THE NEW MICROBIOLOGICA, 29, 1-10, 2006

Functions of the HIV-1 matrix protein p17
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SUMMARY
HIV-1 replication is a dynamic process influenced by a combination of viral and host factors. The HIV-1 matrix
protein p17 is a structural protein critically involved in most stages of the life cycle of the retrovirus. It participates
in the early stages of virus replication as well as in RNA targeting to the plasma membrane, incorporation of the
envelope into virions and particle assembly. Besides its well established functions, p17 acts as a viral cytokine that
works on preactivated - but not on resting - human T cells promoting proliferation, proinflammatory cytokines
release and HIV-1 replication after binding to a cellular receptor (p17R). Thus, p17 might play a key role in the
complex network of host- and virus-derived stimulatory factors contributing to create a favourable environment
for HIV-1 infection and replication.
Here, we present a brief overview of the functions played by the matrix protein p17 in the HIV-1 life cycle and summarize the current understanding of how p17 could contribute to the pathogenesis of HIV-1 disease.
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The human immunodeficiency virus (HIV) is the
causative agent of acquired immune deficiency
syndrome (AIDS). Currently, more than 40 million people worldwide are infected with HIV-1.
HIV-1, as member of the retrovirus family (Coffin
et al., 1997, Frankel and Joung 1998), possesses a single-stranded RNA genome which is converted to double-stranded DNA shortly after infection of host cells. DNA is then transported into
the nucleus where it is integrated into chromosomal DNA and replicated by host factors. The
late stages of viral assembly occur on the inner
leaflet of the plasma membrane and virus is
released by budding, thus obtaining a hostderived lipid envelope. The compositions of the
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viral envelope and the plasma membrane are not
equivalent, suggesting that virus assembly may
occur in non random subdomains of cellular
membranes.
The HIV-1 genome comprises nine genes. The
three major coding regions are 5’-gag-pol-env-3’
which are synthesized as a single precursor,
whilst the other six genes encode the so-called
accessory proteins that are multifunctional
molecules playing an important role in the pathogenesis of HIV-1 infection. Although all nine viral
genes are essential for assembly of an infectious
particle, the gag gene alone can direct the synthesis, transport to the plasma membrane, and
assembly of the structural precursor polyprotein
Gag resulting in formation of non infectious
virus-like particles in the absence of other viral
proteins or packageable RNA (Wills and Craven
1991, Hunter 1994, Swanstrom and Wills 1997,
Vogt 1997). The HIV-1 Gag protein is initially synthesized as a polyprotein precursor encoded by
the HIV-1 gag gene. During or shortly after virus
budding the HIV-1 protease cleaves the Gag pre-
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cursor Pr55 (Pr55Gag) into the mature proteins p17
matrix, p24 capsid, p7 nucleocapsid, p6 and two
smaller spacer peptides p1 and p2. The matrix
domain is the N-terminus of the Pr55Gag polyprotein and, during Pr55Gag synthesis, the N-terminal Gly residue of the matrix is modified by the
covalent attachment of a myristic acid moiety.
In mature virions, the matrix protein p17 is a 132amino acid polypeptide that forms a protective
shell attached to the inner surface of the plasma
membrane of the virus (Gottlinger et al., 1989,
Nermut et al., 1994). The three-dimensional structure of p17 has been determined by nuclear magnetic resonance and X-ray crystallography
(Massiah et al., 1994, Hill et al. 1996). Individual
p17 molecules are composed of five major α
helices and a highly basic platform consisting of
three β strands (Figure 1).
The matrix protein plays a key role in several
steps during virus replication, both in the early
and late stages of the virus life cycle (Figure 2).
Late during infection, p17, as part of Pr55Gag,
directs unspliced viral RNA to the site of virus
assembly. It is clear that a major function of the
matrix protein is to direct binding to and assembly at the plasma membrane both in vitro and
in vivo (Zhou et al., 1994, Erlich et al., 1996,

FIGURE 1 - (A) Linear representation of the HIV-1 p17.
Major functional domains are indicated. (B) Ribbon diagram of the matrix protein. The receptor binding region
(AT20) is shown.

