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Viruses are absolutely and strictly dependent on target 
host cells for their replication. However, they have their 
own unique strategies at each replication step from the 
entry into cells, transcription, translation, assembly of 
viral genome/proteins, and up to the release of progeny 
virions from cells. We virologists have to understand 
these complex biological interactions between viruses 
and host cells. Importantly, extensive studies based on 
bio-structural technology have revealed in succession the 
detailed and bottom line mechanisms of viral replication 
processes otherwise impossible. We now know the 
highly dynamic nature of viral genome/proteins, and 

are impressed by their ingeniously organized functionality in hostile host environments. For 
characterization of viruses as a unique genetic entity and pathogenic agent, it has been critical 
to investigate thoroughly the individual viral components and host factors involved in the 
virus replication cycle. Because many viral and cellular factors essential for viral replication 
and pathogenicity have been newly discovered through the efforts of virologists, the necessity 
of contribution to the progress of virology by the structural biology is now greatly increasing. 
To fully understand precise mechanisms underlying the functional interaction of viral and 
host molecules, needless to say, it is crucially required to have their structural information. 
We need to know molecular details of the nucleic acids, proteins, and interacting molecules. 
The information indispensable for understanding certain biological phenomena may only be 
provided by high-resolution three-dimensional structures. Of note, a number of anti-viral 
drugs have been generated based on the structural information. The interacting interfaces 
between virus and host components, which are important for viral replication, can be potent 
targets for anti-viral drugs. Their structural characterization would lead to designing rigid 
anti-viral drugs and/or vaccines.
In this Research Topic, we wish to summarize and review what the structural biology has 
accomplished so far to resolve the important virological issues. We also wish to describe 
the perspective of the structural biology for the future virology. Finally, the presentation of 
ongoing original works is greatly encouraged.
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Viruses are strictly dependent on target host cells for their amplifi-
cation. However, each virus has a unique strategy at each replication 
step, beginning with entry into the cell, followed by transcription, 
translation, assembly of viral genome/proteins, and finishing with 
the cellular release of progeny virions. Extensive studies utilizing 
bio-structural technology have revealed detailed, bottom line 
mechanisms of viral replication processes that we virologists need 
to understand these complex interactions between viruses and host 
cells. We now know that viral genome/proteins are highly dynamic 
in nature, and are impressed by their ingeniously organized func-
tionality in hostile host environments.

To characterize viruses as unique genetic entities and pathogenic 
agents, individual viral components and host factors involved in 
the virus replication cycle must be thoroughly investigated. Many 
viral and cellular factors essential for viral replication and patho-
genicity have been recently revealed through the efforts of gifted 
and diligent virologists, and understanding the functional interac-
tions of these viral and host molecules will require an increased 
use of structural biology and the generation of high-resolution 
three-dimensional structures. Of note, a number of anti-viral 
drugs have been generated based on such structural information, 
and structural characterization of interacting interfaces between 
virus and host components should reveal potent targets for the 
design of future specific anti-viral drugs and/or vaccines.

In this Research Topic, a number of structural and molecular 
biological studies on various viruses by influential researchers 
have been published as either original research articles, reviews, 
mini-reviews, or commentary articles. The viruses covered are 
measles virus (MV), influenza virus, hepatitis C virus (HCV), 
hantavirus, murine leukemia virus (MuLV), and human/simian 
immunodeficiency viruses (HIV/SIVs). General remarks appli-
cable to a wide range of viruses are also included. Consequently, 
papers comprising this Research Topic on diverse aspects of viral 
replication will be relevant to many different viruses. Hashiguchi 

et al. (2011) review the molecular basis for the interaction of MV 
hemagglutinin and cellular receptors. Inoue et al. (2011) present 
a study on the translation of MV nucleocapsid mRNA. Noda 
(2012) describes a model of native influenza virion morphology. 
Molecular mechanisms underlying the genesis of infectious HCV 
have been summarized by Suzuki (2012). Estrada et al. (2011) 
report the structural analysis of viral membrane glycoprotein Gn 
from pathogenic and non-pathogenic hantaviruses. Many arti-
cles focusing on retroviruses are also presented. Ghanam et al. 
(2012) review the structural and functional role of the HIV-1 
matrix protein for virus assembly. Masuda (2011) focuses on 
the non-enzymatic functions of HIV-1 integrase and discusses 
future targeted drug development. Sakuragi (2011) has clarified 
the morphogenesis of infectious HIV-1 virions and discussed the 
importance of such research for anti-viral therapy. Comprehensive, 
informative reviews on cellular anti-viral factors, i.e., APOBEC3 
family (against HIV-1) and BST-2/tetherin (against HIV-2, SIV, 
Ebola virus, and Kaposi’s sarcoma-associated herpesvirus), are 
provided by Kitamura et al. (2011) and Arias et al. (2011) respec-
tively. Seki and Matano (2012) describe viral structure/function 
(HIV/SIV) and host cytotoxic T lymphocyte responses, while 
Miyazaki et al. (2011) focus on the structural dynamics of retro-
viral genome packaging (MuLV, HIV-1, and HIV-2). In a review 
article, Binning et al. (2012) discuss the potential roles of aptamers 
in structural virology and in clinical virology, with a commentary 
by Miyazaki and Fujita (2012). Finally, another commentary on the 
article dealing with the human/virus protein interaction network 
is offered by Adachi et al. (2011).

We are proud to present “Structural biology for virus research” 
as one of the Research Topic in Frontiers in Virology. We believe 
that all readers should taste the essence and possibility of structural 
virology in a broad sense. We are optimistic that this Research Topic 
will provide or re-generate/re-organize strategic insights into the 
important issues of today’s virology.
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Measles is one of the most contagious viral diseases, and remains a major cause of
childhood morbidity and mortality worldwide. The measles virus (MV), a member of the
family Paramyxoviridae, enters cells through a cellular receptor, the signaling lymphocyte
activation molecule (SLAM), CD46 or nectin-4. Entry is mediated by two MV envelope glyco-
proteins, the hemagglutinin (H) and the fusion (F) protein.The H protein mediates receptor
attachment, while the F protein causes membrane fusion. The interaction between the
H and F proteins is essential to initiate the cell entry process. Recently determined crys-
tal structures of the MV-H protein unbound and bound to SLAM or CD46 have provided
insights into paramyxovirus entry and the effectiveness of measles vaccine.

Keywords: measles virus, hemagglutinin, structure, fusion, entry, measles vaccine, glycoprotein, receptor

INTRODUCTION
Measles virus (MV), the agent that causes measles, is an enveloped,
non-segmented, negative-strand RNA virus, a member of the
genus Morbillivirus, the family Paramyxoviridae (Griffin, 2007).
Paramyxoviruses also include, among others, mumps virus, New-
castle disease virus (NDV), human parainfluenza viruses (hPIV),
and emerging Hendra virus (HeV) and Nipah virus (NiV), mem-
bers of the genus Henipavirus (Lamb and Parks, 2007). MV enters
cells through membrane fusion in a pH-independent manner,
like other paramyxoviruses. MV possesses two glycoproteins on
its envelope, an attachment protein hemagglutinin (H) (MV-H)
and a fusion (F) protein (MV-F) (Griffin, 2007). MV-H and MV-
F form hetero-oligomer, which is required to induce membrane
fusion. Upon receptor binding, MV-H is thought to undergo a
conformational change, which in turn would trigger a structural
rearrangement of MV-F from the metastable pre-fusion form to
the intermediate and post-fusion forms (Plemper et al., 2011).
This conformational change of MV-F would drive the fusion
between the viral envelope and the host cell membrane. Currently,
the detailed structural organization of MV-H and MV-F remains
elusive.

The paramyxovirus attachment proteins are classified into
three groups based on their functions, the hemagglutinin–
neuraminidase (HN) protein, the H protein, and the G protein.
Although these attachment proteins may have a common assem-
bly process, their interaction with the F protein may be viral
species-dependent, and different paramyxoviruses may use differ-
ent strategies for fusion activation (Lamb and Parks, 2007; Iorio
and Mahon, 2008; Connolly et al., 2009; Smith et al., 2009; Plemper
et al., 2011). Among paramyxoviruses, only those belonging to the

genera Morbillivirus and Henipavirus recognize protein receptors
expressed on the target cell surface. This is in marked contrast to
most other members of the family Paramyxoviridae, which con-
tain the neuraminidase domain in their HN proteins and recognize
sialic acid-containing receptors.

Three protein molecules have been identified as MV receptors,
the signaling lymphocyte activation molecule (SLAM), CD46, and
nectin-4. On the other hand, NiV and HeV utilize as receptors
ephrin (Eph) B2 and EphB3, which belong to the highly conserved
Eph family of tyrosine kinase receptors (Bonaparte et al., 2005;
Negrete et al., 2005, 2006). Although both MV and henipaviruses
recognize protein receptors, there is a large structural difference
between MV-H and henipavirus G proteins (Bowden et al., 2010).
The G proteins exhibit a structural-fold property closer to that of
HN proteins. This suggests that MV-H and henipavirus G pro-
teins have independently evolved the ability to recognize protein
receptors.

One clinical isolate obtained from a child in 1954 known as the
Edmonston strain gave rise to the majority of current MV vaccine
strains (Katz, 2009). After 50 years, its progeny (Edmonston lin-
eage) are still effective as live attenuated vaccines. It is estimated
that more than 4.5 million measles deaths have been prevented
annually through implementation of the vaccination strategies
developed by WHO and UNISEF (Bellini and Rota, 2011).

Here, we review recent advances in our understanding of MV
entry, based on crystal structures of MV-H–receptor complexes
as well as functional studies. We compare the attachment protein-
receptor complex of MV with those of other paramyxoviruses, and
provide a general principle of paramyxovirus entry. We also dis-
cuss why MV has only one major serotype and why our current
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MV vaccine prepared more than five decades ago from a single
strain is still effective.

MV RECEPTORS
CD46
Currently, three receptors are identified, which facilitate MV entry.
CD46 (also called membrane cofactor protein) is the first MV
receptor discovered by two groups independently in 1993 (Dorig
et al., 1993; Naniche et al., 1993). CD46 is a type I membrane pro-
tein that belongs to the regulators of complement activation (RCA)
family. CD46 comprises an N-terminal signal sequence, four short
consensus repeats (SCR1–SCR4), a transmembrane region, and
a C-terminal cytoplasmic tail. Each SCR module contains ∼60
amino acids that fold into a compact β-barrel structure (Persson
et al., 2010). N-terminal domains SCR1 and SCR2 participate in
the interaction with MV-H (Santiago et al., 2010).

CD46 is expressed on all nucleated human cells, and acts as a
cofactor in the proteolytic inactivation of C3b and C4b by factor
I. Monkey, but not human, erythrocytes express CD46, allowing
hemagglutination by MV (Cole et al., 1985; Kemper and Atkinson,
2009). Interestingly, only vaccine and laboratory-adapted strains
of MV can utilize CD46 as a receptor, while clinically isolated MV
strains employ different receptors for entry.

SIGNALING LYMPHOCYTE ACTIVATION MOLECULE
Measles viruses were found to be efficiently isolated from clini-
cal specimens by using the marmoset B cell line B95a or other
human B cell lines (Kobune et al., 1990; Schneider-Schaulies et al.,
1995). Further, MVs obtained using these cell lines were unable to
downregulate CD46 or induce cell-to-cell fusion in CD46-positive
cell lines (Lecouturier et al., 1996; Bartz et al., 1998; Tanaka et al.,
1998). These observations suggested the presence of MV recep-
tor(s) other than CD46. In 2000, SLAM (also known as CD150)
was identified as a principal cellular receptor for all MV strains
(Tatsuo et al., 2000).

Signaling lymphocyte activation molecule, a member of the
immunoglobulin (Ig) superfamily, is a type I membrane protein
that possesses an N-terminal signal sequence, two Ig-like domains
(V-set and C2-set), a transmembrane region, and a cytoplasmic
tail (Cocks et al., 1995). Each Ig-like domain has ∼110 amino acid
residues. Only the membrane-distal V-set domain is necessary and
sufficient for MV-H binding. The V domain is comprised of the
BED and AGFCC′C′′ β-sheet, which utilize a Cys32–Cys132 disul-
fide bond to stabilize the A–G interstrand interaction (Hashiguchi
et al., 2011).

In humans, SLAM is expressed on thymocytes, activated lym-
phocyte, mature dendritic cells, macrophages, and platelets. How-
ever, it is absent from monocytes, natural killer cells, and gran-
ulocytes (Schwartzberg et al., 2009). The distribution of SLAM
nicely explains the tropism and immunosuppressive nature of MV
(Yanagi et al., 2009).

NECTIN-4
Although epithelial cells do not express SLAM, MV antigens, and
syncytia have been observed in the epithelia of various organs
from measles patients and experimentally infected monkeys. It
was found that a human lung adenocarcinoma cell line NCI-H358

supports SLAM- and CD46-independent MV infection (Takeda
et al., 2007). Furthermore, several polarized epithelial cell lines
have been reported to be susceptible to MV (Takeda et al., 2007;
Leonard et al., 2008; Tahara et al., 2008). Together, these data hinted
at the presence of a third MV receptor.

Recent studies have identified nectin-4 as an epithelial cell
receptor (Muhlebach et al., 2011; Noyce et al., 2011). Human
nectin-4 is expressed mainly in placenta cells, and to a lesser degree
in trachea cells (Reymond et al., 2001). Nectin-4 is a member of
the poliovirus receptor-like proteins (PVRLs), which are adhe-
sion receptors of the Ig superfamily. Similar to SLAM, this type I
membrane protein contains an N-terminal signal sequence, three
Ig-like domains (V-set and two C2-set), a transmembrane region,
and a cytoplasmic tail. Each Ig-like domain is predicted to be ∼105
amino acid residues. Both wild type and the Edmonston lineage
MV strains can use nectin-4 as a receptor.

MV-H PROTEIN
The MV-H is a type II membrane glycoprotein comprised of an
N-terminal cytoplasmic tail, a transmembrane region, a stalk, and
a C-terminal receptor-binding head domain. The head domain
of MV-H exhibits a six-bladed β-propeller fold, a feature con-
served among all head domains of paramyxovirus attachment
proteins thus far crystallized (Colf et al., 2007; Hashiguchi et al.,
2007). Without a neuraminidase domain, MV-H targets protein
receptors, SLAM, CD46, and nectin-4. The difference in receptor
preference between H and HN proteins reflects the difference in
their head domain structures (see below).

Crystal structure of the MV-H head domain reveals a top
pocket reminiscent of the sialic acid binding cavity found in
both HN proteins and the neuraminidase (NA) of influenza virus
(Flu). However, the pocket in MV-H is enlarged and lacks several
key residues that contribute to sialic acid binding. In addition,
the N-linked sugar at position 215 of MV-H (located at the
rim of the pocket) renders the top pocket inaccessible to sialic
acid, antibodies or other molecules. The MV-H head domain
exhibits a cubic shape, and forms a homodimer (Hashiguchi
et al., 2007). Two neighboring N-linked sugars at position 200
(one each from both monomers), located at the homodimer inter-
face, likely block access to the region, which in HN of NDV, has
been proposed to contain a second sialic acid binding site. Sim-
ilarly, HNs of hPIV3 and PIV5 do not contain a second sialic
acid binding site due to N-linked sugar at Asn523 and Asn497,
respectively.

INTERACTION BETWEEN MV-H AND RECEPTORS
Mutagenesis studies have suggested that receptor-binding sites on
MV-H are located on the side of the β-propeller, which was subse-
quently confirmed by the crystal structures of MV-H complexed
with SCR1 and SCR2 of CD46 or with the V domain of SLAM
(Figure 1A; Santiago et al., 2010; Hashiguchi et al., 2011). By con-
trast, attachment proteins of NDV, hPIV3, and PIV5, NA of Flu
and G proteins of NiV and HeV utilize the top pocket of the β-
propeller structure for binding to their corresponding receptors
or ligand (Figure 1B; Burmeister et al., 1992; Crennell et al., 2000;
Lawrence et al., 2004; Yuan et al., 2005; Bowden et al., 2008; Xu
et al., 2008).
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FIGURE 1 | Structures of viral glycoproteins exhibiting the β-propeller
fold unbound or bound to their receptors or ligand. (A) Side view of
the MV-H monomer (rainbow colors) unbound (left) or bound to CD46
(middle) or SLAM (right). CD46 (purple) and SLAM (cyan) are indicated in a
ribbon diagram. The top pocket of the MV-H monomer is masked by
N-linked sugar. (B) Side views of Flu-NA bound to sialic acid (left), PIV5-HN

bound to sialic acid (middle), and NiV-G bound to ephrin B2 (right). Sialic
acid (white and red) is indicated as sphere models, whereas ephrin B2
(black) is shown in surface presentation. (C) Top views of two forms of
MV-H tetramer with each monomer bound to SLAM (cyan). MV-H
monomers A (green) and B (light green) form one dimer, whereas
monomers C (black) and D (gray) form another.

Crystal structure of MV-H bound to CD46 reveals that β-sheet
4 (β4) and β5 of the β-propeller structure interact with SCR1
and SCR2 of CD46 (Figure 1A; Santiago et al., 2010). Key residues
Tyr481 and Gly546 on MV-H make hydrogen bonds with the main
chain oxygen group of Cys65 and the main chain amino group
of Glu63 on CD46, respectively. Furthermore, a serine-to-glycine
mutation at position 546 on MV-H (found in some CD46-using
MV strains) likely increases flexibility of the β5s3–β5s4 region,
which is favorable for CD46 binding. Pro38 and Pro39 on CD46
are sandwiched between β4 residues Leu464 and Leu500 and β5
residues Tyr541 and Tyr543 on MV-H,while Tyr67 on CD46 makes
a hydrophobic interaction with Val451 on MV-H. The interac-
tion between MV-H and CD46 is relatively week (K d, 2.2 μM;
Hashiguchi et al., 2007).

Crystal structure of MV-H in complex with SLAM shows that
β4–6 and loop regions on the lateral surface of the MV-H β-
propeller structure interact with GFCC′C′′ region of the SLAM-V
domain (Figure 1A; Hashiguchi et al., 2011). This interaction is

also confirmed by functional assays, surface plasmon resonance
and infectious assay in vitro. Salt bridges formed by residues
Asp530 and Arg533 on MV-H and Glu123 on SLAM play a key
role in stabilizing the MV-H–SLAM complex. An intermolecular
β-sheet, comprised of residues Pro191-Arg195 (β6) of MV-H and
residues Ser127-Phe131 (G sheet) of SLAM-V, further stabilizes the
MV-H–SLAM complex. Mouse SLAM does not contain the MV-
H-interacting key residues, including His61 and Arg130,and there-
fore does not act as a MV receptor (Ono et al., 2001). Although
SLAM interacts with another SLAM through its V domain, the
affinity of SLAM–SLAM interaction (K d of ∼200 μM) is over
400-fold lower than that of the MV-H–SLAM interaction (K d

of 0.29 ∼ 0.43 μM; Hashiguchi et al., 2007). Therefore, upon MV
infection, SLAM preferentially interacts with MV-H rather than
adjacent SLAM.

Mutagenesis studies have mapped nectin-4 binding sites in a
region partly shared by SLAM-binding sites (Leonard et al., 2008;
Tahara et al., 2008). Amino acids in this region are highly conserved
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among morbilliviruses, whereas CD46 binding sites are not. Thus,
it is likely that many morbilliviruses utilize this region of the H
protein to infect immune and epithelial cells.

Like other paramyxovirus attachment proteins, MV-H forms a
homodimer (or tetramer, see below). Interestingly, two monomers
forming the MV-H dimer are highly tilted from each other, in
contrast to other paramyxovirus attachment proteins (Hashiguchi
et al., 2007). As a result, the receptor-binding sites on MV-H
(located at the side of the β-propeller) are oriented upward in
such a way that they are readily accessible to cellular receptors.
This structural property and the inaccessibility of the top pocket
due to N-linked sugar at position 215 account for the difference in
receptor-binding sites between MV-H and other paramyxovirus
attachment proteins.

MV-H TETRAMER AND MEMBRANE FUSION TRIGGERING
The mechanism by which receptor-binding leads to F protein-
mediated membrane fusion is not well understood. However,
crystal structures of MV-H–CD46 and MV-H–SLAM have also
provided clues for this intriguing process (Santiago et al., 2010;
Hashiguchi et al., 2011). No large structural change is observed in
the MV-H monomer between receptor-free and receptor-bound
forms. Furthermore, the relative orientation of two monomers
in the MV-H dimer also remains essentially identical before and
after receptor binding (r.m.s. deviation of 1.95 Å for 751 Ca atoms
in MV-H–SLAM; r.m.s. deviation of 1.33 Å for 791 Ca atoms in
MV-H–CD46).

Interestingly, crystal structures of the MV-H–SLAM complex
reveal two different tetrameric configurations (dimer of dimers),
form I and form II (Figure 1C; Hashiguchi et al., 2011). The
tetrameric formation of MV-H is also detected by native PAGE
and immunoblotting when the full-length MV-H is transiently
expressed in cells. Recently reported crystal structures of NDV
and PIV5 also reveal a four-helix bundle stalk (Bose et al., 2011;
Yuan et al., 2011). MV-H monomers A and B form one dimer, while
monomers C and D form another,and SLAM is bound to each MV-
H monomer. Form I exhibits a conformation similar to previously
reported head domains of NDV-HN, hPIV3-HN, PIV5-HN, and
Flu-NA, although the relative position of monomers in the dimer
units varies depending on the viral protein. In form II, a shift in the
dimer of dimers occurs, enabling SLAM to bridge two neighboring
monomers. Monomers A and C form the dimer–dimer interface
in form I (contact area of 1.312 Å), whereas monomers B and D
mainly form the dimer–dimer interface in form II (contact area of
2.099 Å). Based on these structural features, we propose the follow-
ing fusion triggering mechanism. Upon the virus–cell interaction,
the MV-H–SLAM complex in form I is formed. This structure
renders the orientation of SLAM parallel rather than perpendic-
ular in relation to the host membrane, and substantially reduces
the distance between viral envelope and host membrane. This may
prepare the environment suitable for subsequent conformational
changes of MV-H and MV-F. The ensuing conformational shift of
MV-H from form I to form II reorganizes the stalk region, allow-
ing MV-F to refold and interact with the target cell membrane
(Hashiguchi et al., 2011).

In a recent study, disulfide bonds were introduced at the protein
interface to covalently anchor the two head domains in the MV-H

dimer, leading to the block of its fusion-support activity (Navarat-
narajah et al., 2011). The authors proposed that the two head
domains in an MV-H dimer twist relative to each other upon recep-
tor binding, which triggers membrane fusion. However, twisting of
the head domains is not consistent with crystal structures of MV-H
bound and unbound to receptors (Hashiguchi et al., 2007, 2011;
Santiago et al., 2010). These introduced disulfide bonds might
somehow prevent the proper formation of MV-H tetramer or its
conformational shift upon receptor binding (Saphire and Old-
stone, 2011). The similar experiment with the NDV-HN protein
did not affect its fusion-support activity (Mahon et al., 2008).

Two models have been proposed for fusion triggering in
paramyxoviruses. In one model, the attachment protein undergoes
a conformational change upon receptor binding. This conforma-
tional change directly affects the F protein, causing its refolding
which in turn drives membrane fusion. This model is consis-
tent with the data for viruses using sialic acid as a receptor. In
cells infected with hPIV3 and PIV5, the HN protein is associated
with the F protein on the cell surface, but not in the endoplasmic
reticulum (ER) (Paterson et al., 1997). Furthermore, the increased
strength of the HN-F interaction enhances fusion activity. These
results suggest that upon receptor binding, HN actively acts on the
F protein and facilitates its refolding (Connolly et al., 2009). In
the second model, the attachment protein serves as a clamp that
stabilizes the F protein in its pre-fusion state. Receptor binding
of the attachment protein releases the F protein from the clamp
to facilitate its spontaneous conformational change. MV entry is
consistent with this model. MV-H is already associated with MV-
F within the ER (Plemper et al., 2001), and the conformational
shift of the tetramer is likely to facilitate the release of MV-F from
the heteromeric H–F oligomers. This release model is also sup-
ported by the data that a weaker interaction between MV-H and
MV-F results in increased fusogenicity (Plemper et al., 2002; Corey
and Iorio, 2009). A similar release model has also been proposed
for NiV and HeV (Aguilar et al., 2006, 2007; Bishop et al., 2007).
Thus, different paramyxoviruses may use different mechanisms of
fusion triggering, although the overall cell entry mechanism may
be similar among them.

STRUCTURAL INSIGHT INTO MV SEROTYPE AND VACCINE
Crystal structure of MV-H sheds light on why measles vaccine
has been successful for a long time (Hashiguchi et al., 2007, 2011;
Ruigrok and Gerlier, 2007). The structure suggests that N-linked
sugars (at positions 168, 187, 200, and 215) on MV-H cover a
considerable portion of its surface, only exposing a small area for
receptor and antibody bindings (Figures 2A,B). Indeed, crystal
structures of MV-H–SLAM and MV-H–CD46 complexes indi-
cate that both receptors target this exposed area. Mutagenesis
studies have also revealed that nectin-4 binds to this region as
well. Furthermore, a majority of MV-H monoclonal antibodies
are mapped onto this exposed receptor-binding area, indicating
that this area acts as the epitope “hot spot.” This overlap of bind-
ing sites for receptors and neutralizing antibodies explains why
measles vaccine, derived from a single strain, remains effective
against all 23 distinct MV genotypes. A functional importance
(receptor binding) likely exerts a restrain that renders this region
highly unfavorable to mutation. As a result, MV still occurs in
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FIGURE 2 | Structural basis of the effectiveness of measles vaccine.
(A) Epitopes of anti-MV-H monoclonal antibodies (red) on the MV-H
homodimer (blue white) with potential N-linked sugars (mesh, black) as
viewed downwards from the top. (B) Receptor-binding sites on MV-H.

Left, crystal structure of MV-H–SLAM (SLAM shown in cyan). Middle,
crystal structure of MV-H–CD46 (CD46 in purple). Right, putative
nectin-4 binding sites (green), based on site-directed mutagenesis of
MV-H.

only a single serotype (Hashiguchi et al., 2011). Interestingly, this
receptor-binding area is highly conserved not only among MV
strains but also among morbilliviruses, suggesting that this region
could serve as a template for a universal vaccine targeting all
morbilliviruses (Hashiguchi et al., 2007). The human immunod-
eficiency virus glycoprotein lacks the similarly conserved region
to be targeted by antibodies, which has hampered the vaccine
development.

PERSPECTIVE
Recent advances in our understanding of MV-H structures, com-
bined with functional studies, have provided new insights into the
mechanism of MV entry. Although the receptor-binding mode
of MV-H is different from that of other paramyxovirus HN and
G proteins, the overall entry process may be common among
paramyxoviruses. MV-H forms tetramer (dimer of dimers), like
other HN and G proteins, and we propose a model for fusion trig-
gering, based on the presence of two forms of MV-H tetramer.

However, further structural studies of MV-H and MV-F are
required to completely understand the whole process of MV entry.

Crystal structures have also illuminated how a sugar-uncovered,
exposed area of MV-H is targeted by receptors as well as by neu-
tralizing antibodies. This nicely explains why only a single serotype
occurs for MV and why measles vaccine, derived from one strain,
has been effective for a long time. It is hoped that better under-
standing of the MV entry process will not only contribute to our
measles eradication effort worldwide, but also allow us to develop
effective vaccines for other challenging pathogens.
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Measles, caused by measles virus (MeV) infection, is the leading cause of death in chil-
dren because of secondary infections attributable to MeV-induced immune suppression.
Recently, we have shown that wild-type MeVs induce the suppression of protein synthesis
in host cells (referred to as “shutoff”) and that viral mRNAs are preferentially translated
under shutoff conditions in infected cells. To determine the mechanism behind the pref-
erential translation of viral mRNA, we focused on the 5′ untranslated region (UTR) of
nucleocapsid (N) mRNA. The La/SSB autoantigen (La) was found to specifically bind to an
N-5′UTR probe. Recombinant La enhanced the translation of luciferase mRNA containing
the N-5′UTR (N-fLuc), and RNA interference of La suppressed N-fLuc translation. Further-
more, recombinant MeV lacking the La-binding motif in the N-5′UTR displayed delayed
viral protein synthesis and growth kinetics at an early phase of infection. These results
suggest that La induced predominant translation of N mRNA via binding to its 5′UTR under
shutoff conditions. This is the first report on a cellular factor that specifically regulates
paramyxovirus mRNA translation.

Keywords: measles virus, 5′ untranslated region, La

INTRODUCTION
Measles virus (MeV) infection causes a maculopapular rash, fever,
cough, and coryza (Griffin, 2007). Measles, caused by MeV, is the
leading cause of death in children, particularly in developing coun-
tries, because of secondary bacterial or parasitic infections attrib-
utable to MeV-induced immune suppression (Moss and Griffine,
2006). MeV also causes neurological diseases such as subacute scle-
rosing panencephalitis (Griffin, 2007). Although many research
studies have been conducted, many aspects of the pathogenesis of
MeV remain unclear.

Measles virus (genus Morbillivirus, within the family Paramyx-
oviridae) possesses a single-stranded RNA genome with negative
polarity. MeV has six genes on its genome [nucleocapsid (N),
phospho (P), matrix (M), fusion (F), hemagglutinin (H), and
large (L)] and produces eight proteins (V and C proteins are
produced from the P gene). The L gene encodes the L protein,
an RNA-dependent RNA polymerase that transcribes the tem-
plate RNA into new genomic RNA and viral mRNAs, together
with the N and P proteins (Griffin, 2007). MeV mRNAs are
capped at the 5′ end by L protein (Yoshikawa et al., 1986; Hercyk
et al., 1988) and are believed to be translated in a cap-dependent
manner.

Recently, we have shown that wild-type MeVs induce the “shut-
off” of host cellular protein synthesis in infected cells (Inoue
et al., 2009). Furthermore, we clarified that the phosphoryla-
tion of eukaryotic initiation factor (eIF) 2α and the binding of
MeV-N protein to eIF3-p40, which are cellular initiation factors
required for cap-dependent translation, are involved in the induc-
tion of this shutoff (Sato et al., 2007; Inoue et al., 2009). Severe

suppression of the cap-dependent translation of host proteins was
observed in infected cells, however, translated MeV proteins were
still clearly evident (Inoue et al., 2009). Thus, it is considered that
MeV mRNAs might have other mechanism(s) that facilitate their
specific translation under shutoff conditions.

Viruses have acquired various mechanisms for efficient mRNA
translation. Specifically, picornaviruses inhibit mRNA translation
of host cells at the initiation step, and viral mRNA undergoes
selective translation via an internal ribosome entry site (IRES) in
its 5′ untranslated region (UTR; Jang, 2006). Several cellular fac-
tors are reported to bind to the IRES and play roles in translation
independent of the cap structure (Jang, 2006).

On the other hand, the 5′UTR of MeV mRNAs is short (20–60
nt), except for F mRNA (570 nt), and does not contain a functional
structure similar to the IRES. However, based on the predicted
secondary structure of N-5′UTR, a short hairpin may form at
its 5′ end (Figure 1A). This implies that some specific cellular
factors may bind to the N-5′UTR via its sequence or secondary
structure and induce selective viral mRNA translation. To deter-
mine the mechanisms underlying the specific translation of MeV
mRNAs, we analyzed the translational efficiency with the N-5′UTR
and attempted to identify cellular factors mediating the specific
translation of N mRNA.

MATERIALS AND METHODS
CONSTRUCTION OF TEMPLATE PLASMID AND IN VITRO
TRANSCRIPTION OF REPORTER RNA
The DNA fragment containing the SP6 promoter followed
by the N-5′UTR of the HL strain of MeV was amplified
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FIGURE 1 | RNA containing the N-5′UTR escapes the shutoff effect
induced by MeVHL infection. (A) Sequence and computer-predicted
structure of the wild-type N-5′UTR. (B) Structure of N-fLuc reporter RNA
and c-rLuc reporter RNA. The 3′UTR and poly A tail of both types of RNAs,
and the 5′UTR of c-rLuc RNA were derived from the pTNT vector.
(C) Luciferase activity in mock- or MeV-infected B95a cells co-transfected
with N-fLuc (white bar) and c-rLuc RNA (gray bar).

by PCR from the cDNA of the MeV genome, using primers
5′-ATTTAGGTGACACTATAGAGGATTCAAGATCCTATTATCA-
GGGACAAGAGC-3′ and 5′-CCATGGCTCGGATATCCCTAATC-
CTGCTCTTGTCCCTGAT-3′. The PCR fragment was subcloned
into pCR2.1TOPO vector (Invitrogen, Carlsbad, CA, USA). After
confirming the sequence, the SP6-N-5′UTR fragment was ligated
to pGL3basic (Promega, Madison, WI, USA) at the KpnI and NcoI
sites. The“CC”residues in front of the AUG codon of the luciferase
open reading frame (ORF) at the NcoI site was deleted using

a QuikChange mutagenesis kit (Stratagene, La Jolla, CA, USA;
pGL3 + N�CC). The N-fLuc�CC fragment was digested with
XhoI and XbaI and inserted to the pTNT vector (Promega) at the
same site (pTNT-N-fLuc). N-fLuc with the polyA tail fragment
was inserted to pCR2.1TOPO at the XhoI and BamHI sites (N-
fLuc template plasmid; pCR2.1-N-fLuc). Deletion of the N-5′UTR
was performed with pGL3 + N�CC using the QuikChange muta-
genesis kit. After confirming the sequence, template plasmids were
prepared in a similar way to pCR2.1-N-fLuc. The ORF of renilla
luciferase, amplified from pRL-CMV (Promega) by PCR using
primers containing the SalI site at the 5′ end and the EcoRI site
at the 3′ end was inserted into pTNT at the SalI and EcoRI sites
(pTNT-rLuc) as control RNA. The capped RNAs were transcribed
from a linearized template with SP6 RNA polymerase using a Ribo-
MAX Large Scale RNA production kit-SP6 (Promega) and cap
analog (Promega). The capped RNA was purified by the method
recommended by the manufacturer.

RNA TRANSFECTION
RNA was transfected into B95a cells (Kobune et al., 1990)
derived from marmoset B cells which are highly susceptible
to MeV infection, and grown in RPMI 1640 medium supple-
mented with 5% fetal calf serum (FCS) using Lipofectamine2000
(Invitrogen). After 4 h of incubation, the HL strain of MeV was
infected into the B95a cells at a multiplicity of infection (moi)
of 1. At 24 h post infection (hpi), the cells were harvested and
luciferase activity was measured using a Dual Luciferase Assay kit
(Promega).

ELECTROPHORESIS MOBILITY SHIFT ASSAY AND ULTRAVIOLET
CROSS-LINK ASSAY
The fragment containing the SP6 promoter followed by the N-
5′UTR containing the KpnI site at the 3′ end was amplified by PCR
from the pGL3-N�CC plasmid and subcloned into pCR2.1TOPO
(pCR2.1-N). After confirming the sequence, pCR2.1-N was lin-
earized using KpnI and blunted to delete a 3′ overhang at the 3′
end of 5′UTR using a blunting kit (TAKARA BIO INC., Shiga,
Japan). The template of each deleted N-5′UTR probe was made
from pCR2.1-N using a QuikChange mutagenesis kit. 32P-labeled
RNA probes were transcribed from the templates with a ribo-
probe kit-SP6 (Promega) and [α-32P] UTP and purified by elec-
trophoresis in an 8% polyacrylamide gel denatured by 8 M urea.
The unlabeled probe was transcribed for competitor RNA. B95a
extract was prepared from B95a cells that were frozen and thawed
three times in buffer A [20 mM Tris-HCL (pH 7.5), 150 mM KCl,
1 mM DTT, and 1 mM EDTA]. His6-tagged recombinant La pro-
tein (rLa) was synthesized using the RTS 500 Wheat Germ CECF
kit and pIVEX1.4WG (Roche Applied Science, Basel, Switzerland)
in which the ORF of human La was inserted at the NcoI and SmaI
sites. rLa was purified using a Protino Ni 1000 prepacked col-
umn kit (MACHEREY-NAGEL, Düren, Germany). EMSA and a
UV cross-link assay were performed as previously described by
Park and Katze (1995). After electrophoresis, the gels were dried,
exposed to imaging plates (FUJI FILM, Tokyo, Japan) and visu-
alized with FLA5100 (FUJI FILM). Competitor RNA was added
to the B95a extract and preincubated at 30˚C for 10 min before
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adding the probe. The antibody against La (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) was added to the B95a extract and
preincubated on ice for 30 min prior to adding the probes.

IN VITRO TRANSLATION ASSAY
Cell-free translation S10 extracts from the suspension of COBL-a
cells (derived from human umbilical cord cells and highly suscep-
tible to MeV infection; Kobune et al., 2007) were prepared, and an
in vitro translation assay was performed according to the method
of Cuconati et al. (1998). After translation, luciferase activity was
measured with PicaGene (Toyo Inki, Tokyo, Japan).

RNA INTERFERENCE
The La-small interfering RNA (siRNA) target sequence (5′-
GUUGAACCGUCUAACAACAGA-3′) was designed using siDi-
rect software and purchased from RNAi Co., Ltd (Tokyo, Japan).
Silencer Negative Control #1 siRNA was purchased from Ambion
(Austin, TX, USA). Transfection experiments were performed
using X-tremeGENE siRNA Transfection Reagent (Roche Applied
Science) according to the manufacturer’s recommendation. After
48-h incubation, the cells were harvested and checked for the effi-
ciency of RNAi by Western blotting with antibodies against La
and β-actin (Santa Cruz Biotechnology). Reporter RNA was trans-
fected into HepG2 cells after the 48-h incubation following siRNA
transfection.

REVERSE GENETICS
To create recombinant MeV lacking the La-binding motif in the N-
5′UTR, a previously established plasmid encoding the cDNA of the
full-length genome of the HL strain of MeV was used (Terao-Muto
et al., 2008). Deletion of six nucleotides was introduced into the N-
5′UTR of the plasmid (genome position 66–71), and the resulting
plasmid was designated pMeV-6del. The recombinant MeVHL-
6del plasmid was generated from pMeV-6del. Briefly, 293 cells
were placed in a six-well culture dish, inoculated with a recombi-
nant vaccinia virus (MVA-T7) for 1 h, and then transfected with
1 μg of pMeV-6del, 1 μg of pKS-N1, 1 μg of pKS-P, and 0.3 μg of
pGEM-L per well, which expressed N, P, and L proteins, respec-
tively, under the control of a T7 promoter, using FuGENE6 (Roche
Applied Science). After incubation for 3 days, the cells were co-
cultivated with B95a cells at a concentration of 2 × 106 cells per
well, and further incubated until extensive cytopathic effects were
noted. The cells were collected and lysed by three cycles of freeze
thawing. After sonication, samples were centrifuged at 1500 × g
for 10 min to remove the cell debris and stored as a crude virus
stock at −80˚C.

VIRUS GROWTH
B95a cells (1 × 106 cells) were infected with wild-type MeVHL
or MeVHL-6del at an moi of 0.001 for 1 h. The inoculum was
removed and the cells were washed once with medium and then
incubated in medium containing 2.5% FCS. Cells and super-
natants were harvested at the indicated times, and three cycles of
freeze thawing were carried out. Infectivity was determined by tis-
sue culture infective dose 50 (TCID50) titration using the standard
method. The experiment was repeated twice.

RESULTS
ANALYSIS OF N-5′UTR FUNCTION IN TRANSLATION
Measles virus mRNAs possess unknown mechanism(s)
underlying their specific translation under shutoff conditions in
MeV-infected cells. To determine whether the 5′UTR of N mRNA
functions as the cis-element for translation in the MeV-infected
cells, we constructed a reporter RNA (N-fLuc) that has the N-
5′UTR in front of the ORF of the firefly luciferase gene (Figure 1B).
As a control for cellular RNA translation, renilla luciferase RNA
containing a leader sequence of β-globin mRNA in its 5′UTR was
also constructed (c-rLuc). MeV was infected after the reporter
RNAs were co-transfected into B95a cells. At 24 h postinfec-
tion, the cells were harvested, and luciferase activity was mea-
sured. The renilla luciferase activity derived from c-rLuc decreased
(Figure 1C), confirming our previous results that MeV infection
inhibited cap-dependent cellular mRNA translation (Inoue et al.,
2009). In contrast, the firefly luciferase activity derived from N-
fLuc was unaltered by MeV infection. This result suggests that N-
5′UTR plays an important role in the specific translation of MeV-N
mRNA in the shutoff conditions induced by MeV infection.

