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Abstract

In the infected cell, HIVV-1 protease (PR) is initially synthesized as part of the GagPol polyprotein.
PR autoprocessing is a virus-specific process by which the PR domain embedded in the precursor
catalyzes proteolytic reactions responsible for liberation of free mature PRs, which then recognize
and cleave at least ten different peptide sequences in the Gag and GagPol polyproteins. Despite
extensive structure and function studies of the mature PRs as well as the successful development
of ten US FDA-approved catalytic-site inhibitors, the precursor autoprocessing mechanism
remains an intriguing yet-to-be-solved puzzle. This article discusses current understanding of the
autoprocessing mechanism, in an effort to prompt the development of novel anti-HIV drugs that
selectively target precursor autoprocessing.
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HIV-1 is the causative pathogen of AIDS. The HIV-1 protease (PR) is a virus-encoded
proteolytic enzyme that is initially synthesized as part of the GagPol polyprotein. PR
autoprocessing is a regulated process by which the precursor PR catalyzes the cleavage
reactions leading to liberation of the free mature PR upon or shortly after progeny virion is
released from the infected cell. HIVV-1 PR is an aspartic protease with the catalytic site
mapped to residue D25; alterations of D25 to A, Y, H or N abolish its enzymatic activity [1-
4]. In the human genome, aspartic proteases are the smallest class with only 15 members
found in two clans, clan AA and clan AD [5]. Clan AA has Al and A2 families. The Al
family contains classical aspartyl proteases, such as pepsin A/C, cathepsin D/E, BACE1/2.
The HIV-1 PR is a member of the A2 family. Clan AD contains proteases, such as the
presenilins and signal peptide peptidase that cleave transmembrane peptides within the lipid
bilayer [5].

In the HIV infected cell, the unspliced genomic RNA also serves as mRNA directing
synthesis of the Gag and GagPol polyproteins. Both Gag and GagPol polyproteins have the
same N-termini [6,7]; approximately 5% of translation undergoes a —1 ribosomal frameshift,
resulting in production of the GagPol precursor [8-10]. Within the GagPol polyprotein, the
HIV PR is flanked by a transframe region, namely TFR or p6*, at the N-terminus and by the
reverse transcriptase at the C-terminus (Figure 1) [2,11]. At least two proteolytic reactions
are required to release the mature PR, one at the N-terminal and other at the C-terminal of
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the PR (sites 7 and 8, respectively, in Figure 1). These reactions are catalyzed by the GagPol
polyprotein itself — a process referred to as PR precursor autoprocessing — in which the
GagPol precursor serves as both the enzyme and substrate at the same time.

The released mature PR recognizes and cleaves at least ten sites in the Gag and GagPol
polyproteins (Figure 1 & Table 1). The substrate residues are usually numbered P1, P2, P3
and P1’, P2', P3', beginning from each side of the scissile bond [12]. The HIV-1 PR accepts
Y, F, L, Mand N in P1 site and has a slight preference for P over A, M, F, Land Y in P1’
position (Table 1) [13-16]. Many cleavage sites are highly conserved among HIV-1 viruses
except for some polymorphisms that emerge in drug-resistant strains at the p2-nucleocapsid
(p2-NC) and p1-p6 sites [17-20]. However, there is no single consensus sequence that can
be extrapolated, suggesting that HIV-1 PR can process a wide variety of substrates. Accurate
and precise PR processing of these sites is absolutely required for the production of
infectious progeny virions [21-27]. Because of its critical role in viral replication, HIV-1 PR
has been a major target for anti- AIDS drug development. In fact, unprecedented efforts
from academic and industrial laboratories have made the mature HIV-1 PR one of the best
characterized enzymes as documented by a series of excellent reviews published over last 20
years [2,5,13,28-33]. As a result, multiple US FDA-approved HIV-1 PR inhibitors have
been developed to treat HIV-1-positive patients [34,35].

In contrast to extensive investigation of HIVV-1 mature PR structure and function, the
molecular and cellular mechanisms of precursor autoprocessing are largely undefined and
many fundamental questions remain to be answered. For example, autoprocessing of the
newly synthesized GagPol precursor needs to be suppressed until Gag assembly and virion
release are nearly completed. Whether and how precursor PR is suppressed and later
activated are completely unknown. Also, it remains unclear whether the initial cleavage is
intra- or inter-molecular. This article will first briefly describe the mature HIV-1 PR
structure, activity and its inhibitors to set a stage for comparison with the precursor PR. A
focus of this article is to give an overview of the methods that have been developed for PR
autoprocessing characterization and the current concept of PR autoprocessing mechanism.
Additionally, this article proposes an off the beaten path theory that attempts to reconcile the
exiting data. This will hopefully provide a platform to inspire pioneering research with novel
approaches to further advance our understanding of autoprocessing mechanisms, which will
lay the groundwork for the development of novel autoprocessing inhibitors.