Hermida-Matsumoto and Resh 2000). The highly basic domain between residues 17 and 31 as
well as the N-terminal myristyl moiety facilitate
interactions between p17 and the plasma membrane. The protein assembles into a trimer and
trimerization appears to create a large, bipartite
membrane binding surface in which exposed
basic residues could cooperate with the N-terminal myristoyl groups to anchor the protein on
the acidic inner membrane of the virus (Yuan et
al., 1993, Zhou et al., 1994, Massiah et al., 1994,
Hill et al., 1996). It was initially reported that the
mutation of the N-terminal Gly residue, which
serves as the site of myristic acid attachment,
blocks virus assembly and impairs binding of Gag
to the membrane (Gheysen et al., 1989).
Subsequently it was observed that a single amino
acid change near the N-terminus, in the vicinity of residues 55 and 85 also causes virus assembly defects (Freed et al., 1994b). More recently,
it became clear that any substitutions of residues
that prevent the correct folding of p17, as well
as mutations at the trimer interface, completely inhibit particle assembly (Cannon et al., 1997).
During assembly, the uncleaved Gag polyprotein
interacts with the viral RNA and the envelope glycoprotein complex (Env) to coordinate the production of infectious virions. A direct interaction
between HIV-1 matrix protein and the cytoplasmic domain of gp41 has been described
(Cosson 1996). This evidence is also supported
by studies showing that deletions and amino
acids substitutions in p17 prevent the incorporation of Env into viral particles (Yu et al., 1992,
Dorfman et al., 1994, Freed and Martin 1996).
Recently, many investigators have focused their
studies on the targeting of p17 to lipid rafts in
cells (Campbell et al., 2001). It is noteworthy that
one factor responsible for raft localization in
other protein systems is the presence of two saturated acyl chains, such as myristoyl. However,
studies using model systems indicate that the p17
membrane targeting signal, i.e. the basic residues
and myristylation, will not result in raft-targeting (McCabe and Berthiaume 2001) and thus for
HIV-1 to localize to rafts, some other factors such
as interaction of p17 and envelope proteins must
be responsible (Zheng et al., 2001).
New findings have demonstrated that membrane
targeting is cell-type dependent and in some cells
(i.e. macrophages) HIV-1 virus budding occurs
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directly in multivescicular bodies (MVB) rather
than from the plasma membrane (Nguyen et al.,
2003, Ono and Freed 2004, Pelchen-Matthews et
al., 2003). It is likely that specific trafficking
machineries are responsible for the Gag transportation within the cellular compartments. Dong
et al., (2005) have shown that the amino-terminal α-helical segment of p17 interacts directly
with the δ subunit of the Adaptor Protein-3 complex, which belongs to a family of protein complexes involved in sorting of cargo proteins
throughout membrane compartments of the late
secretory and endocytic pathways. Disruption of
this interaction prevents Gag from reaching the
MVB compartment and inhibits particle formation. These results show that the trafficking
of Gag to MVB is part of the normal productive
pathway of HIV-1 assembly and represents an
essential step in HIV-1 virus particle production
in macrophages where virion release may follow
an exosomal pathway.
HIV-1 p17 is also essential in early postentry
events of the virus life cycle (Figure 2). An important aspect of the pathophysiology of HIV-1 infection is the ability of the virus to enter and replicate in non-dividing cells. Three HIV proteins,
p17, integrase and viral protein R, have been proposed as karyophilic agents that recruit the cellular nuclear import machinery to the viral preintegration complex (PIC). While most of p17 in
the virions localizes outside the core and forms
the layer between the viral capsid and the envelope, some p17 molecules are found in tight association with the HIV-1 core and the PIC (Miller
et al., 1997). Historically, matrix protein p17 was
the first implicated in HIV-1 nuclear import
(Bukrinsky et al., 1993, von Schwedler et al., 1994,
Freed et al., 1994a) and some studies have suggested that it is essential for PIC transport to the
nucleus (Bukrinsky et al., 1993, Haffar et al.,
2000). The HIV-1 p17 carries two functional, yet
rather weak, nuclear localization signals (NLS)
(Nadler et al., 1997), but whether they are able
by themselves to regulate the HIV-1 nuclear
import, enabling the virus to replicate in non
dividing cells, remains controversial (Freed and
Martin 1994, Freed et al., 1995, Fouchier et al.,
1997). In fact, while p17 is clearly required for
efficient nuclear import of the PIC, it appears to
be nonessential and is likely only one of several factors regulating this process (Reil et al., 1998).
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Interestingly, one region of the NLS lies in the
basic region of p17 that is also involved in membrane binding. It has been hypothesized that protein modifications such as phosphorylation
weaken p17 membrane binding thus revealing
its karyophilic properties within the PIC. It was
initially proposed that the matrix protein is phosphorylated at Tyr-132 by a virion-associated cellular protein kinase (Gallay et al., 1995a) and this
modification induces the binding of p17 to integrase (Gallay et al., 1995b), thus allowing its
incorporation into the uncoated viral nucleoprotein complexes. However, other groups have
been unable to confirm this finding and have suggested that a greater complexity in the phosphate
acceptor sites that regulate p17 localization in
the target cell and that influence HIV-1 infectivity
must occur. In fact, they have provided evidence
that p17 is phosphorylated predominantly on
tyrosine prior to and during virus assembly, but
in native virions and in PIC isolated from target
cells p17 is phosphorylated exclusively on serine. It is possible that tyrosine and serine phosphorylation of p17 operate independently in virus
infectivity (Bukrinskaya et al., 1996, Freed et al.,
1997, Kaushik and Ratner 2004).
Therefore p17, during the entire virus life cycle,
mediates two opposing targeting functions.
Dupont et al., (1999) have shown that, although
p17 lacks the canonical leucine-rich nuclear
export signal (NES), it possesses a nuclear export
activity. A mutation that disrupts the p17 NES
mislocalizes Pr55Gag and genomic viral RNA to
the nucleus, thereby severely impairing viral replication. Hence, the p17 NES is required to counteract the p17 NLS, thus ensuring the cytoplasmic availability of the components required for
virion assembly (Dupont et al., 1999) (Figure 1).
Myristoylation of the Gag matrix domain functions asthe regulator of intracellular localization,
targeting the Pr55Gag to the plasma membraneduring virus assembly and dissociating from the
membrane during infectivity for nuclear targeting of PIC (Figure 2). Membrane release is triggered by proteolytic cleavage of Pr55Gag. Despite
the fact that both Gag and p17 are efficiently
myristoylated, their membrane-binding properties are quite different: the Gag precursor binds
well to membranes, whereas p17 binds poorly
(Zhou and Resh 1996). To explain the differentialmembrane binding of p17 and Gag, it has been
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FIGURE 2 - The HIV-1 life cycle. Major steps in virus
replication that involves the p17 matrix protein are schematically represented.