IDENTIFICATION OF CELLULAR PROTEINS THAT BIND TO N-5′UTR
To determine the presence of cellular proteins that specifically
bind to the N-5′UTR, EMSA was performed using an N-5′UTR
probe and B95a cell extracts (Figure 2A). The shift observed in the
electrophoretic mobility of the N-5′UTR probe indicated the pres-
ence of a protein in the extract that interacted with the N-5′UTR
probe (lane 1). Non-labeled RNA with the same sequence inhibited
protein–RNA complex formation in a concentration-dependent
manner (lanes 2–4). Since the protein–RNA interaction was not
inhibited when yeast tRNA was used as the competitor RNA (lanes
5 and 6), the formation of this complex could be specific for
N-5′UTR. A UV cross-link assay was performed to determine
the molecular weight of proteins that bind to N-5′UTR. Several
proteins that interacted with the N-5′UTR probe were observed
(Figure 2B, lane 1). Among these, three proteins (of 52, 40, and
35 kDa) formed a specific complex with the N-5′UTR because
their bands disappeared or the intensity of their bands decreased
when non-labeled RNA was included in the reaction mixture (lane
2). The 52-kDa protein had the same molecular weight as that of
the human La/SSB autoantigen (La). It has been reported that
La binds to IRES in several viral-encoded RNAs, enhancing their
translation (Jang, 2006). Although IRES is not present in MeV-N-
5′UTR, we analyzed whether or not La bound to N-5′UTR. When
an antibody against La was added to the EMSA reaction buffer
prior to adding the probe, we observed that the specific complex
(Figure 2C, lane 1) disappeared (lane 2). This was not observed
with the antibody against the polypyrimidine tract binding pro-
tein (PTB; lane 3). To examine whether La specifically binds to
N-5′UTR, rLa was constructed and subjected to EMSA along with
N-5′UTR. When rLa was added, an rLa-probe complex was clearly
observed (Figure 2D, lanes 2 and 3). Thus, several proteins in B95a
cells specifically bind to N-5′UTR, one of which is La.

La-BINDING REGION OF N-5′UTR
To determine the sequence in N-5′UTR that interacts with
La, deleted N-5′UTR probes (probes d1–d5) were constructed
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(Figure 3A) and subjected to EMSA with rLa (Figure 3B). Each
probe formed a complex with rLa, except the d2 probe that barely
interacted with rLa (lane 3). Thus, nt 11–20 of N-5′UTR are
required for the interaction with rLa. To evaluate the function of
the deleted region in the N-5′UTR in translation, deletions similar
to those in Figure 3A were introduced into N-fLuc (d1–d5-fLuc),

and their luciferase activities were measured at 4 hpi in MeV-
infected B95a cells co-transfected with mutant RNAs and c-rLuc.
The luciferase activity from the translated d2-fLuc in the B95a
cells was lower than that from other RNAs (Figure 3C). Because
the observed decrease was by 30%, other region(s) than nt 11–
20 may be involved in the interaction with La and the mRNA

FIGURE 2 | La specifically interacts with N-5′UTR. (A) EMSA was
performed with the N-5′UTR probe (P) and B95a cell extract. A specific
competitor was added at the indicated molar excess ratio (lanes 2–4). Yeast
tRNA was added at the indicated molar excess ratio as a non-specific
competitor (lanes 5 and 6). The specific complex is indicated by an arrow.
(B) The UV cross-link assay revealed that the molecular weight of
specific-binding protein (which disappeared with the addition of a specific

competitor RNA, lane 2) was approximately 35, 40, or 50 kDa (indicated by
arrows). (C) The antibody against La inhibited the interaction of N-5′UTR and
specific-binding protein (arrow; lane 2). As a control experiment, antibody
against PTB was added (lane 3). (D) Recombinant La binds to the N-5′UTR
probe. The probe (P) without rLa is shown in lane 1. rLa at the indicated dose
was added to the reaction (lanes 2 and 3). The arrow indicates the complex
derived from the rLa-probe.

FIGURE 3 |The interaction of La with N-5′UTR requires a specific nt
sequence in N (nt 11–20). (A) Outline of the deleted N-5′UTR probes used in
the EMSA. The broken lines indicate the deleted regions. (B) The binding
activity of rLa to the d2 probe was lower than that of other probes. The
interactions of rLa with the probes (La) and the free probe (P) are indicated by

arrows. (C) Luciferase activity of B95a cells transfected with the reporter RNA
containing various N-5′UTRs. The deletions indicated in (A) were introduced
into N-fLuc (d1–d5-fLuc). c-rLuc was co-transfected as an internal control. The
N-fLuc value was arbitrarily set at 100%. Statistical analysis was performed
using the Student’s t -test; *P < 0.01.
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translation. However, this result clearly indicated that nt 11–20
of N-5′UTR was required for the interaction with La and the
optimum translation of N-fLuc RNA.

La ENHANCES IN VITRO N-fLuc REPORTER RNA TRANSLATION
To determine the role of La in translation via N-5′UTR, an in vitro
translation assay was performed with a COBL-a S10 cell extract.
N-fLuc or d2-fLuc RNA was translated in the COBL-a S10 extract
containing rLa protein (Figure 4A). The luciferase activity trans-
lated from N-fLuc increased proportionally with the dose of rLa
protein. The proportional increase was not observed for luciferase
activity translated from d2-fLuc, indicating that La enhances N-
fLuc translation via the N-5′UTR. The weak effect of the additional
rLa on translation was probably due to the high amount of endoge-
nous La in all extracts. La is a major mammalian cell component
and its copy number reaches 2 × 107 copies/cell (Gottlieb and
Steitz, 1989). In the case of the COBL-a S10 extract, a large amount

FIGURE 4 | La enhances N-fLuc translation. (A) N-fLuc and d2-fLuc were
translated in COBL-a S10 cell extracts with rLa at the indicated quantity.
Statistical analysis was performed using the Student’s t -test; *P < 0.05.
(B) Expression level of La in HepG2 cells transfected with La siRNA (La) or
negative control siRNA (nega). After 48-h incubation, the expression levels
of La and actin on the same membrane were detected by western blotting.
The relative value of the La expression level was measured and is provided
under the panels. (C) The translation of N-fLuc in La siRNA-transfected
HepG2 cells decreased more than that in d2-fLuc. The luciferase activity in
HepG2 cells transfected with negative control siRNA was arbitrarily set at
100%.

of La was extracted (data not shown). To confirm the positive
effect of La on translation, RNAi was performed to knock down
La protein expression in HepG2 cells. Compared with the nega-
tive control siRNA-transfected cells, the La protein expression level
decreased to 50% in La siRNA-transfected cells (Figure 4B). Under
these conditions, N-fLuc or d2-fLuc RNA was transfected. Firefly
luciferase activity decreased to 60% of the control cells following
the knock down of La in the N-fLuc-transfected cells (Figure 4C).
In contrast, the effect of La RNAi on the luciferase activity in d2-
fLuc-transfected cells was less than that of N-fLuc (85% compared
with the control cells). These results imply that La enhances N-fLuc
translation by binding to the N-5′UTR in vivo.

INTERACTION OF La WITH N-5′UTR AFFECTS MV GROWTH EFFICIENCY
AT AN EARLY PHASE OF INFECTION
We further investigated the effect of La on viral RNA in the replicat-
ing state using a recombinant MeV generated by reverse genetics
(Terao-Muto et al., 2008). Because the genome length of Morbil-
liviruses, including MeV, is an integral of six (Kolakofsky et al.,
1998), we synthesized a new deletion probe (6del-probe) by delet-
ing nt 11–16 instead of nt 11–20 and tested the La interaction.
La did not bind to the 6del-probe in EMSA, and a reporter RNA
with the same deletion in the N-5′UTR showed low translation
efficiency comparable to d2-fLuc (data not shown). Therefore, we
performed reverse genetics using a plasmid encoding MeVHL full-
length genome cDNA, which lacks 6 nt of the La-binding motif
corresponding to the genome position 66–71, and generated the
recombinant MeV (MeVHL-6del). Wild-type strain and MeVHL-
6del were infected into B95a cells at an moi of 0.001 and harvested
at each time point indicated. In cells infected with the 6del strain,
the expression level of N protein lagged nearly 12 h behind that
of wild-type infected cells (Figure 5A). Growth kinetics of the
recombinant MeV indicated that production of infectious MeV
particles in cells infected with MeVHL-6del was also delayed at
an early phase of infection compared with the wild-type, and
then recovered rapidly and reached similar levels to wild-type
(Figure 5B). In MeV-infected cells, MeV-N is the first, most abun-
dantly, and excessively synthesized among all viral proteins, and is
necessary for viral genome replication and mRNA transcription,
and therefore for virus growth. MeV-N synthesis was delayed in
MeVHL-6del-infected cells approximately 12 h, and reached to the
same amount as wild-type at 36 hpi (Figure 5A). Therefore, the
virus growth kinetics was also delayed approximately 12 h, and
increased rapidly between 24 and 36 hpi and reached the maxi-
mum titer at 48 hpi. Thus, the impaired La interaction with the
N-5′UTR suppressed the translation efficiency of N mRNA and
consequently virus replication at an early stage of infection. This
result suggested that La contributes to synthesis of MeV proteins
after infection.

DISCUSSION
We demonstrated that the 5′UTR of MeV-N mRNA possesses a
function for selective translation under the shutoff conditions
induced by MeV infection (Figure 1). Moreover, La binds to
the N-5′UTR and plays an important role in the induction of
specific translation of N-5′UTR-driven mRNA in vitro and in vivo
(Figures 2–4).

www.frontiersin.org August 2011 | Volume 2 | Article 173 | 17

http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive


Inoue et al. La enhances MeV mRNA translation

FIGURE 5 | La interaction with N-5′UTR affects the replication of MeV
at an early phase of infection. (A) The expression levels of N protein in
B95a cells infected with wild-type MeV or MeVHL-6del were determined by
western blotting. As an internal control, β-actin protein was measured.
(B) The growth kinetics of MeVHL-6del. Wild-type MeV (straight line) and
MeVHL-6del (dotted line) were inoculated to B95a cells at an moi of 0.001,
and harvested at the indicated time point. The average of two independent
measurements is shown.

La was first described as an autoantigen in patients with the
rheumatic diseases systemic lupus erythematosus and Sjogren’s
syndrome (Mattioli and Reichlin, 1974; Alspaugh et al., 1976).
To date, it has been revealed that La possesses at least two major
functions. First, La associates with various nascent RNAs tran-
scribed by RNA polymerase III, such as pre-tRNAs and pre-5S
rRNA, and plays a role in the regulation of RNA processing and
nuclear export and retention (reviewed in Ref. Wolin and Ceder-
vall, 2002). In this process, the La-binding motif (UUU-OH 3′)
and the underlying molecular mechanisms have been well charac-
terized. Many studies have indicated that the other major function
of La protein is in the translation of specific viral and cellular
mRNAs. For example, La binds to IRES in the 5′UTR of viral
RNAs such as poliovirus (Meerovitch et al., 1993) and hepati-
tis C virus (HCV) RNA (Jang, 2006), as well as some eukaryotic
mRNAs, namely, human immunoglobulin heavy chain binding
protein mRNA (Kim et al., 2001). La also interacts with the 5′
end of HIV mRNAs which contain no IRES but have a trans-
activation response (TAR) element (Chang et al., 1994; Svitkin
et al., 1994). These interactions are proposed to enhance RNA
translation (Ali and Siddiqui, 1995; Pudi et al., 2004). In addition,
La has a negative effect on the translation of mRNAs of ribo-
somal proteins and translation elongation factors which contain
the 5′ terminal oligopyrimidine tract sequence (Zhu et al., 2001).
These data suggest that La has various functions in translation
which maintain the optimal activity of interacting RNA. In this
study, we showed that La has a positive effect on the translation

of MeV-N-5′UTR-driven mRNA, although it contains neither an
IRES nor a TAR element. The precise mechanism of upregulation
of mRNA translation by La has not yet been elucidated, however,
one possible role has been discussed on the basis of the reported
function of La. La protein has been reported to function as a
helicase that unwinds double-stranded RNA (Xiao et al., 1994;
Hühu et al., 1997). The TAR element of HIV RNA is a stem-loop
structure and suppresses the translation of the following RNA
(Parkin et al., 1988), and La-binding enhances the translation of
TAR-driven RNA (Chang et al., 1994; Svitkin et al., 1994). These
reports imply that La functions as a helicase on the 5′UTR of
mRNA and serves as an RNA chaperone. The MeV-N-5′UTR has
a small stem-loop structure at its 5′ end consisting of nt 1–15
(Figure 1A), and the region responsible for La-binding is found
in the stem region (Figure 3). In Figure 3, d2 probe showed low
interaction with La, while d1 probe, which also lacks a part of
the stem-loop structure at 5′ end (Figure 1A), bound to La com-
parable to N probe. Interestingly, d1 probe is estimated to form
an alternative short hairpin structure at the 5′ end, which con-
sists of nt 12–26, from a secondary structure prediction (data not
shown). It suggests that La bound to d1 probe via the alternative
stem structure at 5′ end. Thus, unwinding of the stem structure by
La may result in the efficient translation of MeV-N mRNA. Alter-
natively, previous reports indicated that the binding of La to the
stem-loop IV region of HCV IRES facilitates the formation of the
48S ribosomal complex on IRES (Costa-Mattioli et al., 2004; Pudi
et al., 2004). Therefore, the binding of La to the N-5′UTR might
facilitate formation of the ribosomal complex at the 5′ end. Inter-
estingly, secondary structure predictions have indicated that not
only N but also other MeV mRNAs, except for F, possess similar
small stem-loop structures on their 5′UTR, and our preliminary
experiments suggest that each 5′UTR can bind to La in vitro (data
not shown). These findings indicate that efficient translation of
other MeV mRNAs under shutoff conditions is also upregulated
by similar mechanisms.

Recently, an additional function of La has been proposed in
negative strand viruses, in which La binds to the leader RNA of
viruses such as the human parainfluenza virus, vesicular stomatitis
virus, rinderpest virus, and respiratory syncytial virus (Wilstz et al.,
1983; De et al., 1996; Raha et al., 2004; Bitko et al., 2008). In par-
ticular, the leader RNA of rinderpest virus, which is closely related
to MeV, specifically binds to La and this interaction enhances the
replication/transcription of viral RNA (Raha et al., 2004). In addi-
tion, a more recent report indicated that La binds to the leader
RNA of respiratory syncytial virus and shields it from RIG-I fol-
lowed by abrogation of the early viral activation of type I interferon
(Bitko et al., 2008). These results imply that La contributes to virus
replication in multiple systems.

A previous study suggested that sufficient intracellular accu-
mulation of N protein is required for viral genome replication
(Lamb and Kolakofsky, 2001). Moreover, a recent report showed
that a siRNA that specifically targets MeV-N represses the syn-
thesis of viral mRNAs and genomic RNA (Reuter et al., 2006).
These findings indicate that the efficient expression of N protein
is important for virus replication. N protein binds to the viral
genome and forms a ribonucleoprotein complex with P and L
proteins, which acts as a template for viral genome replication
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and transcription. Therefore, interference of N protein expression
might result in the suppression of MeV transcription and replica-
tion. In this study, we demonstrated that the lack of La-binding
to N-5′UTR, which elicits lower expression of N protein, caused a
delay in N protein synthesis and virus replication at an early phase
of infection (Figure 5). This suggests that the binding of La to
N-5′UTR contributes to the rapid expression of N protein which
in turn facilitates efficient virus growth.

In conclusion, our study revealed that a host protein, La
autoantigen, enhances the translation of RNA containing N-
5′UTR, and that La interaction can facilitate escape from the
shutoff effect induced by MeV infection. This is the first report

of a cellular factor that specifically regulates morbilliviral mRNA
translation. Further studies are required to clarify the overall
mechanism underlying the upregulation of mRNA translation and
its implication in the pathogenesis of MeV.
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Influenza A virus is an enveloped virus with a segmented, single-strand, negative-sense
RNA genome. Its virions show spherical or filamentous shapes of about 100 nm in diam-
eter and occasionally irregular morphology, which exemplifies the pleomorphic nature of
these virions. Each viral RNA segment forms a ribonucleoprotein complex (RNP), along
with an RNA-dependent RNA polymerase complex and multiple copies of nucleoproteins;
the RNPs reside in the enveloped virions. Here, we focus on electron microscopic analy-
ses of influenza virions and RNPs. Based on the morphological and structural observations
obtained by using electron microscopic techniques, we present a model of the native
morphology of the influenza virion.

Keywords: influenza virus, morphology, electron microscopy

INTRODUCTION
Influenza A, B, and C viruses are members of the Orthomyx-
oviridae, which is a family of enveloped viruses with segmented,
single-stranded,negative-sense RNA genomes (Palese,2007). They
are classified according to antigenic differences in their nucleopro-
tein (NP) and matrix protein (M1), which are major structural
components of their virions. Of the three members, Influenza A
viruses, which are further classified into 16 hemagglutinin (HA)
subtypes and 9 neuraminidase (NA) subtypes on the basis of their
antigenic properties, cause annual epidemics in humans and recur-
ring pandemics that spread globally with severe consequences for
human health and the economy.

The genome of influenza A virus consists of eight single-
stranded, negative-sense RNA segments that form ribonucleo-
protein complexes (RNPs) together with the viral RNA (vRNA)-
dependent RNA polymerase complex [basic polymerase 1 (PB1),
basic polymerase 2 (PB2), and acidic polymerase (PA)] and many
nucleoprotein (NP) molecules. The genome encodes at least 12
viral proteins, most of which are necessary for efficient virus
replication in host cells and for virion formation. During virus
infection, the virus attaches to receptors (i.e., sialic acid linked to
galactose) on the cell surface via HA virion surface proteins and
enters the cell by clathrin-mediated endocytosis. The RNPs within
the virion are released into the cytoplasm by acidic pH-dependent
membrane fusion, again via the HA proteins, and are transported
to the nucleus of the infected cells. Unlike most negative-sense
RNA viruses, transcription and replication of the influenza virus
genome take place in the nucleus. After the RNPs are synthesized
in the nucleus, they are exported to the cytoplasm with the help of
two viral proteins, M1 (Bui et al., 1996, 2000) and nuclear export
protein (NEP/NS2; O’Neill et al., 1998; Ye et al., 1999; Baudin
et al., 2001), via the cellular chromosome region maintenance 1
(Crm1) protein-dependent pathway (Neumann et al., 2000; Elton
et al., 2001; Ma et al., 2001; Watanabe et al., 2001; Akarsu et al.,
2003; Iwatsuki-Horimoto et al., 2004). They are then transported

to the budding site of the apical plasma membrane of polarized
cells, through a Rab 11-dependent vesicular transport pathway
(Amorim et al., 2011; Eisfeld et al., 2011; Momose et al., 2011).
The transmembrane proteins HA, NA, and an ion channel protein
(M2) are conveyed to the budding site by a standard exocytic path-
way through the endoplasmic reticulum and Golgi apparatus. M1
is presumed to interact with both the RNPs and the cytoplasmic
tails of HA, NA, and M2 and to act as a bridge between them at
the budding site (Zhang et al., 2000; McCown and Pekosz, 2005).
Eventually, all of the viral components, including the viral trans-
membrane proteins, M1, and RNPs, are orderly assembled into
progeny virions. The progeny virions are released from the apical
plasma membrane into the extracellular environment, where NA
plays an important role in cleaving sialic acids bound to receptors
on the cell surface and HA proteins on the progeny virions.

Although the morphology of influenza A virions, whether bud-
ding virions or purified virions, has been investigated extensively
for many years by using various electron microscopic methods,
knowledge of the virion structure remains limited, mainly due to
pleomorphism, which complicates morphological and structural
analyses and impedes investigators efforts to draw conclusions
about the native structure of the virion. However, recent electron
microscopic analyses have revealed several important morphologi-
cal and structural features of influenza virions,which provide valu-
able information about the native morphology of these structures.
This review summarizes the current progress in virion morphol-
ogy studies and presents a model of the likely native morphology
of influenza A virion.

THE MORPHOLOGY OF THE INFLUENZA A VIRION
Virions possess a lipid envelope that is derived from the host cel-
lular membrane during the budding. They are generally spherical
or elliptical in shape, ranging from approximately 80–120 nm in
diameter and are occasionally filamentous, reaching more than
20 μm in length. Sometimes, however, they take on an irregular
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shape. Virions are covered with numerous membrane-spanning
glycoproteins, HA and NA, and small amounts of M2. The periph-
eral membrane protein, M1, which is one of the most abundant
viral proteins in the virion, binds to the lipid envelope to main-
tain virion morphology. The segmented genome is enclosed in the
virion in the form of the RNP. Although small amounts of NEP
are present within the virion (Yasuda et al., 1993), its localization
is unknown.

Most laboratory-adapted strains of influenza A virus are pre-
dominantly spherical or elliptical, whereas clinical isolates are
predominantly filamentous and their adaptation in eggs results in
the loss of this filamentous phenotype (Chu et al., 1949; Kilbourne
and Murphy, 1960). The filamentous phenotype is thought to be a
genetic trait, as shown by virus gene reassortment experiments
(Smirnov et al., 1991) and reverse genetics studies (Bourmak-
ina and Garcia-Sastre, 2003; Elleman and Barclay, 2004). Such
studies have demonstrated that the M1 and M2 proteins are impor-
tant determinants of filamentous virion formation (Hughey et al.,
1995; Roberts et al., 1998; Bourmakina and Garcia-Sastre, 2003).
In addition, the polarized cell phenotype and actin cytoskeleton
network also play important roles in the formation of filamen-
tous virions (Roberts and Compans, 1998), suggesting that several
factors are involved in determining virion morphology. The sig-
nificance of the filamentous morphology for virus replication
and pathogenesis remains uncertain; however, the fact that clin-
ical isolates, independent of HA and NA subtype, consistently
form filamentous shapes strongly suggests that this filamentous
phenotype is essential for virus survival in nature. The filamen-
tous morphology may, for example, facilitate cell-to-cell trans-
mission of progeny virions in the respiratory mucosa of infected
individuals.

In addition to the spherical, elliptical, and filamentous viri-
ons, irregular-shaped virions are sometimes observed when using
negative-staining electron microscopy (negative-staining EM) of
purified virions (Figure 1; Stevenson and Biddle, 1966; Almeida
and Waterson, 1967; Wrigley, 1979). Interestingly, such virions
have never been reported when ultrathin-section transmission
electron microscopy (ultrathin-section EM) or scanning electron
microscopy (SEM) is used to view budding virions. This discrep-
ancy is thought to be partially due to artifacts caused during sample
preparation for negative-staining, since artifacts can be introduced
into fragile biological specimens on air drying (Nermut and Frank,
1971; Ruigrok et al., 1992). However, other artifacts may also be
included, because such irregular-shaped virions are also reported
when using cryoelectron microscopy (cryoEM) of purified virions
(Harris et al., 2006; Nayak et al., 2009), which does not involve air
drying. Earlier reports suggested that the pleomorphism is intro-
duced during the storage of virions at 4˚C after they are harvested
(Choppin et al., 1961; Nermut and Frank, 1971). More impor-
tantly, it was recently demonstrated that virion morphology is sub-
stantially affected by ultracentrifugation, which is often involved in
the negative-staining process, resulting in the appearance of mor-
phologically irregular virions (Sugita et al., 2011). When virions
are chemically fixed with glutaraldehyde (GLA), which presum-
ably creates cross-links among the membrane-bound M1 proteins
that form the layer underneath the viral envelope as well as among
M1 proteins and the cytoplasmic tails of the HA, NA, and M2

FIGURE 1 | Electron micrograph of influenza virions. The virions were
purified by ultracentrifugation, and visualized by negative-staining EM. Bars,
200 nm. (A) Spherical virions [A/WSN/33 (H1N1)], (B) filamentous virions
[A/Udorn/307/72 (H3N2)], and (C) irregular-shaped virions [A/Puerto
Rico/8/34 (H1N1)].

transmembrane proteins, the virion morphology is relatively con-
served even after ultracentrifugation. This finding is consistent
with observations made when using ultrathin-section TEM and
SEM of budding virions, where morphologically irregular virions
have never been found; sample processing of the ultrathin-section
TEM and SEM usually begins with GLA fixation, and does not
involve ultracentrifugation. Taken together, the pleomorphism
of influenza virions observed when using negative-staining EM
and cryoEM is an artifact that is mainly introduced during sam-
ple preparation procedures that involve ultracentrifugation and
storage.

RNPs WITHIN THE VIRION
The eight vRNA segments, which contain conserved sequences at
their 3′ and 5′ ends that are partially complimentary to each other
and form the core promoter (Skehel and Hay, 1978; Robertson,
1979; Desselberger et al., 1980), range in size from 890 to 2341
bases. Each vRNA segment is separately encapsidated by NP to
form the RNP, which has a flexible, twisted rod-like structure that
is folded back and coiled on itself. The rod-like RNPs are approx-
imately 12 nm in diameter, but vary in length from approximately
30–110 nm (Pons et al., 1969; Compans et al., 1972). The length
of each rod-like RNP correlates with the length of each vRNA
segment (Compans et al., 1972).
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Although the morphology of the purified RNPs has been well
characterized, the conformation of RNPs inside virions had been
largely unknown for a long time. When virions were examined
by using negative-staining EM or cryoEM, a continuous strand
of 7–8 nm in diameter, which was regularly packed in the form
of a helix, was observed within disrupted virions (Hoyle et al.,
1961; Apostolov and Flewett, 1965; Schulze, 1972; Almeida and
Brand, 1975; Murti et al., 1980, 1992; Booy et al., 1985; Harris et al.,
2006). Although the strands were observed only at a low frequency,
they were the sole structure clearly visualized by using negative-
staining EM and cryoEM. Therefore, it was proposed that RNPs
exist as a single continuous helix, which would be fragmented
into multiple rod-like RNPs during the purification process of
RNPs (Almeida and Brand, 1975; Murti et al., 1980). Later, how-
ever, it was demonstrated by use of negative-staining EM (Ruigrok
et al., 1989) and cryoEM (Calder et al., 2010), that the continuous
helix found within disrupted virions was a layer of M1 proteins
underneath the lipid envelope.

How, then, are the RNP fragments arranged within the virion?
By using thin-section EM, it is shown that progeny virions bud-
ding from the plasma membrane of infected cells contain a distinct
arrangement of RNPs (Oxford and Hockley, 1987; Noda et al.,
2006). The RNPs are always suspended from the top of the bud-
ding virions and are oriented perpendicular to the budding tip.
Many transversely sectioned budding virions contain eight RNPs,
in which a central RNP is consistently surrounded by seven oth-
ers. Serial transverse ultrathin-sections of whole budding virions
have revealed that the eight RNPs within a virion differ in length,
suggesting that the budding virion contains different kinds of
vRNAs (Compans et al., 1972). Filamentous virions also con-
tain eight RNPs arranged in this distinct pattern. Interestingly,
the eight RNPs are confined to the top of the filamentous virion
and the reminder of the filamentous virion is empty, indicat-
ing that such filamentous virions do not randomly incorporate
multiple sets of eight RNPs (Noda et al., 2006). Recent cry-
oEM analyses of purified virions confirmed that they contain
eight RNPs arranged in a distinct pattern (Harris et al., 2006;
Calder et al., 2010). Furthermore, the RNPs are restricted to one
end of the filamentous particles that are released from infected
cells, which is consistent with the observations made by using
ultrathin-section EM of budding virions (Noda et al., 2006). Thus,
virions, regardless of their shape, incorporate an organized set of
eight RNPs.

A MODEL OF A NATIVE INFLUENZA A VIRION
Based on recent microscopic analyses, a schematic diagram of a
native influenza virion is depicted in Figure 2. Whether spheri-
cal, elliptical (Figure 2 left), or filamentous (Figure 2 right), the
lipid-enveloped virions are regular in shape and covered with HA
and NA glycoproteins and M2 proteins. Abundant HA proteins
are distributed over the virion surface. Single NA proteins can
be observed anywhere on the virion surface, whereas a cluster
of NA proteins is also found at the end of the virion that is
opposite to the end where the RNPs are located (Calder et al.,
2010). Because the RNPs bind to the inner leaflet of the enve-
lope at the distal end of budding virion (Noda et al., 2006; Calder
et al., 2010), the NA cluster would play a role in release from

FIGURE 2 | Schematic diagram of influenza virions. Left, an elliptical
virion; right, a filamentous virion. Note that both virions contain an
organized set of eight RNPs at the end of the virion.

the infected cell by destroying the HA binding to receptors on
the cell surface. Given that membrane scission is caused by M2
proteins (Rossman et al., 2010), M2 proteins are likely located
at the proximal end of the budding virion, on the same side as
the NA cluster. In addition, the M2 protein plays an important
role in RNP incorporation (McCown and Pekosz, 2005; Iwatsuki-
Horimoto et al., 2006), suggesting that it should also be present
at the distal end of the budding virion, where the M2 protein
and RNPs could associate with each other. The M1 protein forms
a matrix layer underneath the lipid envelope that is arranged
as an ordered helix composed of multiple copies of M1 pro-
teins that contribute to the virion morphology (Calder et al.,
2010).

The eight rod-like RNPs, which differ in length, are arranged
in a distinct pattern, in which seven peripheral RNPs surround a
central RNP (Oxford and Hockley, 1987; Noda et al., 2006). Such
an arrangement is observed not only in budding virions, but also
in isolated virions (Harris et al., 2006; Calder et al., 2010), sug-
gesting that there are interactions among the RNPs to maintain
this organization. The eight RNPs are consistently associated with
the inner envelope at the distal end of the budding virion and
oriented almost perpendicular to the budding tip (Oxford and
Hockley, 1987; Noda et al., 2006), indicating a polar organization
of the virion.
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CONCLUSION
Electron microscopic approaches are useful methods for investi-
gating morphological and structural features of viruses. However,
when fragile, lipid-enveloped viruses, including influenza viruses,
are examined by using electron microscopy, artifactual effects such
as ultracentrifugation, storage, and air drying should be consid-
ered. If not, misleading information can be visualized. Recent
electron microscopic analyses of influenza virions clearly show
that the native virion morphology is uniformly spherical, elliptical,
or filamentous. Irregularly shaped virus particles are mainly arti-
facts caused during sample processing, indicating that such virus
particles unlikely reflect the true virion structure. Accordingly, it is
important to pay close attention to sample processing, when struc-
turally examining influenza virions with electron microscopic
techniques.

Despite the fact that various electron microscopic analyses have
contributed to our knowledge of influenza virion morphology,

much about the internal structure of the virion remains unknown.
For instance, how do the RNPs associate with the envelope
at the tip of the virion? How are the eight RNPs arranged
in their distinct pattern? Do they interact with each other? If
so, where and how do they interact? Although solving these
issues by using conventional two-dimensional electron micro-
scopic methods, such as thin-section EM and negative-staining
EM would be difficult, if not impossible, they can be addressed
by using three-dimensional analysis of RNPs within the virion by
means of electron tomography, which provides higher resolution
images.

ACKNOWLEDGMENTS
I thank Susan Watson for editing the manuscript. This work is
supported by a Grant-in-Aid for Young Scientists from the Japan
Society for the Promotion of Science.

REFERENCES
Akarsu, H., Burmeister, W. P., Petosa,

C., Petit, I., Müller, C. W., Ruigrok,
R. W., and Baudin, F. (2003).
Crystal structure of the M1
protein-binding domain of the
influenza A virus nuclear export
protein (NEP/NS2). EMBO J. 22,
4646–4655.

Almeida, J. D., and Brand, C. M. A.
(1975). Morphological study of the
internal component of influenza
virus. J. Gen. Virol. 27, 313–318.

Almeida, J. D., and Waterson, A. P.
(1967). Some observations on the
envelope of an influenza virus. J.
Gen. Microbiol. 46, 107–110.

Amorim, M. J., Bruce, E. A., Reed, E.
K., Foeglein, A., Mahen, R., Stuart, A.
D., and Digard, P. (2011). A Rab11-
and microtubule-dependent mech-
anism for cytoplasmic transport of
influenza A virus viral RNA. J. Virol.
85, 4134–4156.

Apostolov, K., and Flewett, T. H. (1965).
Internal structure of influenza virus.
Virology 26, 506–508.

Baudin, F., Petit, I., Weissenhorn, W.,
and Ruigrok, R. W. (2001). In vitro
dissection of the membrane and
RNP binding activities of influenza
virus M1 protein. Virology 281,
102–108.

Booy, F. P., Ruigrok, R. W., and van
Bruggen, E. F. (1985). Electron
microscopy of influenza virus. A
comparison of negatively stained
and ice-embedded particles. J. Mol.
Biol. 184, 667–676.

Bourmakina, S. V., and Garcia-Sastre,
A. (2003). Reverse genetics studies
on the filamentous morphology of
influenza A virus. J. Gen. Virol. 84,
517–527.

Bui, M., Whittaker, G., and Helenius, A.
(1996). Effect of M1 protein and low
pH on nuclear transport of influenza

virus ribonucleoproteins. J. Virol. 70,
8391–8401.

Bui, M., Wills, E. G., Helenius, A., and
Whittaker, G. R. (2000). Role of
the influenza virus M1 protein in
nuclear export of viral ribonucleo-
proteins. J. Virol. 74, 1781–1786.

Calder, L. J., Wasilewski, S., Berri-
man, J. A., and Rosenthal, P. B.
(2010). Structural organization of
a filamentous influenza A virus.
Proc. Natl. Acad. Sci. U.S.A. 107,
10685–10690.

Choppin, P. W., Murphy, J. S., and
Stoeckenius, W. (1961). The sur-
face structure of influenza virus fila-
ments. Virology 13, 548–550.

Chu, C. M., Dawson, L. M., and
Elford, W. J. (1949). Filamentous
forms associated with newly isolated
influenza virus. Lancet 1, 602.

Compans, R. W., Content, J., and Dues-
berg, P. H. (1972). Structure of
the ribonucleoprotein of influenza
virus. J. Virol. 10, 795–800.

Desselberger,U.,Racaniello,V. R.,Zazra,
J. J., and Palese, P. (1980). The 3′ and
5′-terminal sequences of influenza
A, B and C virus RNA segments are
highly conserved and show partial
inverted complementarity. Gene 8,
315–328.

Eisfeld, A. J., Kawakami, E., Watan-
abe, T., Neumann, G., and Kawaoka,
Y. (2011). RAB11A is essential for
transport of the influenza virus
genome to the plasma membrane. J.
Virol. 85, 6117–6126.

Elleman, C. J., and Barclay, W. S. (2004).
The M1 matrix protein controls the
filamentous phenotype of influenza
A virus. Virology 321, 144–153.

Elton, D., Simpson-Holley, M.,
Archer, K., Medcalf, L., Hallam, R.,
McCauley, J., and Digard, P. (2001).
Interaction of the influenza virus
nucleoprotein with the cellular

CRM1-mediated nuclear export
pathway. J. Virol. 75, 408–419.

Harris, A., Cardone, G., Winkler, D. C.,
Heymann, J. B., Brecher, M., White,
J. M., and Steven, A. C. (2006).
Influenza virus pleiomorphy char-
acterized by cryoelectron tomogra-
phy. Proc. Natl. Acad. Sci. U.S.A. 103,
19123–19127.

Hoyle, L., Horne, R. W., and Water-
son, A. P. (1961). The structure and
composition of the myxoviruses.
II. Components released from the
influenza virus particle by ether.
Virology 13, 448–459.

Hughey, P. G., Roberts, P. C., Holsinger,
L. J., Zebedee, S. L., Lamb, R. A.,
and Compans, R. W. (1995). Effects
of antibody to the influenza A virus
M2 protein on M2 surface expres-
sion and virus assembly. Virology
212, 411–421.

Iwatsuki-Horimoto, K., Horimoto, T.,
Fujii, Y., and Kawaoka, Y. (2004).
Generation of influenza A virus
NS2 (NEP) mutants with an altered
nuclear export signal sequence. J.
Virol. 78, 10149–10155.

Iwatsuki-Horimoto, K., Horimoto, T.,
Noda, T., Kiso, M., Maeda, J., Watan-
abe, S., Muramoto, Y., Fujii, K., and
Kawaoka,Y. (2006). The cytoplasmic
tail of the influenza A virus M2 pro-
tein plays a role in viral assembly. J.
Virol. 80, 5233–5240.

Kilbourne, E. D., and Murphy, J. S.
(1960). Genetic studies of influenza
viruses. 1. Viral morphology and
growth capacity as exchangeable
genetic traits. Rapid in ovo adap-
tation of early passage Asian strain
isolates by combination with PR8. J.
Exp. Med. 111, 387–406.

Ma, K., Roy, A. M., and Whittaker, G. R.
(2001). Nuclear export of influenza
virus ribonucleoproteins: identifica-
tion of an export intermediate at

the nuclear periphery. Virology 282,
215–220.

McCown, M. F., and Pekosz, A. (2005).
The influenza A virus M2 cyto-
plasmic tail is required for infec-
tious virus production and effi-
cient genome packaging. J. Virol. 79,
3595–3605.

Momose, F., Sekimoto, T., Ohkura,
T., Jo, S., Kawaguchi, A., Nagata,
K., and Morikawa, Y. (2011). Api-
cal transport of influenza A virus
ribonucleoprotein requires Rab11-
positive recycling endosome. PLoS
ONE 6, e21123. doi:10.1371/jour-
nal.pone.0021123

Murti, K. G., Bean, W. J. Jr., and Webster,
R. G. (1980). Helical ribonucleopro-
teins of influenza virus: an electron
microscopic analysis. Virology 104,
224–229.

Murti, K. G., Brown, P. S., Bean, W. J. Jr.,
and Webster, R. G. (1992). Compo-
sition of the helical internal compo-
nents of influenza virus as revealed
by immunogold labeling/electron
microscopy. Virology 186, 294–299.

Nayak, D. P., Balogun, R. A.,Yamada, H.,
Zhou, Z. H., and Barman, S. (2009).
Influenza virus morphogenesis and
budding. Virus Res. 143, 147–161.

Nermut, M. V., and Frank, H. (1971).
Fine structure of influenza A2 (Sin-
gapore) as revealed by negative
staining, freeze-drying and freeze-
etching. J. Gen. Virol. 10, 37–51.

Neumann, G., Hughes, M. T., and
Kawaoka, Y. (2000). Influenza
A virus NS2 protein mediates
vRNP nuclear export through
NES-independent interaction with
hCRM1. EMBO J. 19, 6751–6758.

Noda, T., Sagara, H., Yen, A., Takada, A.,
Kida,H.,Cheng,R. H., and Kawaoka,
Y. (2006). Architecture of ribonucle-
oprotein complexes in influenza A
virus particles. Nature 439, 490–492.

Frontiers in Microbiology | Virology January 2012 | Volume 2 | Article 269 | 24

http://dx.doi.org/10.1371/journal.pone.0021123
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Noda Influenza virion morphology

O’Neill, R. E., Talon, J., and Palese,
P. (1998). The influenza virus
NEP (NS2 protein) medi-
ates the nuclear export of viral
ribonucleoproteins. EMBO J. 17,
288–296.

Oxford, J. S., and Hockley, D. J.
(1987). Orthomyxoviridae. Animal
Virus Structure. Amsterdam: Else-
vier, 213–232.

Palese, P. (2007). “Orthomyxoviridae,”
in Fields Virology, 5th Edn, eds D.
M. Knipe, P. M. Howley, D. E.
Griffin, R. A. Lamb, M. A. Mar-
tin, B. Roizman, and S. E. Straus
(Philadelphia: Lippincott Williams
& Wilkins), 1647–1689.

Pons, M. W., Schulze, I. T., Hirst, G. K.,
and Hauser, R. (1969). Isolation and
characterization of the ribonucleo-
protein of influenza virus. Virology
39, 250–259.

Roberts, P. C., and Compans, R. W.
(1998). Host cell dependence of viral
morphology. Proc. Natl. Acad. Sci.
U.S.A. 95, 5746–5751.

Roberts, P. C., Lamb, R. A., and Com-
pans, R. W. (1998). The M1 and
M2 proteins of influenza A virus
are important determinants in fila-
mentous particle formation. Virol-
ogy 240, 127–137.

Robertson, J. S. (1979). 5′ and 3′
terminal nucleotide sequences of
the RNA genome segments of
influenza virus. Nucleic Acids Res. 6,
3745–3757.

Rossman, J. S., Jing, X., Leser, G. P.,
and Lamb, R. A. (2010). Influenza
virus M2 protein mediates ESCRT-
independent membrane scission.
Cell 142, 902–913.

Ruigrok, R. W., Calder, L. J., and
Wharton, S. A. (1989). Electron
microscopy of the influenza virus
submembranal structure. Virology
173, 311–316.

Ruigrok, R. W., Hewat, E. A., and Wade,
R. H. (1992). Low pH deforms the
influenza virus envelope. J. Gen.
Virol. 73, 995–998.

Schulze, I. T. (1972). The structure of
influenza virus. II. A model based
on the morphology and composi-
tion of subviral particles. Virology
47, 181–196.

Skehel, J. J., and Hay, A. J. (1978).
Nucleotide sequences at the 5′ ter-
mini of influenza virus RNAs and
their transcripts. Nucleic Acids Res.
5, 1207–1219.

Smirnov, Y. U. A., Kuznetsova, M.
A., and Kaverin, N. V. (1991).
The genetic aspects of influenza

virus filamentous particle forma-
tion. Arch. Virol. 118, 279–284.

Stevenson, J. P., and Biddle, F. (1966).
Pleomorphism of influenza virus
particles under the electron micro-
scope. Nature 212, 619–621.

Sugita, Y., Noda, T., Sagara, H., and
Kawaoka, Y. (2011). Ultracentrifu-
gation deforms unfixed influenza
A virions. J. Gen. Virol. 92,
2485–2493.

Watanabe, K., Takizawa, N., Katoh, M.,
Hoshida, K., Kobayashi, N., and
Nagata, K. (2001). Inhibition of
nuclear export of ribonucleopro-
tein complexes of influenza virus
by leptomycin B. Virus Res. 77,
31–42.

Wrigley, N. G. (1979). Electron
microscopy of influenza virus. Br.
Med. Bull. 35, 35–38.

Yasuda, J., Nakada, S., Kato, A., Toy-
oda, T., and Ishihama, A. (1993).
Molecular assembly of influenza
virus: association of the NS2 pro-
tein with virion matrix. Virology 196,
249–255.