Mature HIV-1 PR structure, activity & inhibitors

Many aspartic proteases share a general fold with three distinct domains. For single-chained
proteases, such as pepsins, the N- and C-terminal domains, each contributing one catalytic
aspartic acid residue, are connected by an antiparallel f-sheet. The active site is located at
the bottom of a cleft formed by the two domains and is covered by two p-hairpin structures
or “flaps’ that are highly flexible to allow binding and release of the substrates. Two aspartic
amino acids working cooperatively at the optimal pH in the presence of a water molecule
essential for amide bond hydrolysis [36]. The -sheet domain plays a critical role in
stabilizing the overall structure and comprises p-strands from discontinuous regions of the
polypeptide [37]. In the case of mature cathepsin D, which is normally found in the
lysosomes of higher eukaryotes, a two-chain form is predominant due to a post-translational
autocleavage between residues 98 and 106 resulting in the noncovalent association of light
and heavy chains [38]. HIV-1 mature PR is a distinguished aspartic PR by two structural
features. First, mature PR is a homodimer of 99-amino acid subunits [2,11,39] and is the
smallest aspartic PR, in terms of size, that has been identified to date. Second, the
‘interdomain’ B-sheet is drastically shorter with fewer B-strands. This region is highly
conserved in amino-acid composition and contributes approximately 75% of the dimer
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stabilization energy [40]. There are over 500 mature HIV-1 PR structures that have been
reported in the literature with most of them being complexes of PR with different inhibitors
[41-49]. The mature PR dimer is extremely stable with a dissociation constant Ky of <5 nM
[50], suggesting that once the mature PR dimer is formed, reversible dissociation to the
individual monomer is less probable.

A fluorometric assay has been routinely used to quantify the mature PR activity /n vitro
using purified recombinant PR and synthetic substrate peptides derived from various
cleavage sites found in Gag and/or GagPol polyproteins. For example, a hexapeptide
substrate derived from the capsid (CA)-spl cleavage site (site 2 in Figure 1), Ac-Thr-lle-
Nle-Nle-GIn-Arg-NH,, incorporation of 2-aminobenzoic acid, in place of the acetyl group as
the donor, and p-NO,-Phe at the P1’ position, as the acceptor, intramolecularly quenches
fluorogenic substrate. Peptide cleavage by mature HIV PR releases the fluorescent N-
terminal tripeptide from its quenching nitro-benzyl group, resulting in an increase in
fluorescence. Subsequently, fluorescence intensity can be measured to reflect enzymatic
activity [51]. Diverse commercial kits use synthetic oligopeptides derived from different
cleavage sites. Purified recombinant HIV-1 PR revealed several 100-fold variations in
catalytic kinetics among different peptide sequences [52]. A similar scale of variation was
also observed with HIV GagPol as substrate in an /n vitro assay [15,53,54]. Out of the five
HIV-1 Gag-processing sites, the sp1-NC site is processed at the very early stage and
cleavage of the CA-spl site appears much slower in vitro [15]. Interestingly, it was recently
demonstrated that not only the substrate sequence but also the flanking domains can
differentially modulate mature PR kinetics [55,56] suggesting contribution of complex
substrate interactions beyond the active site to PR activity. Accessibility of these substrates
might be another mechanism to regulate processing of each site [18,20]. These varied
processing rates might be critical to regulate the order of different sites that are cleaved by
HIV-1 PR. It remains to be illustrated whether these sites are cleaved in a defined sequence
during production of infectious virions.

There are currently nine FDA-approved PR inhibitors (amprenavir was discontinued and
replaced by its prodrug fosamprenavir in 2004) that are used by themselves or in
combination with other antiretroviral agents (reverse transcriptase inhibitors, fusion
inhibitors and integrase inhibitors and so forth) to treat HIV-1 positive patients (Figure 2).
These PR inhibitors are noncleavable substrate analogs targeting the catalytic site of the
mature PR with high binding affinities. Unfortunately, this single mode of inhibition is
insufficient at completely blocking HIV replication as various drug-resistant HIV strains
often emerge in patients treated with these PR inhibitors. These variants usually carry a
single or a combination of point mutations in PR [34], and the resulting mutant PRs become
insensitive to the inhibitors but are still able to support viral replication even though some
PRs may be appreciably compromised by 10-20-fold in Kqot/Ky,, as measured /n vitro [57].
Such structural plasticity seems intrinsic to HIV-1 PR as it is made to recognize and process
a variety of substrates with diverse amino acid sequences [41]. Substrate sequence co-
evolution also contributes to the development of drug-resistant strains [19]. The constant
emergence of drug-resistant HIV strains in patients undergoing these therapies and the long-
term side effects associated with many of these drugs underscore the urgent need for the
development of new PR inhibitors with novel action mechanisms. In this regard, PR
precursor autoprocessing could be a promising target as it is responsible for liberation of the
mature PR and is a virus specific process that has not yet been extensively exploited for anti-
HIV drug discovery.
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Definitions of precursor PR & precursor autoprocessing

The GagPol polyprotein is the full-length PR precursor that is initially synthesized in the
infected cell. Additionally, various constructs containing the PR domain along with different
flanking sequences are often used in autoprocessing studies. These constructs exhibit diverse
proteolytic activities when expressed /n vitro [3,58-61], in Escherichia coli[1,11,50,62,63]
or in mammalian cells [22,63-66]. The only common component in these constructs is the
PR coding sequence (PR) along with its upstream p6* sequence, which has defined the p6*-
PR as a miniprecursor PR [11,42,50,63,67,68].

