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Abstract

HIV-1 Gag is the master orchestrator of particle assembly. The central role of Gag at multiple 

stages of the HIV lifecycle has led to efforts to develop drugs that directly target Gag and prevent 

the formation and release of infectious particles. Until recently, however, only the catalytic site 

protease inhibitors have been available to inhibit late stages of HIV replication. This review 

summarizes the current state of development of antivirals that target Gag or disrupt late events in 

the retrovirus lifecycle such as maturation of the viral capsid. Maturation inhibitors represent an 

exciting new series of antiviral compounds, including those that specifically target CA-SP1 

cleavage and the allosteric integrase inhibitors that inhibit maturation by a completely different 

mechanism. Numerous small molecules and peptides targeting CA have been studied in attempts 

to disrupt steps in assembly. Efforts to target CA have recently gained have considerable 

momentum from the development of small molecules that bind CA and alter capsid stability at the 

post-entry stage of the lifecycle. Efforts to develop antivirals that inhibit incorporation of genomic 

RNA or to inhibit late budding events remain in preliminary stages of development. Overall, the 

development of novel antivirals targeting Gag and the late stages in HIV replication appears much 

closer to success than ever, with the new maturation inhibitors leading the way.
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 1. INTRODUCTION AND SCOPE OF THIS REVIEW

The development of highly-active antiretroviral therapy for treating HIV infection has been a 

remarkable success story that has turned a once fatal infection into a chronic, manageable 

condition [1]. Current FDA-approved antiretroviral drugs target viral reverse transcriptase, 

protease, integrase, and entry processes (coreceptor or fusion blockade). It is desirable to 

continue to develop new antiretrovirals directed against alternative targets in the virus 

lifecycle in order to further optimize therapeutic options, overcome resistance to existing 

medications, and potentially contribute to elimination of viral reservoirs. There are currently 
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no drugs in clinical use that specifically target HIV assembly, budding, or release. HIV-1 

Gag has been the target of a number of attempts to produce antivirals but to date only the 

protease inhibitors act at late stages of the lifecycle. This review focuses on some new 

developments in targeting late events in the lifecycle, including HIV-1 assembly, budding, 

and maturation. The basic mechanisms of HIV-1 assembly will first be discussed in order to 

provide the reader with a basis for understanding the targeted proteins and processes. We 

will then turn to the most promising new classes of inhibitors that act during assembly and 

maturation of the viral core. Other targets for which recent progress has not been robust will 

only be briefly discussed. The reader is also referred to a number of previously published 

reviews of inhibitors directed against Gag and the HIV-1 assembly pathway for further 

background information [2–5].

 2. GAG AND HIV-1 PARTICLE ASSEMBLY

HIV-1 is a member of the Lentivirus genus of the family Retroviridae. Retroviral genomes 

encode gag (group-specific antigen) genes as an essential component of their genome. 

Retroviral gag genes encode Gag proteins that play a number of critical roles in the viral 

lifecycle. Gag proteins are perhaps best known as the master directors of the process of virus 

assembly, and for their roles in generating the immature capsid shell and mature core of the 

virion (for reviews, see [6–9]). Expression of Gag protein in numerous cell types generates 

virus-like particle formation in the absence of all other viral gene products, a characteristic 

that illustrates the central role of Gag in particle formation. For the purposes of this review, 

we will limit our discussion to the HIV-1 Gag protein, a 55-kilodalton protein also known as 

Pr55Gag. In the remainder of this text we will usually refer to HIV-1 Pr55Gag as Gag, while 

making distinctions for individual Gag cleavage products where appropriate.

Gag is translated from unspliced viral RNA on free cytosolic ribosomes. An important fatty 

acid modification occurs during translation of Gag, the addition of the 14-carbon myristic 

acid moiety to the N-terminus of Gag by cellular N-myristoyl transferase [10–11]. In the 

absence of myristoylation, viral assembly is defective and no infectious particles are formed. 

Myristic acid, together with other signals in MA, directs the normal targeting of Gag to the 

plasma membrane of the cell, and plays an important role in mediating membrane 

interactions as further discussed below [12–13]. An important concept in HIV assembly is 

the role of Gag as a polyprotein precursor. Individual domains of Gag are referred to in the 

context of their subsequent proteolytic cleavage products, designated from N- to C-terminus 

as matrix (MA), capsid (CA), spacer peptide-1 (SP1), nucleocapsid (NC), spacer peptide-2 

(SP2) and p6. In the context of the full-length, uncleaved precursor Gag polyprotein, 

functional domains exist within these major regions, but additional functional domains may 

cross the proteolytic cleavage site, such that major rearrangements and changes in functional 

characteristics are present in the full-length protein as compared to the subunit cleavage 

products. Two examples of major conformational and functional changes that occur during 

Gag cleavage are the N-terminal hairpin of CA, which forms only following cleavage at the 