Ye, Z., Liu, T., Offringa, D. P., Mcln-
nis, J., and Levandowski, R. A.
(1999). Association of influenza
virus matrix protein with ribonucle-
oproteins. J. Virol. 73, 7467–7473.

Zhang, J., Leser, G. P., Pekosz, A., and
Lamb, R. A. (2000). The cytoplasmic
tails of the influenza virus spike gly-
coproteins are required for normal
genome packaging. Virology 269,
325–334.

Conflict of Interest Statement: The
author declares that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 02 December 2011; accepted:
17 December 2011; published online: 03
January 2012.
Citation: Noda T (2012) Native
morphology of influenza viri-
ons. Front. Microbio. 2:269. doi:
10.3389/fmicb.2011.00269
This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Noda. This is an
open-access article distributed under the
terms of the Creative Commons Attribu-
tion Non Commercial License, which per-
mits non-commercial use, distribution,
and reproduction in other forums, pro-
vided the original authors and source are
credited.

www.frontiersin.org January 2012 | Volume 2 | Article 269 | 25

http://dx.doi.org/10.3389/fmicb.2011.00269
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive
http://creativecommons.org/licenses/by-nc/3.0/


REVIEW ARTICLE
published: 07 February 2012

doi: 10.3389/fmicb.2012.00038

Morphogenesis of infectious hepatitis C virus particles
Tetsuro Suzuki*

Department of Infectious Diseases, Hamamatsu University School of Medicine, Hamamatsu, Japan

Edited by:
Akio Adachi, The University of
Tokushima Graduate School, Japan

Reviewed by:
MinKyung Yi, University of Texas
Medical Branch at Galveston, USA
Michael Schindler, Helmholtz Zentrum
München – German Research Center
for Environmental Health, Germany
Hideki Tani, National Institute of
Infectious Diseases, Japan

*Correspondence:
Tetsuro Suzuki , Department of
Infectious Diseases, Hamamatsu
University School of Medicine, 1-20-1
Handayama, Higashi-ku, Hamamatsu
431-3192, Japan.
e-mail: tesuzuki@hama-med.ac.jp

More than 170 million individuals are currently infected with hepatitis C virus (HCV) world-
wide and are at continuous risk of developing chronic liver disease. Since a cell culture
system enabling relatively efficient propagation of HCV has become available, an increas-
ing number of viral and host factors involved in HCV particle formation have been identified.
Association of the viral Core, which forms the capsid with lipid droplets appears to be pre-
requisite for early HCV morphogenesis. Maturation and release of HCV particles is tightly
linked to very-low-density lipoprotein biogenesis. Although expression of Core as well as
E1 and E2 envelope proteins produces virus-like particles in heterologous expression sys-
tems, there is increasing evidence that non-structural viral proteins and p7 are also required
for the production of infectious particles, suggesting that HCV genome replication and
virion assembly are closely linked. Advances in our understanding of the various molecular
mechanisms by which infectious HCV particles are formed are summarized.

Keywords: hepatitis C virus, assembly, lipid droplet,VLDL

INTRODUCTION
Hepatitis C virus (HCV) infection is a major cause of chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma. HCV is
primarily transmitted by blood-borne routes, including shared
needles and transfused blood products. The WHO estimates that
a minimum of 2–3% of the world’s population is chronically
infected with HCV (Wasley and Alter, 2000). Despite the fact that
HCV is targeted by innate, cellular, and humoral immune mecha-
nisms, it establishes long-standing persistent infection in a major-
ity of the people that it infects (Pawlotsky, 2006). HCV belongs
to the genus Hepacivirus within the Flaviviridae family. The virus
forms small round-shaped particles ranging from 50 to 80 nm in
diameter. The mature HCV virion is thought to consist of a nucle-
ocapsid, an outer envelope composed of E1 and E2 viral proteins,
and a lipid membrane. HCV particles isolated from the sera of
infected patients demonstrate heterogeneity in their density. Den-
sity gradient analyses have shown that viral RNA exists within
both low- and high-density fractions (Andre et al., 2005), and that
the low-density fractions contain lipoproteins that associate with
apolipoprotein B (ApoB), apolipoprotein E (ApoE), triglycerides,
and cholesterol, as well as viral structural proteins (Thomssen et al.,
1992; Andre et al., 2002; Maillard et al., 2006; Nielsen et al., 2006).
Only the low-density fraction derived from HCV-positive human
serum exhibits high infectivity in chimpanzees (Bradley et al.,
1991; Beach et al., 1992). Since the establishment of a robust tis-
sue culture infection system using strain HCV JFH-1 (Lindenbach
et al., 2005; Wakita et al., 2005; Zhong et al., 2005), the entire HCV
lifecycle has been studied and the biophysical properties of the viral
particles produced using the HCVcc cell culture system have been
characterized. Most viral RNA-containing particles secreted from
HCV-infected cells are poorly infectious and fractionate at high
densities such as ∼1.14 g/mL, while highly infectious HCVcc are
found within low-density fractions of ∼1.10 g/mL (Lindenbach
et al., 2005).

Here, we provide a general account of our current understand-
ing of the HCV lifecycle and a review of recent studies focusing on
the morphogenesis of HCV particles within cell culture systems.

HCV GENOME ORGANIZATION AND PROTEIN SYNTHESIS
Hepatitis C virus is a positive-stranded RNA virus, and its ∼9.6-kb
genome contains an open reading frame encoding a polypro-
tein of ∼3000 amino acids (aa) flanked by untranslated regions
(UTRs) at both ends. Six genotypes have been reported based on
HCV genome sequence variations (Simmonds, 1996). The UTRs
are highly structured sequences encompassing critical cis-active
RNA elements essential for genome replication and translation.
The 5′ UTR, which is ∼341 nucleotides (nt) in length, con-
tains an internal ribosomal entry site, which is a prerequisite
for cap-independent translation of viral RNA, from which four
highly structured domains (I–IV) are produced (Bukh et al., 1992;
Tsukiyama-Kohara et al., 1992; Wang et al., 1993; Honda et al.,
1996; Friebe et al., 2001). The 3′ UTR varies between 200 and
235 nt in length, including a short variable region, as well as a
poly(U/UC) tract with an average length of 80 nt which is consid-
ered crucial for RNA replication, and a virtually invariant 98-nt
X-tail region (Tanaka et al., 1995; Ito and Lai, 1999; Friebe and
Bartenschlager, 2002; Yi and Lemon, 2003).

The genome is translated into a single precursor polyprotein,
which is processed by cellular and viral proteases into 10 structural
and non-structural proteins (Core, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B; Figure 1). HCV proteins derived from
the amino-terminal third of the precursor include Core, E1 and
E2 structural proteins. A crucial function of Core protein is assem-
bly of the viral nucleocapsid. The aa sequence of this protein is well
conserved among different HCV strains compared to other HCV
proteins. The non-structural (NS) proteins NS3-NS5B are thought
to assemble into a membrane-associated HCV RNA replicase com-
plex. NS3 functions as serine protease, RNA helicase, and NTPase.
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FIGURE 1 |The HCV genome and polyprotein. The RNA genome
comprises a 9.6-kb RNA of plus strand polarity. Post-translational cleavages
by SPP (signal peptide peptidase), SP (signal peptidase), NS2-3 pro
(NS2–NS3 cysteine protease), and NS3 pro/4A (NS3 serine protease and
NS4A complex) lead to the production of functional HCV proteins.
Functions of each protein in the viral lifecycle are indicated below the open
reading frame.

NS4A serves as a cofactor for NS3 and is involved in targeting NS3
to the ER membrane (Wolk et al., 2000). NS4B plays a role in the
remodeling of host-cell membranes, probably to generate a site
for replicase assembly. NS5A is also thought to play an important
but undefined role in viral RNA replication. NS5B functions as an
RNA-dependent RNA polymerase. The role of HCV NS proteins
in assembly of the infectious virion is described below.

CORE PROTEIN AND NUCLEOCAPSID FORMATION
The Core is 191 aa in length and consists of three distinct predicted
domains: an N-terminal domain that is two-thirds hydrophilic, a
C-terminal domain that is one-third hydrophobic, and a short sig-
nal peptide sequence of the downstream protein E1. The precursor
Core is cleaved between Core and E1 by a host signal peptidase.
A C-terminal membrane-anchor of the Core is further cleaved
by a signal peptide peptidase. The mature Core is estimated to
be 177–179 aa (Ogino et al., 2004; Okamoto et al., 2004). Mat-
uration of the Core by a signal peptide peptidase is required for
virion production (Okamoto et al., 2008; Targett-Adams et al.,
2008). Biophysical techniques have been used to demonstrate
that the mature Core is a dimeric alpha-helical protein (Boulant
et al., 2005). Its aa sequence is highly conserved among different
HCV strains, compared with other HCV proteins. Thus, Core is
used in most serologic assays since anti-core antibodies are highly
prevalent among HCV-infected individuals.

Core has been detected in a number of subcellular compart-
ments. Core protein is found on ER membranes, on the surface
of lipid droplets (LDs), on the mitochondrial outer membrane,
and to some extent, in the nucleus (Moradpour et al., 1996; Barba
et al., 1997; Moriya et al., 1998; Yasui et al., 1998; Hope et al.,

2002; Suzuki et al., 2005). Following is a proposed mechanism of
translocation of Core to membranes within the ER network such
as LDs (McLauchlan et al., 2002; Schwer et al., 2004). After being
processed by a signal peptide peptidase, a large part of the Core
remains within cytoplasmic leaflets of the ER membrane due to
preservation of the original transmembrane domain. The cyto-
plasmic leaflets then swell as lipid accumulates between the two
membrane leaflets. As a result, the Core is translocated along with
part of the ER membrane to the surface of a nascent LD before the
droplet buds off the ER. The proteasome-dependent degradation
pathway then participates in post-translational modification of the
Core (Suzuki et al., 2001, 2009; Moriishi et al., 2003, 2007, 2010;
Shirakura et al., 2007). Ubiquitin ligase E6AP and proteasome
activator PA28gamma are key regulators in determining the fate
of the Core, and thereby play a role in virus production (Shirakura
et al., 2007; Moriishi et al., 2010).

The ∼120 N-terminal residues of the Core protein (domain I)
contain multiple positively charged residues that are implicated
in RNA binding and homo-oligomerization. It is therefore likely
that this domain is a prerequisite for assembly of the HCV nucle-
ocapsid (Kunkel et al., 2001; Klein et al., 2004, 2005; Majeau et al.,
2004). It has been shown that a region extending from aa 72 to 91 is
responsible for auto-oligomerization of Core (Nakai et al., 2006).
Although conclusive data for direct packaging of the HCV genome
into the viral capsid is lacking, the viral RNA sequence of the Core
protein through to the NS2 region appears not to contain a cis-
acting packaging signal. A subgenomic replicon RNA carrying the
NS3–NS5B region can be encapsidated in the viral trans-packaging
system (Ishii et al., 2008; Steinmann et al., 2008; Adair et al., 2009;
Masaki et al., 2010). In addition, the RNA sequence encoding the
first 62 aa of Core contains highly conserved structures including
two stem-loops that are important for RNA translation/replication
(McMullan et al., 2007). Domain II (aa ∼120–170) is predicted to
form two alpha-helices that enable Core to associate with mem-
brane proteins and lipids. Domain II is involved in targeting of
Core to LDs. It has been proposed that domain II folding occurs in
a membrane environment and is critical for the folding of domain
I (Boulant et al., 2005). In addition, a cysteine residue at aa 128
of domain II creates a disulfide bond to produce a Core protein
dimer that is required for particle formation (Kushima et al., 2010).
Domain III, pertaining to ∼20 residues at the C-terminal, is highly
hydrophobic and serves as a signal sequence for E1. Although little
is known about the molecular mechanisms governing assembly of
Core into nucleocapsids, comprehensive mutagenesis studies have
enabled identification of various aa residues which are essential
for HCV morphogenesis (Murray et al., 2007; Alsaleh et al., 2010;
Kopp et al., 2010).

INVOLVEMENT OF OTHER HCV PROTEINS IN ASSEMBLY
Two N-glycosylated envelope proteins E1 and E2 are exposed on
the surface of the virus as a heterodimer that mediates viral attach-
ment to host-cell receptors and facilitates virus entry (Op De
Beeck et al., 2004; Vieyres et al., 2010). During their synthesis,
E1 and E2 assemble as non-covalent heterodimers. Ectodomains
of E1 and E2 are translocated inside the ER lumen and their
transmembrane domains are inserted in the membrane of this
compartment. E1 contains four to five N-linked glycans and E2
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has 11 N-glycosylation sites. HCV glycans, which are thought to
contain a mixture of complex and high mannose side-chain, play a
role in envelope protein folding and formation of the E1/E2 com-
plexes. The importance of incorporating N-linked glycans of the
envelope proteins into infectious virions has been demonstrated
(Helle et al., 2010). A recent study has shown that HCV infection
activates the ER-associated degradation pathway, which in turn
controls the fate of E1 and E2 and modulates virus production
(Saeed et al., 2011).

A role of viral NS proteins in HCV production was first
suggested following the observation that JFH-1-derived NS pro-
teins are required to generate infectious virus from intra- and
inter-genotype chimeric constructs (Lindenbach et al., 2005;
Pietschmann et al., 2006). Evidence supporting a role of NS2, NS3,
and NS5A in the assembly or release of infectious HCV has come
from mutational analyses (Jones et al., 2007; Miyanari et al., 2007;
Appel et al., 2008; Jirasko et al., 2008; Ma et al., 2008; Masaki et al.,
2008; Tellinghuisen et al., 2008).

NS5A is a hydrophilic phosphoprotein which plays a key role
in viral RNA replication and is involved in modulation of cell sig-
naling pathways and the interferon response (Huang et al., 2007).
NS5A is associated with membrane mediated by a unique amphi-
pathic alpha helix which is located at its N-terminus (Moradpour
et al., 2005), and part of NS5A localizes to LDs when expressed
alone or as the viral polyprotein (Shi et al., 2002). Experiments
based on HCV genomes containing mutated NS5A have shown
that some mutants result in failure of association of NS5A with
LDs and failure of production of infectious particles (Miyanari
et al., 2007). Further studies have revealed that the C-terminal
region of NS5A plays a key role in HCV production (Appel et al.,
2008; Masaki et al., 2008; Tellinghuisen et al., 2008). Substitu-
tions at a serine cluster of the NS5A C-terminus (aa 2428, 2430,
and 2433) which have no impact on viral RNA replication, have
been observed to inhibit the interaction between NS5A and Core,
thereby suggesting that an association between NS5A and Core
might be involved in virus production (Masaki et al., 2008). Struc-
tural analyses have shown that the N-terminal region of NS5A
forms a “claw-like” dimer, which might accommodate RNA and
interact with viral and cellular proteins and membranes (Huang
et al., 2005; Tellinghuisen et al., 2005). It appears that recruitment
of NS5A to LDs, thereby enabling interaction with the Core, is
crucial for virion assembly. One can imagine that newly synthe-
sized HCV RNA bound to NS5A is released from the replication
complex-containing membrane compartment and can then be
captured by Core through interaction with the C-terminal region
of NS5A at the surface of LDs or LD-associated membranes. Con-
sequently, viral RNA becomes encapsidated and virion assembly
proceeds (Figure 2). In this regard, a study has revealed an inter-
action between NS5A and ApoE, suggesting that recruitment of
ApoE by NS5A is important for the assembly and release of HCV
particles (Benga et al., 2010).

NS3–NS4A is another component of the viral replication com-
plex that exhibits serine protease, as well as RNA helicase and
RNA-stimulated NTPase activity, necessary for viral RNA replica-
tion. It is now apparent that NS3–NS4A also contributes to viral
assembly (Yi et al., 2007; Ma et al., 2008; Han et al., 2009; Phan
et al., 2011). A previous study has provided genetic evidence that

FIGURE 2 | Proposed model for assembly of HCV particles. After
accumulation of synthesized genome RNA and the viral proteins, the HCV
particles are assembled in an ER-related compartment in close connection
with the VLDL pathway. The viral replication complex, which is composed of
NS3–NS5B and host factors, is a specialized structure protected by cellular
membrane. Newly synthesized viral RNAs are recruited to surfaces of lipid
droplet (LD), where ER membrane is associated, possibly via interaction
between NS5A and Core. Thus, the RNAs enable to associate with Core,
thereby proceeding encapsidation and nucleocapsid formation. The
nucleocapsid is presumably inserted into the lipid core of the luminal LD
and buds into the ER lumen with incorporation of E1 and E2.
HCV–lipoprotein particle formed is then released from the cells.

two major subdomains of the NS3 helicase, one demonstrating
NTPase activity and the other associated with RNA binding, are
involved in the early stages of virion assembly, independent of
their roles as enzymes (Ma et al., 2008). A separate investigation
has revealed a contribution of the acidic domain of NS4A to both
RNA replication and virus assembly (Phan et al., 2011).

NS2 is a cysteine protease composed of a highly hydropho-
bic N-terminal membrane binding domain which forms either
three or four transmembrane helices that insert into the ER mem-
brane. NS2 also contains a C-terminal globular and cytosolic
protease subdomain, that produce zinc-stimulated NS2/3 auto-
protease activity together with the N-terminal one-third of NS3.
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Mutagenesis of NS2 has identified regions or residues that are
important for infectious virus production (Jones et al., 2007; Yi
et al., 2007, 2009; Jirasko et al., 2008, 2010; Dentzer et al., 2009;
Phan et al., 2009; Ma et al., 2011; Popescu et al., 2011). For example,
mutations involving the dimer interface of the protease region or
the C-terminus of NS2 impair the production of infectious HCV,
while the catalytic activity of NS2 is not required for viral assem-
bly. Genetic and biochemical data demonstrate that NS2 is possibly
involved in multiple interactions with both HCV structural and
NS proteins including E1–E2, p7, NS3, and NS5A, suggesting that
NS2 has a role in recruiting these viral proteins to sites in close
proximity with LDs. Alternatively, it may act as a scaffold promot-
ing virus assembly (Jirasko et al., 2010; Ma et al., 2011; Stapleford
and Lindenbach, 2011).

p7 is a 63-aa polypeptide located between E2 and NS2, and is a
membrane-spanning protein localized within the ER. p7 belongs
to a class of viral permeability-altering proteins termed “viro-
porins.” It behaves as an ion channel when reconstituted into
artificial lipid membranes. Although p7 is not required for viral
RNA replication in cell culture, the protein is essential for HCV
infectivity in chimpanzees (Sakai et al., 2003). Subsequent analy-
ses in HCVcc systems have demonstrated that p7 is important for
virion production since the introduction of p7 mutations, such as
mutations in the basic residues required for its ion channel activ-
ity, impair virus production (Jones et al., 2007; Steinmann et al.,
2007; Brohm et al., 2009). Although it is not yet clear whether
the ion channel function of the protein is needed for virus assem-
bly, a recent study has demonstrated that p7 functions as an H+
channel in native intracellular membranes and links p7-induced
pH changes to the production of infectious intracellular virions
(Wozniak et al., 2010).

ROLE OF LIPID METABOLISM IN HCV ASSEMBLY
HCVcc contained within low-density fractions from the culture
supernatant of virus-producing cells displays greater specific infec-
tivity than virus in high-density fractions (Lindenbach et al.,
2005; Ogawa et al., 2009). Looking also at the behavior of HCV
circulating within the sera of infected hosts, it may be that low-
density virus associates with lipid and very-low-density lipopro-
tein (VLDL) and/or low-density lipoprotein (LDL). Furthermore,
HCV particles obtained from virus-infected animals, such as chim-
panzees and chimeric mice transplanted with human hepatocytes,
demonstrate greater infectivity than virus produced in cell cul-
tures. The virus populations derived from these infected animals
have been observed to fractionate into lower density fractions than
a major population of HCVcc (Lindenbach et al., 2006). Interest-
ingly, the association of cholesterol and sphingolipid with HCV
virions has been shown to play a critical role in viral infectiv-
ity (Kapadia et al., 2007; Aizaki et al., 2008; Voisset et al., 2008).
Depletion of cholesterol and sphingomyelin from HCV virions
inhibits the infectivity of HCVcc (Aizaki et al., 2008). The struc-
tural requirement of virion-associated cholesterol for infectivity,
as well as its influence on buoyant density, and the association
of apolipoprotein with HCV, has been further demonstrated by
Yamamoto et al. (2011).

There is accumulating evidence that assembly and secretion of
HCV particles are associated with the VLDL assembly pathway.

Lipoproteins can be differentiated on the basis of their density,
which is affected by lipid content and the types of apolipopro-
tein they contain. VLDLs are large triglyceride-rich lipoproteins
(30–80 nm in diameter) containing cholesterol, cholesteryl esters,
ApoB, and other minor apolipoprotein(s). VLDLs carry triglyc-
eride from the liver to peripheral tissue for storage and to pro-
vide a source of energy. Triglyceride availability and the size of
intracellular triglyceride pools are important regulatory factors
in the regulation of VLDL production. In addition, the microso-
mal triglyceride transfer protein (MTP), which is responsible for
the transport of triglyceride and cholesteryl esters across ER mem-
branes, is required for VLDL assembly. Purified membrane vesicles
containing the HCV replication complex are enriched with ApoB,
MTP, and ApoE (Huang et al., 2007). Moreover, agents that inhibit
VLDL assembly also inhibit HCV secretion from cells producing
infectious virus (Chang et al., 2007; Huang et al., 2007; Gastaminza
et al., 2008). ApoB, ApoC1, and ApoE have been observed to asso-
ciate with HCV particles during viral morphogenesis in the HCVcc
system (Chang et al., 2007; Meunier et al., 2008; Jiang and Luo,
2009; Owen et al., 2009; Benga et al., 2010). Furthermore, ApoE
depletion suppresses the production of infectious HCV (Chang
et al., 2007; Jiang and Luo, 2009; Owen et al., 2009; Benga et al.,
2010; Hishiki et al., 2010). These findings demonstrate that ApoE
is important for HCV infectivity, suggesting that HCV virions
are assembled as ApoE-enriched lipoprotein particles. A study in
which virion-associated cholesterol was depleted and replenished
with exogenous sterol analogs has provided evidence that virion-
associated cholesterol contributes to the interaction between HCV
and ApoE (Yamamoto et al., 2011). ApoE is a polymorphic protein
with three major isoforms: ApoE2,ApoE3, and ApoE4. Differential
roles of ApoE isoforms on infectious HCV production have been
revealed: ectopic expression of ApoE3 or ApoE4 enables recov-
ery of infectious HCV, while ApoE2 has little influence on virus
production (Hishiki et al., 2010). Not surprisingly, ApoE2 demon-
strates significantly less LDL receptor binding activity than ApoE3
and ApoE4 (Davignon et al., 1988).

Hepatitis C virus may utilize the assembly and secretion of
VLDL to exit cells. In fact, secretion of E1 and E2 within the cul-
ture supernatant is reduced by treatment with MTP inhibitors
(Icard et al., 2009). VLDL maturation occurs by acquisition of
lipids from LDs either in the ER lumen or in the Golgi apparatus.
It is likely that HCV envelopment takes place in a lipid-enriched
microdomain at the ER membrane where luminal LDs or VLDL
precursors are generated (Figure 2), in keeping with evidence of
increased cholesterol content among HCV particles compared to
host-cell membranes (Aizaki et al., 2008).

Neutral lipids such as triglycerides and cholesterol esters are
stored within cytosolic LD in cells. LD is thought to be a source
of neutral lipid for metabolism and membrane synthesis. Neutral
lipids form the LD core and are surrounded by an outer layer of
amphipathic lipids such as phospholipids and cholesterol. LD is
thought to be surrounded by a lipid monolayer. Prior to the avail-
ability of a tissue culture system for virion production, HCV Core
was shown to associate with ER membranes and on the surface
of LDs in heterologous expression systems in mammalian cells
(Moradpour et al., 1996; Barba et al., 1997). Early studies of cells
infected with HCV JFH-1 indicate that Core is detectable at the ER
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and on the surface of LDs in association with the ER (Rouille et al.,
2006). Core associates with LDs in a time-dependent manner and
disruption of this process coincides with a loss of virion produc-
tion (Boulant et al., 2007). It has subsequently been demonstrated
that LDs are directly involved in the production of infectious HCV
and that Core recruits viral non-structural proteins as well as the
replication complex to the LD-associated membranes, suggesting
that the association between Core and LDs is required at a certain
stage of HCV morphogenesis (Miyanari et al., 2007). Fluorescent
labeling and functional imaging of Core in living cells has recently
been used to visualize Core during HCV assembly (Counihan
et al., 2011). Core has been observed to move to the surface of
large, immobile LDs soon after protein translation. Core has also
been observed in motile puncta that travel along microtubules.
Diacylglycerol acyltransferases (DGATs) catalyze the final step of
triglyceride synthesis and are crucial for LD biogenesis. A study
has revealed that DGAT1 interacts with Core and is required for
trafficking of the Core to LD. Disrupting translocation of the Core
to LD by inhibiting DGAT1 activity or through knockdown of the
DGAT1 gene impairs virus production (Herker et al., 2010). Thus,
there is now increasing evidence that LDs play a central role in the
production of infectious HCV and participate in virus assembly.
However, one study has demonstrated that, while Core derived
from HCV JFH-1 is strongly associated with cytoplasmic LDs,
minimal Core from a HCV clone with higher assembly efficiency
is detectable on LDs (Shavinskaya et al., 2007). Thus, it remains
debatable whether HCV assembly is initiated on the surface of
LDs or at sites where ER cisternae are in contact with LDs. Based
on the current evidence, a model for nucleocapsid formation fol-
lowing the initial phase of assembly is demonstrated in Figure 2.
Two potential models to explain HCV nucleocapsid formation,

including the model shown in Figure 2, have been proposed by
Bartenschlager et al. (2011).

FUTURE PERSPECTIVES
Evidence regarding the assembly of infectious HCV particles has
accumulated over the past several years since the availability of
HCVcc systems. A variety of key factors in HCV morphogenesis
have been identified, including the requirement for components of
the VLDL biosynthetic machinery and viral NS proteins. However,
there are still essential questions to be answered. Detailed mecha-
nisms pertaining to nucleotide formation, genome packaging, and
the way in which HCV interacts with the lipoprotein/VLDL path-
way, as well as the precise role of various NS proteins and p7 in
HCV assembly, remain unclear. Structural studies will be impor-
tant to clarify the exact composition of the HCV virion, as well
as similarities and differences between HCVcc generated in Huh-
7-derived cells and the “lipoviroparticles” produced by circulating
virus within infected individuals.
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Hantaviruses, of the family Bunyaviridae, are present throughout the world and cause a
variety of infections ranging from the asymptomatic to mild and severe hemorrhagic fevers.
Hantaviruses are enveloped anti-sense RNA viruses that contain three genomic segments
that encode for a nucleocapsid protein, two membrane glycoproteins (Gn and Gc), and
an RNA polymerase. Recently, the pathogenicity of hantaviruses has been mapped to the
carboxyl end of the 150 residue Gn cytoplasmic tail. The Gn tail has also been shown to
play a role in binding the ribonucleoprotein (RNP), a step critical for virus assembly. In this
study, we use NMR spectroscopy to compare the structure of a Gn tail zinc finger domain
of both a pathogenic (Andes) and a non-pathogenic (Prospect Hill) hantavirus. We demon-
strate that despite a stark difference in the virulence of both of these viruses, the structure
of the Gn core zinc finger domain is largely conserved in both strains. We also use NMR
backbone relaxation studies to demonstrate that the regions of the Andes virus Gn tail
immediately outside the zinc finger domain, sites known to bind the RNP, are disordered
and flexible, thus intimating that the zinc finger domain is the only structured region of
the Gn tail. These structural observations provide further insight into the role of the Gn tail
during viral assembly as well as its role in pathogenesis.
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INTRODUCTION
Infection by a hantavirus can occur by inhalation of aerosolized
urine or excrement from an infected rodent, thus leading a wide
range of hemorrhagic fevers. European and Asian strains, for
example, cause hemorrhagic fever with renal syndrome (HFRS),
which is fatal in 1–15% of patients (Khaiboullina et al., 2005). The
American strains, by contrast, cause the more severe hantavirus
cardiopulmonary syndrome (HCPS), which is more aggressive and
carries up to 40% mortality rate (Khaiboullina et al., 2005). Per-
haps even more interesting are the two well known hantaviruses
non-pathogenic to humans: Tula virus (present in European com-
mon voles) and the Prospect Hill virus (PHV; present in the
American meadow vole; Mackow and Gavrilovskaya, 2009). In
general, pathogenic and non-pathogenic hantaviruses appear to
have a similar organization. They are enveloped and contain an
anti-sense segmented RNA genome composed of a small (S) seg-
ment, medium (M) segment, and large (L) segment (Elliott et al.,
2000). These in turn encode for the viral nucleocapsid protein, a
glycoprotein polyprotein (subsequently processed into Gn and Gc
proteins), and the RNA polymerase, respectively. RNA segments
are bound to repeating trimers of the nucleocapsid protein into an
assembled ribonucleocapsid (RNP) particle (Elliott et al., 2000).

As do most of the hantavirus structural proteins, the Gn gly-
coprotein has multiple functions in the viral replication cycle. As
part of the virus envelope, it forms the structural core of a spike
complex that consists of a multimeric arrangement of Gn and Gc

glycoproteins, with a Gn tetramer at the center of the complex
(Hepojoki et al., 2010a). On the cytoplasmic side of this com-
plex, the inward facing 150 residue Gn cytoplasmic tail associates
with the RNP during viral assembly (Hepojoki et al., 2010b,c;
Wang et al., 2010; Battisti et al., 2011). Previously, we reported
that a conserved array of cysteine and histidine residues (the dual
CCHC motifs) within the Andes virus Gn tail folds into a compact
dual ββα-type zinc fingers (Estrada et al., 2009a; Estrada and De
Guzman, 2011). While ββα-type zinc fingers are primarily known
for binding nucleic acids, the core zinc finger domain formed by
57-residues of the Andes virus Gn tail (residues 543–599) did
not bind RNA in vitro (Estrada et al., 2009a), thus suggesting a
role in protein–protein binding during the Gn–RNP interaction.
Recently, Hepojoki et al. (2010c) showed that the Gn tail does
bind the nucleocapsid (N) protein, the principal component of
the RNP. Specifically, they showed that residues flanking the core
zinc finger domain contain three binding sites (Binding sites 1, 2,
and 3, Figure 1) for the N-protein (Hepojoki et al., 2010c). Oth-
ers showed that the proper folding of the zinc finger domain was
required for the ability of the Gn cytoplasmic tail to interact with
the N-protein (Wang et al., 2010). These data strongly suggest a
role for Gn tail in mediating an interaction with the N-protein.

Additionally, the Gn tails of hantaviruses also participate in
determination of virulence, specifically by helping to modulate
the host cell immune response to infection (Geimonen et al.,
2003b; Alff et al., 2006, 2008). The non-pathogenic PHV tail fails
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FIGURE 1 | Sequence alignment of representative hantaviruses with the Gn tail–RNP binding sites indicated by brackets. The constructs used in this
study are represented by the shaded gray boxes.

to co-precipitate tumor necrosis factor receptor-associated factor
3 (TRAF3), as is the case for the New York hantavirus (Alff et al.,
2008). TRAF3 is a key component of the host cell’s interferon
response to viral infection. In addition, the Gn tail of PHV was
found not to be degraded, as is the case for typical pathogenic han-
taviruses (Sen et al., 2007). However, the mutations of four residues
at the carboxyl terminus of the Gn tail effectively targeted the PHV
tail for proteasomal degradation (Sen et al., 2007). The observa-
tion of a virulence contribution by the Gn tail raises the possibility
of potentially important differences between the predicted dual
CCHC-type zinc finger domain of PHV and the structure deter-
mined for the pathogenic Andes virus (Estrada et al., 2009a). The
two Gn tails overall are highly conserved between both viruses
(75% identity, 84% similarity for the entire tail; 70% identity, 77%
similarity for the zinc finger domain alone; Figure 1).

In this study, we used 2D and 3D NMR spectroscopy to com-
pare the structures of two constructs representing segments of the
cytoplasmic Gn tail for both a pathogenic (Andes virus) and a
non-pathogenic hantavirus (PHV). Our NMR data suggests that,
similar to the Andes virus, the dual CCHC motif of PHV forms
an independently folded zinc binding domain. The Cα secondary
chemical shifts of the PHV zinc finger domain are remarkably
similar to those of the Andes structure, suggesting there is no
appreciable difference in the two structures. These findings fur-
ther support reports that the virulence determinants are located
further toward the C-terminal end of the Gn tails. Furthermore,
we also report the backbone assignment of an extended form of
the Andes virus Gn tail (76 residues, from residues 534–610) that
includes all of RNP Binding site 2 and part of RNP Binding site
1 (Figure 1). We demonstrate that Binding site 2 includes a short
helix, while Binding site 1 appears to be largely disordered. Our
results of NMR backbone dynamics indicate that both binding
sites are flexible and undergo motion on a faster timescale than that
of the core zinc finger domain. This enhanced motion may confer
some degree of modularity in binding a crowded RNP complex.
Taken together, these results provide novel structural insight into
both the structural and immunogenic functions of the hantavirus
Gn cytoplasmic tail.

MATERIALS AND METHODS
PROTEIN EXPRESSION AND PURIFICATION
For NMR data collection, the soluble Gn construct spanning
residues 534–610 of the Andes virus Gn cytoplasmic tail (GenBank

#AF291703) and residues 548–602 of the PHV Gn tails (GenBank
#X55129) were expressed as fusion proteins with the Streptococ-
cal GB1 domain linked with a tobacco etch virus (TEV) pro-
tease cleavage site (Estrada et al., 2009b). The fusion proteins
were expressed and purified under native conditions following
closely the method reported previously for the Andes virus zinc
finger domain (Estrada et al., 2009b). Briefly, 15N- and 15N/13C-
labeled proteins were expressed in E. coli BL21(DE3) grown in
1 L M9 minimal media supplemented with 0.1 mM ZnSO4 before
and after induction. Cells were grown at 37˚C, induced with
1 mM isopropyl-β-d-thiogalactopyranoside at A600 ∼ 0.8, and cell
growth was continued in a 15˚C shaker overnight (to a final
A600 ∼ 2.0). Cells were centrifuged, resuspended in nickel col-
umn binding buffer (20 mM Tris–HCl pH 8.0, 500 mM NaCl,
5 mM imidazole, 0.1 mM ZnSO4), and lysed by sonication. Cellu-
lar debris was removed by centrifugation, and to the supernatant
was added 1/10 volume of 1% polyethyleneimine (pH 8) to precip-
itate the nucleic acids. Following centrifugation, the supernatant
was bound to a charged 10 mL nickel-affinity column and eluted
with buffer (20 mM Tris–HCl pH 8.0, 500 mM NaCl, 250 mM
imidazole, 0.1 mM ZnSO4). For TEV protease digestion, frac-
tions containing the fusion protein were pooled and dialyzed at
25˚C overnight in buffer (50 mM Tris–HCl pH 8.0, 20 mM NaCl,
1 mM DTT, 1 mM ZnSO4) with 0.16 mg recombinant TEV pro-
tease (Geisbrecht et al., 2006) per 10 mL of fusion protein. The
TEV digestion mixture was dialyzed back into the nickel column
binding buffer and passed again through a charged 10 mL nickel
resin. The His-tagged GB1 protein was retained on the column
while hantavirus Gn tail constructs were present in the flow-
through. The flow-through fractions were analyzed by SDS-PAGE
and key fractions pooled and concentrated using Ultra-15 cen-
trifugal filters (Amicon) and dialyzed into NMR buffer (20 mM
NaPO4 pH 7.0, 20 mM NaCl, 1 mM DTT, 0.1 mM ZnSO4). Both
proteins retained two residues (Gly–His) cloning artifacts at the
N-terminus.

Notably, approximately half of the expressed Andes virus Gn
534–610 remained in the insoluble portion upon lysis. This frac-
tion was solubilized in 6 M urea and 10 mM DTT, then refolded
by step-wise dialysis to remove the denaturant and digested with
TEV protease as described above. While the 1H–15N HSQC
spectrum of the refolded protein showed a similar peak pat-
tern for the core zinc finger domain (residues 543–599), several
of the additional peaks corresponding to the binding sites had
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FIGURE 2 | Assigned 2D 1H–15N HSQC spectra for (A) the Andes Gn
534–610 and (B) the Prospect Hill virus Gn 548–602. Well-dispersed and
resolved spectra for both constructs allowed complete assignment of the
protein backbone.

different chemical shifts compared to the natively expressed pro-
tein (Figure 2). Therefore, the 3D NMR data used for analysis
was collected exclusively on the natively expressed Andes virus Gn
534–610.

NMR SPECTROSCOPY
NMR data were acquired at 25˚C using a Bruker Avance 800 MHz
spectrometer equipped with a cryoprobe, processed with NMR-
Pipe (Delaglio et al., 1995), and analyzed with NMRView (John-
son, 2004). Backbone assignments for PHV Gn 548–602 were
obtained from 2D 1H–15N HSQC (Grzesiek and Bax, 1993), 3D
HNCA (Grzesiek et al., 1992), and HNCACB (Wittekind and
Mueller, 1993) while assignments for Andes virus Gn 534–610
were obtained from the 2D 1H–15N HSQC and 3D HNCA alone.
Secondary structures were identified from the Cα chemical shifts
(Wishart and Nip, 1998). The heteronuclear {1H}–15N NOE for
Andes virus Gn 534–610 was acquired as described (Stone et al.,
1992) with 2048 (1H) × 128 (15N) complex points, 32 scans per

point, and a 5-s recycle delay. Error bars were estimated using the
SD of the background signal of each spectrum.

CD SPECTROSCOPY
CD spectra were collected in triplicate at 25˚ on a JASCO J-815
Spectropolarimeter using a scanning speed of 50 nm/min. Protein
concentrations were kept at 5 μM in buffer (10 μM NaPO4, 10 μM
NaCl, 0.1 mM ZnSO4). EDTA and ZnSO4 titrations were applied
to the same sample.

PHV ZF STRUCTURAL MODELING
Modeling of the structure of PHV Gn 548–602 was achieved by
using the Andes dual zinc finger domain (PDB ID: 2K9H) as a
template for the I-TASSER structure prediction software (Zhang,
2008). The model backbone was aligned with the backbone of the
Andes virus Gn zinc finger structure using TM-Align (Zhang and
Skolnick, 2005). Surface electrostatics were calculated using APBS
(Baker et al., 2001) and visualized using Pymol (DeLano, 2002).

RESULTS
PROTEIN EXPRESSION
The PHV Gn tail construct was designed similarly to the previously
published structure of the Andes virus core zinc finger domain
(Estrada et al., 2009a), yielding a construct of residues 548–602.
The Andes virus Gn tail construct used in this study include as
much of the reported binding sites as possible, yielding a pro-
tein containing residues 534–610. Both proteins expressed well in
E. coli as N-terminal GB1 fusion recombinant proteins and were
purified under native conditions via ion exchange chromatogra-
phy. Our attempts to express longer full-length Gn tail in Andes
virus and other hantaviruses have been unsuccessful. However, the
Andes virus Gn tail construct used for this study (76 residues) does
represent the longest piece of the hantavirus Gn tail that is struc-
turally characterized at atomic resolution. Incidentally, expression
of the Andes virus Gn 548–602 construct yielded approximately
half of the protein in inclusion bodies. Upon removal of the GB1
tag via cleavage by treatment with TEV protease, the Andes virus
Gn 548–602 protein that was purified from the inclusion body and
the natively purified fraction gave well resolved and well-dispersed
1H–15N HSQC spectra (Figure 3).

PHV GN TAIL RELIES ON ZN2+ FOR PROPER REFOLDING
As expected, treatment of the 15N labeled PHV Gn 548–602 NMR
sample with excess EDTA resulted in a near complete collapse of
the 2D 1H–15N HSQC spectrum (Figure 4A), suggesting a loss of
tertiary structure. Similarly, the CD trace of the PHV Gn 548–602
was also affected by the presence of EDTA (Figure 4B). The addi-
tion of Zn2+ back into the sample was only partially able to recover
the original helical trace. This behavior of the PHV domain resem-
bled that of the Andes protein (Estrada et al., 2009a), suggesting
the confirmed cysteines and histidines in Gn tails were required
for metal coordination.

NMR DATA AND BACKBONE ASSIGNMENTS
Prospect Hill virus Gn 548–602 and Andes virus Gn 534–610
both show a well-dispersed two-dimensional (2D) 1H–15N HSQC
(Figure 2). However, an interesting feature of the natively folded
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FIGURE 3 | Overlay of 2D 1H–15N HSQC spectra of the Andes virus Gn
(534–610) that has been refolded from insoluble inclusion bodies (red)
and that was natively expressed in the soluble fraction (black). Notably,
the chemical shift values for the flanking sequences are different for each
spectra, indication two conformations for these sequences.