PR autoprocessing refers to a process by which the precursor catalyzes cleavage reactions
leading to liberation of the free mature PR. Extensive investigation confirms that the PR
domain is essential and sufficient for PR autoprocessing; alterations of the catalytic aspartic
acid to other amino acids abolish precursor autoprocessing. Two cleavage reactions are
necessary to set free the mature PR from its precursor (sites 7 and 8 in Figure 1). Mutations
that block the C-terminal cleavage site lead to production of PR-RT fusion enzymes that are
capable of making viable and infectious virions with approximately 20-fold reduction in
infectivity [69], indicating that the C-terminal extension has little impact on PR activity. A
transient intermediate consisting of the mature PR and its C-terminal native flanking
sequence (19 residues of the RT) demonstrated proteolytic kinetics similar to the free mature
PR, suggesting again that the C-terminal sequence does not significantly affect the full
catalytic activity [70]. In addition, fusion of fluorescent proteins such as CFP and YFP to the
C-terminus demonstrated no obvious impact on virus infectivity [71]. PR precursors with
small epitopes fused to the C-terminus also effectively autoprocessed in transfected
mammalian cells [63,65]. Collectively, these studies suggest that PR activity is not
significantly affected by its downstream sequences. With that being said, it should be noted
that the downstream RT might function to modulate precursor PR dimerization in the
context of GagPol polyprotein [72]. On the other hand, blocking the N-terminal cleavage (at
site 7) led to production of the p6*-PR miniprecursor that was unable to process most of the
cleavage sites in the Gag polyprotein and the resulting virions were noninfectious [73,74].
Furthermore, the mature PR activity was only observed upon removal of the upstream p6* in
an /in vitroassay [50]. These studies have defined the cleavage reaction at site 7 as a critical
step of precursor autoprocessing. In this article, a precursor PR is referred to as any
construct that carries the PR sequence plus part or all of the upstream p6*; precursor
autoprocessing is primarily referred to as the cleavage reaction at site 7.

It is intuitive to assume that the precursor PR and mature PR are enzymatically similar as the
amino acid sequence in the PR region is identical. However, a body of evidence
demonstrates that these two forms of PR are quite different in their catalytic properties. For
example, the precursor PR is only capable of processing a limited number of cleavage sites,
such as sites 3, 6, 8 and 10 (Figure 1), whereas the mature PR recognizes and processes all
the cleavage sites [14,74]. The authors [64,66] and others [50,57,60] have demonstrated that
the precursor PR is considerably less sensitive than the mature PR to inhibition by the
catalytic site inhibitors. The contemporary concept assumes that both precursor and mature
PRs share the same catalytic site but the N-terminal extension peptide (p6*) significantly
destabilizes the dimeric precursor such that the precursor PR forms the catalytic site only
transiently. This idea is mainly inferred from structure analyses of /n vitro purified p6*-PR
model precursors PR [50,75,76] and thermodynamic simulation of folding kinetics [77-79].
Particularly, a recombinant inactive precursor carrying four amino acids extended from the
N-terminus and lacking the last four amino acids of the mature PR forms highly transient
dimeric complexes (3-5% of population in solution) that resemble the mature protease
configuration. In the atomic structure of a complex formed between the pseudo-wildtype PR
with four residues extended from the N-terminus and darunavir (a potent PR inhibitor), the
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N-terminal end of one monomer is found to bends away from the stabilizing anti-parallel p-
sheet, suggesting that precursor PR dimer is much less stable compared with the mature
protease and that the N-terminal end might go into the catalytic site to be cleaved intra-
molecularly. According to this model, one should expect little or no proteolytic activity from
the precursor PR especially when it exists at low concentrations. However, the in vitro
transcribed/translated GagPol precursor (estimated up to ~0.2 nM) effectively processes
sites 3, 6 and 8. Another emerging hypothesis is that the precursor PR is different from the
mature PR in their catalytic site conformations and that allosteric regulations are attributed
to the different proteolysis activity between the precursor and mature PRs. This hypothesis
also implies structural flexibility of the precursor PR in response to different conditions and
conformational changes from the precursor to the mature PR. This allosteric regulation
theory is able to reconcile most autoprocessing data obtained from different models but the
direct evidence remains to be established.

Model systems for precursor autoprocessing study

Autoproteolysis of precursor PRs imposes a technical challenge to isolation and purification
of the wild-type unprocessed precursors for autoprocessing characterization, which partially
underlies the fact that the molecular mechanism of precursor autoprocessing is poorly
understood. No detailed (wild-type) precursor PR structure (not complexed with protease
inhibitors) is currently available. This section summarizes model systems that have been
developed for autoprocessing study to date. It is worth noting that different systems utilize
different kinds of precursor PRs, which might have complicated data interpretation and
reconciliation.

In vitro purified PR miniprecursors

When expressed in £. coli, the mature PR is predominantly associated with the inclusion
bodies, from which large quantities of PR can be purified under denaturing conditions. The
purified recombinant mature PR displays proteolytic activity upon /in vitro refolding. This
provides an easy way to obtain purified mature PR at decent amounts. In fact, most mature
PR structures are solved using samples that are prepared this way. The wild-type mature PR
tends to undergo rapid self-degradation as there are several sites that are highly sensitive to
PR autoproteolysis [80,81]. To circumvent these hurdles, several laboratories modified PR
sequences and demonstrated that substitutions Q7K, L33l and L63I significantly improve
the stability [80,81]. Also, C67A and C95A were generated to restrict cysteine thiol
oxidation-mediated PR aggregation /in vitro[11,50,68]. The resulting PR bearing these
mutations displayed kinetic properties similar to the wild-type PR as measured by the
standard /n vitro fluorometric assay [80,81]. Consequently, a pseudo-wild-type PR bearing
these five mutations has been utilized in many biochemical and structural analyses
[11,42,50,63,67,68,82].