MA-CA junction, and the alpha helical CA-SP1 segment that plays an important structural 

role in the immature core but is lost upon cleavage. The general organization of Gag and its 

cleavage products is illustrated in Fig. 1.
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Gag traverses the cytoplasm to reach the plasma membrane by an as-yet poorly understood 

mechanism. Some studies suggest that Gag is first translated in a pericentriolar location 

followed by directional outward transport to the plasma membrane [14–15]. It was 

frequently assumed that Gag must travel in an active, directional manner and that specific 

transport mechanisms such as motor-driven, cytoskeleton-mediated transport would become 

apparent. With the exception of reports of the involvement of the kinesin KIF4 in Gag 

trafficking [16–17], this plausible hypothesis of directed trafficking of Gag has not been well 

substantiated. Studies with Gag-GFP fusion proteins appear to show diffusion of Gag 

throughout the cytoplasm, followed by multimerization and assembly at punctate sites on the 

plasma membrane, rather than a sequential, directional outward movement of Gag [18–20]. 

In such studies, Gag first appears as a faint but diffuse cytosolic blush that increases with 

time (and folding of GFP), followed by the development of concentrated puncta representing 

developing particle buds on the plasma membrane. It is therefore safe to say that the field 

has not yet clearly identified trafficking pathways for Gag that could serve as targets for 

antiretroviral therapy.

The way in which Gag interacts with cellular membranes is an area that is better understood 

than Gag’s mechanism of trafficking. The N-terminal MA domain of Gag is the key 

determinant of the plasma membrane interactions of the full-length Pr55Gag molecule. An 

important development in this area was the discovery that MA interacts with 

phosphatidylinositol (4,5) bisphosphate (PI(4,5)P2) on the cytosolic face of the plasma 

membrane [21]. The structural basis for this interaction has been well described, and helps 

to explain the role of myristic acid in the assembly of HIV particles [22–24]. Myristate is 

normally somewhat sequestered within a pocket on the membrane-binding face of the 

globular head of MA. Upon interaction with membranes containing PI(4,5)P2, a 

conformational change allows myristate to interact with the lipid bilayer. PI(4,5)P2 thus acts 

as a trigger for a “myristoyl switch” that contributes to membrane interactions. Additional 

electrostatic interactions occur between basic residues on the membrane-binding face of MA 

and negatively-charged phospholipids of the cytosolic face of the plasma membrane, so that 

insertion of myristate into the bilayer, together with electrostatic interactions, constitute the 

primary Gag-membrane interactions [24–25]. In vitro liposome binding studies have 

confirmed the importance of electrostatic interactions between basic residues on MA and 

negatively-charged phospholipids and demonstrate enhancement of binding upon addition of 

PI(4,5)P2 [25–27]. Multimerization of Gag is also required for stable interactions with the 

membrane, and the avidity of interactions increases as the Gag lattice forms and enlarges 

during the particle budding process. An interesting recent finding in this area is that RNA 

interactions with the MA domain can inhibit membrane interactions [28–29]. The dynamics 

of RNA-mediated inhibition of binding vs. PI(4,5)P2-mediated interactions in vivo are not 

yet entirely clear, but there is evidence that PI(4,5)P2-containing liposomes can out-compete 

nucleic acids for MA binding [30]. Another important and related finding resulted from a 

recent study examining Gag-RNA interactions by crosslinking-immunoprecipitation. This 

study revealed that while the NC region mediates interactions with viral genomic RNA, the 

MA region binds to cytosolic tRNAs [31]. Thus the tRNA interaction may play a part in 

modulating membrane interactions, with displacement of tRNA required for MA-membrane 
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interactions to occur. The interactions of Gag with the plasma membrane have been more 

extensively summarized in several recent reviews [32–34].

In an infected cell, Gag does not assemble virus particles in isolation, but instead must 

recruit other viral (and potentially cellular) components to the assembly site. Gag-pol fusion 

proteins in the form of Pr160Gag-Pol are generated through a ribosomal frameshifting event. 

Gag-Pol proteins are incorporated into the developing particle bud at a ratio of 

approximately one Gag-Pol per 20 Gag molecules [35]. During particle budding, 

concentration of Pol within the developing virion and potentially a cellular membrane 

component leads to dimerization and activation of the protease domain, which 

autocatalytically cleaves itself out of the polyprotein and subsequently cleaves Gag and Gag-

Pol molecules into their mature constituents in an ordered, sequential manner [36–37]. 