Andes virus Gn 534–610 spectrum is that it differed from the
spectrum of protein refolded from inclusion bodies. An over-
lay of the 1H–15N HSQC spectra of the refolded and natively
expressed Andes virus Gn 534–610 confirmed that the majority
of peaks are in identical positions and that the core zinc finger
domain (residues 543–599; Estrada et al., 2009a) was properly
folded (Figure 3). However, all subsequent data and assignments
were conducted on the natively Andes virus Gn 534–610 expressed
protein. Nearly complete backbone assignments were obtained
from 2D and 3D NMR datasets for PHV Gn 548–620 and Andes
virus Gn 534–610. Analysis of the Cα secondary chemical shifts for
the PHV protein indicated the presence of two short α-helices and
two random coil regions flanking the central domain (Figure 5A;
Wishart and Nip, 1998). This pattern closely resembles that of the
Andes virus Gn zinc finger domain (Figure 5A). Given the high
degree of secondary structural similarity between the zinc binding
domains in both structures (77% similarity) and the remarkable
similarity of the Cα secondary chemical shift profile, full side chain
assignments and structure determination of PHV Gn 548–620 was
not continued.

SECONDARY CHEMICAL SHIFT PROFILE OF THE RNP BINDING SITES
Based on the HNCA-derived assignments of the Andes virus Gn
534–610 backbone, we constructed the secondary Cα chemical
shift profile of both the core zinc finger domain (residues 543–599)
along with the flanking sequences (Figure 5B). Notably, analysis
of the profile suggested the N-terminal sequence (Lys534–Met543)
was disordered. However, the C-terminus contained an intact helix
between residues Arg599 and Lys606. Another interesting feature
was that the intervening sequence corresponding to the core zinc
finger domain appeared largely unchanged from that of the pro-
tein without the flanking sequences, indicating that the presence
of the binding sites reported by Hepojoki et al. (2010c) did not

FIGURE 4 | (A) EDTA titration of the 2D 1H–15N HSQC spectrum of PHV Gn
548–602 causes a dramatic narrowing of the spectrum, suggesting a loss
of tertiary structure and (B) the same effect on the protein CD trace [Θ is
mean molar residue ellipticity (×107, degree·cm2/dmol·residue)].

affect the local environment and had minimal contact with the
core zinc finger domain.

BACKBONE DYNAMICS OF THE RNP BINDING SITES
Heteronuclear {1H}–15N NOE analysis of Andes virus Gn 534–
610, which provides a probe on protein backbone dynamics,
suggests that the core zinc finger domain is largely a rigid struc-
ture (Figure 6A). However, the flanking sequences are consider-
ably more flexible. The disordered N-terminus is almost entirely
flexible relative to the core structure as evident by the heteronu-
clear {1H}–15N NOE values below 0.2 in this region (Figure 6A).
Notably, gradually increasing flexibility at the C-terminus corre-
sponds to the tapering of helix α3, with greatest flexibility at the
disordered five terminal residues. Backbone R1 and R2 relaxation
results also indicate that the flanking sequences undergo motion
on a faster time scale than the core zinc finger, with ZF1 and ZF2
both reflecting R1 values of approximately 2.0, while the flanking
sequences having R1 values of approximately 4.0 (Figure 6B).

MODELING THE PHV GN ZINC FINGER STRUCTURE
The similarity between the secondary chemical shift profiles of the
PHV and the Andes virus zinc binding domains suggest the two
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FIGURE 5 | Secondary Cα chemical shift profile for (A) PHV Gn 548–602
and (B) Andes virus Gn 534–610 zinc finger structures. The zinc
coordinating residues are highlighted in yellow.

proteins have similar folds. Therefore, the structure of the Andes
virus core zinc finger domain (residues 543–599, PDB ID 2K9H;
Estrada et al., 2009a) was used as a template for the structural
modeling of the PHV structure. The program I-TASSER (Zhang,
2008) was used to thread the PHV sequence onto the structure.
The resulting structure is shown in Figure 7A. It closely resem-
bles that of the Andes structure, with a backbone rmsd of 0.68
between the two (Figure 7B). Notably, the surface electrostatics of
the PHV model closely resemble those of the Andes virus struc-
ture (Figures 7C,D) in that neither exhibit extensive clustering of
charges.

DISCUSSION
Studies into the virulence of hantaviruses reveal several notable
differences in cells infected by pathogenic and non-pathogenic
hantaviruses. For example, while the non-pathogenic PHV still
manages to infect endothelial cells, the virus apparently does
not successfully replicate in humans (Mackow and Gavrilovskaya,
2009). This suggests PHV does not manage to evade the host
immunogenic response. This notion is supported by evidence that
early infection by PHV causes the induction of up to 24 early inter-
feron genes, as opposed to only three by the pathogenic New York

FIGURE 6 | (A) Heteronuclear {1H}–15N NOE values for the Andes virus zinc
finger protein indicate enhanced flexibility corresponding to both binding
sites. (B) The relative motions of each binding site are quantified with R1

and R2 relaxation rates. The spin–lattice relaxation rates R1 suggest each
binding site undergoes motions at least twice as fast as the rigid core zinc
finger domain.

and Hantaan viruses (Geimonen et al., 2002; Spiropoulou et al.,
2007).

Recent studies have begun to map virulence in hantaviruses
to the Gn cytoplasmic tail (Geimonen et al., 2003a,b; Alff et al.,
2006, 2008). In light of these findings, our structural studies were
conducted on the predicted Gn tail zinc finger domain of the non-
pathogenic PHV for the purpose of comparing the structure to
that of the pathogenic Andes virus (Figure 1). Additionally, due
to the recent report of the presence of Gn tail–RNP binding sites
located proximal and on either side of the zinc finger domain of
the Andes virus, the Andes protein used in this study represents a
larger construct design to contain as much of the reported binding
sites as possible. Due to the toxicity of the full-length Gn tail in
bacteria, this latter construct (76 residues) represents the largest
soluble segment of the Gn tail that we have been able to produce.
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FIGURE 7 | Model of (A) PHV Gn 548–602 superimposed on the (B)
Andes virus zinc finger structure. The PHV model (cyan) matched the
Andes structure (green) with a backbone rmsd of 0.68 for all Cα’s. The PHV
model was constructed using I-TASSER (Zhang, 2008) using the Andes
structure as a template. Structural alignment was carried out using
I-TASSER TM-align (Zhang and Skolnick, 2005). Surface electrostatic
comparison between the (C) PHV model (residues 548–602) and (D) the
Andes virus zinc finger domain (residues 534–599). Despite the presence of
two charges (K566 and K592), the net distribution of charges in the PHV
model is not appreciably different from that of the pathogenic.

With respect to the PHV zinc finger domain, the CD data and
the spectrum of the protein in the presence of chelator (Figure 4A)
confirmed the presence of a metal binding domain. Specifically,
the fact that titration of zinc sulfate back into the CD sample
(Figure 4B) partially recovers the original spectrum indicates
the domain binds zinc. These results compare favorably with the
behavior of the core zinc finger domain in the Andes virus (Estrada
et al., 2009a).

The 2D 1H–15N HSQC of the PHV Gn tail consisting of
residues 548–602 showed a well-dispersed spectrum (Figure 4A),
suggesting a monomeric and independently folded protein. Like-
wise, the 1H–15N HSQC spectrum of the extended Andes virus

Gn 534–610 also showed well-dispersed and resolvable peaks
(Figure 2). The high quality of the NMR data facilitated assign-
ment of the backbone resonances, yielding the Cα chemical shift
profile for both proteins. The profile of the PHV zinc finger
domain is compared to that of the Andes virus in Figure 5. Given
the high degree of sequence conservation,as well as conservation in
the spacing of the dual CCHC motif (Figure 1), it is not surprising
to find that the profiles of the core domain are remarkably similar.
The only notable differences occur in the first and final coordinat-
ing cysteines (Cys551 and Cys597, respectively). These differences
may be due to the presence of two non-conserved residues, Glu552

and Lys598, immediately following each cysteine.
One interesting feature of the PHV Gn amino acid sequence

is the presence of a proline (Pro572) in the linker. The proline is
somewhat conserved; it is present in Tula and Hantaan viruses but
absent in the Andes virus, which has an isoleucine in the same
position. Interestingly, a residue with a rigid peptide bond in this
position has little effect on the Cα secondary chemical shift of
Cys571. The secondary chemical shift profile for this part of the
ZF1 array is virtually identical to that of the ZF1 array in the Andes
virus structure (Figure 5), suggesting the tight turn between the
β hairpin and helix of ZF1 is maintained despite the difference
in residues in this region. This observation was an early indicator
that the dual zinc finger fold is preserved despite large differences
in chemical composition (Figure 1).

Due to the apparent similarity of the structures, we did not
solve the three-dimensional (3D) structure of the PHV zinc finger
domain. However, a model using I-TASSER (Zhang, 2008) and the
Andes structure as a template was constructed to check the surface
electrostatics of the protein which could then influence the mol-
ecular interactions of this protein. The modeled PHV zinc finger
domain contains two similar short α-helices in a relative orien-
tation as seen in the Andes structure (Figure 7). Previously, we
have reported that the core zinc finger domain of a related Bun-
yavirus, the Crimean Congo Hemorrhagic Fever virus, contains a
vastly different arrangement of basic charged residues on its sur-
face when compared to the Andes virus structure (Estrada and De
Guzman, 2011). With respect to the PHV model, we find that the
surface electrostatics resemblance those of the Andes virus struc-
ture, with dispersed charges covering the zinc fingers. Only two
non-conserved basic charges, K566 and K592, are present which are
not on the Andes virus structure. Despite these, the PHV structure
is also acidic, with a theoretical isoelectric point of approximately
6.0, thus suggesting that differences in electrostatics of the core
zinc finger domain are not likely to play a role in pathogenicity.

Overall, the PHV Gn zinc finger domain appears to adopt the
same dual zinc finger fold to that of the pathogenic Andes virus.
There were no obvious differences in either the secondary chemi-
cal shift profile or the predicted surface electrostatics. Based on this
data we conclude that, given the widespread nature of the dual zinc
finger fold in hantaviruses, its role is likely general in nature and
apparently does not play a role in the determination of virulence.
These conclusions are consistent with studies mapping virulence
to the C-terminus of the Gn tails (Sen et al., 2007; Spiropoulou
et al., 2007).

With respect to the role of the Gn tail in virus assembly, the
amino acid sequences flanking the hantavirus zinc finger domain
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have been shown to be important for Gn–N protein interaction
(Hepojoki et al., 2010b). Specifically, short peptides representing
these regions of the Gn tail disrupted the Gn–N protein interaction
as detected using a SPOT peptide array (Hepojoki et al., 2010b).
Generation of the extended zinc finger domain (534–610) in the
Andes virus allowed us to characterize one full RNP binding site
(Lys595–Lys610) and a portion of a second (Lys534 and Lys536).

The reported Binding site 2 (Hepojoki et al., 2010c) contains
the short helix α3 located near the carboxyl terminus. Helix α3
contains three conserved basic residues. Arg599 is located at the
beginning turn of the helix, while the lysine pair located at posi-
tions 605 and 606 approximate the end of the helix. A helical
wheel projection suggests that Arg599 and Lys606 are likely ori-
ented in the same direction and may form a conserved basic
patch. Notably, the surface opposite these charges contains the
two conserved hydrophobic residues Phe600 and Leu604, suggest-
ing the helix is amphipathic. Despite this, the helix does not
appear to form part of the independently folded core zinc finger
domain.

Significantly, half of the protein expressed for this larger
segment was insoluble. The solubilized and refolded fraction
appeared to have a normal core zinc finger fold, as measured by
an overlay of the previously published spectrum and that of the
refolded Andes virus Gn (534–610). However, comparison of the
spectrum of the refolded protein with that of the native protein
revealed two distinct set of chemical shift values for the flanking
sequences, thus indicating two separate conformations (Figure 3).
While this was likely an artifact of refolding, it suggested the arms
can be arranged independent of the core zinc finger structure.
This notion is supported by the heteronuclear {1H}–15N NOE plot
(Figure 6A), which suggests that much of the flanking sequence is
either somewhat or fully flexible.

The presence of a Gn tetramer in the hantavirus spike com-
plex suggests that four Gn cytoplasmic tails may participate in

binding the RNP (Hepojoki et al., 2010a). Meanwhile, the RNP
itself consists primarily of an N-protein trimer complexed with
RNA (Alfadhli et al., 2001; Kaukinen et al., 2004; Mir and Pangani-
ban, 2004) thus making the Gn–N protein binding site a crowded
space where the important intra-molecular contacts may be com-
plex and multivalent. Our NMR results indicate that the Gn tail
consists of a structured core zinc finger domain that is flanked
by flexible regions where the reported N-protein binding sites are
located (Hepojoki et al., 2010c). The flexibility in Binding site 2
and part of Binding site 1 as described here may contribute to
modularity of the Gn tail in binding at multiple sites. Thus, our
NMR results, together with the results of others (Hepojoki et al.,
2010c; Wang et al., 2010) suggest that backbone flexibility may be
important in the molecular recognition of the Gn tail.

In summary, the work presented here strongly indicates that the
conserved dual CCHC motif of hantavirus Gn cytoplasmic tails
correlates to a structurally conserved dual zinc finger domain that
likely represents the only structured region of the tail. The wide-
spread nature of this domain within Bunyaviridae and the high
degree of structural conservation both suggest an important role
in viral assembly, possibly by helping to mediate inter-molecular
contacts with the RNP. The RNP binding sites characterized here
were shown to be flexible and move independently of the core
Andes domain, thus suggesting some degree of modularity in the
function of the Gn tail.
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Human immunodeficiency virus type-1 (HIV-1) encodes a polypeptide called Gag that is able
to form virus-like particles in vitro in the absence of any cellular or viral constituents. Dur-
ing the late phase of the HIV-1 infection, Gag polyproteins are transported to the plasma
membrane (PM) for assembly. In the past two decades, in vivo, in vitro, and structural
studies have shown that Gag trafficking and targeting to the PM are orchestrated events
that are dependent on multiple factors including cellular proteins and specific membrane
lipids. The matrix (MA) domain of Gag has been the focus of these studies as it appears
to be engaged in multiple intracellular interactions that are suggested to be critical for
virus assembly and replication. The interaction between Gag and the PM is perhaps the
most understood. It is now established that the ultimate localization of Gag on punctate
sites on the PM is mediated by specific interactions between the MA domain of Gag and
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2], a minor lipid localized on the inner leaflet
of the PM. Structure-based studies revealed that binding of PI(4,5)P2 to MA induces minor
conformational changes, leading to exposure of the myristyl (myr) group. Exposure of the
myr group is also triggered by binding of calmodulin, enhanced by factors that promote
protein self-association like the capsid domain of Gag, and is modulated by pH. Despite
the steady progress in defining both the viral and cellular determinants of retroviral assem-
bly and release, Gag’s intracellular interactions and trafficking to its assembly sites in the
infected cell are poorly understood. In this review, we summarize the current understanding
of the structural and functional role of MA in HIV replication.

Keywords: assembly, Gag, matrix, myristyl, NMR, trafficking, plasma membrane

Human immunodeficiency virus type-1 (HIV-1), the causative
agent of AIDS, is blamed for over 34 million deaths and is poised to
claim over two million lives a year in the absence of efficient ther-
apeutic intervention (UNAIDS report 2011). HIV-1 replication is
strongly dependent on the cellular machinery to produce progeny
virus. Since its discovery, efforts have focused on the development
of effective vaccines and drugs that target different stages of the
HIV lifecycle. Combinations of drugs that target protease, reverse
transcriptase, integrase, or virus fusion form the basis of current
antiretroviral therapy (ART; Greene et al., 2008). However, the
genetic diversity and the ability of the virus to mutate to evade
drug treatment remains a threat to the future success of ART. The
discovery of cellular factors that participate in HIV-1 replication
pathways has provided new insights into the molecular basis of
virus–host cell interactions. Recent studies have identified hun-
dreds of cellular factors that are involved in HIV replication (Brass
et al., 2008; König et al., 2008; Zhou et al., 2008; Jäger et al., 2011;
Lever and Jeang, 2011). Drugs that target the essential interactions
of viral factors with host-proteins have the potential to not only
complement current therapy, but may also overcome the prob-
lem of viral escape. As host-factors are stable and not diverse, the
mutational capacity of the virus that usually allows for drug escape
is thus restricted by the requirement to remain compatible to an

invariant host-factor. Elucidation of the molecular interactions
between the host cell and HIV are important for understanding
the virus replication and the subsequent cytopathogenesis in the
infected cell, which will aid in the development of more efficient
antiviral drugs.

Retroviral genomes encode a polyprotein called Gag (Figure 1)
that contains all the viral elements required for virus assembly and
is capable of forming virus-like particles (VLPs) in vitro in the
absence of viral and cellular constituents (Gheysen et al., 1989;
Campbell and Rein, 1999; Campbell et al., 2001a). Subsequent
to their synthesis, Gag proteins are targeted to the plasma mem-
brane (PM) for assembly and budding (Adamson and Freed, 2007;
Chu et al., 2010). During or shortly after budding, the virally
encoded protease cleaves off Gag proteins at five positions into
matrix (MA), capsid (CA), nucleocapsid (NC), spacer peptide 1
(SP1), spacer peptide 2 (SP2), and P6, which rearrange to form
mature and infectious virions (Figure 1; Turner and Summers,
1999; Adamson and Freed, 2007; Ganser-Pornillos et al., 2008;
Briggs and Kräusslich, 2011).

It is widely accepted that HIV-1 Gag budding and assembly
occur predominantly on the PM (Figure 1; Hermida-Matsumoto
and Resh, 2000; Jouvenet et al., 2006, 2008; Finzi et al., 2007;
Li et al., 2007; Welsch et al., 2007; Gousset et al., 2008; Joshi
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FIGURE 1 | Schematic representation showing the late phase of HIV
replication involving Gag targeting and assembly on the plasma
membrane.

et al., 2009a; Ono, 2009, 2010). Membrane binding is mediated by
Gag’s N-terminal myristoylated MA domain [myr(+)MA; Adam-
son and Freed, 2007; Ganser-Pornillos et al., 2008; Ono, 2009;
Chukkapalli and Ono, 2011; Hamard-Peron and Muriaux, 2011].
The myristyl (myr) group functions in concert with a group
of conserved basic residues to facilitate membrane anchoring
and assembly of Gag. Mutations that either block myristoyla-
tion or disrupt the basic patch lead to inefficient Gag targeting
to the PM, resulting in dramatically reduced virus production
(Bryant and Ratner, 1990; Freed et al., 1994; Spearman et al., 1997;
Hermida-Matsumoto and Resh, 2000; Ono et al., 2000b).

Role of the MA protein in HIV replication has been exten-
sively examined. In this review, we focus on the functional role of
MA in the late phase of infection. In the last few years, efforts
have been focused on the identification of structural require-
ments that enable efficient Gag-membrane association. Success
in producing the first retroviral matrix myristoylated protein for
structural studies (Tang et al., 2004) afforded invaluable insight
into understanding specific factors that regulate the myr switch
and the potential implication in virus assembly.

INTRINSIC FACTORS THAT MODULATE THE myr SWITCH IN
HIV-1 MA
In vitro studies have established that Gag binds membranes more
efficiently than the isolated MA protein (Zhou and Resh, 1996;
Spearman et al., 1997; Hermida-Matsumoto and Resh, 1999; Ono
and Freed, 1999; Paillart and Gottlinger, 1999; Bouamr et al.,
2003). This led to the hypothesis that the myr group is exposed
in HIV-1 Gag and sequestered in the MA protein, which has
come to be known the “myristyl switch mechanism” (Spearman
et al., 1997; Hermida-Matsumoto and Resh, 1999; Ono and Freed,

1999; Bouamr et al., 2003). However, pioneering NMR structural
studies by the Summers lab confirmed that the myr group can
adopt sequestered [myr(s)] and exposed [myr(e)] conformations
even in the isolated MA protein (Tang et al., 2004). Equilibrium
data revealed that while myr(+)MA resides in monomer–trimer
equilibrium, the myr(−)MA protein maintains the monomeric
character in solution under all conditions (Tang et al., 2004).
In addition, exposure of the myr group is coupled with protein
trimerization (Tang et al., 2004). The myr switch was found to be
sensitive to protein concentration, which led to the proposition of
the “entropic switch mechanism” (Tang et al., 2004). Additionally,
inclusion of the CA domain increases exposure of the myr group,
which indicates that exposure of the myr group is dependent on
Gag multimerization (Tang et al., 2004). Most recently, we have
shown that myr exposure is also modulated by pH (Fledderman
et al., 2010). Since these factors (protein concentration, multimer-
ization, and pH) are intrinsically confined to the MA protein, we
call them the “internal modulators.”

Gag MULTIMERIZATION, A TRIGGER FOR myr EXPOSURE AND
A REQUIREMENT FOR EFFICIENT MEMBRANE ASSOCIATION
As mentioned above, previous studies revealed that exposure of the
myr group is coupled with protein trimerization and is enhanced
by factors that promote protein self-association, such as increasing
protein concentration or inclusion of the CA domain (Tang et al.,
2004). HIV-1 Gag multimerization is directly linked to efficient
membrane binding and is required for particle formation and viral
infectivity (Burniston et al., 1999; Ono et al., 2000a; Lindwasser
and Resh, 2001; Li et al., 2007). The oligomerization properties
of HIV-1 Gag, MA, and MACA constructs have been extensively
studied (Morikawa et al., 1998, 2000; Tang et al., 2004; Alfadhli
et al., 2007, 2009a,b; Dalton et al., 2007; Datta et al., 2007b; Li et al.,
2007; Saad et al., 2007a,b; Dou et al., 2009; Hogue et al., 2009). The
CA domain contains a dimerization site in the C terminus and is
known to play a central role in mediating Gag–Gag interactions
(Li et al., 2000; Joshi et al., 2006; Ganser-Pornillos et al., 2007,
2008; Wright et al., 2007; Briggs et al., 2009; Hogue et al., 2009;
Chukkapalli and Ono, 2011). Other domains such as SP1 and NC
also play important roles in Gag multimerization and assembly
(Dawson and Yu, 1998; Burniston et al., 1999; Campbell and Rein,
1999; Cimarelli et al., 2000; Morikawa et al., 2000; Muriaux et al.,
2001; Wright et al., 2007; Briggs et al., 2009). Altogether, despite
the lack of a detailed structural mechanism these findings indicate
that myr exposure is enhanced through synergistic intermolecular
interactions between Gag subdomains that cooperatively promote
assembly.

MYRISTYL EXPOSURE IS MODULATED BY pH
One of the key characteristics of the HIV-1 myr(+)MA is the pres-
ence of the myr group in two energetically stable states: exposed
and sequestered (Tang et al., 2004). In solution, these two states are
at equilibrium. However, it seems that subtle changes in sample
conditions such as protein concentration can perturb the equilib-
rium state (Tang et al., 2004). Analysis of the HIV-1 myr(+)MA
structure revealed that the imidazole ring of His-89, which is
highly conserved among all strains of HIV-1, HIV-2, and simian
immunodeficiency virus (SIV; Los Alamos National Laboratory,
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http://www.hiv.lanl.gov), forms a salt bridge with Glu-12(COO−)
in HIV-1 myr(−)MA but not in the myr(+)MA protein. Histi-
dine residues play important roles in biological activity as they
are frequently included in the active sites of enzymes and con-
tribute to protein stability and function. The intrinsic pK a of
the histidine imidazole group, which varies depending on the
degree of burial or exposure within proteins (Edgcomb and Mur-
phy, 2002), typically lies between 6.0 and 7.0 (Liu et al., 1997;
Edgcomb and Murphy, 2002). Previous studies have shown that
mutation of His-89 led to targeting of Gag to intracellular com-
partments and severely reduced virus production (Freed et al.,
1994). We have recently shown that deprotonation of the His-89
imidazole ring in myr(+)MA destabilizes the salt bridge formed
between His-89(Hδ2) and Glu-12(COO−; Figure 2), leading to
tight sequestration of the myr group and a shift in the equilibrium
from trimer to monomer (Fledderman et al., 2010). By using NMR
methods, we calculated the pK a of the histidine imidazole group
in both myr(−)MA and myr(+)MA to be 6.5 (Fledderman et al.,
2010). Furthermore, we have shown that oligomerization of a Gag-
like construct containing MACA is also pH-dependent. Increasing
the pH to 8 inhibited the formation of trimers for MA and MACA
(Figure 3; Fledderman et al., 2010). These findings indicate that
trimerization of Gag in vitro, although enhanced by CA, is solely
driven by the MA domain and tightly regulated by pH. Based on
these findings, we suggested that changes in pH might have an
effect on the affinity of MA and Gag binding to membranes.

Earlier studies have also shown that mutation of His-89 and
other residues in the vicinity led to targeting of Gag to intracellular
compartments and severely reduced virus production (Freed et al.,
1994). We recently found that the internal Gag puncta observed
with H89G mutation colocalized extensively with CD63, indicat-
ing multivesicular bodies (MVB) localization (Fledderman et al.,
2010). These results indicate that His-89 is essential for proper tar-
geting of Gag to the PM and efficient particle formation in HeLa
cells. Structural studies have shown that substitution of His-89
destabilized the tertiary structure, triggering myr exposure, and
promoting high-order protein self-association (Fledderman et al.,
2010).

Altogether, structural studies revealed that MA acts as a “pH
sensor” and that, at least in vitro, myr exposure is regulated by
pH. A potential role of pH variations in subcellular localization
and targeting of Gag has not yet been established. Intracellular pH
often fluctuates (6.3–7.8) in response to cell growth, development,
and apoptosis (Schuldiner and Rozengurt, 1982; Moolenaar et al.,
1983; Gottlieb et al., 1995). Alterations in the PM function can
also be induced by cytopathic viruses including HIV-1 (Maku-
tonina et al., 1996). A significant decrease in pH from 7.2 to as
low as 6.0 was observed in cells infected by HIV-1 (Makutonina
et al., 1996). Despite the in vitro evidence for pH effect on the
myr switch, it has yet to be established whether manipulation of
intracellular pH can alter kinetic pathways and sites or efficiency
of Gag assembly.

MA RESIDUES THAT REGULATE THE myr SWITCH
MECHANISM AND/OR Gag ASSEMBLY SITES
Mutagenesis studies in the past two decades have identified sev-
eral residues in the MA domain that can alter Gag targeting and

FIGURE 2 |The imidazole ring of His-89 forms a salt bridge with
Glu-12(COO−) in HIV-1 myr(−)MA but not in myr(+)MA.

assembly (Bryant and Ratner, 1990; Freed et al., 1994; Zhou et al.,
1994; Ono et al., 1997, 2000b; Ono and Freed, 1999, 2004; Pail-
lart and Gottlinger, 1999; Joshi et al., 2009a; Chukkapalli et al.,
2010). Several of these residues are located in the N-terminus of
MA and are considered critical for proper membrane selection
(Freed et al., 1994; Ono et al., 1997; Ono and Freed, 1999; Pail-
lart and Gottlinger, 1999). More specifically, V7R, L8A, and L8I
mutations give rise to a phenotype similar to that observed for the
unmyristoylated protein without blocking myristoylation. These
mutants, which display a hazy, non-punctate staining pattern typi-
cal of HIV-1 Gag mutants that are defective in membrane binding,
cause a significant increase in cytosolic localization of Gag and
severely inhibit virus assembly and release (Freed et al., 1994; Ono
et al., 1997; Ono and Freed, 1999; Paillart and Gottlinger, 1999). In
order to identify the structural basis for weak membrane associa-
tion and diminished assembly of Gag V7R, L8A and L8I mutants,
NMR, and analytical centrifugation studies have been performed
on MAV7R,L8A,and L8I mutants (Saad et al.,2007b). NMR struc-
tures revealed that the backbone atoms of these mutants are very
similar to the coordinates of the wild-type MA protein, indicating
that single mutations in the N-terminal loop had no effect on the
globular fold of the protein (Saad et al., 2007b). These studies,
however, have shown that these mutations shut off the myr switch
and lead to complete sequestration of the myr group (Saad et al.,
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FIGURE 3 | Schematic representation showing multimerization events of Gag and MA proteins as a function of pH. Reprinted with permission from
(Fledderman et al., 2010). Copyright {2010} American Chemical Society.

2007b). The main differences between the structures are localized
within the disordered loop formed by residues Gly-2–Ser-9. For
example, in the V7R MA structure the side chain of Arg-7 makes
a salt bridge with the side chain of Glu-52, and the methylene
groups of Arg-7 contribute to the hydrophobic interactions with
the methylene groups of the myristate (Saad et al., 2007b). For
L8A, the less bulky methyl group of Ala-8 creates a better cavity
for the myristate group, which packs closer to Trp-16. Thus, struc-
tural changes involve only residues located near the mutation site,
which may have only average intrinsic conformational mobility.
The sensitivity of the myristyl switch equilibrium to subtle mole-
cular changes is evident in the conservative substitution of Leu-8
by Ile, which is sufficient to block myristate exposure under con-
ditions in which exposure is normally highly favored (Saad et al.,
2007b). Altogether, in vivo, biochemical, and structural studies
confirm that even conserved structural changes in the N-terminus
of MA can lead to major effects on the myr switch, which in turn
abrogate Gag binding to the PM and inhibit virus assembly.

Interestingly, the phenotype observed for mutants in the N-
terminus is very different from that observed for mutants in the
basic domain (e.g., K30E and K32E) or between residues 85 and
89, which have been shown to associate specifically with intra-
cellular compartments like MVBs (Freed et al., 1994; Ono et al.,
1997, 2000b; Ono and Freed, 2004; Joshi et al., 2009a). While the
structural effect of K30E and K32E mutations on the myr switch is
not yet known, we predict that substitutions between residues 85
and 89 may directly perturb the myr switch equilibrium. As men-
tioned above, H89G substitution in myr(+)MA led to formation
of protein aggregates as a result of exposure of the myr group (Fled-
derman et al., 2010). Thus, it appears that sequestration or lack of
myr group favors cytosolic localization rather than MVB asso-
ciation. Although targeting of Gag K30E/K32E mutant to MVB
compartments led to severely defective virus particle production
in HeLa cells (Ono et al., 2000b; Ono and Freed, 2004), recent
evidence revealed that it can still support highly efficient assem-
bly and release in T cells (Joshi et al., 2009a). It was suggested that
under some circumstances, late endosomal compartments serve as
productive sites for HIV assembly in some cell types (Joshi et al.,
2009a).

ROLE OF PHOSPHATIDYLINOSITOL-4,5-BISPHOSPHATE
[PI(4,5)P2] IN HIV-1 Gag TARGETING, MEMBRANE BINDING,
AND VIRUS ASSEMBLY
It is well established that assembly of retroviral Gag proteins
occur predominantly on the PM (Hermida-Matsumoto and Resh,
2000; Jouvenet et al., 2006, 2008; Finzi et al., 2007; Li et al., 2007;
Welsch et al., 2007; Gousset et al., 2008; Joshi et al., 2009a; Ono,
2009, 2010). Membrane selection appears to be critical for pro-
ductive virus production. Rein and co-workers have shown that
Gag constructs assemble in vitro into VLPs with diameters sig-
nificantly smaller (25–30 nm) than those of authentic particles,
whereas particles assembled in the presence of reticulocyte lysates
exhibit normal diameters (∼100 nm; Campbell et al., 2001a). Fur-
ther studies identified inositol pentaphosphate (IP5) as the active
agent that promotes normal particle morphology and is capable of
conferring resistance to disassembly in RNase, NaCl, and trypsin
assays. Other inositol phosphates and IP derivatives, including
inositol hexakisphosphate (IP6) and PI(4,5)P2 (Figure 4A) had
similar influence on in vitro Gag assembly, and mutagenesis studies
suggested that they promote HIV-1 particle assembly by interact-
ing with the MA domain of Gag (Campbell et al., 2001a; Crist
et al., 2009). A Gag protein lacking residues 16–99 in its MA
domain lost the requirement for inositol phosphates in assem-
bly in vitro. Further exploration of the binding properties of IP6
to a Gag construct lacking the myr group and the p6 domain
[myr(−)GagΔp6] revealed that both MA and NC domains of
Gag contribute to IP6 binding (Datta et al., 2007b). Equilibrium
studies have shown that myr(−)GagΔp6 undergoes an equilib-
rium switch from monomer–dimer in the absence of IP6 to
monomer–trimer upon binding to IP6. However, myr(−)GagΔp6
with a mutation in the dimer interface of CA is monomeric
in the presence of IP6, suggesting that the “dimer interface” is
essential for the trimeric interaction (Datta et al., 2007b). These
findings supported by hydrodynamic and small-angle neutron
scattering (SANS) data led to the suggestion that the participa-
tion of both MA and NC domains of Gag in IP6 interaction is
evidence for a folded conformation of Gag in solution, with its
ends close to each other in the three-dimensional space (Datta
et al., 2007a).
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FIGURE 4 | (A) Representation of the PI(4,5)P2 molecule (phosphate
groups are shown as yellow balls), and (B) membrane binding model
predicted from the structural studies; the exposed 1′-fatty acid chains
(yellow) and myristyl groups (green) project from a highly basic surface
(basic side chains shown in blue) in a manner expected to synergistically
promote membrane binding. [(B) is reprinted from Saad et al., 2006;
Copyright, Michael F. Summers, used with permission)].

Studies by Freed, Ono, and co-workers thereafter have pro-
vided compelling evidence that the ultimate localization of HIV-1
Gag on the PM is critically dependent on PI(4,5)P2 (Ono et al.,
2004; Chukkapalli et al., 2008, 2010; Chukkapalli and Ono, 2011).
PI(4,5)P2 is a membrane marker for proteins that are specifically
targeted to the PM (Behnia and Munro, 2005; McLaughlin and
Murray, 2005). Depletion of PI(4,5)P2 by overexpression of 5-
phosphatase IV (5ptase IV) led to accumulation of Gag at the
membranes of late endosomes and MVBs, inhibited HIV assem-
bly, and severely reduced virus production (Ono et al., 2004).
Likewise, overexpression of a constitutively active form of Arf6
(Arf6/Q67L), which induces the formation of PI(4,5)P2-enriched
endosomal structures led to retargeting of Gag to these vesicles
and severely reduced virus production. Sensitivity of Gag local-
ization and assembly to PI(4,5)P2 manipulation was lost upon
substitution of the MA domain with the N-terminus of Fyn kinase
[Fyn(10)ΔMA/delNC], which is not affected by 5ptaseIV overex-
pression. Altogether, these findings supported the hypothesis that
interactions between MA and PI(4,5)P2 are essential for proper
Gag targeting and membrane binding.

NMR studies have been utilized to identify how MA interacts
with PI(4,5)P2 (Saad et al., 2006). NMR chemical shift pertur-
bation data obtained for the MA protein revealed that residues
Arg-22,Lys-26,Lys-27,His-33,Glu-73,Leu-75,and Ser-77 were the
most affected upon binding of soluble analogs of PI(4,5)P2 (Saad
et al., 2006). These residues reside on a cleft formed by helices
II and V, and a β hairpin (β-II-V cleft). Although these studies
marked the first structural evidence for direct interactions between

HIV-1 MA and a cellular constituent, the two most intriguing
observations were the PI(4,5)P2 binding mode and the effect of
binding on the myr switch. The three-dimensional structure of the
MA-PI(4,5)P2 complex revealed that the acyl chain attached to the
2′-position of the glycerol packs within the β-II–V cleft against the
side chains of Leu-21, Lys-27, Tyr-29, His-33, Trp-36, and Ser-
77, while the phosphoinositide head group packs against Leu-21
and Lys-27, burying the 2′-fatty acid chain (Figure 4A). The 1′-
acyl chain, however, is exposed to solvent with PI(4,5)P2 molecule
adopting an “extended lipid” conformation. Binding of PI(4,5)P2

to MA induces a minor conformational change entailing a repo-
sitioning of helix I and destabilization of the hydrophobic cavity,
leading to myr exposure. These results indicate that PI(4,5)P2 acts
as both a trigger of the myr switch and as a membrane anchor and
suggest a potential mechanism for targeting Gag to membrane
rafts (Figure 4B; Saad et al., 2006). Interestingly, the proposed
membrane binding mode is very similar to the “extended lipid”
conformation predicted in the phospholipid–cytochrome c model
(Kinnunen et al., 1994; Rytömaa and Kinnunen, 1995; Tuominen
et al., 2002).

Of particular note, our studies represent the first evidence that
PI(4,5)P2 can adopt an extended conformation. The hydropho-
bic cleft that interacts with the 2′-acyl chain of PI(4,5)P2 analogs
with short chains (four- and eight-carbon atoms) is also capa-
ble of accommodating longer fatty acids without inducing any
major changes in the protein structure. A model of the trimeric
PI(4,5)P2:myr(+)MA–membrane complex constructed by using
18- and 20-carbon 1′- and 2′-acyl chains is shown in Figure 4B.
Native PI(4,5)P2 forms micelles in aqueous solution, making it vir-
tually impossible to study its interaction with MA by NMR meth-
ods (Janmey et al., 1987). Difficulties in characterizing the binding
of native PI(4,5)P2 with the MA protein have only been overcome
upon encapsulating the protein in reverse micelles (Valentine et al.,
2010). Titration of MA with native PI(4,5)P2 in reverse micelles
has led to significant chemical shift changes in a subset of amide
signals. Mapping of the chemical shift changes on the MA surface
indicates a binding mode similar to that of the soluble analogs
with short chains.

Binding of native PI(4,5)P2 to myr(−)GagΔp6 has been char-
acterized by mass spectrometric protein footprinting (Shkriabai
et al., 2006). NHS-biotin modification approach was used to iden-
tify lysine residues in Gag that are exposed to solvent or those
that are protected from biotinylation due to direct Gag-PI(4,5)P2

contacts. Data revealed that among 21 surface Lys residues readily
modified in free Gag, only MA K30 and K32 are protected in the
Gag-PI(4,5)P2 complex. Although NMR and mass spectrometry
methods provide evidence for direct binding of native PI(4,5)P2

to MA, the exact binding interface, and a high-resolution struc-
tural model have yet to be determined. Based on the NMR data
obtained for MA in reverse micelles, our best guess is that the
20-carbon 2′-acyl chain of PI(4,5)P2 is sequestered by the protein.

Confocal microscopy data revealed that Gag molecules assem-
ble at punctate sites on the PM (Hermida-Matsumoto and Resh,
2000). What are these punctate sites and why does Gag select
these sites? To address these questions, we recall a few previous
observations that could support the structural studies and the
MA–PI(4,5)P2 binding mode as well as the overall association
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with the PM. First, there is evidence that punctate sites com-
prise lipid raft microdomains (Aloia et al., 1993; Nguyen and
Hildreth, 2000; Campbell et al., 2001b; Ono and Freed, 2001, 2005;
Ding et al., 2003; Holm et al., 2003; Waheed and Freed, 2009).
Lipid rafts are typically liquid-ordered membrane structures that
contain elevated levels of cholesterol and sphingolipids with sat-
urated fatty acids (Brown and London, 1997, 1998; Melkonian
et al., 1999; Zacharias et al., 2002; Ono and Freed, 2005; Waheed
and Freed, 2009). Proteins that associate with lipid rafts gener-
ally contain two saturated acyl chains or are anchored by adap-
tor molecules that contain two saturated chains (for example,
glycosylphosphatidylinositol-anchored proteins; Brown and Lon-
don, 2000; Ono and Freed, 2005). Because PI(4,5)P2 contains
stearate (18-carbon saturated acyl chain) at the 1′-position and
arachidonate (20-carbon acyl chain with four non-conjugated
double bonds) at the 2′-position, sequestration of the 2′-chain
is likely to reduce the affinity of PI(4,5)P2 for fluid regions of
the membrane and promote its association with rafts. Since pre-
vious studies also suggest that PI(4,5)P2 molecules are homoge-
neously dispersed within the PM of quiescent cells but they can
colocalize with lipid rafts upon stimulation (Golub and Caroni,
2005), sequestration of the 2′-acyl chain by MA may suggest a
potential mechanism for the lateral targeting of PI(4,5)P2:Gag
complexes to lipid raft microdomains (Saad et al., 2006). Sec-
ond, the proposed mechanism for Gag binding to membrane is
supported by the finding that substitution of the saturated myr
group of HIV-1 Gag by unsaturated lipids reduces the affinity of
Gag for rafts and inhibits particle assembly (Lindwasser and Resh,
2002).

Gag-PI(4,5)P2 INTERACTIONS IN OTHER RETROVIRUSES
In the past few years, efforts have been focused on whether Gag tar-
geting and virus assembly in other retroviruses are also dependent
on PI(4,5)P2. Subsequent to our studies on HIV-1, we discovered
that HIV-2 MA binds specifically to PI(4,5)P2 in a manner iden-
tical to that of HIV-1 (Saad et al., 2008). However, in HIV-2 MA
the myr switch is less sensitive to PI(4,5)P2 binding as the myr
group is found to be sequestered in the complex. The subcellular
site of HIV-2 Gag assembly is also regulated by PI(4,5)P2. Like
HIV-1, overexpression of 5ptaseIV or Arf6/Q67L also significantly
reduced levels of released HIV-2 virions, indicating that the pro-
duction of HIV-2 particles is inhibited by PI(4,5)P2 perturbation
(Saad et al., 2008).