proposed that accessibility of the myristate moiety is regulated by a “myristoyl switch” mechanism: myristate would be exposed in Gag but
sequesteredin the context of p17 (Zhou and Resh
1996). A recent article by Tang et al., (2004) provided structural information confirming that the
multimerization state of Gag regulates the orientation of the myristate moiety and Gag membrane binding during the virus life cycle, so providing direct support for the myristoyl switch
model. It is noteworthy that, unlike other myristoyl-protein structures, p17 does not undergo a
dramatic conformationalchange when switching
between states (Tang et al., 2004, Wu et al., 2004).
A pivotal study performed in 1994 (Matthews
et al.,) showed that the helical topology of the
matrix protein is unusual, sharing a strict similarity with the immune modulator interferon
(IFN)-γ. The structural similarity is intriguing
since IFN-γ is functional as a homodimer
(Fountolakis et al., 1990) and p17 possesses the
capacity to oligomerize (Scarlata et al., 1998). In
agreement with the results obtained by Matthews

and co-workers, our group described the specific
interaction between p17 and IFN-γ proteins. This
interaction was found to be dose-dependent and
to involve conformational epitopes on both sides.
However, p17 did not displace the binding of IFNγ to its cellular receptor, nor did it interfere with
the capability of the lymphokine to exert its
immunomodulatory activity (Caruso et al., 1989,
Flamminio et al., 1995). It cannot be ruled out
that p17 can form heterodimers with IFN-γ still
allowing the cytokine to perform its biological
activities. However, p17 per se does not bind IFNγ receptors nor is it able to mimic IFN-γ biological properties (Flamminio et al., 1995). It is well
established that viruses encode cytokine homologues that bind to specific receptors and either
trigger signal transduction and biological
responses (agonist) or occupy receptor binding
sites and prevent binding of host cytokines
(antagonist) (reviewed by Alcami et al., 2002).
Viral cytokines may therefore have immunomodulatory activity or they may promote viral replication by inducing the proliferation of immune
cells that are good targets for the virus (reviewed
by Alcami, 2003), thus contributing directly to
the pathology that is associated with viral infection. Among viruses, HIV-1 is highly successful
in modifying the immune system despite its small
genome as most of the HIV-1 proteins have been
shown to disregulate immunological responses.
Because of the strict similarity of the viral protein with IFN-γ, it has been investigated whether
p17 could act as a viral cytokine. Recent studies have shown that p17 specifically binds to a
cell surface receptor (p17R) which is costitutively
expressed on freshly collected peripheral B cells
but not on peripheral CD4+ and CD8+ T cells (De
Francesco et al., 2002). The stability of the p17R
positive phenotype by B cells and the acquisition
of p17R expression by T cells has been demonstrated in PBMC cultures stimulated with IL-2.
After 72 h of IL-2 stimulation, a large percentage of CD4+ and CD8+ T cells acquire the surface
expression of p17R. Time course experiments,
performed to study the kinetics of the de novo
p17R expression on purified CD4+ and CD8+ T
cell subsets following IL-2 stimulation, demonstrated that the appearance of p17Rs occurs at
the very early stages of T cell activation, reaching a peak at 48 h of culture. HIV-1 p17 binds
to its receptor with an apparent Kd of 2.5 x 10-8
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M as determined by Scatchard analysis. Binding
of p17 to mitogen-activated T cells is more pronounced on a proportion of cells or absent on
cells within the CD4+ and CD8+ subset, suggesting that T cells can be more or less responsive,
or even not responsive, to a potential p17 biological activity.
Exogenous p17 does not induce any biologically relevant effect on resting T cells but - at a concentration as low as 5 ng/ml - it acts synergistically with a signal provided by IL-2 to promote
cell proliferation and a Th-1 cytokine profile.
PBMCs obtained from various donors respond
to p17 stimulation in the presence of varying
doses of IL-2 and even the weakest activation
achieved with IL-2 has shown to be sufficient for
p17 to increase the T-cell proliferative response
to the lymphokine (De Francesco et al., 1998).
At the same time, addition of p17 to PBMC cultures positively influences the production of the
proinflammatory molecules IFN-γ and tumor
necrosis factor (TNF)-α induced by IL-2 treatment (Figure 3). The potential of p17 to sustain