Overexpression of Gag-Pol causes premature activation of protease, and inhibits particle 

formation [38]. This tightly regulated process could potentially be targeted by antivirals, and 

there is evidence outlined below that compounds that bind to Pol proteins can indeed disrupt 

assembly events (see section on ALLINIs below). The viral genomic RNA is selectively 

incorporated into the developing particle as a dimer through interactions of the psi region of 

the RNA with the NC region of Gag [39–40], and this step represents another potential 

target relevant to Gag’s role in assembly. The site of first interaction of RNA with Gag is 

unresolved, with some evidence favoring incorporation at the plasma membrane as opposed 

to locations within the cytosol [41–42]. The HIV envelope glycoprotein complex (Env) is 

also recruited to the developing particle in a manner that also remains under some study. Env 

clearly takes a different route than Gag to reach the assembly site, traversing the secretory 

pathway as a trimer prior to reaching the plasma membrane [43–44]. My group has 

presented evidence favoring a model in which the Env trimers on the plasma membrane are 

subsequently internalized and directed to the endosomal recycling compartment, where 

Rab11-FIP1C and Rab14 subsequently direct their outward movement to the particle 

budding site [45]. Thus, while Gag directs the overall process of membrane interaction and 

particle budding, the assembly and budding process is actually a coordinated process in 

which Gag, Gag-Pol, Env, and viral RNA all come together on a concentrated location on 

the plasma membrane in order to form infectious particles. Conceivably, Gag itself or any of 

these Gag interactors could be targets for antiviral drug development.

Gag-Gag multimerization is an essential component of the particle assembly process that 

deserves additional discussion. Knowledge of the process of Gag-Gag multimerization was 

greatly facilitated by early studies showing that Gag forms particle-like structures in vitro 
[46–49]. Under appropriate conditions, purified CA proteins can self-assemble to form 

organized tubes. These tubes have proven quite useful in defining the structural nature of the 

mature core of HIV, including recent high-resolution CryoEM studies and X-ray 

crystallographic studies that together have produced a complete structural model of the 

mature core, and advanced knowledge of immature core structure [50–54]. Expression of 

wildtype Pr55Gag or Gag mutants lacking the p6 domain has been utilized extensively to 

study the formation of the initial immature Gag core. Nucleic acids can trigger Gag-Gag 

multimerization and spherical particle formation in vitro [46, 55]. Particles formed in vitro 
that were significantly smaller than the Gag immature cores observed in cells were 

converted to a more representative size through the addition of an inositol phosphate (IP6), 
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and biophysical studies revealed a change from a more globular to an extended conformation 

through this addition [56–57]. This observation suggested that Gag is initially folded and 

more compact, and upon membrane interactions forms an extended conformation necessary 

for oligomerization. Single-molecule FRET experiments supported this model, again 

suggesting that there is a conformational switch to an extended conformation that may be 

triggered by MA interactions with phosphoinositides at the plasma membrane, promoting 

subsequent oligomerization [58]. These in vitro and single molecule experiments are 

consistent with cell-based experiments in which three components appear essential to 

successful particle assembly: membrane interactions (including a role for myristoylation), 

NC-RNA interactions, and direct Gag-Gag interactions [59–60].

Our current understanding of Gag-Gag multimerization has benefitted from a large and 

growing number of NMR and crystal structures of Gag protein subunits, as well as structures 

of assemblies derived from from cryoEM and cryo-electron tomographic studies as already 

mentioned. A complete discussion of the body of structural data relevant to Gag is beyond 

the scope of this review. However, discussion of some of the essential information relevant 

to the current development of inhibitors of assembly is warranted. The CA protein consists 

of two major domains, an N-terminal domain (NTD) and C-terminal domain (CTD), 

connected by a flexible linker. Critical interactions occur between helix 2 of the CTD, 

forming an important dimer interface [61]. A number of additional functional surfaces in CA 

that are essential to proper core assembly were identified by mutagenesis, infectivity, and 

EM studies [62]. Interactions are not limited to the CTD but also are critical in the NTD 

[63]. Recent cryoEM studies of the mature core reveal new molecular interactions that could 

be targeted by antivirals [53]. Yet another productive development that should be of benefit 

to the development of anti-Gag compounds is the increasing knowledge of the interactions 

of Trim5alpha and other innate restriction factors with the viral capsid [64–65]. Structural 

studies of cellular factors bound to the capsid are increasingly revealing binding pockets that 

can be similarly targeted by drugs [66], some of which will be described later in this review.

The process of HIV particle assembly has been the subject of a number of reviews in recent 

years. We refer the interested reader to reviews that more comprehensively describe each of 

the steps that have been presented briefly here. These include comprehensive reviews of HIV 

assembly [67–70], reviews of Gag-membrane interactions [32–34], and reviews of the 

structural basis of HIV assembly [71–72].

 3. INHIBITORS TARGETING GAG, ASSEMBLY PROCESSES, AND 

MATURATION

There are currently 37 licensed antiretroviral drugs or drug combinations available for 

human use [73]. Of the licensed compounds, only the protease inhibitors can be thought of 

as acting at the stage of assembly and maturation. The current FDA-approved HIV-1 

protease inhibitors are competitive inhibitors of the active site of the enzyme, and function 

by inhibiting cleavage of Gag and Gag-Pol, resulting in the production of non-infectious 

virions and the arrest of further replication [36]. Here we will not discuss the well-studied 

protease inhibitors, but will instead concentrate on newer compounds, focusing on those that 
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directly bind to Gag itself or inhibit other functions of Gag during assembly or post-entry 

events of the viral lifecycle.