In most retroviruses, membrane anchoring is strongly depen-
dent on the myr group. However, Gag proteins of some retro-
viruses, notably alpha retroviruses [the prototype of which is Rous
sarcoma virus (RSV)] and the lentivirus equine infectious anemia
virus (EIAV), lack myr modification, and Gag targeting and bind-
ing to the PM is mainly mediated by electrostatic interactions
(Erdie and Wills, 1990; Provitera et al., 2000; Dalton et al., 2005).
For example, the association of RSV MA protein with liposomes
of defined composition is electrostatic in nature and is depen-
dent on the presence of a biologically relevant concentration of
negatively charged lipids like phosphatidylserine (Dalton et al.,
2005). In addition, MA-PI(4,5)P2 interactions have been detected
in Moloney murine leukemia virus (MMLV) and Mason-Pfizer
monkey virus (MPMV; Stansell et al., 2007; Chan et al., 2008;
Chen et al., 2008; Hamard-Peron et al., 2010). As has been observed

for HIV-1 and HIV-2 MA, NMR-based studies have shown that
a soluble analog of PI(4,5)P2 interacts directly with EIAV MA,
suggesting a potential role of this lipid in EIAV Gag assembly (Chen
et al., 2008). However, a most recent study investigating the role of
PI(4,5)P2 in assembly of EIAV show that Gag was detected on the
PM and in compartments enriched in phosphatidylinositol 3,5-
biphosphate [PI(3,5)P2; Fernandes et al., 2011]. NMR studies have
shown that EIAV MA binds to phosphatidylinositol 3-phosphate
[PI(3)P] with a higher affinity than that of PI(4,5)P2 (Fernandes
et al., 2011). Treatment of cells with YM201636, a kinase inhibitor
that blocks production of PI(3,5)P2 from PI(3)P led to Gag colo-
calization with aberrant compartments and inhibited VLP release
(Fernandes et al., 2011). In contrast to HIV-1, release of EIAV VLPs
was not significantly diminished by coexpression with 5ptase IV.
Taken together, these results indicate that membrane targeting in
EIAV proceeds via a mechanism that is probably distinct from that
in HIV-1 or HIV-2. On the other hand, when compared to HIV-1
and HIV-2 recent studies have shown that human T-lymphotropic
virus type (HTLV-1) and RSV Gag proteins have either lower or no
requirement for PI(4,5)P2 for membrane association (Chan et al.,
2011; Inlora et al., 2011).

ROLE OF Gag IN ENVELOPE (Env) INCORPORATION
Retroviral Env protein is a glycosylated polyprotein synthesized
as intact gp160 precursor that is subsequently cleaved by cellular
proteases to form a complex of a surface unit (gp120) and trans-
membrane domain (gp41). During virus assembly, the gp120/gp41
complex is incorporated in the lipid bilayer of the nascent virions.
Despite the progress made in understanding the structural details
of Env and its components as well as the trafficking pathway of Env
polyprotein, the mechanism by which Env is incorporated into
virus particles is not completely understood. The Gag protein has
long been implicated in Env incorporation based on the proposed
interaction between the MA domain and the cytoplasmic (CT)
domain of gp41 (Yu et al., 1992; Dorfman et al., 1994; Freed and
Martin, 1995, 1996; Mammano et al., 1995). However, importance
of this interaction is controversial since in many cell lines (HeLa,
293T, CV-1, and COS), deletion of the CT domain has virtually no
effect on Env incorporation (Wilk et al., 1992; Freed and Martin,
1995, 1996; Murakami and Freed, 2000). Checkley et al. (2011)
have recently reviewed the current understanding of HIV-1 Env
trafficking and incorporation into virions. Several models have
been proposed to explain Env incorporation into virus particles
(Checkley et al., 2011):

(i) “Passive” model : Env is expressed on the host PM and sub-
sequently incorporated into budding virions. Support of this
model stems from the observation that host membrane pro-
teins are abundantly incorporated into retrovirus particles
(Lusso et al., 1990; Arthur et al., 1992; Ott, 2008).

(ii) Direct Gag–Env interaction: Genetic data revealed that the
MA domain of Gag is required for Env incorporation (Yu
et al., 1992; Dorfman et al., 1994; Freed and Martin, 1995,
1996). Mutations in or deletion of the MA domain of Gag
decreased Env incorporation (Freed and Martin, 1995, 1996;
Mammano et al., 1995; Reil et al., 1998; Brandano and Steven-
son, 2012), while deletion of the gp41 CT domain reversed the
Env incorporation defect dictated by MA mutations (Freed
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and Martin, 1995, 1996; Mammano et al., 1995), or MA dele-
tion (Reil et al., 1998). Altogether, these studies suggest that
MA is required for full-length Env incorporation whereas
Env–MA interaction is apparently not required for incorpo-
ration of truncated Env. The requirement of the MA and CT
domains for Gag–gp41 interactions appears to be supported
by a few studies albeit evidence for direct interactions is still
weak. For example, previous studies have shown that HIV-1
Env is localized to the basolateral surface of polarized epithe-
lial cells (Owens and Compans, 1989). Gag has been shown to
bud in a non-polarized manner in these cells when Env was
not expressed. Budding, however, was restricted to the basolat-
eral surface upon coexpression of Gag and Env (Owens et al.,
1991). Mutations in MA or CT truncation undermined the
ability of Env to direct basolateral budding of Gag (Lodge et al.,
1994). Although these studies suggest a cross-talk between the
MA and CT domains, they do not necessarily indicate a direct
interaction (Checkley et al., 2011).

(iii) Gag–Env cotargeting : As mentioned above, the absence of com-
pelling evidence for direct interactions between Gag and gp41
may suggest that a cellular constituent like a protein or mem-
brane acts as a bridge or a docking platform for the Gag–Env
complex. A role of a cellular factor(s) in Env incorporation is
perhaps supported by the results showing that the requirement
of CT domain is strongly dependent on the cell type (permis-
sive cells like HeLa, COS, and 293T; Wilk et al., 1992; Akari
et al., 2000; Murakami and Freed, 2000). In non-permissive
cell lines (e.g., T cells and macrophages), removal of gp41 CT
led to ∼10-fold decrease in Env incorporation (Murakami and
Freed, 2000). The identity of cellular factors required for Env
incorporation in permissive and non-permissive cells have yet
to be determined.

(iv) Indirect Gag–Env interaction: Since it is not clear whether
there is a direct interaction between the MA domain of Gag
and gp41 CT, it is conceivable that the interaction is medi-
ated by cellular protein(s). Among the gp41 CT-interacting
proteins are the adaptor protein complexes AP-1 and AP-2.
The AP complexes are heterotetramers that mediate both the
recruitment of clathrin to membranes and the recognition of
sorting signals within the cytosolic tails of transmembrane
cargo molecules (Robinson and Bonifacino, 2001; Boehm and
Bonifacino, 2002; Nakatsu and Ohno, 2003). While AP-1 has
been shown to regulate the subcellular localization of Env via
binding to a dileucine motif in gp41 CT (Berlioz-Torrent et al.,
1999; Byland et al., 2007; Wyss et al., 2011), AP-2 has been
shown to bind to the gp41 CT domain and drive clathrin-
mediated endocytosis of Env from the PM (Ohno et al., 1997;
Boge et al., 1998). Interestingly, AP-1 and AP-2 has been shown
to bind to the MA domain of Gag (see below; Batonick et al.,
2005; Camus et al., 2007). Other proteins like the 47-kDa tail
interacting protein (TIP47) and calmodulin (CaM) have been
proposed to play some role in Env incorporation (discussed in
more details below).

POTENTIAL ROLE OF MA IN GENOMIC RNA PACKAGING
Although MA’s role in HIV-1 Gag targeting and assembly on the
PM is the best understood, there is mounting evidence that it also

plays a role in retroviral genome packaging. A recent review has
shed light on the current understanding of the functional role of
MA in genome packaging (Parent and Gudleski, 2011). Since the
MA protein is usually associated to the lipid bilayer and on the
opposite end from the NC domain, the biological importance for
the proposed MA–RNA interactions is controversial and has been
under scrutiny for a long time. Interest in assessing the functional
role of MA in genome packaging stems from earlier studies on
the interactions between HIV-1 MA and other retroviruses (e.g.,
RSV and bovine leukemia virus) with single-stranded and double-
stranded DNA and RNA (Leis et al., 1978; Darlix and Spahr, 1982;
Méric and Spahr, 1986; Steeg and Vogt, 1990; Katoh et al., 1991; Ott
et al., 2005; Alfadhli et al., 2009b; Cai et al., 2010; Ramalingam et al.,
2011). It has been shown that MA binds directly to an RNA mol-
ecule that is highly homologous to a fragment of the pol domain
(Purohit et al., 2001). The interaction interface of MA is confined
to the basic domain; substitutions in the basic residues led to weak-
ened affinity to RNA in vitro and a delay in virus replication in vivo
(Purohit et al., 2001). However, it has yet to be established whether
MA binds directly to the packaging signal (ψ) of the RNA genome.

Most recent studies by Akira Ono and co-workers revealed that
the highly basic region (HBR) in the N-terminus of MA not only
contributes to binding of PI(4,5)P2 to Gag, but is also capable of
binding to RNA (Chukkapalli et al., 2010). These results are con-
sistent with in vitro and NMR studies (Purohit et al., 2001; Hearps
et al., 2008; Alfadhli et al., 2011). Interestingly, binding of RNA to
HBR was found to inhibit association of Gag to membrane lipo-
somes in the absence of PI(4,5)P2 (Chukkapalli et al., 2010). As a
consequence, RNA was considered as a negative regulator of Gag-
membrane binding. Thus, the interplay between Gag, PI(4,5)P2,
and RNA appears to be an important aspect of Gag assembly that
has to be examined further.

THE MISSING LINK: HIV-1 Gag EN ROUTE TO THE PLASMA
MEMBRANE?
Great progress has been made in defining both the viral and cellu-
lar determinants of HIV-1 assembly and release (Chu et al., 2010).
However, the trafficking pathway used by Gag to reach its assembly
sites in the infected cell is poorly understood. There is mounting
evidence that HIV-1 Gag interacts with several cellular proteins
during the replication cycle. These include CaM (Radding et al.,
2000), the human adaptor protein complexes AP-1,AP-2, and AP-3
(Batonick et al., 2005; Dong et al., 2005; Camus et al., 2007), TIP47
(Lopez-Vergès et al., 2006), Golgi-localized gammaear containing
Arf-binding protein (GGA; Joshi et al., 2008, 2009b), ADP ribo-
sylation factor (Arf; Joshi et al., 2008), the suppressor of cytokine
signaling 1 (SOCS1; Ryo et al., 2008; Nishi et al., 2009), a lymphoid
specific Src kinase (Lck; Strasner et al., 2008), N -ethylmaleimide-
sensitive factor attachment protein receptor (SNARE; Joshi et al.,
2011), Filamin A (Cooper et al., 2011), vacuolar protein sorting-
associated protein 18 (Vps18; Tomita et al., 2011), Mon2 (Tomita
et al., 2011), and Lyric (Engeland et al., 2011). The majority of
these proteins have been implicated in retroviral assembly. Since
we are focusing on the MA protein, we will summarize the cur-
rent understanding of the proposed interactions between the MA
domain of Gag and a small selection of the proteins described
above including CaM, AP-3, TIP47, SOCS1, and Lyric.
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POTENTIAL ROLE OF CaM IN HIV REPLICATION
CaM is a ubiquitous calcium-binding protein expressed in all
eukaryotic cells. It binds to and regulates different protein targets,
thereby affecting many different cellular functions (Osawa et al.,
1999; Chin and Means, 2000; Hoeflich and Ikura, 2002; Vetter and
Leclerc, 2003; Yamniuk and Vogel, 2004; Ishida and Vogel, 2006). It
binds more than 100 proteins “specifically” (Rogers and Strehler,
1996) and is found in different subcellular locations, including
the cytoplasm, within organelles, or associated with the plasma or
organelle membranes (Osawa et al., 1999; Chin and Means, 2000;
Hoeflich and Ikura, 2002; Vetter and Leclerc, 2003; Yamniuk and
Vogel, 2004; Ishida and Vogel, 2006). CaM is perhaps one of the
most characterized cellular proteins and its interactions with pro-
teins have been extensively studied (Chattopadhyaya et al., 1992;
Finn et al., 1995; Chin and Means, 2000; Fallon and Quiocho,
2003). Binding of calcium to CaM triggers a major conforma-
tional change and helical rearrangement, enabling it to bind to
specific proteins for a specific response.

Subcellular distribution of CaM in HIV-infected cells has been
shown to be distinct from that observed in uninfected cells
(Radding et al., 1996). In vivo and in vitro studies revealed that
CaM interacts with HIV-1 Gag, Nef, and gp160 proteins (Towler
et al., 1988; Srinivas et al., 1993; Radding et al., 2000; Hayashi et al.,
2002; Matsubara et al., 2005). Pioneering studies by Hunter and
co-workers have shown that HIV-1 Gag can interact with CaM in a
calcium-dependent manner (Radding et al., 2000). Gag and CaM
colocalize in a diffuse pattern in the cytoplasm. Investigation of the
underlying mechanism of Gag–CaM interactions has gained some
momentum recently. Our lab (Ghanam et al., 2010) and others
(Chow et al., 2010) have shown that CaM binds directly to the MA
protein with 1:1 stoichiometry in a Ca2+-dependent manner. We
have also established that: (i) CaM-binding to myr(+)MA induces
a structural change that triggers myr exposure (Figure 5), (ii) the
myr group is not involved in CaM-binding, and (iii) CaM–MA
interaction is hydrophobic and entropically driven, while electro-
static interactions appear to be inconsequential (Ghanam et al.,
2010).

Radding et al. (2000) have shown that peptides from the N-
terminus of MA bind to CaM with variable affinities and in
different modes. These studies have prompted others to conduct
SAXS experiments to elucidate the global features of CaM bound
to short peptides derived from the MA protein (Izumi et al., 2008).
SAXS studies conducted on CaM complexed with full-length MA
shed light on the global features of the complex (Chow et al.,
2010). However, SAXS methods cannot provide details on the
complex interface and cannot identify specific residues that are
important for the formation and stabilization of the complex. We
have utilized NMR, biochemical, and biophysical methods to elu-
cidate the precise molecular mechanism of MA–CaM interactions
(Samal et al., 2011). In this work, we have (i) identified the inter-
action interface of CaM bound to short peptides derived from the
MA protein, (ii) shown that MA peptides bind to CaM with vari-
able affinities and diverse modes, and (iii) identified the minimal
CaM-binding domain of MA as residues 8–43 (MA-8–43).

A typical CaM-binding peptide is 15–30 residues long with
amphipathic character and a propensity to form an α-helix (Ishida
and Vogel, 2006), features that helices I and II of MA possess

FIGURE 5 | CaM-binding to MA triggers myr exposure. Surface
representation of CaM (orange) and myr(+)MA (slate) with the myr group
(red) sequestered and exposed in the free and bound states, respectively.
Spheres represent Ca2+ ions.

(Figure 6). The 36-residue long MA-8–43 peptide is perhaps one
of the largest CaM-binding motifs to be discovered. The fact that
MA-8–43 forms two helices is another striking feature of this pep-
tide since almost all known CaM-target proteins usually possess
a domain that forms only one α-helix. In many of the classical
CaM-binding targets, hydrophobic residues usually occupy con-
served positions at 1–5–10 or 1–8–14, which point to one face
of the helix (Ishida and Vogel, 2006). Although these patterns are
typically found in many CaM-binding proteins, numerous unclas-
sified examples were also identified (Ishida and Vogel, 2006). By
using a web-based tool to identify a sequence pattern with potential
CaM-binding sites (Yap et al., 2000), the region between Arg22 and
Glu40 (Figure 6) scored the highest. Scores are based on several
criteria including hydropathy, α-helical propensity, residue weight
and charge, hydrophobic residue content, helical class, and occur-
rence of particular residues. Arg22–Glu40 represents the majority
of helix II. However, this peptide does not contain a motif that
matches any of the known patterns of CaM-binding sites. Thus,
MA-8–43 is considered a novel and unclassified CaM-binding
sequence that is substantially different (in length and composition)
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FIGURE 6 | (A) Amino acid sequence of the N-terminus of MA. (B) Cartoon
representation of the NMR structure (2H3I) of myr(+)MA highlighting
helices I and II in green and red, respectively. Myr group is shown in
orange. (C) Amphipathic character of helices I and II with hydrophobic and
basic residues shown in red and blue, respectively, “A modified version of
this figure was published in the Journal of Biological Chemistry. Samal
et al., 2011; The American Society for Biochemistry and Molecular Biology.”

from all known CaM-binding domains. These findings confirm
the enormous versatility of CaM-target complex formation and
suggest a novel CaM-binding mode that requires engagement of
hydrophobic residues from both helices I and II of MA (Ghanam
et al., 2010; Samal et al., 2011).

The exact functional role of CaM in HIV replication is not
known. The observation that CaM colocalized with Gag in the

cytoplasm of the infected cell may suggest a role of CaM in
the (pre)assembly stage. Could it be that CaM facilitates Gag
transport to the PM? This is a reasonable hypothesis given the
fact that one of the major functions of CaM is shuttling pro-
teins to the PM. However, this hypothesis has yet to be tested.
One interesting characteristic of CaM is its preferential binding
to myristoylated proteins. Membrane association and dissocia-
tion of myristoylated proteins are often regulated by intracellular
Ca2+ signaling through a “Ca2+-myr switch” such as recoverin
(Tanaka et al., 1995), neurocalcin (Faurobert et al., 1996), and S-
modulin (Matsuda et al., 1998). As a consequence, intracellular
localization from the cytosol to the membrane is dependent on
Ca2+ binding (Braunewell and Gundelfinger, 1999). Other myris-
toylated proteins including myristoylated alanine-rich C kinase
substrate (MARCKS), brain-specific protein kinase C substrate
(CAP-23/NAP-22) and HIV-1 Nef interact with CaM via the myr
group to facilitate their intracellular localization and membrane
targeting (Matsubara et al., 2003, 2004, 2005). Our structural stud-
ies were the first of their kind to be conducted on binding of CaM
to a native myristoylated protein and the first to show the subse-
quent exposure of the myr group (Figure 5). The finding that the
myr group is not“grabbed”by CaM may suggest a novel functional
role of CaM in the trafficking and/or targeting of Gag to the PM
for assembly.

The functional role of CaM in the HIV replication cycle could
be rather complex since interactions with gp160 and Nef have
also been detected. Expression of the HIV-1 gp160 protein has led
to a marked increase in CaM distribution (Radding et al., 1996).
The CaM-binding region in gp160 was identified to be a heli-
cal peptide in gp41. Deletion of this region led to diminished
virus infectivity (Srinivas et al., 1993; Radding et al., 1996). On the
other hand, mutations in the cytoplasmic domain of gp41 elim-
inated co-immunoprecipitation of Env with calmodulin but had
no significant effect on viral production or Env expression (Micoli
et al., 2006). Confocal microscopy data confirmed the elevated
level of CaM distribution and also showed that CaM colocalizes
with the gp160 protein (Radding et al., 1996). Thus, the interplay
between gp160, CaM, and Gag could be important in HIV repli-
cation. Although it is reasonable to hypothesize that HIV–CaM
protein interactions may lead to disruption of CaM-dependent
cell-signaling pathways and contribute to immune dysfunction
during HIV pathogenesis, the exact functional role of CaM in
HIV replication has yet to be examined.

ROLE OF THE ADAPTOR PROTEIN COMPLEXES IN Gag
TRAFFICKING
To understand the critical steps of the molecular mechanism of
HIV assembly, it is vital to identify the cellular machinery, its
components, and how these components interact with each other
and/or the HIV proteins. Although it is widely accepted that in
most cell types HIV-1 Gag budding and assembly occur on the
PM (Hermida-Matsumoto and Resh, 2000; Jouvenet et al., 2006,
2008; Finzi et al., 2007; Li et al., 2007; Welsch et al., 2007; Gousset
et al., 2008; Joshi et al., 2009a; Ono, 2009, 2010), several research
groups have shown that late endosomal compartments can serve
as major assembly sites (Nguyen et al., 2003; Nydegger et al., 2003;
Pelchen-Matthews et al., 2003; Sherer et al., 2003; Grigorov et al.,
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2006). To further explore the assembly pathway in late endosomal
compartments, efforts focused on cellular proteins and protein
complexes that typically play roles in protein sorting to and from
the endosomal pathway. Several of these factors, which are impli-
cated in Gag trafficking and assembly have been discovered. These
include AP-1, AP-2, and AP-3 (Batonick et al., 2005; Dong et al.,
2005; Camus et al., 2007). AP-3 appears to be involved in the sort-
ing of a subset of transmembrane proteins targeted to lysosomes
and lysosome-related organelles. Studies by Spearman et al. (1997)
indicate that HIV-1 Gag binds to the δ subunit of the AP-3 complex
(Dong et al., 2005). The AP-3 binding domain in Gag is suggested
to be within the N-terminal region of MA (helix I; Figure 6). Gag
constructs lacking the MA domain failed to bind and recruit the
AP-3 complex. In addition, particle formation by WT Gag was
severely diminished by a dominant negative AP-3 δ fragment and
by siRNA depletion of AP-3, indicating that interaction between
Gag and AP-3 is essential for normal productive trafficking path-
way of Gag in the cell (Dong et al., 2005). The trafficking of Gag
to CD63-positive intracellular compartments was also eliminated
when Gag–AP-3 interaction was disrupted.

In addition to binding to Gag, the cytoplasmic tail of gp41
contains a tyrosine-based signal that has been shown to be active
in promoting clathrin-mediated endocytosis through interactions
with the μ subunit of AP-2 (Boge et al., 1998; Berlioz-Torrent et al.,
1999). This observation has led to the hypothesis that the Env pro-
tein is internalized to sorting/recycling endosome compartment
where it becomes associated with Gag (Dong et al., 2005). The
dual role of AP complexes in Env and Gag trafficking pathways
and compelling evidence for direct physical interactions between
MA and AP-3 have yet to be determined.

TIP47: ROLE IN Gag LOCALIZATION AND Env
INCORPORATION
TIP47 is an essential protein for endosome-to-TGN retrograde
transport of mannose-6-phosphate receptors, has been shown to
form a ternary complex by bridging between the Env and Gag
proteins (Lopez-Vergès et al., 2006). The interaction between Gag
and TIP47 is mediated by the MA domain. Mutations in the MA
domain of Gag that abrogate TIP47 binding were found to inhibit
Env incorporation, Env–Gag colocalization, and virus infectiv-
ity (Lopez-Vergès et al., 2006). Silencing of TIP47 was found
to impair Env incorporation and infectivity and abolished co-
immunoprecipitation of Gag and Env. Based on these findings,
it was suggested that TIP47 acts as a connector between Gag and
Env during assembly (Lopez-Vergès et al., 2006). Interestingly, sev-
eral point mutations and deletions within the first 23 residues of
MA resulted in loss of TIP47 binding and thus Env incorpora-
tion. Among these mutations were W16A and E17A. Mutations in
helix I of MA (L13, W16, E17, and K18) have been shown to block
Env incorporation (Dorfman et al., 1994; Freed and Martin, 1996;
Davis et al., 2006), which led to the suggestion that MA interacts
directly with the Env protein. Altogether, studies on TIP47 suggest
a functional role of this protein in Env incorporation and colocal-
ization of Gag and Env. However, role of TIP47 in HIV biology
remains unclear as studies conducted in other laboratories have
failed to support any role of TIP47 in particle production or virus
replication (Checkley et al., 2011).

Gag–SOCS1 INTERACTIONS
SOCS1, a member of negative regulators of cytokine signaling
(Yoshimura et al., 2007) has been recently shown to be an inducible
host-factor during HIV-1 infection and to regulate the late stages
of the virus replication pathway (Ryo et al., 2008; Nishi et al.,
2009). SOCS1 interacts with the MA and NC regions of Gag to
facilitate its intracellular trafficking and stability. The depletion of
SOCS1 caused a severe reduction in Gag trafficking and assembly
(Ryo et al., 2008). It has been also shown that SOCS1 is involved in
regulating Gag trafficking via the microtubule-dependent cellular
machinery (Nishi et al., 2009).

Genetically, SOCS family members have a central SH2 domain
and a conserved SOCS box (Yoshimura et al., 2007). Structure–
function analyses revealed that the SH2 domain is critical for
efficient binding to its substrates (Narazaki et al., 1998). Ryo et al.
(2008) reinforced these findings by showing that a mutant lacking
the SH2 domain does not bind HIV-1 Gag, whereas an N-terminus
or a SOCS1 box deletion did not affect binding to Gag in 293T cells.
Thus, elucidation of the structural requirements of Gag–SOCS1
interactions will provide insights into the functional role of SOCS1
in Gag trafficking and stability throughout the HIV replication
cycle.

LYRIC–Gag INTERACTIONS
Lyric is a ubiquitously expressed 64 kDa protein with several iso-
forms due to differential splicing, which differ in their intracellular
localization, and is normally involved in various signaling path-
ways (Thirkettle et al., 2009). Previous studies have shown that
Lyric is an HIV-inducible gene that is involved in various signal-
ing pathways and acts in a positive-feedback loop promoting HIV
replication (Thirkettle et al., 2009). A recent study has identified
Lyric as an HIV-1 Gag-interacting protein. Endogenous Lyric has
been shown to be incorporated in HIV-1 virions (Engeland et al.,
2011). Both MA and NC appear to be required for Lyric binding.
However, deleting NC and fusing MA with a GCN4 motif to drive
trimerization led to the same binding affinity to Lyric. Thus, it is
possible that Lyric binding to Gag is mostly dependent on the MA
protein but also requires multimerization. Gag-interacting region
in the Lyric protein has been mapped to a region spanning residues
101–289. Expression of this region increased Gag expression and
viral infectivity. Interestingly, the observation of Gag–Lyric inter-
actions in MMLV and EIAV (Engeland et al., 2011) suggests that
Lyric’s role in the replication cycle is probably a conserved feature
among retroviruses. Despite the experimental evidence for Gag–
Lyric interaction, the precise functional role for Lyric has yet to be
established.

SUMMARY
Several cellular factors have been proposed to interact directly
with the MA domain to facilitate Gag trafficking and assembly.
However, molecular interactions have yet to be validated and char-
acterized in most cases. Despite the tremendous progress achieved
in understanding the structural properties of Gag and its domains,
high-resolution structures of their complexes with cellular part-
ners are very limited. The discovery of new cellular factors that
bind to Gag or Gag components (Brass et al., 2008; Jäger et al.,
2011) should pave the way for further structural investigation and
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hopefully will lead to identification of novel mechanisms and/or
pathways critical for virus assembly. Such knowledge should facil-
itate the development of better approaches for the treatment of
HIV.

NOMENCLATURE
MA mutants are named based on the myr group being designated
as residue 1. In contrast, studies that performed the characteri-
zation of the mutants discussed here considered the N-terminal
Gly of the myristoylated protein as residue 1 (Freed et al., 1994;
Ono and Freed, 1999, 2004; Ono et al., 2000a; Joshi et al., 2009a;

Chukkapalli et al., 2010). Thus, the mutant names are offset by
one residue.
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Integrase (IN) is a retroviral enzyme that catalyzes the insertion of viral DNA (vDNA) into
host chromosomal DNA, which is necessary for efficient viral replication.The crystal struc-
ture of prototype foamy virus IN bound to cognate vDNA ends, a complex referred to as
the intasome, has recently been resolved. Structure analysis of the intasome revealed a
tetramer structure of IN that was required for its catalytic function, and also showed the
inhibitory mechanism of the IN inhibitor. Genetic analysis of IN has revealed additional
non-enzymatic roles during viral replication cycles at several steps other than integration.
However, the higher order structure of IN that is required for its non-enzymatic functions
remains to be delineated. This is the next major challenge in the field of IN structural biol-
ogy hoping to be a platform for the development of novel IN inhibitors to treat human
immunodeficiency virus type 1 infectious disease.

Keywords: HIV-1, integrase, reverse transcriptase, pol, reverse transcription, intasome, Gemin2

INTRODUCTION
Reverse transcription of viral RNA into double-stranded (ds)
DNA, and the subsequent insertion of the synthesized viral DNA
(vDNA) into a host chromosome, are characteristic features of
retroviruses including human immunodeficiency virus type 1
(HIV-1). The reverse transcription and integration of the viral
genome is sequentially catalyzed by the enzymes reverse tran-
scriptase (RT) and integrase (IN), respectively. These retroviral
enzymes are originally packaged in the viral particle along with
the viral genomic RNA. After synthesis of vDNA by RT, IN acts on
the termini of vDNA and catalyzes insertion of the vDNA into
the host chromosome through two sequential enzymatic reac-
tions: 3′-end processing and strand-transfer (Katz and Skalka,
1994). Currently, a clinically approved IN inhibitor specifically
targets strand-transfer activity but not 3′-end processing activity
(Summa et al., 2008). Therefore, the IN inhibitor is referred to
as a strand-transfer inhibitor (STI). The STI shows very potent
antiviral activity; however, emergence of STI-resistant variants is
inevitable (Metifiot et al., 2010), as seen in patients treated with
a combination of inhibitors against RT and protease activities.
Efforts to develop novel drugs with distinct inhibitory mechanisms
must continue so that we can effectively treat HIV-1 infections. For
development of novel IN inhibitors, in addition to its enzymatic
action, other non-enzymatic functions of IN, as described below,
might be the next target(s) (Luo and Muesing, 2010).

STRUCTURE OF HIV-1 IN
Human immunodeficiency virus type 1 IN is composed of 288
amino acids with three structurally distinct domains (Li et al.,
2011): an N-terminal domain (NTD), a central catalytic core
domain (CCD), and a C-terminal domain (CTD; Figure 1).
The NTD contains a highly conserved (His-His-Cys-Cys, HHCC)
motif, which binds to zinc ions (Zn2+) and folds a helix-turn-helix

(HTH) structure. Through a tetrahedral attachment to the HHCC
motif, Zn2+ enhances both multimerization and enzymatic activ-
ities of HIV-1 IN in vitro (Burke et al., 1992; Ellison et al., 1995;
Cai et al., 1997). The CCD contains the highly conserved Asp, Asp,
and Glu (DDE) residues directly involved in the catalytic activ-
ities of IN (Engelman and Craigie, 1992; Kulkosky et al., 1992;
LaFemina et al., 1992; Bushman et al., 1993). Overall topology
of the CCD is similar to those of ribonuclease H (RNaseH), the
Holliday junction resolvase RuvC, and bacteriophage transposase
Mu. Despite lack of sequence similarity between the CCD and
RNaseH, there is remarkable similarity in the positioning of the
two Asp catalytic residues (Dyda et al., 1994). The CTD, consist-
ing of a structure that closely resembles Src homology 3 domains
(SH3-like), possesses sequence- and metal ion-independent DNA
binding activity (Eijkelenboom et al., 1995; Lodi et al., 1995). Each
domain has been demonstrated to form a dimer and higher mul-
timerization states (Dyda et al., 1994; Eijkelenboom et al., 1995;
Cai et al., 1997), which might be required for all the enzymatic
functions of IN.

Recently, the entire prototype foamy virus (PFV) IN in a com-
plex with its cognate vDNA ends, referred to as the intasome,
has been successfully crystallized (Hare et al., 2010). The crystal
structure analysis of the PFV intasome revealed an unprecedented
tetramer structure for IN (see Cherepanov et al., 2011; Li et al.,
2011 for recent review). The IN tetramer structure observed in the
PFV intasome demonstrated that two sets of IN dimer acts on each
vDNA end (Figure 2). The inner subunits of each IN dimer contact
with vDNA and form a tetramer. The outer subunits of each IN
dimer might be speculated to have supportive or other functions,
such as engagement of target DNA or interaction with host fac-
tors. Several models for the IN tetramer have been proposed from
previous structure analysis using partial IN fragments possessing
the NTD–CCD or CCD–CTD (Chen et al., 2000; Wang et al., 2001;
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FIGURE 1 | Schematic diagram of HIV-1 IN.The genetic organization of HIV-1
is shown at the top. HIV-1 IN is encoded by the pol region and composed of
288 amino acids with three structurally distinct domains: an N-terminal domain
(NTD); a central catalytic core domain (CCD); and a C-terminal domain (CTD).
The CCD contains the highly conserved DDE motif, which is directly involved

in the catalytic activities of IN. Overall topology of the CCD is similar to that of
ribonuclease H (RNaseH). The NTD, contains a highly conserved HHCC motif,
which binds to zinc and folds a helix-turn-helix (HTH) structure. The CTD,
consisting of a structure that closely resembles Src homology 3 domains
(SH3), possesses sequence- and metal ion-independent DNA binding activity.

Hare et al., 2009a). However, these IN tetramer models are different
from those observed in the active PFV intasome (Craigie, 2010).
Stable interaction of IN with 3′-end processed vDNA in the inta-
some might be a plausible explanation for the difference. The stable
IN tetramer formation observed in the intasome reflects the IN-
DNA complex required for proper concerted integration of both
vDNA ends into the proximal sites of the target host chromoso-
mal DNA. Furthermore, analysis of the PFV intasome interacting
with the STI elucidated its inhibitory mechanism. Based on the
PFV intasome structure as a template, structural modeling of the
HIV-1 intasome has also been reported (Krishnan et al., 2010).
Structural analysis of this intasome revealed numerous details of
retroviral integration and will contribute to the design of the next
generation of HIV-1 IN catalytic inhibitors. The functional signifi-
cance of the DNA-independent IN tetramer as observed by analysis
of partial IN fragments (Chen et al., 2000; Wang et al., 2001; Hare
et al., 2009a) remains unclear (Cherepanov et al., 2011).

NON-ENZYMATIC FUNCTIONS OF IN
Originally, we found that introduction of amino acid substitutions
at conserved HHCC residues in the NTD of HIV-1 IN resulted in
almost complete abrogation of proviral DNA formation, concomi-
tant with a severe reduction in vDNA synthesis. This suggests the
mutations in the IN affected the viral life cycle at steps prior to
integration (Masuda et al., 1995). Further genetic analysis of HIV-
1 IN revealed that the pleiotropic effects of IN mutations affected
uncoating (Masuda et al., 1995; Leavitt et al., 1996; Nakamura
et al., 1997; Briones et al., 2010), reverse transcription (Engelman

et al., 1995; Masuda et al., 1995; Wu et al., 1999; Tsurutani et al.,
2000; Nishitsuji et al., 2009) nuclear import of vDNA (Gallay et al.,
1997; Tsurutani et al., 2000; Ikeda et al., 2004), and protein process-
ing during viral particle assembly and maturation (Mohammed
et al., 2011). Importantly, HIV-1 carrying point mutations at the
catalytic sites of IN (DDE) affected the integration step, but not
vDNA synthesis (Masuda et al., 1995). Thus, the pleiotropic effects
of IN mutations might not be directly related to the loss of its
catalytic function. These experiments suggest that IN may pos-
sess non-enzymatic roles throughout the viral replication cycle
(Figure 2).

Among the possible non-enzymatic roles of IN, there has been
an accumulation of evidence to suggest involvement of retro-
viral IN during reverse transcription (Engelman et al., 1995;
Masuda et al., 1995; Tsurutani et al., 2000; Lu et al., 2005; Dobard
et al., 2007). The contribution of IN during reverse transcrip-
tion has also been noticed in a retrovirus-like element of Sac-
charomyces cerevisiae, Ty3 (Nymark-McMahon and Sandmeyer,
1999; Nymark-McMahon et al., 2002). A previous study from
our laboratory showed that reverse transcription of HIV-1 was
abrogated by knocking down a host factor, survival motor neu-
ron (SMN)-interacting protein 1 (SIP1/Gemin2), which binds to
HIV-1 IN (Hamamoto et al., 2006). Gemin 2 is a component of
the SMN complex that mediates the assembly of spliceosomal
small nuclear ribonucleoproteins and nucleolar ribonucleopro-
teins (Fischer et al., 1997; Liu et al., 1997; Buhler et al., 1999;
Jablonka et al., 2001; Meister et al., 2001). In a subsequent study, we
demonstrated that HIV-1 IN and Gemin2 synergistically stimulate
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FIGURE 2 | Non-enzymatic and enzymatic roles of HIV-1 IN that help
establish proviral DNA. After entry into cells, retroviral genomic RNA
(vRNA) is reverse transcribed into DNA (vDNA) by RT. Then, vDNA is
transported into the nucleus (nuclear import) and finally integrated into host
chromosomal DNA (black lines). IN forms a functional tetramer with vDNA
ends (intasome) to assist with integration. Subsequent repair processes by
host DNA repair machinery establishes the proviral DNA, in which retrovirus
DNA is stably integrated into host chromosomal DNA. IN tetramer
structures for its enzymatic (integration) and non-enzymatic functions
(reverse transcription and nuclear import) and possible involvement of host
factors are schematically depicted. The vRNA, vDNA, and host DNA are
shown as blue, red, and black lines, respectively. An arrowhead shows the
direction of each genome from the 5′- to the 3′-end.

RT activity by enhancing the assembly of RT on viral RNA in vitro
(Nishitsuji et al., 2009). Chow and colleagues have also reported
that HIV-1 IN stimulates RT activity through physical interactions
with RT (Zhu et al., 2004). Thus, IN might possess a direct function
to support efficient reverse transcription by RT.

INSIGHT ON PUTATIVE STRUCTURE OF IN FOR ITS
NON-ENZYMATIC FUNCTION
Delineation of the IN mutant structure could provide clues for
depicting the IN conformation required for non-enzymatic func-
tions. Nuclear magnetic resonance (NMR) analysis of an isolated
NTD has shown that the NTD exists in two conformational states,
the E and D forms (Cai et al., 1997). A previous study using NMR
spectroscopy indicated that the NTD mutant protein, in which the
Tyr 15 residue was replaced with Ala (Y15A), folds correctly but

only as the E form (Nomura et al., 2006). The IN tetramer structure
was formed through interaction of NTD–CCD between the inner
subunits in the intasome (Hare et al., 2010). The residues 13–26
and 40–45 in the NTD interact extensively with residues 150–196
in the CCD of the other subunit. The importance of the NTD–
CCD interaction to form the IN tetramer has been proposed from
previous crystal structure analysis using the NTD–CCD IN frag-
ments (Wang et al., 2001; Hare et al., 2009b). As observed in these
previous analyses, the hydrogen-bond contacts between the side
chains of CCD residues Gln164 and Arg187 and the backbones
of the NTD residues Lys14 and Tyr15 also persist in the recent
structure-based model of the HIV-1 IN intasome (Krishnan et al.,
2010). HIV-1 carrying IN mutations at the Lys186, Arg187, and
Lys188 residues exhibited a reverse transcription-defective phe-
notype (Tsurutani et al., 2000) as found in the NTD mutants
including Y15A. These experimental data suggest that the func-
tional tetramer form, stabilized with the NTD–CCD interaction,
might be critical for the non-enzymatic function of IN during
reverse transcription.

IMPACT OF HOST FACTORS ON IN STRUCTURE AND
NON-ENZYMATIC FUNCTION
Numerous host factors that interact with HIV-1 IN have been
reported (Al-Mawsawi and Neamati, 2007). The best character-
ized factor is lens epithelium-derived growth factor/transcription
co-activator p75 (LEDGF/p75; Cherepanov et al., 2003) for chro-
mosomal targeting of HIV-1 IN (Maertens et al., 2003, 2004; Shun
et al., 2007). The crystal structure analysis of the PFV intasome
(Hare et al., 2010) together with results from previous studies (Li
et al., 2006; Hare et al., 2009a) suggest that synapsis formation
with DNA ends of the virus through tetramerization of IN might
be critical for proper assembly and/or a stable and functionally
active intasome. Importantly, LEDGF/p75 stabilizes the functional
tetramer of IN for its enzymatic function. Meanwhile, a reduction
of the tetramer form of IN was reproduced when wild-type IN
was expressed in cells in which endogenous Gemin2 was knocked
down by RNA interference (Nishitsuji et al., 2009). We also noticed
that the intracellular stability and multimer formation of IN, espe-
cially the tetramer formation of IN, were dramatically reduced by
IN mutations that led to a reverse transcription-defective phe-
notype. Thus, in the absence of vDNA, host factors might be
involved in forming or maintaining highly ordered structures
of IN, which is critical for non-enzymatic function. Therefore,
inhibition of the interaction between IN and host factors could
be a novel therapeutic approach for the design and develop-
ment of new classes of IN inhibitors targeting non-enzymatic
functions.

CONCLUSION
It is obvious that IN must be closely associated with the viral
genome complex to form an active intasome upon the comple-
tion of reverse transcription. Physical interaction of IN with RT
(Zhu et al., 2004; Wilkinson et al., 2009) could contribute to
keeping IN close to the viral genome complex. How is the IN
structure in the absence of vDNA before and during reverse tran-
scription maintained? What is the contribution of host factors to
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IN conformation that is required for non-enzymatic functions?
The highly ordered IN structure and/or its interface structure
for interaction with host factors required for non-enzymatic IN
function(s) should be determined.

Finally, it should be emphasized that IN mutations affecting
non-enzymatic function resulted in severe deleterious affects to
HIV-1 replication compared with IN mutations that specifically
affected catalytic activity. Clinical efficacy of the STI that blocks
IN catalytic activity guarantees that a greater impact on HIV-1

control would be achieved with a novel inhibitor that blocks the
non-enzymatic function of IN.
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The virion of HIV-1 is spherical and viral glycoprotein spikes (gp120, gp41) protrude from its
envelope. The characteristic cone-shaped core exists within the virion, caging the ribonu-
cleoprotein (RNP) complex, which is comprised of viral RNA, nucleocapsid (NC), and viral
enzymes. The HIV-1 virion is budded and released from the infected cell as an imma-
ture donut-shaped particle. During or immediately after release, viral protease (PR) is
activated and subsequently processes the viral structural protein Gag. Through this matu-
ration process, virions acquire infectivity, but its mechanism and transition of morphology
largely remain unclear. Recent technological advances in experimental devices and tech-
niques have made it possible to closely dissect the viral production site on the cell, the
exterior – or even the interior – of an individual virion, and many new aspects on virion mor-
phology and maturation. In this manuscript, I review the morphogenesis of HIV-1 virions.
I focus on several studies, including some of our recent findings, which examined virion
formation and/or maturation processes.The story of novel compound, which inhibits virion
maturation, and the importance of maturation research are also discussed.