Most active precursor PRs undergo effective autoprocessing when expressed in £E. coli,
making it impractical to isolate and purify recombinant precursor PR. Interestingly, a
miniprecursor consisting of the pseudo wild-type PR and an additional R8Q mutation led to
approximately equal amount of precursor and mature PR in the inclusion bodies [50]. The
mature R8Q PR displayed enzymatic kinetics similar to the pseudo wild-type PR. This has
enabled /n vitro characterization of precursor autoprocessing using the R8Q miniprecursor
[11,50,57,68,75,76,83]. Upon refolding at low pH conditions, the purified R8Q precursor
undergoes autoprocessing releasing the mature PR. Extensive enzyme kinetics and PR
structure analyses have been carried out with this /n7 vitro system and the results of these
studies are nicely summarized in recent reviews [11,68]. One intrinsic limit of this approach
is that the /n vitro refolding procedure might induce the conformation that is most favorable
and stable under the conditions and, hence, other functional conformations might be missed
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by this approach. Inhibitor titration experiment also suggested that not all of the proteins
refold into the mature PR-like conformation [63]. Therefore, this model system is not
applicable to examine and evaluate the allosteric regulation theory. Additionally, this system
is anticipated to be less productive for the development of precursor specific inhibitors as
the /in vitro folding conditions are designed to favor the folding of structures that are similar
to the mature protease.

In vitro transcribed & translated precursors

Another system utilizes /n vitro transcription coupled translation of precursors in cell-free
lysates such as wheat-germ lysates or rabbit reticulocyte lysates. Pulse-chase analysis of the
[3°S] methionine-labeled Gag-PR precursors reveal several self-cleaved products that could
be detected by radiography based on their sizes and [3°S] methionine content [3]. The full-
length GagPol precursor also demonstrated similar proteolytic activity and yielded several
processing products [14,60]. In this system, the sp1-NC (site 3 in Figure 1) site appears to be
the first one that is processed followed by the cleavage that separates the NC from the p6*
peptide (site 6). The latter site varies among different HIV-1 strains probably due to
sequence polymorphism, that is, F/L in the HXB isolate [60] and N/F in the BH10 isolate
[3]. Mutations that block these early sites lead to alternative cleavages at neighboring sites
[60], suggesting that the PR precursor is able to process non-conventional substrates under
certain conditions. Processing at these two sites was relatively rapid (stable after 15 min),
but no additional cleavage of the other GagPol sites was observed after few hours of
incubation. These /n vitrotranscribed/translated Gag or GagPol precursors can be processed
effectively with purified mature PR added in #rans [14,84-86], suggesting that the cleavage
sites in these proteins are at least accessible to the mature PR. These analyses confirmed
intrinsic catalytic activity of the precursor PR but liberation of the mature PR was not
observed in this system.

It is worth noting that the estimated GagPol precursor concentrations with an optimized
rabbit reticulocyte lysates system are only up to 0.2 nM [14,15], which is lower than the
dissociation constant of the mature PR (i.e., ~5 nM). This raises a fundamental question of
how precursor PR forms a mature PR-like dimer at such low concentration if dimerization is
required for proteolytic activity. Additionally, the fact that no detectable mature PR is
released argues that this system lacks essential elements for precursor autoprocessing
although precursor PR activity is readily manifested. This system alone is also too
complicated to be used for functional screening of precursor PR inhibitors in a high-
throughput format.

Proviral constructs

Mammalian cells transfected with proviral constructs have also been used to study precursor
autoprocessing. The transfected cell mimics the infected cell by expressing all the viral
encoded components that mediate assembly and release of virion particles into the culture
medium. This allows for an examination of both cell and virion associated proteins by
standard western blotting. Another advantage of the provirus system is that it allows for the
determination of how mutations affect virus infectivity and fitness, the biologically relevant
parameters that cannot be evaluated with other model systems. However, direct detection of
the autoprocessing intermediates and the final product (mature PR) in transfected cells and
virions has been less successful. This is partially due to a lack of highly sensitive antibodies
specific to the PR and that many PR-containing fragments only exist transiently; for
example, the mature PR undergoes rapid self-degradation. Instead, quantification of Gag
processing has served as an indirect measurement to reflect autoprocessing efficiency [65].
In particular, the amount of CA relative to the other CA-containing proteins is normally used
to determine autoprocessing efficiency as the cleavage at the CA-spl site absolutely requires
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the autoprocessing product, the mature PR; the precursor PR is unable to process this site.
One limit of this system is that some Gag cleavage sites can be processed by either the
precursor or mature PR and, hence, data interpretation is complicated by not knowing the
exact contributing players in the system.

Another provirus-based assay was recently reported to study precursor dimerization
[71,87,88]. In brief, a CFP or YFP is inserted between PR and RT with a polyalaline linker
(non-cleavable) connecting PR and CFP (or YFP). The C-terminus of CFP (or YFP) is
connected to RT through phenylalanine and proline (cleavable) so that the PR-CFP fusion
can be cleaved from RT. Cos-7 cells co-transfected with the CFP/YFP proviral plasmid pairs
were able to produce viral particles that contained CFP (or YFP)-tags PR and were capable
of infecting CD4+ MT-4 cells, confirming that the C-terminal sequences do not significantly
impact PR activity. The rationale of this design is that PR dimerization brings CFP and YFP
into a close proximity and, thus, mediates fluorescence (Forster) resonance energy transfer
(FRET) in the co-transfected cell. To quantify FRET efficiency, fluorescence intensity of the
donor (CFP) after and before photobleaching is individually measured and used to calculate
the A/B ratio (i.e., after intensity/before intensity). The average CFPA/B ratio of the wild-
type control is 1.24 + 0.11. Single amino acid substitutions that are expected to disrupt
mature PR dimerization also demonstrated reduced CFPA/B ratios in the transfected cell and
the resulting viruses are replication deficient. Therefore, this assay provides another useful
measurement of PR dimerization in the context of transfected cells. However, one technical
limitation of this assay is wide distribution of CFPA/B ratios due to variations in signal
intensity and transfection efficiency among different cells. In addition, according to the
current concept, the majority of precursor PR should be inactive (i.e., not dimerized yet) in
the transfected cell as precursor dimerization is mostly suppressed until or shortly after
virion release. Subsequently, positive FRET resulted from precursor dimerization is
expected to come from a very small percentage of the whole precursor population. Data
interpretation of this assay is further complicated by the fact that the mature PR forms stable
dimers as a result of effective precursor autoprocessing. Collectively, it is practically
challenging to distinguish precursor dimerization-mediated FRET from false-positive
signals (from mature PR dimers) and background noises. Therefore, this assay needs further
development before it can be widely used for precursor dimerization and autoprocessing
studies. For the purpose of drug development, both provirus-based models are very low-
throughput considering the complicated protocols that are involved. Subsequently, they are
more suitable for hit compound validation as secondary or tertiary assays, but neither is an
appropriate primary assay for high-throughput screening of precursor inhibitors.