 3.1. Maturation Inhibitors targeting CA-SP1 cleavage

The cleavage of Pr55Gag into its subunits and subsequent formation of a conical viral core is 

known as maturation. Maturation of retroviral particles is an ordered process that occurs 

simultaneously with or immediately following particle budding [36–37, 74]. During 

maturation a sequential cleavage of Gag occurs that is regulated by the rate of processing at 

each individual cleavage site [37]. Initially there is rapid cleavage at the C-terminus of SP1, 

followed by cleavage between MA and CA. Additional cleavage events then occur, with the 

final (slowest) reaction separating SP1 from the C-terminus of CA. This final cleavage event 

is critical in proper virion morphogenesis, as disruption of this cleavage site through 

mutagenesis leads to aberrant core formation and the generation of non-infectious particles. 

The CA-SP1 junction lies within a predicted alpha helical segment of Gag within the 

immature Gag lattice that is thought to stabilize the immature lattice, thus suggesting that 

cleavage at this site triggers a conformational switch that is critical to subsequent formation 

of the mature conical core [75–76]. Recent cryoEM data are compatible with the formation 

of a six-helix bundle by this region of Gag [52]. A derivative of betulinic acid, 3-O-[3′,3′-

dimethylsuccinyl]-betulinic acid with the trade name Bevirimat (BVM), previously known 

as PA-457 or DSB, was found to inhibit HIV replication by inhibiting maturation [77–80]. 

This compound inhibits cleavage at the CA-SP1 site, resulting in accumulation of a p25 

precursor product when studied in vitro [79, 81]. BVM was thought to bind to a pocket near 

the CA-SP1 junction, based upon resistance mutations that arise in the immediate vicinity of 

this cleavage site when virus is grown in the presence of the drug [82–83] . BVM and its 

approximate location of action is indicated in Fig. 2. Incorporation of BVM into immature 

particles but not mature particles was demonstrated, suggesting that the binding pocket is 

present in the immature Gag lattice and lost upon proteolytic cleavage [80]. Direct binding 

to CA-SP1 was confirmed using photoaffinity crosslinking and mass spectrometry, and 

interestingly also indicated some crosslinking with the major homology region of Gag [84]. 

Notably, resistance mutations derived in response to PF-46396, a maturation inhibitor of 

differing chemical structure from BVM, mapped to the CA-SP1 cleavage site, CA residue 

201, and also to the major homology region (MHR) [85]. These results are significant 

because they suggest there is a functional relationship between the MHR and the CA-SP1 

region, two domains known to be critical to assembly and maturation, and because they help 

to define a maturation inhibitor binding pocket that can be the target for further generations 

of inhibitors.

One reason that the maturation inhibitors are of great interest is that they represent the first 

drugs directly targeting Gag that have been taken into clinical trials and proven to inhibit 

HIV in vivo. BVM was developed and advanced to phase II clinical trials by Panacos 

Pharmaceuticals (Watertown, MA) [86–90]. The drug was generally safe and well-tolerated, 

and resulted in significant reductions in viral loads in approximately 50% of patients. The 

lack of efficacy of BVM in the non-responders was a result of naturally occurring 

polymorphisms in the patient viral isolates that mapped to sites downstream from the CA-

SP1 cleavage site. Follow-up laboratory studies demonstrated that these polymporphisms 
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diminished the ability of BVM to inhibit CA-SP1 cleavage [82, 86–87]. The partial efficacy 

led to the discontinuation of further product development of BVM itself as a clinical 

antiretroviral. However, these studies provided proof that maturation inhibitors can work in 

humans, and have resulted in the development of new derivatives of betulinic acid that are 

active against BVM-resistant viruses [91–92]. Development of maturation inhibitors for 

clinical use is therefore progressing. An exciting report from the Conference on Retroviruses 

and Opportunistic Infections reported that BMS-955176, a second-generation maturation 

inhibitor, elicited promising declines in viral loads of individuals with wildtype HIV-1 or 

with HIV-1 encoding the Gag polymorphisms that had led to BVM resistance. This drug is 

currently in phase 2b testing [93].