Keywords: HIV-1, virion, maturation, Gag, RNA, morphology

INTRODUCTION
The infectious particle of virus (virion) is a very sophisticated
device since it needs to be durable enough to protect the packaged
viral genome from extracellular nucleases and other obstructions;
where it has to be subsequently dissociated appropriately in the
target cell to initiate infection.

The virion of the retrovirus, including Human Immunod-
eficiency Virus type 1 (HIV-1), is spherical with a diameter
of about 120 nm and viral glycoprotein spikes protrude from
its envelope. HIV-1 dynamically converts the interior mor-
phology of its particle during particle release, termed mat-
uration. Maturation changes the virion morphology from an
immature particle, called the donut-shaped particle, to the
mature virion; a particle that is (1) lined with viral matrix
proteins (MA), (2) containing a condensed cone-shaped core
composed of a viral capsid (CA) which finally encapsidates
the (3) RNP complex, comprised of viral RNA, NC, and
viral enzymes such as reverse transcriptase (RT) and integrase
(IN) (Frankel and Young, 1998). After the maturation, the
virus acquires ability to infect adjacent host cells and, thus,
the maturation is inevitably essential for particle infectivity.
Although much about how the process of virion maturation
contributes to achieving infectivity remain unclear, it is a well-
accepted concept that viral infectivity is fully acquired only after
complete virion maturation (Bukrinskaya, 2004). Here, I review
the morphogenesis of HIV-1 virions, focusing on studies, includ-
ing our own studies, which have examined the virion formation
and/or maturation processes. The mutual relationship between
protein processing and virion structure are discussed for a further
understanding of how virion morphology plays a key role in the
HIV-1 life cycle.

HIV-1 VIRION MATURATION PROCESS
The construction of the spherical virion of HIV-1 solely dri-
ven by the viral gag proteins. The precursor proteins of gag
(Pr55) and gag–pol (Pr160) are expressed from an unspliced full-
length viral RNA, which is targeted to the plasma membrane
by their N-terminal myristoylation and the adequate accumu-
lation of precursor proteins drive virion assembly beneath the
host cell membrane (Ganser-Pornillos et al., 2008). Many fea-
tures of the virion assembly, budding, and release processes are
largely unknown, but many host cell factors are suggested to
support and/or actively contribute to these processes (Martin-
Serrano and Neil, 2011). Several thousands of gag precursors
are required to construct the normal virion (Briggs et al., 2004),
but budded particle is not fully infectious at its current state.
To acquire infectivity, the virion must undergo a maturation
process, which is mediated by the precursor protein process-
ing by virally encoded PR (Briggs and Krausslich, 2011). Virion
maturation is believed to initiate and complete during or imme-
diately after particle release (Kaplan et al., 1994; Bukrinskaya,
2004), although it still remains unclear what triggers viral PR
activation.

The Pr55 polypeptide is composed of four protein domains –
MA, CA, NC, and p6 – and two spacer peptides, p2 and p1. The
N-to-C terminal order of the six proteins and peptides are MA–
CA–p2–NC–p1–p6, thus containing five proteolytic cleavage sites
to be processed by PR. It was previously demonstrated that the
processing rates of the five cleavage sites were not equal (Pettit
et al., 1994), where the processing rate of the cleavage site between
p2 and NC (p2/NC) is the fastest, while p1/p6 and MA/CA are
the second and the third, respectively. The processing rates of the
two remaining sites (CA/p2 and NC/p1) are much slower than
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those of the three aforementioned sites. As virion maturation is
suggested to occur during particle production, it is very difficult
to observe the exact maturation process over a time series. There-
fore, we recently constructed four sequential HIV-1 Gag mutants
in an attempt to generate a sequential series of Gag maturation
intermediates and effectively snapshoot the process of virion mat-
uration (Ohishi et al., 2011). We examined the physical states
of the RNA viral genome, including dimerization and stability,
the ability of endogenous reverse transcription and overall infec-
tivity of particles generated with these mutants. The results are
summarized in Figure 1. During the virion maturation process,
stabilization of the RNA dimer primes during the primary cleav-
age (p2–NC) of Pr55 Gag. However, the primary cleavage alone
is insufficient and the ensuing cleavages are required for complete
the uniform dimerization of viral RNA. Although endogenous
virion RT activity was fully acquired at the initial step of mat-
uration, the following processes were necessary for viral DNA
production in the infected cell, suggesting that viral RNA/protein
maturation plays a critical role for viral infectivity outside the RT
process.

MORPHOLOGICAL STUDIES OF VIRION
It is well-accepted that HIV-1 virion morphology dramatically
changes during Pr55 processing. To investigate whether the mor-
phological changes of the virion are correlated with maturation,
we examined virion morphological features generated from the
four sequential step mutants via electron microscopy (Ohishi
et al., 2011). We classified the virion morphologies into four
main groups (A, B, C, and D) based on structure of viral core
and membrane features (Figure 1). The morphology of all ΔPR
virions were typical immature particles (Group A) as demon-
strated by many previous reports (e.g., Peng et al., 1989). As
expected, virions from the Step0 mutant were very similar to
those of ΔPR, containing a thick electron-dense ring devoid of
a conical-shaped core, termed a donut-shaped morphology. The
morphologies of the WT were classified into two major groups.
One was the typical mature particle (Group D), with a conical
core surrounded by an envelope. The second was an enveloped
particle containing some amorphous structures rather than an
obvious core (Group C). Most of the virions from Step1 to
1.1 were immature (Group B), but did not have an apparent

FIGURE 1 | Schematic of morphological and biological transition of the HIV-1 virion during maturation. Stepwise features of Gag cleavage, RNA status,
and virion morphology are shown.
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electron-dense ring observed in Group A particles, along with
envelopes that were thicker than those of Group C. The virions
from Step2 contained both Group B and C particles. Figure 1
represents the schematic of morphological transition of the HIV-
1 virion during maturation. As the change from Group A to B
was characterized by the disappearance of an electron-dense ring
inside the viral membrane, the observed ring is likely composed
by the p15 (NC–p1–p6) region within Pr55. After the cleavage
at p2–NC position, the ordered array of the p15 region would
be lost and p15 would be released from inner viral membrane.
This transition was synchronous with initial dimeric RNA sta-
bilization, suggesting the release of genome RNA from a per-
imembrane localization to a space inside the virion where p15
could trigger dimer maturation. The thin-membraned virions
(Group C) became abundant after the third proteolytic pro-
cessing at the MA/CA region, represented by the Step2 mutant.
Viral membranes of Group B may appear to be thick because of
the fusion between the Pr55 CA and MA, which lines the inner
membrane.

Recent advances in analytical technology, particularly elec-
tron microscopy, enabled researchers to study the structure of
intact virions and even within the virion itself (Liu et al., 2010),
and several morphological studies about HIV-1 virion were
reported (Carlson et al., 2010; de Marco et al., 2010; Zhang
et al., 2011). Of particular note, a cryoelectron tomography
study examined the maturation process of the HIV-1 virion
(de Marco et al., 2010). Several stepwise mutants of Gag cleav-
age were constructed and the changes in virion structure that
occurred during maturation were observed. They visualized the
arrangement of Gag in three-dimensions (3D) using cryoelectron
tomography and sub-tomogram averaging. The condensation of
the RNP complex with RNA genome and viral proteins were
detected at the initial cleavage event. This inner RNA/protein
structure appears to maintain a link with the remaining Gag
lattice. Processing on both sides of CA–p2 – the main struc-
tural module of Gag – is required for disassembly of the imma-
ture Gag lattice. The results provided structural correlates of the
ordered processing events during HIV-1 maturation and were
also consistent in principle with our observations (Ohishi et al.,
2011).

Another report studied the budding process of HIV-1 (Carlson
et al., 2010). They established experimental systems to study HIV-
1 budding sites by cryoelectron tomography and observed variable
3D structures within HIV-1 virions and budding sites. By analyz-
ing these images they showed that the organization of released
immature virions is not altered to a large degree from the state of
its intracellular assembly. They also identified a novel Gag lattice
structure present at viral budding sites. It seemed to be caused by
the premature processing of Gag precursors and resulted in the
production of dead-end particles. The structures were abundant
at viral budding sites in some HIV-1 infected T-cells, suggesting
that a crucial control step during virus maturation was lost. They
suggested this loss of control might be caused by the host cell envi-
ronment and a host factor, but the significance of this phenomena
was unclear. The actin filaments were often observed around and
at the budding sites, and sometimes they appeared stuck to the
budding virions.

Although it is not clear whether actin actively contributes to the
HIV-1 budding process or not, a recent report denied the effect
of HIV-1 replication on the coherency of the actin cytoskeleton
(Weichsel et al., 2010). On the other hand, clathrin, a major player
in the formation of coated vesicles (Pearse, 1976), was reported to
facilitate the morphogenesis of retrovirus particles (Zhang et al.,
2011). Clathrin was previously thought to be only passively incor-
porated into retroviral virions (Hammarstedt and Garoff, 2004).
However in this report, abundant amounts of clathrin was shown
to be actively and specifically incorporated into retrovirus parti-
cles. In several cases, retroviral proteins contain peptide motifs for
clathrin recruitment. HIV,SIV,and other murine and simian retro-
viruses actively packaged clathrin and the prevention of clathrin
incorporation caused a variety of defects in the generation of infec-
tious virions, evidenced by viral protein destabilization, inhibition
of particle assembly/release, and reduction in virion infectivity.
The virion morphology of an SIV mutant lacking the PTAP
motif showed grossly abnormal clathrin incorporation. Virus-
producing-cells exhibited hemispherical protrusions from their
surfaces, but complete spherical particles were hardly observed via
scanning electron microscopy. In case of MLV, the virion’s ability
to saturate the TRIM5alpha (T5a) restriction factor was exam-
ined. For efficient elimination of T5a activity, the presence of an
unmodified capsid lattice was reported to be required (Pertel et al.,
2011). As expected, mutant particles lacking clathrin were approx-
imately 10-fold less active in the T5a saturation assay to that of
the WT. The finding suggested that their cores were not properly
formed, or unstable, therefore suggesting that clathrin is important
for correct MLV particle morphogenesis. These studies suggested
that clathrin might be frequently recruited by retroviruses to assist
the correct assembly of infectious virions.

ANTI-VIRAL DRUGS TARGETING FOR VIRION MATURATION
As the virion maturation process is essential for acquiring viral
infectivity, it is a reasonable target for developing anti-viral drugs
(Adamson and Freed, 2011). The principal anti-viral target of
HIV-1 maturation for many effective drugs was viral PR, (Perno,
2011) however, the emergence of drug-resistant strains in patients
undergoing drug treatments appear inevitable. In addition, mul-
tiple drug targeting a single protein such as PR often induces
the emergence of cross-resistant strains, which have very seri-
ous implications for infection dissemination and control (Lefeb-
vre and Schiffer, 2008). Thus, the development of drugs using
alternative strategies and targets may be required. An alternative
target for a maturation inhibitor is Pr55, which is the substrate
of PR (Adamson et al., 2009). The small molecule 3-O-(3′, 3′-
dimethylsuccinyl)-betulinic acid (DSB), also known as bevirimat
(BVM), PA-457, or MPC-4326, is the first maturation inhibitor,
which potently inhibits HIV-1 replication by blocking a late step of
the Gag cleavage pathway, preventing scission at the CA–p2 junc-
tion (Li et al., 2003). Although the structural study is still ongoing,
it has been demonstrated that BVM is incorporated into assem-
bling virus particles in a Gag-dependent manner (Zhou et al.,
2005) and is able to prevent cleavage of CA from p2 in the context
of premature Gag used in virion assembly assembled into virions,
but not in free Gag in solution (Li et al., 2003; Sakalian et al.,
2006). These data have led to a model where the BVM binding site
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FIGURE 2 | Mechanism of action of bevirimat. It binds to CA/p2 cleavage site of HIV-1 Pr55 to prevent processing by PR (left) and also to stabilize viral core
formation in immature status (right).

is present during Gag assembly, at or nearby the CA–p2 cleavage
site, and binding of BVM blocks PR from accessing the cleavage
site (Figure 2). When virions isolated from BVM-treated cells were
observed, the drug disrupted virion production as particles con-
tained an incomplete shell of protein density – with a structure
similar to the Gag lattice of an immature HIV-1 particle. Simi-
lar to the CA–p2 fusion mutant, BVM binding was suggested to
stabilize the immature lattice and prevent capsid maturation,effec-
tively suppressing particle infectivity (Keller et al., 2011). Although
BVM was in Phase II clinical trial to determine its use as a treat-
ment against HIV-1, several reports suggested that there was a very
low genetic barrier for resistance against BVM (Seclen et al., 2010;
Verheyen et al., 2010), eliciting concern for the continuation of its
clinical development and subsequently the pharmaceutical com-
pany has recently halted BVM development (Wainberg and Albert,
2010). Nonetheless, other pharmaceutical companies still express
strong interests in developing a second generation of maturation
inhibitor drugs, indicating a compelling demand and promising
future for these novel drugs.

CONCLUSION
The HIV-1 virion structure, as well as the processes involved in
their generation, are not fully elucidated. The virion maturation
process is one of the most challenging events to be completely
understood. It completely changes the morphology and conditions
within the virion and primes viral infectivity by properly arranging

the core, which contains the viral RNA and enzymes. Recent
advancements of tools and methodologies for experimentation
enables scientists to unveil many features of virion morphol-
ogy and its architecture. Many observations pertaining to virion
formation are waiting to be discovered and further structural
studies alongside technological improvements would be valuable
to resolve these issues. The morphological studies of the virion
will not only elucidate the lifecycle of virus replication, but will
further the understanding of drug efficacy mechanisms. In fact,
cryoelectron tomography studies provided structural correlates
of the ordered processing events during HIV-1 maturation and
shed light on the mechanism of action of BVM (de Marco et al.,
2010). Although current maturation inhibitors seem to be con-
centrated on the CA–p2 cleavage site (Salzwedel et al., 2007), there
remain four additional cleavage sites which may serve as potential
drug targets, thus underscoring the importance of studies involv-
ing virion morphology and these study cannot be overlooked in
the future.
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Human APOBEC3 (A3) proteins are cellular cytidine deaminases that potently restrict the
replication of retroviruses by hypermutating viral cDNA and/or inhibiting reverse transcrip-
tion. There are seven members of this family including A3A, B, C, DE, F, G, and H, all
encoded in a tandem array on human chromosome 22. A3F and A3G are the most potent
inhibitors of HIV-1, but only in the absence of the virus-encoded protein, Vif. HIV-1 utilizes
Vif to abrogate A3 functions in the producer cells. More specifically, Vif, serving as a sub-
strate receptor, facilitates ubiquitination of A3 proteins by forming a Cullin5 (Cul5)-based
E3 ubiquitin ligase complex, which targets A3 proteins for rapid proteasomal degradation.
The specificity of A3 degradation is determined by the ability of Vif to bind to the target.
Several lines of evidence have suggested that three distinct regions of A3 proteins are
involved in the interaction with Vif. Here, we review the biological functions of A3 fam-
ily members with special focus on A3G and base our analysis on the available structural
information.

Keywords: APOBEC3,Vif, APOBEC3G, HIV, retrovirus, ubiquitin, cytidine deaminase, structure

INTRODUCTION
During coevolution of mammalian organisms and retroelements,
the hosts have developed defense systems to restrict replication of
these elements. The restriction factors include the A3 family of
DNA cytidine deaminases, which is characterized by the presence
of one or two Zn clusters consisting of (H/C)XE(X)23–28CXXC
motifs (reviewed in Wedekind et al., 2003). In humans, there
are seven members of the A3 family (A3A, B, C, DE, F, G, and
H), each encoded in a tandem array on chromosome 22 (Jar-
muz et al., 2002; Figure 1A). Each protein has been found to have
different inhibitory effects on various retroelements that are medi-
ated by cytidine deamination and other mechanisms (reviewed in
Goila-Gaur and Strebel, 2008; Albin and Harris, 2010). In order
to overcome A3 antiviral activity, the viruses have acquired their
own strategies (Yu, 2006). HIV-1 encodes the Vif protein to coun-
teract the most potent inhibitors, human A3G (hA3G) and A3F
(Sheehy et al., 2002; Wiegand et al., 2004; Zheng et al., 2004;
Simon et al., 2005; Miyagi et al., 2010). Vif binds the A3 pro-
teins and serves as a substrate receptor to recruit the Cul5-based
E3 ubiquitin (Ub) ligase complex, which facilitates the polyu-
biquitination and subsequent proteasome-mediated degradation
(Yu et al., 2003). The elimination of A3 during virus produc-
tion prevents its encapsidation into progeny viruses. Thus, given
Vif ’s critical role in eliminating A3 function, it may be viewed as
one of the most attractive pharmacologic targets for an anti-HIV
drug, which would restore the activity of the intrinsic antiviral
factor in the context of HIV infection. Here, we briefly review
what is known about A3-Vif interactions and the subsequent

ubiquitination, based on the available biological and structural
information.

THE HUMAN A3 FAMILY OF CYTIDINE DEAMINASES
The seven members of the human A3 family have a defining fea-
ture: each protein has one or two conserved zinc (Z)-coordinating
deaminase domains. Zinc coordination is mediated by a histidine
and two cysteines, which form a catalytic center for a cytidine
deaminase activity. Based on the phylogenetic analysis, the Z
domains fall into three types: Z1 [A3A and the C-terminal half
domains (CTD) of A3B and A3G], Z2 [A3C, both halves of A3DE
and A3F, and the N-terminal domains (NTD) of A3B and A3G],
and Z3 (A3H; LaRue et al., 2009; Figure 1A). Within the Z2 types,
the domain can be further subdivided into three subgroups based
on the identity of the amino acid sequence: (1) the A3F NTD; (2)
the A3G NTD; (3) the A3F CTD (Figure 1B). Each subgroup has
highly conserved amino acid sequences. For example, A3F CTD is
77 and 88% identical to A3C and A3DE CTD, respectively, whereas
it is 42% identical to A3G NTD. As described in more detail below,
only the Z3 type (A3H) and the Z2 type (more specifically, the
A3G NTD and the A3F CTD subgroups) contain a critical inter-
face for binding HIV-1 Vif (Figure 1B). It is thought that there
is a common structural feature for the organization of cytidine
deaminases: all Z domains are believed to have a conserved core
structure composed of five β-strands (β1–β5) and six α-helices
(α1–α6; Figure 2A). Although, to date, only the three-dimensional
structure of the A3G CTD has been determined by NMR (Chen
et al., 2008; Furukawa et al., 2009) or by X-ray crystallography
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FIGURE 1 |Three types of Z domains in human A3 family. (A) Seven
members of human A3 family, encoded by human chromosome 22, are
illustrated. The protein products consist of one or two Z domains, each of
which is phylogenetically grouped into three distinct types: Z1, Z2, and Z3.
(B) Three subgroups of the Z2 domains are enclosed with dotted lines in
the phylogenetic tree. The arrows point to the domains that are responsible
for HIV-1 Vif interaction.

FIGURE 2 | Model structure of A3G NTD and location of responsible
residues for Vif interaction. (A) Ribbon diagram of the A3 core structure
for the model is depicted based on the crystal structure of the A3G CTD
(PDB ID# 3IR2). The loop regions are removed. The α helices (α1–6) and β

sheets (β1–5) are shown in red and yellow, respectively. (B,C) In the
structure model, the amino acid determinants, T32, R24, and 128DPD130, for
A3G are colored in red. The analogous residues T106 and K141 in A3F E289
and E324 (blue), and E133, corresponding to A3H E121 (green) are also
shown. The critical residues, 125YFW127, for nucleic acid binding are colored
in orange. (C) Predicted surface of the A3G NTD model is shown. All the
critical residues are predicted to be surface exposed.

(Holden et al., 2008; Shandilya et al., 2010), no structure of the Z
domain having an HIV-1 Vif interface has been solved yet.

THREE DISTINCT INTERFACES OF A3 Z DOMAINS INTERACT
WITH HIV-1 VIF
The region in A3G responsible for binding to HIV-1 Vif was ini-
tially identified by comparative studies of the species specificity of
A3G degradation by Vif. A single amino acid difference in hA3G,
aspartic acid at position 128 (D128) versus lysine in the A3G of

African green monkeys, determines species specificity by influ-
encing Vif–A3G binding (Bogerd et al., 2004; Mangeat et al., 2004;
Schrofelbauer et al., 2004; Xu et al., 2004). In addition, extensive
site-direct mutagenesis revealed that the 128DPD130 motif of A3G,
located at the loop between β4 and α4 shown in red (Figures 2B,C),
is crucial for direct binding to HIV-1 Vif (Huthoff and Malim,
2007). Furthermore, there is a report that residue T32, which may
be potentially phosphorylated by protein kinase A, is also involved
in the Vif–A3G interaction by collaborating with R24 (Shirakawa
et al., 2008). All of these critical residues are mapped on the vari-
able loop structure in proximity to the nucleic acid binding surface
(Figure 2B).

In contrast, two independent studies have shown that two C-
terminal A3F residues, E289 and E324, located in helices α3 and α4,
respectively, are critical for the interaction with HIV-1 Vif (Albin
et al., 2010; Smith and Pathak, 2010). Interestingly, in the struc-
tural model of the A3F CTD, these two residues are close to some
negatively charged surface residues although the location of these
residues is separate from 128DPD130. In accord with phylogenetic
similarities, A3F E289 and E324 are highly conserved in hA3C
(E106 and E141) and hA3DE CTD (E302 and E337). These find-
ings suggest that structural features of the Vif-binding interfaces
might be conserved among the A3F CTD, A3C, and A3DE CTD,
but different from the A3G NTD. In the case of A3H, the interface
for Vif is likely to have a surface area close to that of 128DPD130

in the A3G NTD. The A3H gene is polymorphic, with four major
haplotypes in humans. The four proteins have different levels of
antiviral activity and sensitivity to HIV-1 Vif, in which haplotype
II has the highest antiviral activity (Dang et al., 2008a; OhAinle
et al., 2008; Harari et al., 2009; Tan et al., 2009; Li et al., 2010).
By comparing the A3H variants, Zhen et al. (2010) identified a
critical residue, E121, in A3H haplotype II for binding to HIV-
1 (Figures 2B,C). Because the identity of amino acid sequences
between Z2 and Z3 types, particularly the β4–α4 loop and the α4,
is quite low, it is assumed that the putative Vif interface structure of
A3H might be different from those of the A3G NTD or A3F CTD.

RESIDUES OF HIV-1 VIF THAT ARE CRITICAL FOR BINDING A3
PROTEINS
Extensive mutational analysis of HIV-1 Vif has led to the charac-
terization of several distinct motifs in HIV-1 Vif that are required
for formation of the Cul5-based E3 Ub ligase complex and recruit-
ment of human A3 proteins (reviewed in Albin and Harris, 2010;
Figure 3). The C-terminal half of Vif contains three conserved
motifs: (1) the HCCH domain, which chelates zinc mediates the
interaction with Cul5; (2) the SLQ motif, which binds elongin C
(Elo C); and (3) the PPLP motif, which is important for Vif dimer-
ization and recruitment of A3G,albeit by an unknown mechanism.
Meanwhile, the N-terminal half of Vif is involved in the interaction
with A3 proteins. Figure 3 shows the compiled map of the critical
residues that have been identified by several groups (Schrofelbauer
et al., 2006; Tian et al., 2006; Russell and Pathak, 2007; He et al.,
2008; Zhang et al., 2008; Chen et al., 2009; Pery et al., 2009; Zhen
et al., 2010; Binka et al., 2011). Overall, it appears that the criti-
cal residues for binding to each Z domain type are discontinuous.
This suggests that the interfaces in Vif might be determined by
conformational constraints.
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FIGURE 3 | Map of critical residues in HIV-1 Vif. Important domains in Vif
(HIV-1 HXB2) are illustrated in the schematic diagram. The domains labeled
“A3,” “Cul5,” and “Elo C” are responsible for Vif’s functional interactions. The
“A3” domain is responsible for binding to A3 family proteins. The amino acid
sequence motifs, “HCCH,” “SLQ,” and “PPLP” are important for binding to

Cul5, and Elo C, and Vif dimerization, respectively. The positions and the
names of amino acid residues that were identified by several groups are
shown. The residues that were identified as important for forming an interface
with human A3 proteins are mapped in Vif, i.e., A3G (red), A3F, A3C, and
A3DE (blue), and A3H (green).

Interestingly, some residues are unique among the three types
of Z domains, suggesting that such residues might determine bind-
ing specificity. For example, K22, K26,Y30,Y40, H43,Y44, and L59
are important for interaction only with A3G, whereas the residues
W11, M16, R17, L24, V25, and W79 are required for specific inter-
actions with A3F. These residues tend to have two characteristics:
they are positively charged or hydrophobic. Interestingly, the elec-
trostatic charge of the Vif residues is mostly positive whereas the
key residues that comprise the A3 interfaces are negatively charged.
Thus, such electrostatic interactions might be one of the com-
mon features for binding between human A3 proteins and HIV-1
Vif. This could also determine the species-specific interactions
between Vif and A3 proteins, as demonstrated in the case of Vif–
A3G (Bogerd et al., 2004; Mangeat et al., 2004; Schrofelbauer et al.,
2004; Xu et al., 2004). In contrast to the aforementioned regions,
there are some aromatic or hydrophobic residues, W5, W21, W38,
W70, and W89, which are commonly responsible for binding to
two (the A3G NTD and the A3F CTD), or L64, I66,Y69, and L72 to
all types of Z domains. These regions could play fundamental roles
in maintaining the overall conformation of A3-binding interfaces
or could form a partly shared structure of the interface for either
two or all Z domains.

VIF-MEDIATED UBIQUITINATION/DEGRADATION
Information concerning the specific interaction between Vif and
A3G in the E3 Ub ligase complex suggests that there may be a
specific mechanism for Ub conjugation of the A3G protein. Pre-
viously, our studies using structure-guided mutagenesis demon-
strated that four lysine residues (K297, 301, 303, and 334) near the
C-terminal end of A3G are critical sites for HIV-1 Vif-mediated
A3G ubiquitination and degradation (Iwatani et al., 2009). The
data suggested that these sites, which are located on the oppo-
site end of A3G relative to the Vif-binding interface, might be
specifically dictated by the rigid structure of the Cul5-based scaf-
fold. In addition, the study clearly demonstrated that the addi-
tional residues, particularly lysines near the C-terminal tag of A3G
could be potential targets for Vif-induced ubiquitination. How-
ever, recently, Wang et al. (2011) showed that a detectable level of
Vif-mediated ubiquitination occurs at the N-terminus in addition

to certain lysine residues within 20 lysine residues of A3G. In
contrast, another group could detect no N-terminal ubiquitina-
tion (Dang et al., 2008b). Although these apparent contradictions
might be due to differences in the detection level of ubiquitina-
tion, it is important to consider the possibility that different tags
attached at the C-terminal end of an A3G protein could create
potential ubiquitination sites and/or mask the area where the four
lysine residues are located (Iwatani et al., 2009). Moreover, while
ubiquitination is associated primarily with the lysines in the CTD,
the observation that there is also N-terminal ubiquitination could
be of interest. The evidences of two distal ubiquitination sites in
A3G may provide important structural insight, which implies two
distinct types of structural configuration for Vif–A3G interaction.
Further studies are needed to clarify Vif-mediated ubiquitination
in the context of the E3 Ub ligase complex and to allow us to answer
the following two questions: (1) How can we rationalize the rela-
tionship between the configuration of the N-terminal end and the
proximal Vif-binding interface? (2) In particular, how can the Ub
molecules be conjugated at the N-terminus, which is predicted to
be a structurally flexible end?

CONCLUSION
Phylogenetic analyses and genetic studies of A3 and Vif have pro-
vided important evidence for three distinct types of interactions
between human A3 and HIV-1 Vif proteins, which are determined
by the characteristic Z domain types of A3G, A3F/C/DE, and
A3H. Further understanding of Vif–A3 interactions could advance
efforts to develop novel anti-HIV drugs, which would function
as anti-Vif inhibitors. Although presenting a tremendous chal-
lenge, complementary studies focusing on the structure of the
Vif-interactive A3 domain and Vif are also critical to accelerate
future progress in this field.
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The interferon-inducible host restriction factor bone marrow stromal antigen 2 (BST-
2/tetherin) blocks the release of HIV-1 and other enveloped viruses. In turn, these viruses
have evolved specific antagonists to counteract this host antiviral molecule, such as the HIV-
1 proteinVpu. BST-2 is a type II transmembrane protein with an unusual topology consisting
of an N-terminal cytoplasmic tail (CT) followed by a single transmembrane (TM) domain, a
coiled-coil extracellular (EC) domain, and a glycosylphosphatidylinositol (GPI) anchor at the
C terminus. We and others showed that BST-2 restricts enveloped virus release by bridg-
ing the host and virion membranes with its two opposing membrane anchors and that
deletion of either one completely abrogates antiviral activity. The EC domain also shows
conserved structural properties that are required for antiviral function. It contains several
destabilizing amino acids that confer the molecule with conformational flexibility to sus-
tain the protein’s function as a virion tether, and three conserved cysteine residues that
mediate homodimerization of BST-2, as well as acting as a molecular ruler that separates
the membrane anchors. Conversely, the efficient release of virions is promoted by the
HIV-1 Vpu protein and other viral antagonists. Our group and others provided evidence
from mutational analyses indicating that Vpu antagonism of BST-2-mediated viral restric-
tion requires a highly specific interaction of their mutual TM domains. This interpretation
is further supported and expanded by the findings of the latest structural modeling stud-
ies showing that critical amino acids in a conserved helical face of these TM domains are
required for Vpu–BST-2 interaction and antagonism. In this review, we summarize the cur-
rent advances in our understanding of the structural basis for BST-2 antiviral function as
well as BST-2-specific viral antagonism.

Keywords: HIV-1,Vpu, BST-2, transmembrane, restriction factor, antagonist, interaction

INTRODUCTION
As a result of exposure to viral pathogens over millions of years,
humans and other mammals evolved intrinsic immunity pro-
teins that provide resistance to infection by directly interfering
with different stages of the viral life cycle. These so-called host
restriction factors are normally induced by interferon-α (IFN-α)
during induction of the innate immune response by viral infec-
tion. A case in point is HIV-1, an extensively studied pathogen
for which four major restriction factors have been identified: the
apolipoprotein B mRNA-editing enzyme catalytic polypeptide-
like 3 (APOBEC3) family of cytidine deaminases (Sheehy et al.,
2002); the α-isoform of the tripartite motif-containing protein 5
(TRIM5α; Stremlau et al., 2004); the bone marrow stromal antigen
2 (Neil et al., 2008; Van Damme et al., 2008; BST-2, also known
as tetherin or CD317, referred to hereafter as BST-2), which is
the subject of this review article; and, more recently, SAMHD1
(Hrecka et al., 2011; Laguette et al., 2011). HIV-1, in turn, evolved
countermeasures to overcome the antiviral activity of their host
restriction factors, mainly by acquiring a series of trans-acting
viral accessory proteins, including Vif and Vpu. Vif blocks the
above-described APOBEC3 proteins that mediate extensive deam-
ination of cytosines in single-stranded viral DNA, thus halting

HIV replication. Vpu is another viral antagonist of the transmem-
brane BST-2 protein that blocks the release of enveloped viruses by
physically binding the budding viral particles to the membrane of
infected cells. Likewise, in HIV-2 and related simian immunodefi-
ciency viruses, Vpx acts as an antagonist of SAMHD1 that blocks
HIV-1 replication in dendritic and myeloid cells. It should be noted
that HIV-1 is not susceptible to human TRIM5α antiviral action
(Stremlau et al., 2004). In this review, we focus on current advances
in structure-based analyses of BST-2 and viral antagonists.

BST-2: MOLECULAR CHARACTERISTICS
BST-2 is an interferon-induced type II membrane glycoprotein of
unusual topology (Ishikawa et al., 1995; Kupzig et al., 2003), which
efficiently blocks the release of diverse mammalian enveloped
viruses by directly tethering viral particles to the membranes
of infected cells. Viruses restricted by BST-2 are found among
diverse families, including filoviruses, arenaviruses, paramyx-
oviruses (Jouvenet et al., 2009; Kaletsky et al., 2009; Sakuma et al.,
2009a; Radoshitzky et al., 2010), gamma-herpesviruses (Mansouri
et al., 2009; Pardieu et al., 2010), rhabdoviruses (Weidner et al.,
2010), and a wide array of retroviruses from several mammal host
species (Arnaud et al., 2010; Dietrich et al., 2011; Xu et al., 2011).
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A recent study characterizing a feline BST-2 ortholog reported
the protein’s strong activity against FIV particle release in vitro
(Dietrich et al., 2011). BST-2 comprises a short, 21-amino-acid
cytoplasmic N-terminal tail (CT), followed by an α-helical trans-
membrane (TM) domain, an extracellular domain (EC) that is
predominantly helical and contains an extended parallel coiled-
coil, and a C-terminal glycosylphosphatidylinositol (GPI) compo-
nent that acts as a second anchor linking the protein back to the cell
membrane (Kupzig et al., 2003; Figure 1A). This double-anchor
topology is extremely unusual and is only shared by an isoform of
the prion protein (Moore et al., 1999).

Accumulating evidence supports the view that the struc-
tural features of BST-2 are key to its antiviral activity, as dis-
cussed in detail in the following sections. In agreement with
a direct tethering mechanism, a requirement for both the TM
and GPI anchors has been found for BST-2’s antiviral activ-
ity (Neil et al., 2008; Iwabu et al., 2009; Perez-Caballero et al.,
2009). Additionally, the EC of BST-2 contains a series of impor-
tant residues that are conserved throughout the protein’s mam-
malian orthologs, and these residues are essential to the inhibition
of viral release (Van Damme et al., 2008; Andrew et al., 2009;
Sakuma et al., 2009b). Whereas the stability of BST-2 is main-
tained by disulfide-links (Hinz et al., 2010; Schubert et al., 2010),
the EC forms an extended coiled-coil domain that contains sev-
eral conserved destabilizing amino acid residues, providing the
conformational flexibility necessary for the molecule to sustain its
role as a physical tether, as described later. Salient BST-2 struc-
tural motifs important for antiviral function are summarized in
Table 1.

Based on the identification of these structural features critical
for BST-2’s antiviral activity, Perez-Caballero et al. (2009) through
domain replacement experiments, were able to show that BST-
2’s configuration rather than its primary sequence is critical for
antiviral activity. In an elegant demonstration, the authors gener-
ated a completely artificial BST-2-like protein made of structurally
similar domains from three unrelated heterologous proteins (the
TM from the transferrin receptor, the coiled-coil from dystrophia
myotonica protein kinase, and the GPI anchor from the uroki-
nase plasminogen activator receptor). Despite its lack of sequence
homology with native BST-2, this artificial protein reproduced the
latter’s antiviral activity as it was able to inhibit the release of HIV-1
and Ebola virus-like-particles.

BOTH TM AND GPI ANCHOR ARE IMPORTANT FOR THE
RESTRICTION OF VIRUS RELEASE
The TM (amino acid positions 22–43) of BST-2 is a short single-
pass α-helix that anchors the molecule to the plasma membrane,
while the GPI anchor is located at the C-terminal region of the pro-
tein (Kupzig et al., 2003). These two membrane anchors in part
determine the antiviral function of BST-2. This unusual topology
suggests a model that BST-2 directly tethers budding virions to
the membrane of infected cells. Indeed, unequivocal support for
this model has come from immunoelectron microscopy studies
demonstrating that BST-2 is associated with virions and located
between the viral and cell membranes as well as between tethered
virions (Neil et al., 2008; Fitzpatrick et al., 2010; Hammonds et al.,
2010).

FIGURE 1 |Topological characteristics of human BST-2. (A) Schematic
representation of the domain structure of BST-2, a type II transmembrane
(TM) protein. BST-2 features a short cytoplasmic N-terminus followed by an
α-helical single-pass TM domain and an extended coiled-coil extracellular
domain that is linked back to the plasma membrane by a C-terminal GPI
anchor. N -glycosylation sites and cysteine residues for disulfide-bond
formation in the extracellular domain (EC) are noted. (B–D) Topological
models of BST-2’s functional state. (B) The EC self-interaction model, in
which individual BST-2 monomers are anchored at both ends to the same
membrane, with interaction between the ECs of cell-bound and
virion-bound monomers. (C) Membrane-spanning anti-parallel model.
Monomers are anchored in both membranes with opposing orientations.
(D) Membrane-spanning parallel model. Monomers are anchored in both
membranes with the same orientation.

As shown in Table 1, two structural elements are absolutely
required for BST-2-mediated restriction of viral release; (1) the
presence of both the TM and the GPI anchor (Neil et al., 2008;
Van Damme et al., 2008; Iwabu et al., 2009; Perez-Caballero et al.,
2009); and (2) homodimer formation through EC disulfide-bond
interactions (Andrew et al., 2009; Perez-Caballero et al., 2009).
The latter is discussed in greater detail in a later section of
this review. These two elements form the basis of the two pro-
posed topological models of BST-2. In the “EC self-interaction
model (Figure 1B),” individual BST-2 monomers are anchored at
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Table 1 | Salient structural features of human BST-2.

Domain Structural motif Function Necessary for

antiviral action?

Reference

CT (1–21) YxY6–8 Clathrin-dependent internalization No Masuyama et al. (2009), Rollason et al. (2007)

DDIWK14–18 Nef recognition sequence No Yang et al. (2010a), Sauter et al. (2009), Lim et al. (2010)

K18 Putative ubiquitination site by K5 No Mansouri et al. (2009), Pardieu et al. (2010)

TM (22–43) Alpha-helix (22–43) Membrane anchor Yes Neil et al. (2008), Perez-Caballero et al. (2009), Iwabu

et al. (2009)

I34, L37, L41 Vpu recognition face No Iwabu et al. (2009), Gupta et al. (2009a), Rong et al.

(2009), McNatt et al. (2009), Kobayashi et al. (2011),

Skasko et al. (2011b)

EC (44–160) N65, N92 N-linked glycosylation No Sakuma et al. (2009a), Andrew et al. (2009), Ohtomo

et al. (1999)

C53, C63, C91 Putative disulfide-bond formation Yes Perez-Caballero et al. (2009), Andrew et al. (2009),

Hinz et al. (2010)

Coiled-coil (68–138) Molecular ruler Yes Hinz et al. (2010), Yang et al. (2010a), Swiecki et al.

(2011), Schubert et al. (2010)

C91, V95, L98, L102,

E105, V113, L116, I120,

L123, L127, V134, L137

Destabilizing residues at core hep-

tad positions

Yes

GPI anchor GPI signal peptide Membrane anchor Yes Kupzig et al. (2003), Perez-Caballero et al. (2009),

Iwabu et al. (2009)

both ends to the same membrane (cellular or viral), and interac-
tion between the EC domains of cell-bound and virion-bound
monomers is required for the restriction of virus release. The
alternative is the “membrane-spanning model (Figures 1C,D),”
in which both BST-2 end tails (TM and GPI anchor) are anchored
in different membranes (i.e., cellular and viral). Theoretically, the
BST-2 monomers in this model can be arranged in either an
anti-parallel (Figure 1C) or parallel (Figure 1D) configuration.

The first approach to resolve the topology of BST-2 involves
cleavage of the GPI anchor by treatment with the hydrolytic
enzyme phosphatidyl inositol-specific phospholipase C (Pi–PLC).
However, the enzymatic treatment does not effectively release
restricted virions from the cell membrane (Fitzpatrick et al., 2010),
supporting either a membrane-spanning anti-parallel configura-
tion (Figure 1C) or the EC self-interaction model (Figure 1B), in
which monomers would be able to remain attached to the respec-
tive membrane by the TM domain even after cleavage of the GPI
anchor.

The second approach is to evaluate the gap between the cel-
lular and viral membranes in electron microscopy studies. If the
BST-2 monomers are positioned parallel to the cellular and viral
membranes (EC self-interaction model; Figure 1B), virions would
be tethered very close to the membrane, less than 3–5 nm, as
described in (Hinz et al., 2010). However, imaging studies show
larger distances between virions and cells (Neil et al., 2008; Perez-
Caballero et al., 2009; Hammonds et al., 2010), thus supporting a
membrane-spanning model (Figures 1C,D).

The third approach to this problem has been the system-
atic determination of BST-2 function in mutational analyses. We
have previously shown that the anchoring of BST-2 through both
its N-terminal and C-terminal regions is required for antiviral
activity (Iwabu et al., 2009). Briefly, mutagenesis studies using

GPI-anchor-deleted and CD4 signal peptide chimeric versions
of BST-2, in which the protein is linked to the cell mem-
brane only through one of its ends, showed that removal of
either end abrogated the antiviral effect of BST-2 on virus
production. Therefore, we concluded that membrane bind-
ing through both the TM and GPI anchor of BST-2 is crit-
ical for its antiviral activity, supporting the model of the
membrane-spanning parallel configuration (Figure 1D). Fur-
ther evidence for this parallel-dimer model comes from the
analysis of residual BST-2 found in virions released through
proteolytic treatment with subtilisin (Perez-Caballero et al.,
2009).