Fusion precursors expressed in cells

Many constructs containing PR precursor sequences fused to non-viral components are used
for autoprocessing study as well. GST is an example of the fusion tags. GST is a well-
characterized homodimer with the dissociation constants for dimeric GST ranging from the
low micromolar to the low nanomolar, depending on assay conditions [89,90]. Owing to the
tight dimer association and slow exchange kinetics [91], the GST moiety is expected to
facilitate dimerization of the fusion precursor and subsequent autoprocessing. Additionally,
small peptide epitopes, such as HA, Myc and Flag, can be engineered into different locations
of the fusion precursor to facilitate direct detection of the autoprocessing intermediates and
mature PR. A typical fusion precursor contains the miniprecursor (p6*-PR) sandwiched
between GST and HA tags. Expression of GST fused precursor PR leads to effective
autoprocessing and production of mature HIV-1 PR in cells (£. coli or mammalians) [63—
65,92]. Fusion precursors carrying other N-terminal tags, including GFP, hsp70 and GCN4,
are also autoprocessing competent when expressed in the transfected HEK293T cells [66].
This has provided an easy assay to specifically study the autoprocessing reactions inside

Future Med Chem. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang and Chen

Page 8

cells, which provides a more biologically relevant environment than in a test tube at low pH
conditions. This system allows simultaneous examination of drug effects on the mature PR
and precursor PR, thus providing side-by-side comparison of the two under the same
conditions. Importantly, this assay also enables cell-based functional screens of cell-
permeable compounds that impede precursor autoprocessing. Such screens might identify hit
compounds that suppress precursor autoprocessing via various action modes. Further
characterization of these compounds will not only shed light on autoprocessing mechanism
but also help to identify novel autoprocessing inhibitors that target regions outside the active
site of the mature PR.

MBP is another fusion tag that is widely used to increase solubility of target protein. Unlike
GST that exists as stable dimers, MBP is generally considered as a monomeric protein at
concentrations up to 1 mM. In the first reported MBP fusion precursor, a polypeptide
containing the PR domain plus 12 and 19 amino acids extended from its N- and C-terminus,
respectively, is fused to the C-terminus of MBP [82,93]. Interestingly, when expressed in £.
coli, the resulting fusion is soluble but autoprocessing deficient [82,93]. The purified MBP
fusion precursor releases the mature PR after going through an /n vitro denature-and-refold
cycle at 0.1-50 pM concentrations. One could argue that MBP fusion precursor might exist
as a monomer thus suppressing the dimerization essential for the formation of the active site.
However, size-exclusion column chromatography analysis indicated that the fusion
precursor forms oligomeric complexes with an apparent molecular mass of 1.1 x 10° Da.
Even more intriguingly, the authors recently observed that several MBP fusion precursors
are effectively autoprocessed in the expressing mammalian cells [Huang L et al.,
Unpublished Data], suggesting a host-dependent (£. co/ivs mammalian cells) regulation of
precursor autoprocessing. This indirectly supports the allosteric regulation theory in that the
precursor PR activity can be regulated by a tag (MBP) in different host cells. Therefore,
additional characterizations would be necessary to provide insights into the underlying
mechanism.

Another advantage of this model system is that it can be used to identify small-molecule
inhibitors that selectively suppress precursor autoprocessing via functional screening. With
this assay, precursor autoprocessing efficiency inversely correlates with the amount of the
full-length fusion precursor, which can be quantified by amplified luminescent proximity
homogeneous assay ELISA (AlphaLISA) technology [94-97] using crude cell lysates. Our
preliminary results demonstrated highly sensitive detection (up to 30 pM) [Chen C et al.,
Unpublished Data], suggesting the exciting potential of this assay for its application to drug
discovery. This is the first high-throughput compatible assay that enables identification of
autoprocessing-specific inhibitors while bypassing the lack of knowledge about the
underlying enzymatic mechanisms. Further characterization of the hit compounds will not
only provide powerful probes for the study of autoprocessing mechanism but will also lead
to the development of a new class of drugs that complement the currently available protease
inhibitors by targeting regions/areas beyond the catalytic site of the mature protease. These
new drugs will offer alternative treatments to combat HIV-1 strains that are resistant to the
current protease inhibitors.

