proteasome, preventing AMC release.
Upon addition of HIV-1 protease, an increase in fluorescence is
detected, indicating that the protease-labile linker is cleaved,
allowing the released fragment to enter the proteasome and
AMC to be hydrolyzed by the proteasomal catalytic sites (Figure 2b).

Encouraged by this result, we next synthesized 3, which con-
tained a Leu-epoxyketone'® in place of the Leu-AMC, and
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Figure 2. (a) Structures of biotin-containing compounds and the released epoxyketone proteasome inhibitor. (b) Activity of 2 as a proteasome
substrate with or without pretreatment with HIV-1 protease and in the presence of avidin (0.72 mg/mL, 10 U/mL) or bovine serum albumin (BSA).
Activity of proteasome substrates is determined by fluorescence of released AMC, normalized against starting fluorescence and monitored over time.
() Activity of 3 as a proteasome inhibitor with or without pretreatment with HIV-1 protease and in the presence of avidin (0.72 mg/mL, 10 U/mL) or
BSA. (d) Dose-dependent response of 3 with avidin (0.72 mg/mL, 10 U/mL), with or without pretreatment with HIV-1 protease. Activity of
proteasome inhibitors is measured by inhibition of fluorescence of AMC released from Suc-LLVY-AMC, normalized against starting fluorescence and

monitored over time.
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Figure 3. (a) Structures of generations 0—3 of 4 and generations 1 —3 of 5. (b) Activity of generations 0—3 of 4 as proteasome substrates. (c) Activity of
generations 1—3 of S as proteasome substrates. (d) Activity of generation 3 of S with or without pretreatment with HIV-1 protease. Activity of
proteasome substrates is determined by fluorescence of released AMC, normalized against starting fluorescence and monitored over time.

demonstrated that it inhibits proteasome activity (as measured
by the cleavage of the fluorogenic substrate LLVY-AMC) in the
absence of avidin. The addition of avidin decreased the inhibitory
activity of 3, while the addition of HIV-1 protease liberated 1,
restoring potent proteasomal inhibition (Figure 2c). The dose
dependency of this effect was studied by measuring proteasome
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activity in the presence of various concentrations of 3 with or with-
out exposure to HIV protease (Figure 2d). The chymotrypsin-like
activity of the proteasome was inhibited by 3 with an ICs, of 58 nM
in the presence of avidin after incubation with HIV-1 protease, a
7.7-fold increase in potency compared to the control lacking
HIV-1 protease (ICso = 450 nM).
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At this point, we began to explore options that did not require
an ectopic protein, which led us to dendrimers as possible steric
caps. In particular, we decided to base our steric cap on dendritic
polylysines, which were developed as cell-permeable transfection
reagents."*”'” While previous work by DeMartino and co-workers*®
has shown conclusively that the proteasome can accommodate
more than one peptide chain, we felt it would be possible to
create a large enough branched dendrimer to prevent entry into
the proteasome. We synthesized generations 0 through 3 of den-
dritic polylysine compound 4 in order to determine the minimal
size of the dendrimer needed to prevent proteasome entry
(Figure 3a). We first used a shortened peptide linker, allowing us
to ignore the possibility that an overly long linker might enable
the AMC substrate to reach the active site inside the proteasome
even if the dendrimeric end of the molecule cannot enter. Our
assays showed that the ability of these compounds to act as
proteasome substrates decreased sharply with increasing den-
drimeric size. While the second generation of 4 (containing four
terminal lysine residues) still showed moderate activity as a
proteasome substrate, the third generation of 4 (containing eight
terminal lysines) had no detectable activity (Figure 3b).

Generations 1—3 of compound §, which contained the full
SQNY/PIVEF linker, were then synthesized. These compounds
showed size dependence similar to that of the various generations
of 4, with the third generation again showing no activity (Figure 3c).
We then tested the third generation of § after incubation with HIV-
1 protease. While the protease-free control had no activity and
was identical to the DMSO control, the third generation of 5 show-
ed significant activity as a proteasome substrate after protease
cleavage. This demonstrates the ability of HIV-1 protease to
rescue the activity of our compound (Figure 3d).

We have shown the first example of a cytotoxic small-molecule
released from a “Trojan horse” compound by HIV-1 protease. We
demonstrated the validity of our strategy using biotin and avidin
as a steric cap, which prevents access of the cytotoxic inhibitor to
the proteasome active site until activation by HIV-1 protease. Next,
we demonstrated the feasibility of this strategy without exogen-
ous proteins through the use of polylysine dendrimers. We showed
that entry into the proteasome could be effectively blocked through
the use of a third-generation lysine dendrimer, while activity re-
mained in the first and second generations, in agreement with
previous work showing that the proteasome can incorporate at
least two peptide chains.'® We were able to rescue the activity of
our proteasome substrates through the addition of HIV-1 protease
to our compounds containing a protease-labile linker. This work
provides the foundation for the design of future conditional pro-
teasome inhibitors for use in chemical biology studies of the pro-
teasome and in the treatment of HIV and other diseases.
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