Finally and more importantly, four different groups have
combined high-resolution crystallography (1.6–2.8Å), and small-
angle X-ray scattering-based modeling to determine the structures
of the entire human and murine BST-2 EC, and have shown
that BST-2 forms parallel coiled-coil arrangements (Hinz et al.,
2010; Schubert et al., 2010; Yang et al., 2010a; Swiecki et al.,
2011). Taken together, these observations suggest that the antivi-
ral state of BST-2 present at the cell membrane corresponds to
the membrane-spanning parallel configuration model as shown
in Figure 1D.

THE EC MEDIATES HOMODIMERIZATION
The BST-2 EC (amino acid positions 44–160) is predominantly
an α-helical coiled-coil structure that contains a series of residues
highly conserved among mammalian orthologs: two asparagines
that are N-linked glycosylation sites (N65, N92), and three cys-
teines (C53, C63, C91) responsible for intermolecular disulfide-
bonds that result in homodimerization (Figure 1A; Ohtomo et al.,
1999; Andrew et al., 2009). Disulfide linkage through these cys-
teine residues is critical for the restriction of HIV production
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(Table 1). Mutational analyses demonstrate that partial disulfide-
bond formation through at least one such cysteine residue is nec-
essary for the retention of antiviral activity, whereas mutations at
all three positions result in the total loss of antiviral function even
though expression of the protein at the cell membrane remains
unaltered (Andrew et al., 2009; Perez-Caballero et al., 2009; Hinz
et al., 2010), although this is not the case for filovirus or arenavirus
(Lassa virus) particles (Perez-Caballero et al., 2009; Sakuma et al.,
2009a).

Several conserved amino acids within the EC domain, which
are also thought to stabilize the dimers through weak coiled-
coil domain interactions, include two interhelical salt bridges
(E105–K106, and E133–R138) and one interhelical hydrogen bond
(N141), and contribute to stabilize the EC domain interface (Hinz
et al., 2010). Glycosylation of residues N65 and N92 was shown to
contribute to anterograde transport and correct protein folding,
but mutations in these positions had no effect on BST-2 antiviral
activity (Table 1; Andrew et al., 2009; Sakuma et al., 2009a). In
summary, all evidence thus far suggests that BST-2 EC contains a
dimeric coiled-coil that is stabilized by C53–C53, C63–C63, and
C91–C91 disulfide-bonds, with the conservation of at least one of
these, along with weak interactions within the coiled-coil domain,
and is required for dimer stability and the antiviral activity of
BST-2.

THE BST-2 EC EXHIBITS CONFORMATIONAL FLEXIBILITY
The most recent structural studies provide valuable clues to the
biological function of the EC while at the same time reconciling
the topological models of BST-2 dimer configuration with avail-
able electron microscopy data, as outlined above. Resolution of the
crystal structure of human BST-2 EC (Hinz et al., 2010; Schubert
et al., 2010; Yang et al., 2010a) together with small-angle X-ray
scattering data suggest an elongated extracellular domain form-
ing a long rod-like structure and a greatly extended EC separating
the two membrane anchors, acting as a molecular ruler with a pre-
dicted distance of 170Å (Table 1). This distance would correspond
to the predicted separation between membrane-tethered virions
and the plasma membrane of the host cells, or between tethered
viral particles, and is in agreement with the separation determined
in published electron micrographic studies. This finding seems
to be consistent with the aforementioned membrane-spanning
model (Figure 1D).

The authors of those studies also described the presence of
irregularities in the 90-Å coiled-coil motif. The irregularities arise
from the introduction of destabilizing residues (see Table 1) that
are arranged regularly in core heptad positions, i.e., amino acid
residues located at the center of the α–helix. The destabilizing
residues loosen regular coiled-coil packing increasing the pitch
and radius of the α-helix, accounting for the low stability of BST-
2’s coiled-coil under reducing conditions in vitro. These positions
are conserved throughout all available BST-2 sequences, and their
mutations result in loss of the antiviral function of BST-2 (Hinz
et al., 2010). Yet, despite this intrinsic instability, the disulfide-
bonds are still able to be formed, restabilizing the EC domains
in a dimeric form. These findings suggest that conformational
flexibility allows adaptation to the dynamic events of virion bud-
ding, while disulfide-bond-mediated dimerization prevents major

separation of the coiled-coils. Together, these two properties result
in a dynamic structure that permits dimer dissociation and resta-
bilization during the process of virion trapping (Hinz et al.,
2010; Swiecki et al., 2011). A high-resolution crystal structure of
the full-length mouse BST-2 EC confirmed the presence of an
elongated EC characteristically unstable due to the insertion of
destabilizing residues (Swiecki et al., 2011). In that study, struc-
tural and biophysical analyses of murine and human BST-2 EC
domains revealed that an unstable coiled-coil motif is evolution-
arily conserved. This evidence provides further support for the
aforementioned model of conformational flexibility.

THE GPI ANCHOR MEDIATES SURFACE LOCALIZATION AND
THE CT IS CRITICAL FOR BST-2 TRAFFICKING
BST-2 localizes both to the plasma membrane and internal com-
partments, particularly the trans-Golgi network (TGN) and recy-
cling endosomes (Kupzig et al., 2003; Rollason et al., 2007; Dube
et al., 2009; Masuyama et al., 2009; Habermann et al., 2010). At the
cell surface, BST-2 localizes into cholesterol-enriched lipid rafts,
due to its GPI anchor. This localization is implicated in the pro-
motion of clathrin-mediated endocytosis (Rollason et al., 2007;
Masuyama et al., 2009) and, importantly, it allows BST-2 to directly
interfere with the virion-release process, as lipid rafts are the pref-
erential site of budding of several enveloped viruses (Aloia et al.,
1993; Panchal et al., 2003; Waheed and Freed, 2009). This also
positions BST-2 at the virological synapse (VS; Casartelli et al.,
2010; Jolly et al., 2010; Pais-Correia et al., 2010), but its poten-
tial to restrict cell-to-cell viral spread remains controversial. With
respect to internalization and cell trafficking, it was previously
shown that rodent BST-2 is internalized from the cell surface in
a clathrin-dependent manner (Rollason et al., 2007; Masuyama
et al., 2009). Internalization requires a non-canonical dual tyrosine
motif at amino acid positions 6 and 8 of the protein’s CT (YxY6–8;
Table 1). This motif is highly conserved through all mammalian
orthologs and sequentially participates in the interaction of BST-2
with the clathrin adaptors AP-2, which mediates internalization
by endocytosis, and AP-1, which retrieves BST-2 to the TGN. The
CT domain of BST-2 indirectly interacts with the underlying actin
cytoskeleton through a series of adaptor proteins (RICH2, EBP50,
ezrin), although additional studies are required to understand the
implications of these interactions for BST-2 function (Rollason
et al., 2009).

VIRAL ANTAGONISM OF BST-2
Since BST-2 targets the lipid bilayer of the host cell, viruses cannot
evade it simply by escape mutations. Therefore, enveloped viruses
had been obliged to evolve trans-acting countermeasures specifi-
cally to overcome BST-2 restriction. Among primate lentiviruses,
three different viral gene products are known to antagonize BST-
2. In most SIV strains, the viral Nef protein antagonizes primate
BST-2, while in HIV-1 and HIV-2, the Vpu protein and the Env
glycoprotein, respectively, antagonize human BST-2. Other BST-2
antagonists include the Kaposi’s sarcoma-associated herpesvirus
(KSHV) K5 protein and the Ebola virus glycoprotein (GP). With
the exception of Ebola GP, all of these viral proteins downregulate
BST-2 at the plasma membrane, thus effectively removing it from
viral budding sites.
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HIV-1 Vpu
Just as the study of HIV-1 Vif led to the discovery of APOBEC3
as a host restriction factor (Sheehy et al., 2002), BST-2 was iden-
tified by searching for the host restriction factor antagonized by
the accessory viral protein Vpu. This 16-kDa type I transmem-
brane viral protein is a BST-2 antagonist and as such promotes
the release of HIV-1 virions (Cohen et al., 1988; Strebel et al.,
1988; Malim and Emerman, 2008). Importantly, Vpu can directly
mediate the removal of BST-2 away from its site of action on the
cell surface, although the mechanisms remain hotly debated (Van
Damme et al., 2008; Iwabu et al., 2009, 2010; Ruiz et al., 2010;
Lau et al., 2011). Thus far, it appears that Vpu recruits cellular
proteins to remove BST-2 from the surface (Figure 2A). As we
and others have shown, BST-2 downregulation by Vpu involves
a beta-transducin repeat-containing protein (β-TrCP)-dependent
mechanism (Douglas et al., 2009; Iwabu et al., 2009; Mangeat
et al., 2009; Mitchell et al., 2009; Dubé et al., 2010; Tokarev et al.,
2011); however, this only partially explains the underlying mecha-
nism, since mutations in the β-TrCP-binding motif of Vpu do not
entirely abrogate its antagonism of BST-2 (Schubert and Strebel,
1994; Van Damme et al., 2008; Iwabu et al., 2009).

Whereas several reports suggest that BST-2 downregulation in
the presence of Vpu is accomplished at least in part through pro-
teasomal degradation (Goffinet et al., 2009; Gupta et al., 2009a;
Mangeat et al., 2009), evidence obtained by our group and others
supports a model of BST-2 downregulation through lysosomal
degradation (Douglas et al., 2009; Iwabu et al., 2009; Mitchell
et al., 2009; Janvier et al., 2011). It is proposed that Vpu causes
the retention of BST-2 within endosomes by blocking its recy-
cling after endocytosis (Mitchell et al., 2009; Dubé et al., 2010; Lau
et al., 2011). Alternatively, it is hypothesized that Vpu inhibits the
membrane transport of BST-2 by causing its intracellular seques-
tration within the TGN (Dubé et al., 2010; Andrew et al., 2011; Lau
et al., 2011). We and others suggested that Vpu directly internal-
izes BST-2 from the cell surface through TM interactions leading
to lysosomes (Iwabu et al., 2009, 2010; Janvier et al., 2011; Skasko
et al., 2011a). An additional level of complexity in the BST-2 down-
regulation mechanism stems from a report that in certain cell lines
(CEMx174, H9), Vpu overexpression results in the enhancement
of virion production, but without effectively reducing the surface
levels of BST-2 (Miyagi et al., 2009). Thus, it is not yet clear how
Vpu affects the internalization, recycling, or membrane transport,
of BST-2.

Regardless of the mechanisms of Vpu-induced BST-2 down-
regulation, the ability of Vpu to bind to BST-2 is crucial for the
antagonism of BST-2-mediated restriction (Figure 2A), as evi-
denced by data showing that the anti-BST-2 activity of Vpu is
abrogated by mutations that disrupt TM-TM interaction. (Gupta
et al., 2009a; Iwabu et al., 2009; McNatt et al., 2009; Rong et al.,
2009; Skasko et al., 2011a). This interaction is highly specific
since single point mutations in either BST-2 (I34, L37, L41;
Table 1; Kobayashi et al., 2011) or Vpu (A14, A18, and W22;
Vigan and Neil, 2010) render BST-2 resistant to Vpu antagonism.
Their structural analyses showed that these residues form both
hydrophobic faces of the helices, and therefore presumably con-
tribute to their interacting surfaces. Recently, the aforementioned
residues have been shown by NMR spectroscopy to interact

directly in a membrane-embedded TM–TM interface (Skasko
et al., 2011b).

Importantly, a high degree of species-specificity characterizes
this interaction. Even though all primate BST-2 proteins are able to
block HIV-1 virion-release, non-human BST-2 proteins are mostly
insensitive to Vpu antagonism (Goffinet et al., 2009; Gupta et al.,
2009a; Jia et al., 2009; Zhang et al., 2009). Analyses of codon-
specific positive selection in the primate lineage showed that a
mutation of residue T45 in human BST-2 is sufficient to reduce
its sensitivity to Vpu (Gupta et al., 2009a). Likewise, the transfer
of amino acid positions 30–45 of the human BST-2 TM domain
into rhesus BST-2 was sufficient to render it Vpu-sensitive, while
a single I48T mutation in rhesus BST-2 conferred partial Vpu
sensitivity (Yoshida et al., 2011). These results suggest that this
specificity of HIV-1 Vpu for BST-2 depends on conserved amino
acids in the latter’s TM domain (as described above) that are
divergent between the human protein and its simian counterparts.

OTHER BST-2 ANTAGONISTS
Most of the primate lentiviruses that do not encode a Vpu protein
instead use Nef to counteract BST-2’s antiviral function (Jia et al.,
2009; Sauter et al., 2009; Zhang et al., 2009). It should be noted that
even though the primate ancestors of HIV-1, SIVcpz, and SIVgor
from chimpanzees and gorillas encode Vpu, they also use Nef to
antagonize BST-2 (Sauter et al., 2009; Yang et al., 2010b). Analo-
gous to HIV-1Vpu antagonism of human and chimpanzee, but not
other primate BST-2 proteins (Goffinet et al., 2009; McNatt et al.,
2009; Hauser et al., 2010), SIV Nef counteracts primate but not
human BST-2 orthologs. This selectivity resides in the CT of non-
human primate BST-2, which contains a discreet DDIWK14–18

sequence (Table 1) that is required for the response to SIV Nef
but is deleted in the protein’s human counterparts (Sauter et al.,
2009; Lim et al., 2010; Yang et al., 2010b). Furthermore, antag-
onism of non-human primate BST-2 is abrogated by mutations
in the myristoylation site of SIV Nef (Figure 2B; Jia et al., 2009;
Zhang et al., 2009). In addition, SIV Nef mutations that impair
CD4 and CD28 downregulation also abrogate BST-2 antagonism,
suggesting a similar mechanism of interaction (Zhang et al., 2009).
By contrast, BST-2 antagonism by some strains of HIV-2 (as well
as SIVtan from Tantalus monkeys) is mediated by the Env gly-
coprotein (Figure 2C; Bour and Strebel, 1996; Ritter et al., 1996;
Abada et al., 2005; Gupta et al., 2009b). Although the exact deter-
minants of interaction are not well understood, an endocytic motif
(GYxxφ) in the cytoplasmic region of gp41 (Boge et al., 1998) is
known to be required to bind to AP-2, triggering BST-2 downreg-
ulation (Le Tortorec and Neil, 2009), while extracellular domains
of HIV-2 Env apparently bind to the EC of BST-2. It was recently
reported that an A100D point mutation of BST-2’s EC abrogates
the HIV-2 Env-mediated block of BST-2 restriction (Gupta et al.,
2009b), supporting a model of interaction between HIV-2 Env and
the EC of BST-2.

Other BST-2 antagonists include KSHV K5 protein, which
ubiquitinates K18 residue in the CT domain of BST-2 (Table 1),
leading to reduced surface and intracellular levels of BST-2, pre-
sumably through an endolysosomal process (Figure 2D; Mansouri
et al., 2009; Pardieu et al., 2010). The Ebola virus GP2 appears
to use a novel non-sequence-specific mechanism, overcoming
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FIGURE 2 | Viral antagonists of BST-2 and their domains of interaction.
Schematic representation of BST-2 and its known antagonists. The structural
domains of interaction are indicated by red arrows. (A) HIV-1 Vpu and BST-2
interact through their mutual transmembrane (TM) domains. Key amino acid
residues involved in the interaction are depicted in the TM helices. Also
shown is the E3 ubiquitin (Ub) ligase complex required for BST-2
internalization. (B) SIV Nef recognizes the cytoplasmic (CT) domain of BST-2.
The AP-2 clathrin adaptor recruited for BST-2 internalization is also shown.

Myr, myristoylation site. (C) The envelope glycoprotein (Env) of HIV-2 and
SIVtan binds to BST-2 through their mutual ectodomains (EC), and recruitment
of AP-2 by the CT domain of Env required for internalization is also shown. (D)
Kaposi’s sarcoma-associated herpesvirus (KSHV) K5 protein that is an
ubiquitin ligase ubiquitinates a target lysine motif in the CT domain of BST-2,
resulting in its internalization. (E) The antagonistic mechanisms of the Ebola
virus (EBOV) glycoprotein (GP) are unclear, but require interaction between
GP2 subunit of EBOV–GP and BST-2 EC.

BST-2’s restriction without significant removal of the protein from
the cell surface (Figure 2E; Kaletsky et al., 2009; Lopez et al., 2010;
Kühl et al., 2011). Influenza virus is suspected of harboring an
unidentified viral antagonist against BST-2, since BST-2 expression
was unable to block replication-competent influenza virus pro-
duction but inhibited the release of influenza virus-like-particles
(Watanabe et al., 2011).

CONCLUSION
Considerable progress was made recently in understanding the
structure and function of BST-2, as well as the mechanisms
by which viral antagonists counteract its activity. Through a

combination of biological studies and structural analyses, the
functional state of BST-2 is characterized as that of a parallel
dimeric coiled-coil that, via its double-membrane anchors, physi-
cally binds budding virions to the infected cell. More importantly,
current evidence shows that the unusual structural features of
BST-2 determine its antiviral function independently of sequence
homology. The EC has a prime role acting as a molecular ruler
that separates the membrane anchors, in addition to allowing
dimerization of BST-2 and providing conformational flexibility
to sustain the protein’s function as a viral particle tether. Likewise,
loss of BST-2’s double-membrane anchoring leads to the complete
abrogation of the antiviral activity.
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Although most of the evidence presented here was obtained
from in vitro systems, a recent study using BST-2 knockout mice
has shown that BST-2 inhibited the replication and release of a
murine retrovirus in vivo, in a manner completely dependent on
IFN-α production. Additionally, BST-2 restricted viral pathogene-
sis and delayed disease progression, suggesting that it has verifiable
antiviral activity not only in vitro but also in vivo. (Liberatore
and Bieniasz, 2011). Another study using rhesus macaques has
confirmed the importance of the antagonism of BST-2 antiviral
activity by Vpu in vivo (Shingai et al., 2011). Further investigation

of the antiviral mechanisms exerted by host restriction factors,
as well as the evolution of viral countermeasures, will not only
advance our understanding of AIDS pathogenesis but also lead to
the development of therapeutic alternatives.
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Cytotoxic T lymphocyte (CTL) responses exert a suppressive effect on HIV and simian
immunodeficiency virus (SIV) replication. Under the CTL pressure, viral CTL escape muta-
tions are frequently selected with viral fitness costs. Viruses with such CTL escape muta-
tions often need additional viral genome mutations for recovery of viral fitness. Persistent
HIV/SIV infection sometimes shows replacement of a CTL escape mutation with an alterna-
tive escape mutation toward higher viral fitness.Thus, multiple viral genome changes under
CTL pressure are observed in the chronic phase of HIV/SIV infection. HIV/SIV transmission
to HLA/MHC-mismatched hosts drives further viral genome changes including additional
CTL escape mutations and reversions under different CTL pressure. Understanding of viral
structure/function and host CTL responses would contribute to prediction of HIV evolution
and control of HIV prevalence.

Keywords: HIV, SIV, MHC, cytotoxicT lymphocyte, escape mutation, viral fitness, capsid

INTRODUCTION
Virus-specific CD8+ cytotoxic T lymphocyte (CTL) responses
play a central role in the control of HIV and simian immun-
odeficiency virus (SIV) replication (Borrow et al., 1994; Koup
et al., 1994; Matano et al., 1998; Jin et al., 1999; Schmitz et al.,
1999; Goulder and Watkins, 2008). CTLs recognize viral antigen-
derived peptides (epitopes) presented by major histocompatibil-
ity class I (MHC-I) molecules on the surface of viral-infected
cells. Under the CTL pressure, viral mutations in and around
epitope-coding regions which result in viral escape from CTL
recognition are frequently selected with the cost of viral fit-
ness (Phillips et al., 1991; Borrow et al., 1997; Goulder et al.,
1997; Price et al., 1997). Thus, analysis of structural and func-
tional constraints in viral proteins could facilitate determination
of effective CTLs that can limit viral escape options, contribut-
ing to immunogen design in development of CTL-inducing AIDS
vaccines.

We previously developed an AIDS vaccine using a Sendai virus
vector expressing Gag (SeV-Gag), which induces Gag-specific CTL
responses efficiently. Our analysis showed vaccine-based con-
trol of a SIVmac239 challenge in a group of Burmese rhesus
macaques possessing the MHC-I haplotype 90-120-Ia (Matano
et al., 2004; Kawada et al., 2008). Gag206–216 (IINEEAADWDL)
epitope-specific CTL responses exert a suppressive effect on SIV
replication and select for a CTL escape mutation, GagL216S, lead-
ing to a leucine (L)-to-serine (S) substitution at the 216th amino
acid (aa) in Gag capsid (CA) with viral fitness costs (Kobayashi
et al., 2005). Our studies starting with this finding revealed viral
genome changes in persistent SIV infection, providing insights
into HIV/SIV evolution.

LOSS OF VIRAL FITNESS BY ESCAPE MUTATIONS AND ITS
RECOVERY BY COMPENSATORY MUTATIONS
In contrast to the SIVmac239 challenge experiment, 90-120-
Ia-positive vaccinees failed to control a challenge with another

pathogenic SIV strain, SIVsmE543-3 (Hirsch et al., 1997),
which has the same Gag206–216 amino acid sequence with SIV-
mac239. SIVsmE543-3 has a different amino acid (glutamate [E])
from SIVmac239 (aspartate [D]) at Gag residue 205, and this
GagD205E change resulted in escape from Gag206–216-specific
CTL recognition, leading to failure in control of SIVsmE543-
3 replication in 90-120-Ia-positive vaccinees (Moriya et al.,
2008).

Theoretically, Gag206–216-specific CTL responses can select for
either GagD205E or GagL216S mutation. SIVmac239-infected 90-
120-Ia-positive macaques, however, select the latter GagL216S
mutation but not GagD205E in a year postchallenge. This
suggests a possibility that the GagD205E substitution in SIV-
mac239 results in larger reduction of viral fitness than GagL216S.
Indeed, our analysis in vitro revealed much lower replicative
ability of the virus with this GagD205E substitution, SIV-
mac239Gag205E, compared to the wild-type SIVmac239 (Ina-
gaki et al., 2010). On LuSIV cells, which contain a luciferase
indicator gene under the control of the SIVmac239 long ter-
minal repeat, SIVmac239Gag205E infection showed significantly
lower luciferase activity compared to wild-type SIVmac239, indi-
cating suppression of the early phase of this mutant virus
replication.

Further passage of SIVmac239Gag205E-infected culture super-
natants in vitro found an additional mutation, GagV340M, result-
ing in a valine (V)-to-methionine (M) substitution at the 340th
aa in Gag. Interestingly, SIVmac239 has V while SIVsmE543-3
has M at the Gag residue 340. SIVmac239Gag205E340M showed
similar replication kinetics with wild-type SIVmac239, indicat-
ing compensation for loss of viral fitness in SIVmac239Gag205E
by addition of the GagV340M substitution. Thus, CTL escape
mutations resulting in loss of viral fitness could be selected
with compensatory mutations. Figure 1 is a schema indicat-
ing the interaction between escape and compensatory muta-
tions.
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FIGURE 1 | Schema of recovery of viral fitness by a
compensatory mutation. (A) Functional interaction between amino
acid X at residue xx and Y at residue yy in wild-type viral protein is
critical for viral replication. (B) A CTL escape mutation leading to an

amino acid change from X to U at residue xx results in loss of viral
fitness. (C) An additional compensatory mutation leading to an amino
acid change from Y to V partially or fully restores viral function and
replication.

GAG CA INTERMOLECULAR INTERACTION
The Gag CA is comprised of the N-terminal (NTD) and the C-
terminal domains (CTD) (Momany et al., 1996; Gamble et al.,
1997; Berthet-Colominas et al., 1999). Modeling of CA monomer
structure showed that the Gag 205th residue is located in the helix
4 of CA NTD and the 340th is in the loop between helices 10 and
11 of CTD. A possibility of intramolecular contact between Gag
residues 205 and 340 is not supported by this modeling. However,
CA molecules are known to form hexamer lattice in mature virions
(Ganser et al., 1999; Li et al., 2000; Ganser-Pornillos et al., 2007,
2008; Pornillos et al., 2009). Modeling of CA hexamer structure
revealed that the Gag 205th residue is located in close proximity
to the 340th of the adjacent CA molecule. The molecular model
of CA hexamers incorporating the GagD205E substitution sug-
gested shortening of the distance between Gag205 and Gag340
residues, which appeared compensated by GagV340M substi-
tution. Thus, there may be intermolecular interaction between
Gag residues 205 and 340 in CA hexamers. This is consistent
with our results obtained by viral core stability assay. The core
stability was reduced by the GagD205E substitution but recov-
ered by the GagV340M substitution. Loss of viral fitness by
GagD205E and its recovery by GagV340M implies a structural
constraint for functional interaction between CA NTD and CTD
involved in the formation of CA hexamers. In addition to pre-
vious reports on intramolecular compensation for loss of viral
fitness by CTL escape mutations (Friedrich et al., 2004a; Crawford
et al., 2007), our results present evidence indicating intermolecular
compensation.

REPLACEMENT OF A CTL ESCAPE MUTATION WITH AN
ALTERNATIVE ESCAPE MUTATION TOWARD HIGHER VIRAL
FITNESS
As stated above,SIVmac239-infected 90-120-Ia-positive macaques
usually select the Gag206–216-specific CTL escape mutation,
GagL216S, but not GagD205E in a year postchallenge. After that,
however, we found that the GagD205E mutation together with
GagV340M became dominant instead of GagL216S in a 90-120-
Ia-positive macaque (Inagaki et al., 2010). In this macaque, neither
GagD205E nor GagV340M was detected until week 123 after SIV-
mac239 challenge, but both became detectable at week 137 and
were dominant at week 150. In contrast, the GagL216S mutation
dominant until week 123 was undetectable at week 150. Thus, in
this animal, SIVmac239Gag216S, whose replicative ability is lower
than wild-type SIVmac239 but higher than SIVmac239Gag205E,
became dominant under Gag206–216-specific CTL pressure in the
early phase, while in the later phase, this mutant virus was replaced
with SIVmac239Gag205E340M, whose replicative ability is similar
with the wild-type. This indicates replacement of a CTL escape
mutation with an alternative escape mutation toward higher
viral fitness in the chronic phase, implying persistent Gag206–216-
specific CTL pressure for more than 2 years after selection of the
CTL escape mutation.

MULTIPLE VIRAL GENOME CHANGES UNDER CTL PRESSURE
In another study (Kawada et al., 2006), we observed accumu-
lation of multiple CTL escape mutations in viral genomes in
SIV-infected macaques. SeV-Gag-vaccinated animals possessing
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MHC-I haplotype 90-120-Ia elicited Gag206–216-specific CTL
responses and controlled viral replication with rapid selec-
tion of the GagL216S mutation after SIVmac239 challenge.
Among these SIV controllers, two animals (V3 and V5) accu-
mulated additional gag mutations and showed reappearance
of plasma viremia around week 60 postchallenge. Both ani-
mals first selected a Gag241–249 epitope-specific CTL escape
mutation leading to a GagD244E (aspartic acid [D] to glu-
tamic acid [E] at the 244th aa in Gag) substitution, and then,
a Gag373–380 epitope-specific CTL escape mutation leading to
a GagA373T (alanine [A] to threonine [T] at the 373rd) or
GagP376S (proline [P] to S at the 376th) substitution dur-
ing the period of viral control. At the viremia reappearance,
SIVmac239Gag216S244E247L312V373T with five gag mutations,
L216S, D244E, I247L (isoleucine [I] to L at the 247th), A312V (A
to V at the 312th), and A373T, became dominant in one of them
(V5), and SIVmac239Gag145A216S244E376S with four gag muta-
tions leading to V145A (V to A at the 145th), L216S, D244E, and
P376S became dominant in the other (V3). These viruses with
multiple gag mutations showed lower replicative ability in vitro
than SIVmac239Gag216S carrying single GagL216S mutation.
Indeed, SIVmac239Gag216S244E247L312V373T carrying five gag
mutations had lower replicative ability in vitro compared to SIV-
mac239Gag216S244E373T carrying three gag mutations. These
results suggest that selection of CTL escape mutations even with
viral fitness costs could be advantageous for viral replication in vivo
under CTL pressure.

SIV TRANSMISSION INTO MHC-MISMATCHED HOSTS
DRIVES FURTHER VIRAL GENOME CHANGES
Previous studies (Friedrich et al., 2004b; Kobayashi et al., 2005;
Loh et al., 2007) reported reversion of CTL escape mutations
in the absence of CTL pressure by transmission of SIVs carry-
ing single escape mutations between MHC-mismatched hosts.
SIVs carrying CTL escape gag mutations selected in 90-120-Ia-
positive macaques showed lower replicative ability in vitro. We
then examined in vivo replicative ability of those SIVs carrying
CTL escape mutations in 90-120-Ia-negative macaques (Seki et al.,
2008). Coinoculation of macaques with SIVmac239GagL216S and
SIVmac239Gag216S244E373T resulted in rapid selection of the
former; i.e., D244E and A373T mutations were undetectable even
in the acute phase, indicating lower replicative ability in vivo of
the latter carrying three escape mutations than the former. Rever-
sion of L216S was observed in a few months, confirming lower
replicative ability in vivo of SIVmac239Gag216S than wild-type
SIVmac239. Further competition indicated lower replicative abil-
ity in vivo of SIVmac239Gag216S244E247L312V373T carrying
five gag mutations than SIVmac239Gag216S244E373T carrying
three.

We next examined viral genome changes after challenge of
90-120-Ia-negative macaques with SIVs carrying multiple CTL
escape mutations selected in 90-120-Ia-positive macaques. Chal-
lenge with SIVs carrying five gag mutations, L216S, D244E, I247L,
A312V, and A373T, resulted in persistent viremia in all four 90-
120-Ia-negative macaques. Two animals exhibited higher viral

FIGURE 2 | Schema of HIV/SIV transmission resulting in accumulation of
multiple viral mutations. Multiple CTL escape mutations resulting in viral
fitness costs do not always revert rapidly even in the absence of CTL
pressure after their transmission into HLA/MHC-mismatched hosts and such

mutants can be transmitted further to other hosts. New escape mutations
and compensatory mutations are also observed with transmissions. Thus,
CTL affects HIV/SIV evolution in individuals with divergent HLA/MHC
polymorphisms.
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loads. One of them rapidly developed AIDS at week 18 while the
other developed AIDS 2 years postchallenge. The former showed
reversion of I247L and A312V but still had three CTL escape
mutations, L216S, D244E, and A373T at AIDS onset. The latter
showed reversion of four mutations in a year postchallenge, but
the A373T mutation remained dominant without reversion until
AIDS onset. In the remaining two animals that exhibited lower
viral loads, multiple gag mutations including L216S and D244E
were still dominant without reversion 1 year after challenge.

Thus, in the experiment of challenge with SIVs carrying mul-
tiple CTL escape mutations, the reversion of all the mutations
was not required for AIDS onset, while transmission with SIVs
carrying single CTL escape mutations showed their rapid rever-
sion. This suggests that even HIVs accumulating multiple CTL
escape mutations with viral fitness costs can induce persistent viral
infection leading to AIDS progression after their transmission into
HLA/MHC-mismatched individuals.

The reversion of the L216S mutation was delayed or not
observed after challenge with SIVs carrying multiple gag muta-
tions, whereas challenge with SIVmac239Gag216S resulted in its
reversion in a few months. This may be due to the predominant
selection of the reversion of other mutations, compensatory muta-
tions, or to lower viral replication efficiency in the former case.
Our results suggest that CTL escape mutations resulting in viral

fitness costs may not always revert rapidly after their transmission
into MHC-mismatched hosts and can be transmitted further to
other hosts, driving further viral genome changes with accumula-
tion of mutations (Figure 2). These results provide an important
insight into HIV evolution in human individuals with divergent
HLA/MHC polymorphisms.

CONCLUDING REMARKS
Cytotoxic T lymphocyte responses exert strong selective pressure
on HIV and play a central role in viral evolution (Kaslow et al.,
1996; Brander and Walker, 2003; Kiepiela et al., 2004; O’Connor
et al., 2004). Correlation of frequencies of viral epitope vari-
ants with prevalence of restricting HLA alleles has been shown,
indicating HIV adaptation to HLA polymorphisms at a pop-
ulation level (Kawashima et al., 2009). Loss of viral fitness by
CTL escape mutations may contribute to HIV control (Martinez-
Picado et al., 2006; Schneidewind et al., 2007), but our results
indicate the potential of even such HIVs with lower viral fitness
to induce AIDS progression. Elucidation of structural constraints
of viral antigens for viral function would lead to determination
of conserved, escape-resistant epitopes whose mutations largely
diminish viral replicative ability (Dahirel et al., 2011), contribut-
ing to immunogen design in development of CTL-inducing AIDS
vaccines.
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Retroviruses can cause diseases such as AIDS, leukemia, and tumors, but are also used
as vectors for human gene therapy. All retroviruses, except foamy viruses, package two
copies of unspliced genomic RNA into their progeny viruses. Understanding the molecular
mechanisms of retroviral genome packaging will aid the design of new anti-retroviral drugs
targeting the packaging process and improve the efficacy of retroviral vectors. Retroviral
genomes have to be specifically recognized by the cognate nucleocapsid domain of the Gag
polyprotein from among an excess of cellular and spliced viral mRNA. Extensive virological
and structural studies have revealed how retroviral genomic RNA is selectively packaged
into the viral particles.The genomic area responsible for the packaging is generally located
in the 5′ untranslated region (5′ UTR), and contains dimerization site(s). Recent studies have
shown that retroviral genome packaging is modulated by structural changes of RNA at the
5′ UTR accompanied by the dimerization. In this review, we focus on three representative
retroviruses, Moloney murine leukemia virus, human immunodeficiency virus type 1 and
2, and describe the molecular mechanism of retroviral genome packaging.

Keywords: retrovirus, genome, RNA, NC, structure, dimerization, packaging

INTRODUCTION
Retroviruses belong to a diverse family of RNA viruses caus-
ing various diseases, such as leukemia, tumors, demyelinization
disease, and AIDS. One unique feature of retroviruses is their
integration of reverse transcribed genome into the host chromo-
some as a provirus. Some retroviruses have been engineered to
function as vectors for the delivery of corrective human genes,
and vectors derived from the Moloney murine leukemia virus
(MoMLV) have been used for the treatment of severe combined
immunodeficiency (Nelson et al., 2003). An understanding of
the molecular mechanism of retroviral replication is needed for
the development of anti-retroviral therapies as well as retroviral
vectors.

All retroviruses, except foamy viruses, package two copies of
full-length genomic RNA into progeny viruses, the genomic RNA
having to be specifically selected from among a large amount of
spliced viral and cellular RNA (Figure 1; Berkowitz et al., 1996).
Virological and genetic studies have shown that the specific pack-
aging of retroviral genomic RNA is mediated via interaction with
the nucleocapsid (NC) domain of the Gag polyprotein (Rein,
1994; Berkowitz et al., 1996; Jewell and Mansky, 2000; Greatorex,
2004; Paillart et al., 2004b; Russell et al., 2004). Retroviral NC
domains are generally highly basic and contain one or two zinc
knuckle motifs composed of C–C–H–C arrays (Henderson et al.,
1981; Summers et al., 1990; Kodera et al., 1998; D’Souza and
Summers, 2004; Matsui et al., 2007). The zinc knuckles form a
metal-coordinating “reverse turn” stabilized by NH–S hydrogen
bonds. Most retroviral zinc knuckles contain a hydrophobic cleft
on the surface of the mini globular domain, recognizing spe-
cific structures of RNA or DNA. The basic N- and C-terminal

tails of NC domains are conformationally labile (Summers et al.,
1992).

Retroviral genomes are known to be non-covalently dimer-
ized in progeny virions (Rizvi and Panganiban, 1993). The region
responsible for retroviral genome packaging is generally located
between the splice donor (SD) site and the gag start codon in
the 5′ leader region (Watanabe and Temin, 1982; Mann and Balti-
more, 1985; Lever et al., 1989; Mansky et al., 1995; Kaye and Lever,
1999; Browning et al., 2003; Mustafa et al., 2004). Interestingly, the
packaging signal generally overlaps with the site of dimerization
(Paillart et al., 1996, 2004a; Greatorex, 2004; Hibbert et al., 2004),
implying that the packaging event is coupled with genome dimer-
ization (Russell et al., 2004). Inhibition of genome dimerization
by deletion or insertion mutations at dimer initiation sites (DIS)
causes a drastic reduction in genome packaging (Berkhout, 1996;
Paillart et al., 1996; Laughrea et al., 1997; McBride and Pangani-
ban, 1997). Moreover, studies with mutant viruses containing two
5′ untranslated region (UTR) packaged monomeric genome, indi-
cate that genome packaging is achieved by the interaction of two
5′ UTRs (Sakuragi et al., 2001, 2002). Experiments with MoMLV
have indicated that the conformational change induced by genome
dimerization causes the exposure of NC-binding sites (D’Souza
and Summers, 2004). A recent study also indicated that human
immunodeficiency virus type 1 (HIV-1) employs a similar strat-
egy for genome packaging (Lu et al., 2011a). In addition, several
structures have been determined among complexes of NC and
RNA fragments functioning in genome packaging, which provide
the molecular mechanism for retroviral genome recognition of
NC at the atomic level. In this review, we describe the molecular
mechanisms of retroviral genome packaging.
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FIGURE 1 | Illustration showing retroviral genome packaging events. The
retroviral genomic RNA is exported from the nucleus to cytoplasm and used
as the mRNA for ribosomal synthesis of the Gag and Gag–Pol polyproteins.
(A) The retroviral genomic RNA promotes conversion of the dimeric form of
genomic RNA via the NC domain of Gag. (B) The Gag and retroviral genomic

RNA complex is transported to the plasma membrane, where further
assembly and budding occur, mediated by the myristoylated MA domain of
Gag. (C) In contrast, spliced viral RNA or cellular RNA is not bound to the NC
domain of Gag or may be bound to a small number of Gag polyproteins
insufficient for trafficking to the plasma membrane.

MOLONEY MURINE LEUKEMIA VIRUS
Moloney murine leukemia virus is a simple prototypical retro-
virus, with a single splicing event producing a spliced RNA for
synthesizing Env during its life cycle. MoMLV is one of the most
extensively studied retroviruses. Nucleotides 215–565 of the 5′
UTR have been identified as a responsible site for genome pack-
aging (Ψ-site; Mann et al., 1983). The secondary structure of the
5′ UTR was determined by RNase protection assays using cross-
linking reagents combined with computational analyses such as
phylogenetic and free-energy calculations (Tounekti et al., 1992;
Mougel et al., 1993). The monomeric Ψ-site is composed of a
series of RNA stem-loops. Differences in RNase protection pat-
terns were observed for the dimeric Ψ-site (Tounekti et al., 1992;
Mougel et al., 1993; D’Souza and Summers, 2005). It was reported
that a dimerized RNA fragment containing the entire Ψ-site was
bound to a significant number of NCs (Miyazaki et al., 2010a).
Meanwhile, a mutant RNA fragment that inhibited dimerization
was bound to a few NCs. Thus, dimerization-dependent genome
packaging is strongly indicated in MoMLV.

The minimum region sufficient for genome packaging is
referred to as the core encapsidation signal (ΨCES), though a
virus containing only ΨCES exhibits less efficient packaging than
a virus containing the entire Ψ-site (Bender et al., 1987; Adam
and Miller, 1988; Murphy and Goff, 1989; Mougel and Barklis,
1997; Yu et al., 2000). ΨCES consists of three RNA stem-loops
(DIS-2, SL-C, and SL-D, see Figures 2A,B). DIS-2 harbors a palin-
dromic sequence and is able to convert heterologous extended
dimers. The structure of NC in a complex with a mutant RNA of
ΨCES mimicking the dimer-like conformation was determined by
nuclear magnetic resonance (NMR) spectroscopy (Figures 2C,D;
D’Souza and Summers, 2004). UAUCUG residues sequestered by

base-pairing in the monomeric conformation are exposed as a
linker by dimerization. NC recognizes the UCUG sequence. NC is
a highly basic protein, consisting of a zinc knuckle motif and labile
tails in both the N- and C-terminus. Biophysical study indicated
that NC specifically recognizes RNA fragments including a Py (C
or U) – Py-Py-G sequence (Dey et al., 2005). The interface of NC–
UCUG is complementary in both shape and charge (D’Souza and
Summers, 2004; Dey et al., 2005). The guanosine base attaches to
the deep hydrophobic pocket of the zinc knuckle via hydropho-
bic and hydrogen bonds. The three upstream nucleotides make
contact with hydrophobic residues on the surface of the zinc
knuckle.