Mechanism & regulation of precursor autoprocessing

It has been a long-standing mystery how autoprocessing is initiated and regulated in the
infected cell. A fascinating feature of PR autoprocessing is that the autoproteolysis does not
occur immediately after the synthesis of the GagPol precursor; rather, it is temporally
coordinated with the late virion-release event. The underlying suppression and activation
mechanisms are currently largely unknown. According to the mature PR structure, it is
widely accepted that precursor PR dimerization is required for precursor autoprocessing,
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although definitive evidence demonstrating that the precursor dimers form an active site
similar to that observed with the mature PR is absent. Therefore, it remains debatable how
precursor PR dimerizes whereas the upstream p6* peptide functions to destabilize precursor
dimerization. In addition, it is worth noting that the current autoprocessing concept is
primarily built upon studies utilizing a recombinant model precursor that is purified from £.
coliinclusion body under denaturing conditions and then refolded /in vitro (see above). This
approach eliminates other viral and/or cellular factors, if any, that may be involved in
regulating the precursor PR activity. This section gives an overview of the recent advances
in our understanding of HIV-1 PR autoprocessing while highlighting the outstanding
questions that remain to be addressed.

Role of the p6* peptide in HIV PR autoprocessing

The p6* peptide is immediately upstream of the mature PR and makes up the N-terminal
portion of the miniprecursor. The p6* peptide by itself is predicted to be intrinsically
disordered; synthetic p6* alone does not display any defined structure. Accumulating data
suggest that it plays an inhibitory role on precursor dimerization and precursor activity
although the underlying mechanisms are still unclear. The recombinant p6*-PR precursor
demonstrated an apparent dissociation constant of approximately 700 nM, which is >100-
fold higher than the mature PR dissociation constant (K4 < 5 nM) [50]. Structural and
biochemical analyses also demonstrated that an N-terminal extension of as few as four
amino acids disrupts the B-sheet that is critical in stabilizing PR dimers [75,98].
Subsequently, one putative model is that the p6* peptide simply functions as a disordered N-
terminal extension that prevents precursor dimerization. Consistent with this speculation, the
majority of the peptide seems dispensable for virus replication. A previous study
demonstrated that the central region of p6 (S14-131), also corresponding to the central
region of p6* (R20-D39), is dispensable for virus replication in cultured cells and smaller
deletion can be tolerated /n vivo as well [99]. It was recently demonstrated that
approximately 65% of p6* region can be deleted without affecting PR autoprocessing and
Gag processing after genetic uncoupling of this region from the overlapping p6 coding
sequence [100]. The authors recently reported that truncation of the majority of the p6*
region does not affect autoprocessing of GST fused precursor PRs in transfected mammalian
cells [64]. These observations further support the idea that the N-terminal extension rather
than the specific sequence hinders precursor dimerization and removal of the extension
renders the full mature PR activity. Consequently, the N-terminal cleavage site seems to be
an interesting target on its own, as blocking this cleavage would prevent release of the
mature PR. In this regards, a peptide (P27) consisting of the N-terminal cleavage site along
with the flanking sequence demonstrated encouraging protection in acutely infected MT-2
[67]. However, this peptide also inhibited virion production for an unknown reason.
Therefore, additional investigation of the N-terminal cleavage site conformation and
cleavage mechanism is needed for the further development of inhibitors specifically
targeting this site.

A puzzling paradox is how p6*-PR precursor exerts proteolytic activity if dimerization is
required to form the catalytic site as observed with the mature PR whereas the p6* peptide
prevents dimerization. The /n vitrotranscribed/translated GagPol precursor is estimated to
be at subnanomolar concentrations (up to 0.2 nM) that are at least tenfold lower than the
mature PR dissociation constant (<5 nM) and approximately 3500-fold lower than the
precursor PR dissociation constant (~700 nM). Consequently, GagPol precursor
dimerization seems unfavorable under this condition, yet this GagPol precursor effectively
cleaves the sp1-NC and NC-p6* sites. Assuming that dimerization is a must for catalytic
activity, one could argue that the other domains (e.g., RT) flanking the p6*-PR precursor
provide enough force to increase the local concentration to facilitate p6*-PR dimerization.
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This argument also infers that virion assembly at the plasma membrane leads to an increase
in local concentrations of GagPol precursor to trigger precursor autoprocessing. However,
this model fails to explain the result observed with the proviral system where the N-terminal
cleavage site is mutated to non-cleavable [74]. The mutant virus contains normal amounts of
RT and IN that are processed by the p6*-PR precursor whereas Gag polyprotein processing
was severely impaired; only the cleavage at sp1- NC site was observed. It is estimated that
in the released virus particles the p6*-PR precursor could reach up to approximately 220
mM [101], which is approximately 300-fold higher than the dissociation constant reported
for the recombinant p6*-PR precursor [50]. If concentration is the only driving force for
dimerization of the p6*-PR precursor, some mature PR activity would be expected in the
released virions. The complete lack of Gag processing at sites other than sp1-NC indicated
that regulation of the p6*-PR precursor activity appears more complicated than a simple
concentration driven process. The allosteric regulation theory offers a possible solution to
this apparent controversy. According to this theory, the precursor PR and the mature PR are
two related but different enzymes and the mutation preventing the N-terminal cleavage also
blocks the conformational change from the precursor to mature PR. As a result, only the
precursor activity was manifested and no detectable mature PR activity could be observed.
Therefore, it is fundamental to determine precursor structures in order to better understand
autoprocessing mechanism and to develop precursor PR-specific inhibitors.