 3.2. Allosteric integrase inhibitors

The allosteric integrase (IN) inhibitors or ALLINIs (also referred to as LEDGINs) represent 

a new and exciting class of inhibitors that unexpectedly block replication at the stage of 

maturation of the viral core. Although these are not strictly targeted against Gag, we will 

discuss them here because they target steps in core maturation similar to the CA-SP1 

binding pocket-based maturation inhibitors described above. However, ALLINIs inhibit 

maturation through a distinct and fascinating mechanism. Unlike the approved IN inhibitors 

(raltegravir, dolutegravir, elvitegravir), the ALLINIs were designed not as strand transfer 

inhibitors but rather as molecules that block the lens epithelium-derived growth factor 

(LEDGF/p75) binding site on the IN protein. LEDGF/p75 is a host protein that binds to an 

IN tetramer that itself is bound to viral DNA. LEDGF tethers the IN complex to chromatin 

sites, predominantly within actively transcribing genes (reviewed in [94–96]). The discovery 

of LEDGF/p75 itself as a bona fide IN binding protein responsible for attaching the IN 

complex to chromatin elicited great excitement, and the development of inhibitors of the 

interaction naturally followed. Initial efforts to develop inhibitors were aided by careful 

structural studies. Cocrystallization of the integrase binding domain or IBD on the LEDGF 

molecule bound to an integrase catalytic core domain (CCD) dimer revealed a clear binding 

pocket at the CCD dimer interface [97]. Peptides based on the LEDGF/p75 IBD were found 

to enhance IN tetramerization while blocking IN-DNA and IN-LEDGF/p75 binding, 

suggesting that the IN-LEDGF/p75 interaction could be a unique target for antiretroviral 

therapy [98–99]. Subsequently two groups identified quinoline compounds that inhibit 

LEDGF-IN binding and catalytic activity in vitro, arriving at these compounds through very 

different strategies [100–101]. Christ and colleagues used molecular modeling to identify 

candidates and then synthesized them and evaluated them for binding to the IN CCD and for 

antiviral activity, designating their lead quinolines LEDGINs [100]. Fenwick and colleagues 

discovered similar compounds (now designated as members of Boehringer Ingelheim or BI 

compounds) using a functional high-throughput screen [101–102]. The lead compounds 

initially appeared promising by in vitro assays, and further derivatives have improved upon 

their antiviral activity, with a reported EC50 of <15 nM for some of the BI compounds. 

Additional studies confirmed that the ALLINIs indeed inhibited integration by promoting IN 

multimerization in the absence of viral DNA as expected [103–104]. The structural basis of 

ALLINI interactions within the LEDF-binding pocket between CCDs has been well studied, 

and is depicted in Fig. 2b [105]. Surprisingly, however, there was more to the antiviral 

activity of the ALLINIs than could be explained by inhibition of integration. Viruses 
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produced in the presence of ALLINIs were found to be non-infectious, indicating a block 

during late stages of replication [106–108]. In fact, the principal antiviral effect of the 

ALLINIs occurs during late stage events [107]. ALLINIs did not alter particle quantity or 

the incorporation of genomic RNA. Furthermore, ALLINIs did not affect Gag protein 

processing, in contrast to the betulinic acid-derived maturation inhibitors described 

previously. Remarkably, particle core morphology was defective, with the majority of viral 

particles showing an eccentric positioning of electron dense material and often an empty-

appearing core. This suggests that the viral ribonucleoprotein complex (RNP) is misplaced 

to a location outside of the conical core during particle maturation. ALLINIs enhanced intra-

virion multimerization of IN, suggesting that the enhanced multimerization is a key factor in 

disrupting the maturation process [107, 109–110].

The discovery of this new class of antiretrovirals with a truly unique mechanism of action is 

an exciting development for several reasons. This provides a second very viable means of 

inhibiting maturation of virions, and one that is unlikely to exhibit cross-resistance with 

bevirimat or its derivatives. The ALLINIs also act by a unique mechanism that is entirely 

distinct from the strand transfer inhibitors of IN, so that they may prove useful in 

combination and should also inhibit HIV-1 mutants that are resistant to the current integrase 

inhibitors. Perhaps even more valuable is the discovery of a class of inhibitors that appear to 

act through eliciting abnormal levels or stability of multimerization. The ALLINIs are now 

entering clinical trials, and it seems likely that they will be an effective addition to the 

current antiretroviral armamentarium.

 3.3. Inhibitors targeting Gag

In addition to the two classes of maturation inhibitors discussed above, there have been 

efforts to target other steps in the assembly process. Some of these have run their course and 

are no longer being actively pursued for clinical development, while others continue in 

preclinical stages of investigation. In the following section we will discuss efforts to target 

specific target sites on Gag as well as Gag-membrane interactions for the development of 

antiviral therapy.

 3.3.1. Inhibitors of MA-membrane interactions—The interaction of the MA region 

of Gag with cellular membranes is essential to the assembly process, so efforts to block this 

interaction have been pursued in hopes of developing effective assembly inhibitors. N-

terminal myristoylation of Gag is essential for particle production, and plays important roles 

in subcellular localization and membrane interactions of Gag. Myristic acid is added to the 

developing Gag polypeptide co-translationally through the action of cellular N-myristoyl 

transferase [10–11]. This offered an attractive early target for antiretroviral development, 

and competitive inhibitors of cellular N-myristoyl transferase were evaluated as early as 