FIGURE 3 - A model for the role of p17 in inducing T
lymphocytes activation and proliferation. For details refer
to the text.
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an inflammatory microenvironment is further
confirmed by its capability to counteract the antiinflammatory properties of IL-4. Addition of IL4 to IL-2 stimulated PBMC cultures suppresses
both TNF-α and IFN-γ production, whereas the
presence of p17 completely restores the capability
of PBMCs to respond to IL-2 stimulation and produce TNF-α and IFN-γ (De Francesco et al., 2002).
It is well known that IL-12 synergizes with IL2 in driving proliferation and differentiation of
T cells towards a Th1 effector type (Chan et al.,
1991) and that IL-15 has overlapping biological
effects with IL-2 that are partly due to the shared
use of the IL-2 receptor subunit gamma chain
(Tagaya et al., 1996). For these reasons it was
analysed whether p17 contributes to lymphocyte
stimulation induced by the IL-12 and IL-15 (De
Francesco et al., 2002). PBMCs treated with IL12 or IL-15 are induced toward a proinflammatory phenotype and release both TNF-α and IFNγ. The addition of p17 to IL-12 and IL-15 stimulated cultures does not increase the production
of either cytokine, confirming that p17 is mainly able to sustain the biological effects driven by
the IL-2 dependent pathway. This is true not only
for T cells but also for natural killer (NK) cells.
In fact, HIV-1 p17 synergizes with IL-2 in inducing NK cell proliferation and production of proinflammatory cytokines (Vitale et al., 2003). On the
other hand, p17 does not affect NK cytotoxicity or target-induced apoptosis, in agreement with
the previous observations that NK cell proliferation and cytotoxicity can occur independently
(Biron et al., 1999).
Replication of HIV-1 is regulated by virus-encoded regulatory proteins as well as by a variety of
cellular factors including cytokines. In fact, cellular activation is believed to be necessary for an
optimal viral spreading. Proinflammatory
cytokines can profoundly enhance the ability of
HIV-1 to replicate in CD4+ target cells, such as
T lymphocytes and macrophages (Vicenzi et al.,
1997). It is well established that HIV-1 replication in IL-2 stimulated PBMCs is driven in an
autocrine/paracrine manner by endogenously
produced cytokines (Kinter et al., 1995). By modulating cellular proliferation and cytokine
milieau, p17 has been shown able to favour HIV1 replication in vitro. PBMCs infected with HIV1 and then cultured in the presence of IL-2 and
p17 release higher amounts of virus than cells
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cultured in the presence of IL-2 alone (De
Francesco et al., 1998). All these findings emphasize the capability of p17 to exert its biological
activity on the IL-2-dependent activation/proliferation pathway and suggest a role of the viral
protein in creating a suitable environment for
HIV-1 replication.
Demonstration of extracellular presence of p17
in abundant amounts in lymph nodes has
established that this structural viral protein in
vivo most likely exerts biological activities
(Popovic et al., 2005). Popovic et al., (2005) highlighted the long-term persistence of the p17 in
tissue specimens during the 13 months of the
study follow-up, providing evidence that the
matrix protein p17 is accumulated in the germinal center light zone of lymph nodes in HIV1-infected patients who received anti-viral treatment (HAART) in the absence of any – even in
situ – HIV-1 replication. Moreover, p17 detection
did not noticeably differ intissue specimens taken
from patients either before initiation of therapy
or during treatment where the virus burden significantly decreased. This finding strongly suggests that the HIV-1 structural protein persists
in patients under HAART for a long time in the
absence of detectable virus replication, thus
strengthening the recent in vitro evidence that
HIV-1 infected cells are able to release signifi-