Role of the residues at the dimer interfaces on HIV-1 PR activity

Due to the fact that detailed structure information of precursor PR is not available, residues
that are determined to be important for dimerization are all based on the mature PR
structures. For HIV-1 mature PR, the interface interactions contribute close to 75% of the
free energy of dimer stabilization [102,103]. Therefore, interfering with the residues
contributing dimer formation is expected to decrease dimer stability and hence reduce PR
activity. For example, deletions of the N- and C-terminal residues completely abolished
dimer formation; the resulting PRg_gs5 was found to exist as monomers [42,98]. The catalytic
site mutation D25N alone increased the equilibrium dimer dissociation constant by a factor
>100-fold (1.3 £ 0.09 pM) relative to the wild-type mature PR [47]. Other residues
including D25, 149, G50 at the interface were also exploited to promote the formation of
heterodimers between the wild-type PR and the inactive mutant [104,105]. Interestingly,
when introduced into the provirus and mixed with the wild-type provirus DNA at ratio of
2:1, the resulting mutant reduced virus infectivity by 82%, providing a proof-of-concept to
inhibit HIV replication via manipulating PR dimer interface. Unlike the development of
catalytic site inhibitors, the field of interfacial binding inhibitors for fighting against HIV is
still in its infancy; new techniques are being developed that will hopefully provide some
guidelines for the design of novel drug candidates [87,106,107].

Role of H69 & the surrounding residues in HIV-1 precursor autoprocessing

More than two decades ago, Loeb et a/. individually altered each amino acid of HIV PR to
different missense mutations and analyzed the resulting mutants for their autoprocessing
activities in £. coli[1]. Results of this analysis have provided a landscape to study
functionally important regions. For example, V82 polymorphism was observed in a long
stretch of conserved residues (T74-L90) and V82 variants were later identified in many
drug-resistant HIV strains. The highly conserved G86 was found to play a critical role in
catalytic activity but have minimal influence on dimerization [48]. Functions of many other
amino acids in PR activity and autoprocessing regulation remain to be revealed.

Chen and co-workers recently made an intriguing observation suggesting that H69 is

involved in modulation of precursor structure and the subsequent autoprocessing [63,65].
Based on the mature PR structure, H69 is a surface residue that is approximately 25 A away
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from the catalytic site and is located close to the stabilizing anti-parallel sheet PR.
Alterations of H69 to neutral or positively charged amino acids have no obvious impact on
precursor autoprocessing but changes to negatively charged amino acids (e.g., E or D),
impede precursor autoprocessing. This phenomenon was reproducibly observed with three
different model systems. Interesting enough, the recombinant mature PR carrying H69E
mutation only demonstrated moderate reduction in catalytic activity. The authors’ data
demonstrate that an acidic amino acid at position 69 does not drastically impair the mature
PR activity, but prevents productive precursor autoprocessing. It was inferred that the local
conformation of H69 residue in the precursor PR is different from that in the mature PR,
supporting the idea that the precursor PR and the mature PR are not identical in their
detailed structures.

H69 residue is also in a close proximity of the two highly conserved cysteines (C67 and
C95) in the mature PR structure. The regulatory function of C67 and C95 was first noticed
because copper salts inhibited the mature PR activity and oxidation of cysteine residues was
essential for the inhibition [108,109] because precursors carrying C67A/C95A mutation are
not inhibited by copper salts. Interestingly, column binding analysis revealed that H69, not
C67, is responsible for reversible high affinity binding to the immobilized Cu?* [110].
Biochemical analyses using /n vitro purified mature PR demonstrated that glutathione
modification at C95 abolished enzymatic activity by disrupting dimerization and
dithiothreitol or cellular thioltransferase reversed the inhibition [111,112]. These studies
suggested reversible oxidative modification of these cysteines as a regulation mechanism of
precursor autoprocessing [113], which was further confirmed using the in vitro transcription/
translation system [61]. It was also observed that the HG9E mutation severely impairs
precursor autoprocessing in the context of cysteine-null background (C67A/C95A) but
inhibits precursor autoprocessing to a lesser extend in the context of C67/C95 backbone
[65]. Collectively, this general region containing residues C67, H69 and C95 seems flexible
in its local conformation but plays an important role in regulating the precursor activity.
Chemicals disturbing the function of this region might hold promise for the development of
novel autoprocessing inhibitions. In this regard, Chang MW et a/. recently identified one
compound that inhibits the wild-type mature PR, as well as a drug-resistant PR with six
point mutations. Docking analysis suggests a binding of the compound to the groove that
also contains C67 and H69 residues via an allosteric non-competitive mechanism [114].
Such a mechanism has been underappreciated probably due to the approach that is used for
structural analysis of the mature PR; the /n vitro refolding procedure might force the PR to
fold into the most stable conformation under the conditions. Therefore, it is essential to
develop new approaches that would allow characterization of precursor conformations under
physiological conditions.

Temporal correlation of HIV-1 PR autoprocessing with virion production

It is long believed that precursor autoprocessing has to be suppressed until the point when
virion assembly is almost completed; early PR activation is detrimental to virion production
and infectivity [23,72]. However, the link establishing this temporal correlation is still
missing. One speculation is through the late domain that is located in the C-terminal region
of the Gag polyprotein, responsible for recruiting the cellular ESCRT complexes to facilitate
virions release [115-118]. In line with this idea, it was reported almost three decades ago
that HIV late domain mutation inhibited HIV production in the presence of active PR;
double mutation of the late domain and D25A rescued virion production [4]. The players
mediating this interplay are yet to be identified. If additional viral and/or cellular
components are indeed required for regulation of precursor autoprocessing (suppression
during early assembly stage and activation upon virion release) the conventional
crystallographic approach would be less fruitful without knowing the contributing factors.
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Therefore, identification and characterization of these factors that are associated with the
precursor and/or autoprocessing intermediates would be critical for advancing our
understanding of autoprocessing temporal regulation.