1991 [111–112]. Although these inhibitors had reasonable effects on particle production in 

cell culture and inhibited acylation of Gag with an IC50 of approximately 10 μg/ml [112], 

they proved too toxic to be practical for drug development. This is not surprising, given the 

number of important host cellular proteins that are myristoylated.
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The interactions of the viral MA protein with the inner leaflet of the plasma membrane offer 

other potential therapeutic targets. A direct interaction between MA and PI(4,5)P2 plays an 

important role in myristic acid exposure and membrane interactions [21–22]. Potentially 

inhibiting this interaction could be targeted, as suggested by cellular studies in which 

depletion or relocalization of PI(4,5)P2 disrupts normal assembly. One group has pursued 

efforts to identify small molecules that bind to the PI(4,5)P2 binding site for antiviral 

development [113–114]. Using in silico screening, these investigators identified a compound 

that bound MA and inhibited HIV replication with an IC50 value of 7.5–15.6 μM. Mutations 

surrounding the PI(4,5)P2 binding site reduced binding of one lead compound, providing 

some evidence that this molecule indeed targets the intended site. It remains to be seen if 

further optimization will make this strategy therapeutically viable.

 3.3.2. Inhibitors targeting CA—CA is potentially an extremely attractive target for the 

development of inhibitors, as it plays a central role in multimerization of Gag, forms a 

number of interfaces critical to immature particle formation, forms the crucial conical core 

of the virus, and is the natural target of potent post-entry restriction factors such as TRIM5α 

[115] and TRIMCyp [116]. A large body of structural information is now available 

regarding the CA-CA interactions within the mature conical core [53, 71], providing a basis 

for rational drug design. Some current evidence favors the complete disassembly of the 

immature Gag core prior to the reassembly of the mature capsid during maturation [117], 

which would provide a multitude of interacting sites and transitional stages that might be 

targeted to inhibit subsequent infectious particle formation. Furthermore, the incoming core 

interacts with host transportins and nuclear pore proteins such as TNP03 [118], Nup153 and 

Nup358 [119–120], and CPSF6 [121] prior to and during nuclear entry of the preintegration 

complex. Altogether these interactions provide a broad number of potentially “druggable” 

interfaces.

CAP-1 is a small molecule reported by the Summers laboratory in 2003 as the first CA-

directed inhibitor of HIV-1 assembly [122]. CAP-1 bound to a surface-exposed region of the 

NTD of CA in both mature CA and uncleaved Gag, and revealed an NTD binding pocket 

that has subsequently been identified as the target of other inhibitors. CAP-1 and its 

derivatives inhibited HIV replication in cell culture and appeared to exert an effect on capsid 

maturation. Binding affinities and IC50s were relatively low. Detailed structural data for 

CAP-1 in complex with the CA NTD was reported in 2007 [123], revealing a deep 

hydrophobic binding pocket into which CAP-1 binds and displaces Phe32 of the NTD while 

inducing a conformational change in the NTD. Fig. 3A illustrates CAP-1 binding to the CA 

NTD. Modifications of CAP-1 have been pursued, as another group used CAP-1 as the lead 

compound to synthesize additional inhibitors using a thiourea scaffold [124]. Remarkably, 

the CAP-1 binding site on the NTD has been separately identified as the likely binding site 

for capsid inhibitors in a screen conducted by the Prevelige group [125–126]. These 

inhibitors had relatively high IC50 values, in the range of 10 μM, and it is unclear if these 

acyhydrozone-based CAP-1 binding site inhibitors themselves are being further pursued. 

However, an independent screen by another group yielded benzodiazepine compounds that 

inhibited CA polymerization in the μM range and targeted the same CAP-1 binding site on 

the CA NTD [127]. Further work along these lines led to the discovery of a series of 
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benzodiazepines and benzimidazoles that also bind the NTD in a location similar to that of 

CAP-1 [128] (Fig. 3B). The benzodiazepines and benzimidazoles induce a pocket in the 

NTD that overlaps the CAP-1 binding site but that also expands the pocket significantly. 

These inhibitors are much more potent, with EC50s in the 60–70 nM range. Interestingly, 

they block replication by very different mechanisms. The benzodiazepines derived in this 

study inhibit assembly and particle release, while the benzimidazoles block formation of the 

mature capsid. Taking all these studies together, the CAP-1 binding pocket appears to be a 

viable target on the NTD that has been repeatedly identified in screens for inhibitors of 

capsid assembly and continues to be targeted for drug development.

A distinct CA binding compound targeting a different site termed capsid assembly inhibitor 

or CAI was reported in 2005 by the Krausslich group [129]. They identified the CAI peptide 

through screening a phage display library, and showed that this peptide inhibited in vitro 
assembly of CA tubes and immature VLPs, suggesting a binding site present in both forms 

of Gag. There was no inhibition of viral replication in cell culture, as the peptide did not 

enter cells. However, CAI was suggested as a lead compound for drug development and as a 

probe of a unique binding site where other compounds might bind. Structural studies of the 

complex revealed that CAI bound as an amphipathic helix to a conserved hydrophobic 

groove on the CA CTD, where it may act to disrupt the CTD dimer interface [130] (Fig. 3C). 