cant amounts of p17 (Figure 4). The mechanisms
underlying these events are not yet understood
but it can be hypothesized that HIV-1 p17 can
reach consistent concentrations in the HIV-1
infected microenvironment through mechanisms of virus disintegration or by immune lysis
of infected cells or even exocytotic pathways
(Dong et al, 2005).
All these data therefore support the possibility
that exogenous p17 may act as a virokine especially in organs such as lymph nodes, where it
can interact with target cells.
The addition of a neutralizing antibody able to
inhibit the interaction between the viral protein
and its cellular receptor during functional
assays completely blocks all the p17 activities,
suggesting that the p17 cytokine-like functions
occur through its binding to the cellular receptor (De Francesco et al., 2002). The receptor binding region (RBR) of p17 was identified by epitope mapping analysis. RBR is located in the Nterminus of the p17 molecule encompassing 20
amino acids (AT-20) (Figure 1). The identified
RBR has been confirmed to be strategical in the
fulfilment of its cytokine-like activities since the
use of AT-20 peptide - coupled with KLH - as
immunogen generated mouse and rabbit neutralizing anti-p17 antibodies. Sera obtained
from immunized animals blocked the interaction
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FIGURE 4 - Quantification of HIV-1 p17
in the supernatant of infected cell cultures. H9 cells were acutely infected with an
HIV-1-BH10 inoculum and the presence
of p17 in the cell culture supernatant was
evaluated at different time points after
infection using a capture ELISA. Mockinfection indicates the supernatants
obtained from H9 cultured in the absence of HIV-1. During the entire period of
culture both HIV-1-infected and mockinfected cells did not show any cytopathic
effect.
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of the p17 with its receptor, as defined by flow
cytometric p17 binding assays (Fiorentini et al.,
2004, Becker et al., in press). However, it cannot
be ruled out that other epitopes contribute to the
binding and/or stabilization of the p17/p17R
interaction.
Recent findings have shown that p17Rs are
expressed also on murine immune cells, which
behave strikingly like their human counterpart
in responding to p17 stimulation. The development of a mouse model, where T cell activation
was achieved through an abortive HSV-1 infection, demonstrated that in vivo pre-activated
murine T cells do express p17Rs and are highly susceptible to p17 biological activities.
Indeed, p17 treatment triggers proinflammatory cytokines release and strongly promotes CD4+
T cell survival and expansion. Furthermore, coculture of in vivo-activated splenocytes with
macrophages induces the release of IFN-γ,
which is strongly enhanced by p17. The immune
modulatory properties of p17 have also been
highlighted at the mucosal site where the viral
protein was found to enhance immune responses against a coadministered model antigen
(Fiorentini et al., in press). The mucosa plays a
fundamental role in HIV-1 disease by serving as
a site for virus entry, replication and amplification, and constitutes the initial site of CD4+ T cell
depletion. Thus, AIDS is now considered a disease of the mucosal immune system (Belyakov
and Berzofsky 2004). The demonstration that
p17 exerts its biological activity also at mucosal level highlights the possibility that matrix protein may play an important role at the sites of
HIV-1 infection.
A large body of evidence has highlighted how the
matrix protein p17 functions during HIV-1
replication both at the early and late stages of
the virus life cycle. Nevertheless, studies on the
mechanisms that finely tune interactions
between p17 and other viral proteins and specific host components are still ongoing.
In addition, p17 has all the characteristics of a
viral cytokine and is likely to be considered an
additional member of the group of viral regulatory proteins that use immune system activation
to the advantage of HIV-1 infection and replication. The future characterization of the p17
receptor and knowledge on its role in promot-

7

ing p17 activity will enhance our understanding
of the mechanisms used by HIV-1 to better replicate into different target cells. Studies on the
capacity of molecules representative of the AT20p17 domain to induce an immune response able
to neutralize the p17/p17R interaction will suggest new ways to approach anti-HIV-1 therapeutic
strategies.
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