Precursor autoprocessing in the presence of catalytic site inhibitors

The currently available catalytic site inhibitors bind to the mature PR with high affinities,
ranging from high pM to low nM, under conditions in which peptide substrates demonstrate
high uM affinities [101,119]. These inhibitors are very effective at suppressing the mature
PR activity due to their high-binding affinities with low nanomolar 1Csq values. However,
they are drastically insufficient at inhibiting the precursor PR activity. For example, 1 uM of
ritonavir is required to inhibit proteolytic activity of the /in vitro transcribed/translated
GagPol precursor (estimated to be up to ~0.2 nM) [60]. Similarly, it has been repeatedly
reported that uM concentrations of PR inhibitors are needed to precursor PR activity in
various model systems [50,57,60,64,66]. The underlying mechanism of this phenomenon
has been another long-standing mystery. Based on the contemporary model, one should that
expect less PR inhibitors are required to suppress precursor PR activity given that only 3—
5% of precursor would fold into mature PR-like catalytic site [75]. Once again, the allosteric
regulation theory, proposed in this review, offers a sounding interpretation that the precursor
PR is induced to fold into a mature PR-like structure in the presence of PR inhibitors. Such a
process appears less efficient and thus requires high concentrations of PR inhibitors. Of
course, experimental data supporting this idea are vital for justification.

Future perspective

The HIV-1 PR is a proven target for anti-AIDS drug development because of its critical role
in virus infectivity. Extensive research efforts have primarily focused on the mature PR in
the past three decades; whereas investigation of the precursor PR structure and function
along with its autoprocessing mechanism has been mostly neglected. This is, in part, due to
the widespread perception that the precursor and the mature PR are very similar in their
structure and proteolytic activity although the definitive evidence is lacking. Accumulating
evidence suggests that the precursor PR is enzymatically different from the well-
characterized mature PR; the currently available FDA-approved PR inhibitors (targeting the
catalytic site of the mature PR) are significantly less effective at suppressing precursor
autoprocessing. Therefore, it is more critical than ever to better understand the precursor PR
biochemistry and its mediated autoprocessing reactions. Extensive research efforts are vital
to address outstanding questions, such as how different (enzymatically and structurally) is
the precursor PR from the mature PR, how is the precursor PR activity suppressed during
virion assembly and later activated upon virion release. Nonconventional approaches that
pay special attention to better preserving precursor PR conformations under physiologically
relevant conditions are also essential to examine and evaluate the proposed allosteric
regulation theory. Results of these studies will hopefully identify regions that are outside the
catalytic site of the mature PR but are essential for precursor autoprocessing. Chemicals
targeting these regions will interfere with precursor autoprocessing and form a new class of
anti-AlIDS inhibitors. A combined use of new autoprocessing inhibitors with the existing
catalytic site inhibitors would significantly increase the genetic barrier for the evolution of
HIV-1 strains resistant PR to both classes of inhibitors. Although such compounds remain to
be identified, this approach, if successful, will offer new promise to the campaign of
achieving an AIDS-free generation.
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Executive summary

HIV-1 protease (PR) is a proven target for anti-HIV drug development. It has
been increasingly appreciated that HIV-1 protease exists in at least two
enzymatically different forms — the precursor and mature HIV-1 proteases. This
unconventional theory would provide conceptual guidance for novel therapeutic
development, although it remains to be further defined and evaluated.

Mechanistic characterization of precursor autoprocessing requires new
approaches and methods that take biologically relevant conditions into
consideration, as HIV-1 precursor proteases are expected to be flexible and
capable of adapting into different conformations in response to various
environments according to the proposed theory.

The currently available US FDA-approved protease inhibitors primarily target
the catalytic site of the mature protease based on the known structure. These
inhibitors are significantly less effective at suppressing the precursor-mediated
autoprocessing reaction; no specific precursor protease inhibitor is available.

Emergence of drug-resistant HIV-1 strains is a constant concern and novel
inhibitors with distinct action modes and/or different target regions are in urgent
need. The precursor protease is a promising target given that it is enzymatically
different from the mature protease.

Structure-based drug design is not practical for the development of precursor-
specific inhibitors due to absence of detailed information of its conformation
under physiologically relevant conditions. The current structural information is
derived from recombinant protease purified under denaturing conditions
followed by /n vitro refolding.

The described cell-based assay allows for quantification of precursor
autoprocessing, which provides a platform for high-throughput screening of
autoprocessing inhibitors using AlphaLISA™ technology.
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Figure 1. HIV-1 proviral genome and the protease cleavage sitesin the Gag and GagPol
CA: Capsid; MA: Matrix; NC: Nucleocapsid; SP: Spacer peptide.
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Figure 2. Ten US FDA-approved HIV-1 protease inhibitorswith the year of initial FDA approval

in parentheses

Fosamprenavir is a prodrug of amprenavir; production of amprenavir was discontinued by
the manufacturer in 2004. Tipranavir is a non-peptidomemetic inhibitor while the others are

peptidomemtic inhibitors.
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Common HIV-1 protease cleavage sites.

Table 1

Site  Location Substrate peptide sequence (P4-P1 | P1'-P4")

1 MA-CA AQNY | PIVQ

2 CA-spl ARVL | AEAM

3 spl-NC ATIM | MQRG’

4 NC-sp2 RQAN | FLGK

5 sp2-pé PGNF | LQSR’

6 NC-p6*  RQAN | FLRE

7 p6*-PR SFNF | PQIT

8 PR-RT TLNF | PISP

9 WithinRT  AETP | YVDG

10 PR-IN RKIL | FLDG

fThe sequences are from the HXB2 strain; these sites display sequence polymorphism among different strains.

CA: Capsid; MA: Matrix; NC: Nucleocapsid.
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