Further development of the basic CAI peptide has been actively pursued. Modifications to 

the peptide were used to stabilize its alpha helical structure and to convert it to a cell-

penetrating peptide. The resulting modified peptide, termed NYAD-1, was able to penetrate 

cells, bound the CTD with higher affinity, and showed some relatively weak inhibition of 

particle formation from 293T cells [131–132]. Additional derivatives of this peptide as well 

as additional peptides designed to inhibit the dimer interface of CA have been developed and 

tested for in vitro and cell culture effects [133–134]. These studies provide proof-of-

principle that rationally-designed inhibitors of key CA-CA interfaces can disrupt particle 

formation. They are limited thus far in clinical application, however, as the inhibitory 

activity remains relatively weak and the ability to deliver peptides intracellularly remains 

challenging.

CA-binding inhibitors of HIV replication can also act at post-entry stage of the virus 

lifecycle. This is best represented by the Pfizer compound PF-3450074 (PF74)[135] and by 

the pyrrolopyrazolone HIV-1 inhibitors BI-1 and BI-2 from Boehringer Ingelheim [136]. 

PF74 and the BI compounds bind to the same binding pocket on the CA NTD, which is 

distinct from the CAP-1 binding pocket previously discussed. The location of this alternative 

NTD binding site is indicated in Fig. 3D. PF74 binding was suggested to accelerate 

uncoating, and its antiviral effect could be partially inhibited by cyclosporine. The binding 

pocket for PF74 as solved in complex with the CA hexamer lies at the NTD-CTD interface, 

and overlaps with that of CPSF6 and NUP153 [65]. Thus this drug may be blocking a 

normal binding site for cellular factors that serve to assist in nuclear import of the capsid. 

Adding to this very intriguing story, the BI compounds bind the same pocket, but instead of 

enhancing uncoating, they appear to stabilize the viral capsid and inhibit uncoating. These 

new inhibitors therefore act at a similar post-entry stage of the viral lifecycle and appear to 

disrupt interactions with host cell proteins, while exerting opposing effects on capsid 

stability.
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CA is an attractive target because of its relatively high conservation among HIV-1 isolates 

and its sensitivity to mutagenesis [137–138] A variety of additional inhibitors have been 

reported that target CA. The interested reader is referred to more comprehensive reviews of 

this topic [2, 139]. Overall activity in this area appears to be robust and promising. The 

ability to inhibit HIV replication using small molecules that bind with distinct mechanisms 

and at distinct sites on CA, along with the identification of key CA binding host factors that 

target in some cases the identical binding pockets, makes this an area of keen interest. It 

seems likely that there will be clinically-relevant inhibitors of assembly in the near future 

that target CA. Furthermore, studies of some of the newer inhibitors will continue to inform 

our understanding of basic aspects of assembly and uncoating.

 3.3.3. Inhibition of NC-RNA interactions—NC plays a number of crucial roles in the 

virus lifecycle, including genomic RNA packaging, contributing to Gag-Gag 

multimerization, and acting as a nucleic acid chaperone and promoting reverse transcription. 

It is not surprising therefore that NC has been the target of attempts to develop antiretroviral 

drugs. Molecules that inhibit zinc incorporation in the NC zinc fingers will not be discussed 

here but have been previously reviewed [140–141]. NC has in general proven to be a very 

difficult drug target to date. An interesting target related to HIV assembly is the genomic 

RNA binding of NC. The highly structured RNA elements in the 5′ UTR of the RNA can 

potentially be targeted to prevent interactions with NC. The 5′ UTR includes the 

transactivation responsive element (TAR), the poly A tract, the primer binding site (PBS), 

and four stem-loops (SL1-SL4) that make up the packaging domain. TAR has been targeted 

using anthraquinone compounds in in vitro studies [142]. A variety of peptides that disrupt 

viral binding to NC have been reported [143–146]. These studies seem to establish that the 

NC-psi RNA interaction can be specifically inhibited, but these efforts have not progressed 

past early preclinical proof-of-concept studies. More recently, compounds that disrupt the 

formation of NC-SL3 complex were identified thorugh a high-throughput screen [147]. 

Several of these compounds bound to the SL3 loop with μM affinity. Bell and colleagues 

identified a small molecule inhibitor of Gag-psi interactions that was specific for the intact 

Pr55GagΔp6 protein [148]. These studies again seem quite early in terms of any clinical 

application. Perhaps more encouraging are NC inhibitors from Boehringer Ingelheim that 

have been shown to inhibit HIV replication in cell culture with EC50s in the micromolar 

range [149]. In summary, efforts to target NC-RNA interactions are being pursued but 

appear to be at a very early stage of development.

 3.3.4. Inhibition of ESCRT-mediated particle release—The C-terminal p6 domain 

of Gag includes motifs that link Gag to the cellular endosomal sorting complex required for 

transport (ESCRT) pathway (reviewed in [150–151]). The PTAP motif in p6 binds to 

ESCRT component TSG101, while the YPXnL motif links to ESCRT component ALIX 

[152–154]. Depletion of ESCRT components from cells produces a powerful block to HIV 

particle release [155], as does the use of dominant-negative forms of ESCRT components 

[156]. The importance of ESCRT pathway interactions to viral replication suggests that 

targeting the Gag-ESCRT interactions could be an additional productive target for the 

development of antiretrovirals. To date, however, small molecules or other compounds 

targeting this pathway as HIV inhibitors have not been reported, with the exception of a 
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cyclic peptide inhibiting Gag-TSG101 binding [157]. This appears to be an area worthy of 

further work in the future.

 4. CONCLUDING REMARKS AND PERSPECTIVES FOR THE FUTURE

The development of antiretrovirals targeting Gag has generally been slow and somewhat 

disappointing up to this point, especially when compared with the relatively rapid and highly 

successful development of inhibitors of reverse transcriptase, integrase, and protease. It 

appears that this is now poised to change. The maturation inhibitors targeting CA-SP1 

cleavage appear very promising, and clinical trials with second-generation maturation 

inhibitors are underway. The ALLINIs are a recent and very exciting category of maturation 

inhibitors that target maturation through a unique mechanism. CA inhibitors of assembly 

have been under study for many years without moving much closer to the clinic. Molecules 

targeting the NTD-CTD junction such as PF74 and the BI compounds appear poised to 

change this, however, as they have dramatic and unprecedented effects on capsid stability 

and interfere with a key binding site on the CA hexamer for host proteins. Thus the 

maturation inhibitors and several new compounds targeting CA provide much reason for 

optimism that novel drugs targeting late stages of the HIV lifecycle will soon be part of the 

antiretroviral armamentarium.
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Fig. (1). HIV-1 Gag and Basics of Particle Assembly
The HIV Gag polyprotein is represented at the top of the figure, using structures of 

individual regions of the protein. Proteolytic cleavage sites are indicated by red arrows. The 

structures represented are from [61, 158–161] with PDB IDs from N- to C-terminus: 2HMX 

(MA), 2GOL (CA NTD), 1A8O (CA CTD), 1U57 (SP1), 1F6U (NC). Structures were 

prepared using CN3d version 4.3. Below a cell is represented to illustrate Gag protein 

formation on cytosolic ribosomes and assembly and budding at the plasma membrane. The 

process of maturation of the core occurs during or immediately following particle budding.
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Fig. (2). Distinct mechanism of action of maturation inhibitors
Bevirimat (top) inhibits CA-SP1 cleavage, binding to a pocket that is not fully elucidated but 

includes key residues in SP1 and in the CA CTD surrounding the CA-SP1 cleavage site. 

MHR = major homology region. Disruption of CA-SP1 cleavage results in aberrant particle 

formation with a membrane crescent of Gag and an acentric core. The ALLINIs act by a 

very distinct mechanism, binding to the LEDGF binding region at the dimer interface of the 

IN catalytic core domains (CCDs) and promoting aberrant multimerization. Particles treated 

with these inhibitors display a displaced density (presumably the viral RNA) and an empty 

core. Structures shown are from [51, 105, 161] with PDB IDs of 4USN (CA), 1U57 (SP1), 

and 4GW6 (IN + ALLINI).
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Fig. (3). CA inhibitors and binding pockets
Binding sites for distinct inhibitors are shown. A) CAP-1 binding pocket on the CA NTD. 

B) Benzodiazepine (BD) inhibitor is shown also binding in the CAP-1 binding pocket of the 

NTD; note the NTD orientation is changed from (A) to emphasize the inhibitor binding 

pocket. C) CAI is a peptide binding to an interface on the CA CTD. D) PF74 binds to a 

distinct pocket on the CA NTD; orientation of the NTD is similar to that shown in (A). 

Structures are from [123, 128, 162–163] with PDB IDs of 2JPR (CAP-1), 4E91 (BD), 3DS1 

(CAI), and 2XDE (PF74).

Spearman Page 24

Curr Top Med Chem. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. INTRODUCTION AND SCOPE OF THIS REVIEW
	2. GAG AND HIV-1 PARTICLE ASSEMBLY
	3. INHIBITORS TARGETING GAG, ASSEMBLY PROCESSES, AND MATURATION
	3.1. Maturation Inhibitors targeting CA-SP1 cleavage
	3.2. Allosteric integrase inhibitors
	3.3. Inhibitors targeting Gag
	3.3.1. Inhibitors of MA-membrane interactions
	3.3.2. Inhibitors targeting CA
	3.3.3. Inhibition of NC-RNA interactions
	3.3.4. Inhibition of ESCRT-mediated particle release


	4. CONCLUDING REMARKS AND PERSPECTIVES FOR THE FUTURE
	References
	Fig. (1)
	Fig. (2)
	Fig. (3)