SL-C and SL-D, which are part of ΨCES, promote genome
packaging (Mougel et al., 1996; Mougel and Barklis, 1997; Fisher
and Goff, 1998). Both are highly conserved among gamma-
retroviruses and contain GACG loops (Konings et al., 1992; Kim
and Tinoco, 2000; D’Souza et al., 2001). A stem loop RNA frag-
ment containing the GACG tetra-loop has a unique property (Kim
and Tinoco, 2000). The C and G (3′) residues of the loop undergo
intermolecular base-pairing (kissing interactions). This property
of the stem loop containing GACG has led to speculation that SL-
C and SL-D function in genome dimerization (Kim and Tinoco,
2000; D’Souza et al., 2001; Hibbert et al., 2004). Interestingly,
the RNA fragment of SL-C forms two alternative conformations
(one containing the GACG tetra-loop and the other, a CGAGU
loop; Miyazaki et al., 2010b). NMR data showed that SL–CD was
in a state of equilibrium between kissing and non-kissing inter-
actions even at a high sample concentration and physiological
ion-strength. The two alternative conformations of SL-C may reg-
ulate genome dimerization though the biological meaning of this
is not yet clear.
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FIGURE 2 | (A) Genomic organization of MoMLV. (B) Secondary structure of
the core encapsidation signal (ΨCES). Dimerization of DIS-2 induces a frame
shift, exposing a UCUG element as a linker. (C) Secondary structure of
mutant ΨCES that mimics the dimer-like conformation. (D) The complex of NC
and mutant ΨCES. (E) Hypothetical mechanism for the genome packaging of

MoMuLV. Upon dimerization, SL–CD exhibits a cross-kissing interaction,
promoting the proximity of NC-binding sites. The SL–CD dimer functions as a
scaffold that facilitates the Gag–Gag interaction. The ribonucleoprotein
complex is transported to the plasma membrane. Reprinted with permission
from [(A–D): D’Souza and Summers, 2004; (E): Miyazaki et al., 2010b].

The tertiary structure of a RNA fragment of a SL–CD mutant
locking to form a single conformation containing the GACG terra-
loop was determined by NMR spectroscopy and confirmed by
Cryo-electron tomography (Miyazaki et al., 2010b). The struc-
ture revealed that SL–CD is dimerized by intermolecular cross-
kissing (SL-C to SL-D′ and SL-D to SL-C′). These intermolecular
cross-kissing interactions were also proposed based on selective
2′-Hydroxyl acylation analyzed by primer extension (SHAPE;
Gherghe and Weeks, 2006; Gherghe et al., 2010). In addition, SL-C
and SL-D stack end to end. Consequently, the two residues at the
5′-end of the SL–CD dimer are separated by ∼20 Å. There are two
UCUG sequences just upstream of SL-C. The intermolecular kiss-
ing interactions of SL-C and SL-D induce the proximity of four

of the NC-binding sites. The genomic RNA has been suggested to
promote the retroviral Gag/Gag interaction (Dawson andYu, 1998;
Burniston et al., 1999; Campbell and Rein, 1999; Cimarelli et al.,
2000; Sandefur et al., 2000; Khorchid et al., 2002; Huseby et al.,
2005). Both the DIS DIS-1 and DIS-2 are followed by two UCUG
elements. The abundance and proximity of exposed UCUG and
related elements within the dimeric 5′ UTR may facilitate Gag–Gag
interactions (Figure 2E).

Of note, a totally different monomeric structure for a por-
tion of the Ψ-site (nucleotides 205–374) was proposed based on
SHAPE (Gherghe and Weeks, 2006), where the RNA region span-
ning nucleotides 231–315 forms a large stem-loop structure, which
contains residues corresponding to DIS-2. SL-C also differed from
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the structure previously reported, where the bottom of the stem is
unstructured. It is suggested that the intermolecular kissing inter-
actions of SL-C and SL-D induce the conformational change of
SL-C and promote the dimerization of DIS-2. The difference in
RNA structures may be due to the difference of RNA fragments
used in those studies.

HUMAN IMMUNODEFICIENCY VIRUS TYPE 1
Virological studies have indicated the HIV-1 5′ leader region
including the entire 5′ UTR and a portion of the gag coding
region to be involved in genome packaging (Lever et al., 1989;
Aldovini and Young, 1990; Clavel and Orenstein, 1990; Poznansky
et al., 1991; Buchschacher and Panganiban, 1992; Kim et al., 1994;
Luban and Goff, 1994; Parolin et al., 1994; Berkowitz et al., 1995;
McBride and Panganiban, 1996, 1997; McBride et al., 1997; Harri-
son et al., 1998; Helga-Maria et al., 1999; Clever et al., 2002; Russell
et al., 2002; Sakuragi et al., 2003, 2007). The 5′ leader RNA con-
sists of a series of RNA stem-loops referred to as the transacting
responsive element (TAR), primer-binding site (PBS), polyadeny-
lation signal [poly(A)], DIS, SD, and residues spanning the gag
start codon (AUG; Figure 3; Hayashi et al., 1992, 1993; Baudin
et al., 1993; Skripkin et al., 1994; Clever et al., 1995; McBride and
Panganiban, 1996, 1997; Clever and Parslow, 1997; Harrison et al.,
1998; Damgaard et al., 2004; Wilkinson et al., 2008; Watts et al.,
2009). It has been suggested that an RNA fragment of the 5′ leader
RNA has two alternative conformations, whose secondary struc-
ture has been determined by chemical probing assays (Berkhout
and van Wamel, 2000). One conformation is referred to as the long
distance interaction (LDI) structure, in which the residues of DIS
are base-paired with those of poly(A) and SD. The other confor-
mation is referred to as the branched multiple hairpin structure
(BMH), in which the residues of DIS, SD, and Ψ form a stem-loop
structure as indicated before (Huthoff and Berkhout, 2001). In
addition, the residues of AUG form base-pairs with the residues
of the unique 5′ region (U5). Of note, it has been proposed a lot
of secondary structural models for the 5′ leader (Lu et al., 2011b).
NC catalyzes LDI to BMH. DIS is exposed as a stem-loop in BMH,
which promotes the kissing dimer conformation and following the
genome packaging event. However, the BMH structure is mostly
observed in HIV-1-infected cells, but the LDI structure fails to be
detected (Paillart et al., 2004a). Thus, the biological significance of
the BMH/LDI riboswitch model remains to be elucidated.

RNA fragments of DIS, SD, Ψ, and AUG have been studied
extensively since the region from DIS to AUG was initially identi-
fied as a Ψ-site (Lever et al., 1989; Aldovini and Young, 1990; Clavel
and Orenstein, 1990; Poznansky et al., 1991; Harrison and Lever,
1992; Kim et al., 1994; McBride and Panganiban, 1996, 1997; Har-
rison et al., 1998). The RNA fragments of SD and Ψ are bound
to NC with high affinity (Clever et al., 1995; Amarasinghe et al.,
2000a,b), whereas the RNA fragments of DIS and AUG are bound
to NC with relatively low affinity (Darlix et al., 1990; Amaras-
inghe et al., 2001; Lawrence et al., 2003). The RNA fragment of Ψ

is bound to NC with the highest affinity (K d = 100 nM) among
these four RNA fragments (Amarasinghe et al., 2000b). Deletion
or destabilization of the stem of Ψ results in a significant reduc-
tion in genome packaging efficiency (Clever and Parslow, 1997;
McBride and Panganiban, 1997). This indicates that the stem-loop

FIGURE 3 | (A) Genomic organization of HIV-1. (B) The latest model for
HIV-1 genome packaging. Conformational change of RNA in the 5′ leader
region regulates genome dimerization and genome packaging. The
stem-loop structure of AUG causes sequestering of DIS via long range
interaction with the residues of U5, resulting in the inhibition of HIV-1
genome dimerization (left). In this conformation of the 5′ leader RNA, a
small number of NCs are capable of binding the 5′ leader RNA. In contrast,
the interaction of AUG with U5 residues promotes genome dimerization via
exposure of DIS (center). In this conformation of the 5′ leader RNA, a
greater number of NCs are capable of binding the 5′ leader RNA. The
different RNA elements in the 5′ leader region are color coded: DIS (red),
SD (blue), Ψ (orange), and AUG (green).

structure of Ψ is important for genome packaging. Ψ consists of a
GGAG tetra-loop and a stem. The structure of the ribonucleopro-
tein complex NC–Ψ has been determined by NMR spectroscopy.
Guanosine residues of the GGAG tetra-loop are inserted into the
hydrophobic clefts of both the N- and C-terminal zinc knuckles
(De Guzman et al., 1998). The adenosine residue of the loop packs
against the N-terminal zinc knuckle and an N-terminal alpha-helix
domain binds to the major groove of the RNA stem. Thus, over-
all, NC residues are involved in binding with Ψ RNA, by which
the tight binding of NC–Ψ is achieved. In addition, the intra-
molecular interaction of two zinc knuckles may help to stabilize
the complex of NC and Ψ RNA.

The RNA fragment of SD is also bound to NC with high affinity
though the binding is slightly weaker than that of Ψ (Amarasinghe
et al., 2000a). SD RNA contains a GGUG tetra-loop and a stem
containing a characteristic AUA triple base-pairing structure. All
guanosine residues of the loop inserted into the hydrophobic clefts
of zinc knuckles as observed in the complex of NC and Ψ RNA.
A major structural difference between the NC and SD RNA com-
plex and the NC and Ψ RNA complex is the orientation of the
N-terminal alpha-helix domain of NC. The domain does not stick
into SD RNA and is exposed outside of SD RNA. The N-terminal
zinc knuckle interacts with an AUA triple base-pairing motif in
the minor groove of the SD RNA stem. A mutant virus with a
disrupted lower stem structure of SD exhibited a 20% reduction
in genome packaging compared with the wild-type virus, despite
the robust binding of Ψ RNA and NC (McBride and Panganiban,
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1997). Further study will be needed to clarify the link between the
tight binding of SD RNA with NC and its biological relevance.

Dimer initiation site contains a GC-rich palindromic sequence
and an inner bulge (G-AGG) in the middle of the stem. This inner
bulge is recognized by NC. As described above, guanosine residues
not in base-pairs possibly play an important role in the binding to
NC (Mihailescu and Marino, 2004). However, the binding affin-
ity of NC–DIS is relatively weak (approximately five times weaker
than that of NC–SD/ Ψ; Lawrence et al., 2003). NC catalyzes the
conversion of DIS from a kissing dimer to a more stable extended
duplex conformation (Darlix et al., 1990; Feng et al., 1996). Viro-
logical studies have suggested that interaction between the two
5′ UTR is required for genome packaging (Sakuragi et al., 2001,
2002). A very recent study indicated that genome dimerization is
controlled by a unique strategy (Figure 3B). RNA containing the
entire 5′ UTR and the first 21 residues of the gag coding region
forms two alternative conformations (Lu et al., 2011a). In one con-
formation, DIS is sequestered via a long range interaction with U5,
which inhibits genome dimerization. In the other conformation,
DIS is exposed by release from the interaction with U5, which
promotes genome dimerization.

AUG was believed to form a stem-loop structure, consisting
of a GAGA tetra-loop and an unstable short stem containing two
wobble G–U base-pairs (Amarasinghe et al., 2001). The GAGA
tetra-loop is a type of GNRA (N is A, C, G, or U; R is A or G)
tetra-loop, which is frequently observed in ribosomal RNA. GNRA
tetra-loop helps fold stem-loops, and one Watson–Crick base-pair
is enough to close off the RNA fragment. However, it has been
suggested that AUG does not form a stem-loop structure and a
portion of the residues of AUG may have a long range interaction
with the residues of U5 as indicated in the BMH structure (Abbink
and Berkhout, 2003; Damgaard et al., 2004; Spriggs et al., 2008;
Wilkinson et al., 2008; Watts et al., 2009). Studies using deletion
mutants indicate that the entire 5′ UTR and gag coding regions
are important for genome packaging (Buchschacher and Pangani-
ban, 1992; Luban and Goff, 1994; Parolin et al., 1994; Clever et al.,
2002; Russell et al., 2002). Evidence of the importance of long
range interactions for genome packaging was reported recently
(Figure 3B; Lu et al., 2011a). It shows that AUG regulates genome
dimerization. AUG forms two alternative conformations. One is
a stem-loop conformation as initially suggested. The other is a
complex with the residues of U5. The interaction of AUG with
U5 leads to the exposure of DIS, promoting genome dimerization.
Of note, when the residues of AUG form a stem-loop structure,
in which the dimerization of the 5′ leader RNA is inhibited, a
small number of NCs can bind the 5′ leader RNA (Figure 3B).
On the other hand, when the residues of AUG interact with the
residues of U5, a greater number of NCs can bind the 5′ leader
RNA. Thus, AUG has a critical role in genome dimerization and
genome packaging. In addition, it is suggested that the residues
ranging from the end of Ψ to the start of AUG form base-pairing
with the residues of the 3′ terminus of PBS. That is also proposed
by earlier work Lu et al. (2011b). In fact, Sakuragi et al. (2003,
2007) indicate these residues are indispensable both for genome
dimerization and genome packaging in vivo.

It is suggested that the HIV-1 genome’s dimerization and
packaging are controlled by dynamic changes of the 5′ leader’s

conformation as indicated in MoMLV (D’Souza and Summers,
2004; Miyazaki et al., 2010a; Lu et al., 2011a). Ψ is indicated to
be important for genome packaging, however, it is not clear how
Ψ works in the model suggested by Lu et al. (2011a). This will
be the next question to answer for a better understanding of the
molecular mechanism of HIV-1 genome packaging.

HUMAN IMMUNODEFICIENCY VIRUS TYPE 2
Human immunodeficiency virus type 2 (HIV-2) is one of two
human lentiviruses that can cause AIDS. HIV-1 and HIV-2 exhibit
approximately 55% nucleotide sequence identity. However, they
differ significantly in their 5′ UTR. For example, the 5′ UTR of
HIV-2 (HIV-2ROD) consists of 535 nucleotides, whereas that of
HIV-1 (HIV-1NL432) consists of 335 nucleotides. The 5′ leader
RNA of HIV-2 contains three unique RNA elements referred to as
Ψ-1, Ψ-2, and Ψ-3 in addition to a series of RNA stem-loops, TAR,
poly(A), PBS, DIS, SD, and AUG, those are commonly observed
in the 5′ leader of HIV-1 (Figure 4; Berkhout, 1996). The struc-
ture of HIV-2 NC also exhibits some different features. A major
difference in NC between HIV-2 and HIV-1 is the structure of the
N-terminal flanking domain (Berkhout, 1996; Jewell and Mansky,
2000; Matsui et al., 2009). The N-terminal domain of HIV-1 NC
forms an alpha-helix, whereas that of HIV-2 NC is too short to
do so. Another difference is the intra-molecular interaction of two
zinc knuckles of HIV-2 NC, by which HIV-2 NC forms a more
globular structure than HIV-1 NC. These structural differences of
NCs between HIV-1 and HIV-2 may affect RNA recognition.

It has been suggested that Ψ-3 can be bound to NC (Tsuka-
hara et al., 1996; Damgaard et al., 1998). A study using RNase
protection assays suggested that the NC–Ψ-3 ribonucleoprotein
exhibited strong protection at the loop of Ψ-3. This was supported
by NMR experiments. The guanosine residue of the UUAGAC
loop is inserted into the hydrophobic cleft of the C-terminal zinc
knuckle (Matsui et al., 2009). The N-terminal zinc knuckle does
not bind the RNA fragment of Ψ-3. However, virological study has
suggested that Ψ-3 is not essential for either genome dimerization
or genome packaging (McCann and Lever, 1997). In agreement
with that, a recent study showed that NC binds the RNA fragment
of Ψ-3 with 100 times lower affinity than HIV-1 NC binds the
RNA fragment of HIV-1 Ψ (Purzycka et al., 2011).

The RNA fragment of DIS is bound to NC with high affinity
(K d = 100 nM), equivalent to the affinity of HIV-1 Ψ RNA and the
cognate NC (Purzycka et al., 2011). HIV-2 NC recognizes the inner
bulge of DIS, and does not bind to the loop. HIV-1 DIS is weakly
bound to the cognate NC (Lawrence et al., 2003; Andersen et al.,
2004). Interestingly, HIV-2 TAR and poly(A) is bound to the NCs
with relatively high affinity (TAR–NC Kd = 450 nM, poly(A) –
NC Kd = 550 nM). All the tight NC-binding sites [DIS, TAR, and
poly(A)] are located upstream of SD. The regions responsible
for the genome packaging of retroviruses are generally located
downstream of SD, by which the genomic RNA is selectively
packaged from an excess amount of spliced viral RNA. It is sug-
gested that HIV-2 genome packaging is primarily mediated by cis
packaging mechanism (Kaye and Lever, 1999; Griffin et al., 2001;
L’Hernault et al., 2007). The Gag packages genomic RNA from
which it is translated. Therefore, the HIV-2 Gag is not required
to distinguish the genomic RNA from viral spliced RNAs. Recent
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FIGURE 4 | (A) Genomic organization of HIV-2. (B) Representative secondary
structures predicted for the 5′ UTR of HIV-2. Variations among recent
predictions for AUG (green) are shown. The residues of AUG have been
suggested to form a stem-loop structure and show long range interaction

with the residues of U5. It has been suggested that HIV-2 genome’s
dimerization is employed the same mechanism as HIV-1. However, it remains
to be clear whether NC preferentially binds the 5′ leader RNA containing the
U5–AUG interaction.

studies, however, indicated that HIV-2 genome packaging is pri-
marily mediated by trans packaging mechanism (Ni et al., 2011).
TAR contains a palindromic sequence and has been suggested
to form a dimer (Berkhout et al., 1993; Andersen et al., 2004).
The dimerization of TAR may also function for efficient genome
packaging. Further study will be needed to determine how the
RNA elements located upstream of SD are involved in genome
packaging.

Despite significant differences in the recognition of NC by the
5′ leader RNA, HIV-1, and HIV-2 may employ similar mecha-
nisms for genome packaging. Dirac et al. (2002) observed that the
RNA fragment of the 5′ leader region forms two alternative con-
formations as observed for the HIV-1 RNA fragments of the 5′
leader region. The long range interaction of U5–AUG is observed
for the BMH conformation though it is not clear whether the
LDI/BMH riboswitch mechanism is utilized for genome packag-
ing in vivo. Recent study also indicated the U5–AUG interaction
by SHAPE analysis (Purzycka et al., 2011). Of note, it is sug-
gested that the U5–AUG interaction regulates the HIV-2 genome
dimerization as indicated in HIV-1 (Baig et al., 2008). Lu et al.
(2011a) suggest that the 5′ leader RNA containing the U5–AUG
interaction of HIV-1 is preferentially bound to the cognate NC.
A major question is whether the U5–AUG interaction of HIV-2
also promotes the NC-binding to the 5′ leader RNA (Figure 4B).

Phylogenetic and computational analyses suggested that the U5–
AUG long range interaction is widely conserved among retro-
viruses (Damgaard et al., 2004). The long range interaction of
U5–AUG may be important for retroviral genome dimerization
and genome packaging.

PERSPECTIVES
It has been indicated that the MoMLV NC domain of Gag binds
predominantly to dimeric genomes (D’Souza and Summers, 2004;
Miyazaki et al., 2010a). HIV-1 was indicated to have a similar
system (Lu et al., 2011a). MoMLV showed proximal NC-binding
motifs in ΨCES, implying that Gag–Gag multimerization is initi-
ated by genomic RNA (Miyazaki et al., 2010b). A major question
is whether the proximity of NC-binding motifs is observed for
other retroviruses such as HIV-1 and HIV-2. In addition, is the
proximity of NC-binding motifs essential for retroviral genome
packaging? Further study for these questions will lead to a better
understanding for the molecular mechanism underlying retroviral
genome packaging.
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Aptamers generated from randomized libraries of nucleic acids have found utility in a wide
variety of fields and in the clinic. Aptamers can be used to target both intracellular and extra-
cellular components, including small molecules, proteins, cells, and viruses. With recent
technological developments in stringent selection and rapid isolation strategies, it is likely
that aptamers will continue to make an impact as useful tools and reagents. Although many
recently developed aptamers are intended for use as therapeutic and diagnostic agents,
use of aptamers for basic research, including target validation, remains an active area with
high potential to impact our understanding of molecular mechanisms and for drug discov-
ery. In this brief review, we will discuss recent aptamer discoveries, their potential role in
structural virology, as well as challenges and future prospects.

Keywords: aptamer, therapeutic and diagnostic agents, structural virology, research tools

INTRODUCTION
Aptamers are in vitro selected nucleic acid molecules that bind
to a broad range of targets with high affinity and specificity. The
basic isolation process, termed “systematic evolution of ligands
by exponential enrichment” or SELEX (Ellington and Szostak,
1990; Robertson and Joyce, 1990; Tuerk and Gold, 1990), uti-
lizes a large initial pool of randomized nucleic acids from which
high affinity binders are isolated and enriched through subsequent
rounds of selection (Figure 1). Different in vitro isolation strate-
gies can be used to generate aptamers against many diverse targets
under different selection and counter selection conditions, lead-
ing to facile identification of aptamers that bind targets ranging
from a few atoms (small molecules) to many atoms (macromol-
ecules) to intact cells and viruses. Most aptamers characterized
to date are single stranded DNA or RNA molecules ranging
from 20 to 90 bases, although longer aptamers have been gen-
erated. These single stranded polynucleotide sequences can fold
into a variety of secondary structural elements, including dou-
ble stranded RNA (dsRNA) or dsDNA, stem loops, pseudoknots,
kinks, and bulges, providing multiple recognition surfaces for
target binding.

Aptamers are often compared to antibodies, due to the high
specificity for their targets generated through stringent in vitro
selection. However, aptamers have notable advantages over anti-
bodies, including low immunogenicity and the potential for chem-
ical derivatization to enhance in vivo stability and bioavailability
(Jellinek et al., 1995; Chelliserrykattil and Ellington, 2004; Kato
et al., 2005). The aptamer selection process can be carried out
in as little as 2–4 weeks, which is significantly shorter compared
to antibody development (months). Since the initial description
of the SELEX process over two decades ago, general principles
guiding the selection process have remained largely unaltered.
However, modifications to the original process now allow for
highly efficient and extremely stringent selection strategies to be

employed against a diverse array of targets. Identified aptamers
can be further optimized using biased libraries that result in
aptamer subpopulations with higher specificity and/or affinity and
other desirable characteristics, such as membrane permeability.
Coupling SELEX methods with other techniques, such as capil-
lary electrophoresis and surface plasmon resonance (SPR), can
reduce the number of selection rounds and shorten the period
for aptamer discovery against a given target. In addition, facile
generation of modified aptamers allows for coupling of diagnos-
tic tags, which can extend the use of aptamers through prolonged
lifetimes in serum. Given the traditional comparisons with anti-
bodies, the utility of aptamers in the clinic is taking longer than
anticipated from the outset of discovery. Nonetheless, with the
2004 FDA approval of pegaptanib, an aptamer-based drug used
to treat wet age-related muscular degeneration, and others in the
pipeline, it is clear that aptamers will continue to contribute to
our understanding of normal and aberrant cellular processes as
well as disease treatment. Recent comprehensive reviews highlight
advances in basic research (James, 2001, 2007; Syed and Pervaiz,
2010; Sun et al., 2011) and clinical settings (Bunka and Stockley,
2006; Gopinath, 2007, 2008; Meyer et al., 2011). These develop-
ments have positioned aptamers to make a significant impact in
many areas.

APTAMERS AND VIRUSES
The host–viral interface has become an increasingly popular tar-
get for aptamers because interactions between nucleic acids and
proteins are critical to viral replication (Figure 2). Although not a
prerequisite, targeting nucleic acid binding proteins by aptamers
has a high probability of success due to the presence of basic surface
charges on most nucleic acid binding proteins. Below we summa-
rize select studies in order to highlight the use of aptamers against
viral components and discuss challenges and future prospects of
the field.
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FIGURE 1 |The SELEX process. An initial pool of dsDNA is in vitro
transcribed. The resulting pool of RNA is subjected to (A) counter selection
and/or (B) selection by filter binding. (C) Selected RNA is recovered,

reverse transcribed, and amplified by PCR. (D) The resulting RNA pool is
subjected to another round of SELEX for enrichment or cloned and
sequenced.

FIGURE 2 | Key steps in the viral replication cycle are targets for aptamer development. Examples of viral proteins targeted by aptamers are identified in
red.

APTAMERS IN THERAPEUTICS
Aptamers provide an alternative method for the development of
therapeutic agents to counter viral infections. Aptamers can be
used to inhibit viral infectivity at any stage in the viral repli-
cation cycle, including viral entry, which has the potential to
prevent initial infection. The development of aptamers against the
human immunodeficiency virus HIV-1 has been of interest for
drug discovery. In order to target HIV entry into helper T-cells,

aptamers generated against HIV glycoprotein 120 (gp120) com-
petes with the HIV co-receptor, CCR5. The aptamer binding site
is located in a highly conserved region of gp120, allowing neu-
tralization of a broad range of HIV isolates by disrupting the
gp120–CCR5 interaction (Dey et al., 2005a,b). Binding to a con-
served region of gp120 is critical due to the propensity of HIV
to undergo mutagenesis that results in drug-resistance. The anti-
gp120 aptamer has not been approved for clinical trials, but has
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been used as a basis for developing chimeric aptamers (Neff et al.,
2011; Wheeler et al., 2011; Zhou et al., 2011). Coupling of siRNA
and the anti-gp120 aptamer through phi29 packaging RNA com-
bines two functions (Zhou et al., 2011). The anti-gp120 aptamer
has an inhibitory effect, while siRNA downregulates the expression
of its target.

Aptamer generation against human cytomegalovirus (HCMV)
particles was carried out without prior information on specific tar-
gets (Wang et al., 2000). Two aptamers, L13 and L19, were isolated
that inhibit HCMV plaque formation and growth. The antiviral
activity of L13 and L19 aptamers identified HCMV glycoproteins
B and H as targets, respectively, by binding to the glycoproteins
and blocking viral entry.

Viral RNA-dependent RNA polymerases have been a common
target because viral polymerases use RNA as the template dur-
ing genome replication. For example, the hepatitis C virus (HCV)
polymerase non-structural protein 5B (NS5B), is required for tran-
scribing the HCV genome and has been used to generate both
anti-NS5B RNA and DNA aptamers (Biroccio et al., 2002; Belle-
cave et al., 2003, 2008). Both sets of aptamers have been shown to
bind to NS5B with high affinity and inhibit polymerase activity.
The mechanism of inhibition of the anti-NS5B RNA aptamer is
non-competitive with regards to the template RNA, and mutagen-
esis studies revealed that a basic patch within the thumb domain of
NS5B is the aptamer binding site (Biroccio et al., 2002). Only one
anti-NS5B DNA aptamer inhibits replication by competing with
the RNA template; the other inhibits through a non-competitive
mechanism in which initiation and post initiation events are dis-
rupted. RNA aptamers capable of inhibiting NS5B polymerase
activity were further optimized through the use of deletion clones
and point mutagenesis, which identified a GC-rich motif and a
stem-loop with a bulge as important features for aptamer binding
to NS5B (Kanamori et al., 2009).

In the context of HIV pathogenesis, viral reverse transcriptase
(RT) converts the single stranded RNA (ssRNA) viral genome into
dsDNA. RNA aptamers that target HIV-RT effectively inhibit the
synthesis of cDNA (Tuerk et al., 1992). The ligand 1.1 aptamer
targeting HIV-RT is postulated to reduce adverse side effects, a
main concern with current HIV-RT drugs, such as 3′-azido-3′-
deoxythymidine (AZT) and dideoxyinosine. Moreover, by target-
ing an enzyme early in the HIV-1 replication cycle, the likeli-
hood that mutations will arise resulting in drug-resistance should
diminish. These factors make aptamers generated against HIV-RT
promising candidates for drug development.

Inhibition of protein translation is a key host defense mecha-
nism against viral infections since viruses are completely depen-
dent on the host machinery for protein synthesis. However,
viruses have developed various means to evade host defenses and
hijack the host translational machinery. For example, the HCV
mRNA has an internal ribosome entry site (IRES), a structured
region within the mRNA that binds the ribosome and initiates
cap-independent translation, allowing HCV to circumvent the
requirement for host initiation and elongation factors. Aptamers
targeting the HCV IRES inhibit IRES-dependent translation of
HCV proteins (Aldaz-Carroll et al., 2002; Kikuchi et al., 2003,
2005; Da Rocha Gomes et al., 2004). Furthermore, many of these
HCV IRES aptamers inhibit translation both in vitro and in vivo,

highlighting the potential therapeutic value of these aptamers
since they target RNA secondary structure that is characteris-
tic of select viral mRNAs but not host mRNA. Therefore, such
selection may result in a reduction of negative side effects. The
viral inhibitory properties of HCV anti-IRES aptamers can be
enhanced through conjugation to other aptamers, which target
different binding sites within the HCV IRES. This results in a con-
jugated anti-IRES aptamer that binds the HCV IRES with a higher
affinity and is functionally more effective than the unconjugated
aptamers (Kikuchi et al., 2009). Alternatively, HCV anti-IRES
aptamers can be coupled to the hammerhead ribozyme to pre-
vent translation. The chimeric RNA molecule, HH363-50, inhibits
IRES-dependent translation in vitro likely through disruption
of 80S complex formation with no effect on IRES-independent
translation. HH363-50 also reduced the level of HCV RNA due
to the ribozyme activity of the molecule (Romero-Lopez et al.,
2009).

APTAMERS IN VIRAL DIAGNOSTICS
Early and reliable detection of pathogens is a critical step in the
successful treatment of infection. Due to many potential advan-
tages aptamers provide, aptamers are also ideal tools for diag-
nostics. Many examples of aptamers as a detection tool have
been described. These studies include simple modifications to the
enzyme linked immunosorbent assay (ELISA) as well as more
complex diagnostic systems, such as those that use inhibitory
aptamers to suppress multi turnover enzymes (Zhou et al., 2010).

The Influenza A virus hemagglutinin (HA) and neuraminidase
(NA) antigens are glycoproteins found on the surface of the viral
particle, and serve important roles in host membrane fusion.
A number of aptamers have been isolated against Influenza A
HA that inhibit viral infectivity (Jeon et al., 2004; Misono and
Kumar, 2005; Gopinath et al., 2006; Dhar and Datta, 2009; Park
et al., 2011). In addition to disrupting viral HA-mediated mem-
brane fusion, the P30-10-16 aptamer can distinguish between
closely related Influenza A strains. This aptamer property is novel,
considering that most monoclonal antibodies against HA have
been unsuccessful at differentiating among influenza subtypes.
Although initial studies were carried out by SPR-based detection,
coupling of these aptamers to fluorophores or other signaling mol-
ecules could provide facile detection of virus subtypes. Develop-
ment of these aptamers for viral subtype diagnostics will provide a
significant advancement in our ability to differentiate highly path-
ogenic influenza strains from those that are less virulent and will
likely yield important insights into its mechanism of action.

The Hepatitis B virus (HBV) surface antigen (HBsAg) is found
on the membrane of HBV-infected hepatocytes. A fluorescently
labeled aptamer targeting HBsAg, HBs-A22, was used to isolate
cells expressing HBsAg. Use of fluorescence microscopy showed
that that anti-HBsAg aptamer bound to the HBsAg-positive
cell line (HepG2.2.15) but not to the HBsAg-negative cell line
(HepG2). These results establish the use of aptamers for imaging,
but also provide the first HBV specific antigen aptamer that could
be used for early detection and treatment of HBV-infected cells
(Liu et al., 2010).

Aptamers can also function as diagnostic tools when coupled
to existing biosensors (Davis et al., 1998; Jhaveri et al., 2000;
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Fang et al., 2001; O’Sullivan, 2002). Biosensors utilize a biological
recognition element, such as aptamers, and a transducer for eas-
ier detection and quantification. An aptamer-based biosensor, or
aptasensor, was isolated against the trans-activator of transcrip-
tion (Tat) of HIV-1, which is important for regulating the early
phases of HIV-1 infection (Chang et al., 1997; Mucha et al., 2002).
The Tat aptasensor was generated by immobilizing the aptamer on
a piezoelectric quartz-crystal, the transduction component of the
aptasensor. Comparison of the Tat aptasensor to a corresponding
immunosensor that uses an anti-Tat monoclonal antibody showed
that the two biosensors are similar in terms of sensitivity and
reproducibility (Minunni et al., 2004).

A multicomponent reporter system consisting of an inhibitory
aptamer bound to a restriction endonuclease and a target com-
plement/trigger system was successful in differentiating Dengue
virus serotypes (Fletcher et al., 2010). One of the key advantages
of this method is that the same aptamer/enzyme complex can be
used since only the nucleic acid complement/trigger needs modi-
fication to detect new targets. Such a system can be more sensitive
due to the multi-turnover nature of the endonuclease. Further
development of these aptasensors and incorporating more stable
chemical derivatives will likely overcome some of the limitations
of current aptasensors.

APTAMERS IN BASIC RESEARCH
In addition to diagnostic and therapeutic applications, aptamers
can be used as laboratory reagents in a number of biochemical
and cell-based assays, similar to antibodies. Aptamers have key
advantages over antibodies in that they often have higher affin-
ity and specificity for their targets with some binding constants
(K D) < 1 nM, which results in an enhanced signal-to-noise ratio.
Additionally, aptamers can be generated against almost any target
ranging from small organic molecules to proteins to whole cells
(Jayasena, 1999), and they are often times smaller than antibod-
ies (7–30 kDa for aptamers vs. ∼150 kDa for antibodies) allowing
them to bind regions inaccessible to antibodies.

By utilizing aptamers that disrupt protein–protein interactions,
one can begin to dissect and characterize cellular pathways. The
human T-cell leukemia virus type 1 Tax protein is a trans-activator
that regulates the expression of various viral and cellular genes.
Tax cannot directly bind DNA in the absence of certain host tran-
scription factors, suggesting that protein–protein interactions are
essential for Tax function. The YT1 aptamer disrupts Tax inter-
actions with the cyclic AMP-response element binding protein
(CREB) and NF-κB, but not serum response factor (SRF), all of
which are known to interact with Tax proteins (Tian et al., 1995).
These results suggest that the CREB and NF-κB binding interfaces
on Tax may potentially overlap or are in close proximity, whereas
the SRF binding site occupies a different surface on Tax. There-
fore, aptamers provide a potential tool to map interaction surfaces
between binding partners.

Assembly of the viral nucleocapsid (NC) requires multiple
protein–protein and protein–nucleic acid interactions. The HIV
NC is a highly conserved protein that plays a key role in RNA
encapsidation and viral replication, and specifically binds viral
genomic RNA through the psi sequence. An aptamer generated
against NC competes with the psi sequence and prevents proper

encapsidation of the viral genome, which likely inhibits proper
packaging of the genomic RNA (Kim et al., 2002). Other HIV-
1 NC aptamers against the HIV-1 Gag protein bind the matrix
and the NC domains of Gag and reduced HIV replication in cul-
tured cells. The inhibitory effect of these aptamers was not due to
a defect in virion release but the downregulation of intracellular
Gag protein and mRNA. A subset of aptamers which specifically
bound NC competes with the psi packing signal of HIV-1, and
disrupts interactions between Gag and viral RNA (Ramalingam
et al., 2011). Unlike other aptamers that inhibit early stages in
viral infection, the NC aptamer targets events that occur after viral
entry, and therefore, allows one to study the intracellular effects of
viral infection.

Using aptamers to specifically target and modulate functions
of proteins within cellular pathways or the viral replication cycle
can provide invaluable information about these respective systems.
Nonetheless, an additional advantage of using aptamers to investi-
gate cellular signaling is the ability to selectively turn the aptamers
“on” and “off” with effectors. Further advances in the spatial and
temporal regulation of aptamers will be important for enhanc-
ing our understanding of viral/host interactions. The potential
regulation of aptamers with effector molecules is highlighted by
Vuyisich and Beal (2002) in the regulation of formamidopyrimi-
dine glycosylase (Fpg), a bacterial enzyme involved in DNA repair.
A modified SELEX protocol was used where RNA-bound Fpg was
treated with neomycin in order to elute the bound RNA. The Fpg
aptamer inhibited Fpg activity, but the functionality was restored
in the presence of neomycin. Rusconi et al. (2002) utilized anti-
sense RNA in order to regulate the function of an aptamer targeted
against the blood coagulation factor IXa. The anti-sense RNA base
pairs to complementary regions within the aptamer and disrupts
aptamer function. The factor IXa aptamer and anti-sense RNA
antidote pair was an effective, reversible anticoagulant and shows
potential for clinical application.

FUTURE PROSPECTS
Many viral proteins bind nucleic acids, although not a required
characteristic, makes viruses good targets for aptamer develop-
ment. As outlined above, aptamers have been used in a vari-
ety of studies to characterize and counter host–viral interac-
tions, including targeting individual viral components or whole
cells. A significant advantage of the aptamer technology lies
in its ability to identify aptamers against a given target with-
out a priori knowledge of the exact site or target. With lim-
ited information on the binding site, aptamers can be gener-
ated toward a given target and subsequently tested for regula-
tory activity either in vitro or in vivo. Similarly, aptamers can
be used in target validation, where judicious use of aptamers
can provide distinct advantages. Aptamers can also be used to
dissect protein–protein interfaces and to validate traditional tar-
gets for small molecules, such as enzyme active sites. Current
selection of small molecules toward known targets often depend
on a variety of factors, including the availability of validating
functional assays, structural and biochemical data, prior to ini-
tiating drug discovery efforts, which consume large amounts
of time and resources. In contrast, one can develop aptamers
with a fraction of the cost and time in a laboratory setting.
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It is interesting to note that most aptamers form unusual and
dynamic conformations that can potentially allow aptamers to
target protein–protein, protein–nucleic acid, and small molecule
interactions. However, in many of the examples reviewed, there is
limited knowledge on the structural and biochemical aspects of
these aptamer/target interactions, and available data are primar-
ily restricted to secondary structure predictions or mapping. The
addition of structural and biochemical studies of aptamer/target
pairs can enhance the utility of these aptamers by providing new
information on the aptamer/target interfaces and by providing

information for structure-based optimization of aptamers. Con-
tinual development and optimization of multifunctional, chimeric
aptamers, and aptamer libraries for strain specific viral iden-
tification will lead to more broadly applicable therapeutic and
diagnostic applications in the future.
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A commentary on

Aptamers in virology: recent advances and 
challenges
by Binning, J. M., Leung, D. W., and 
Amarasinghe, G. K. (2012). Front. Microbiol. 
3:29. doi: 10.3389/fmicb.2012.00029

Aptamers are oligonucleotide ligands that 
form unique secondary and tertiary struc-
tures, such as stem loops, kinks, bulges, 
and pseudoknots. Each aptamer exhibits a 
unique interface, through its structure, that 
specifically recognizes the target molecule. 
In fact, the target recognition of aptamers is 
highly specific, and it has been reported that 
an aptamer is able to discriminate between 
closely related isoforms or different con-
formational states of the same molecule 
(Conrad and Ellington, 1996; Proske et al., 
2002).

  Aptamers are often compared with 
antibodies due to their high specificity 
and affinity to the targets; however, they 
have some advantages over antibodies. 
For instance, antibodies require animals 
to be generated. Aptamers are generated 
by in vitro chemical synthesis, which ena-
bles chemical modification to control 
their stability or to add fluorescent dye on 
demand. Moreover, antibodies basically 
function in extracellular regions, whereas 
aptamers are easily introduced into the 
intra-cellular compartment by transfec-
tion. Loss-of-function technologies such as 
gene knockout, antisense oligonucleotide, 
and RNA interference (RNAi) are actively 
utilized for gene targeting. These aim to 
address the function of a target product 
through gene inactivation at the genomic 
or transcriptional level. Proteins often have 
multiple functions and work as part of 
multiprotein complex. It is often  difficult 

especially RNAs, are readily broken down 
by nucleases in organisms, aptamers have 
to evade from attack of nucleases for ther-
apeutic use. 2′-Fluoropyrimidine modifi-
cation, 2′-O-methyl nucleotides, or 3′ end 
cap modification has been developed to 
achieve resistance to nucleases (Keefe and 
Cload, 2008). Thus, aptamers are potent 
therapeutic reagents. In addition, aptamers 
can be an excellent tool for drug discovery, 
and a competitive  screening method has 
been  developed (Green et al., 2001). A large 
pool of chemical compounds is screened 
against an aptamer/target complex. Only 
a chemical compound capable of binding 
the target molecule with equivalent or 
higher affinity than the aptamer/target 
can displace the aptamer from the target 
molecule. This aptamer approach enables 
high-throughput screening of potent drug 
candidates. Of note, the aptamer approach 
is applicable even if the natural ligand/
substrate is unknown. Aptamers can also 
be a useful tool for basic research by spe-
cifically targeting and disrupting the func-
tions of viral or host protein involved in 
viral replications. For example, Binning 
et al. (2012) described an aptamer tar-
geting Tax of human T-cell leukemia 
virus and those targeting NC of human 
immunodeficiency virus. Thus, aptamers 
can provide invaluable insight into viral 
replication.

  Over two decades have passed since the 
initial description of a screening method of 
aptamers, so called systematic evolution of 
ligands by exponential enrichment (SELEX; 
Ellington and Szostak, 1990; Tuerk and 
Gold, 1990) and applications using aptam-
ers have become more sophisticated and 
are increasing. Now is a good time for all 
researchers in the virus research field to 
consider the use of aptamers.

to validate the functional relevance of the 
proteins by deletion at the genomic or 
transcriptional level. Aptamers are appli-
cable to these proteins since aptamers can 
directly bind target proteins. As protein-
based target validation reagents other than 
antibodies, peptides derived from phage 
display libraries are available. These pep-
tides, however, require in vivo production, 
and in part, exhibit poor specificity to the 
target molecules, which remains to be 
overcome for general application. Thus, 
aptamers have some advantages over other 
technologies currently used, and have 
potential for a broad range of application, 
such as diagnostic, therapeutic, and basic 
research (Figure 1).

  Binning et al. (2012) summarized the 
recent developments and future prospects 
of aptamers in the virus research field. 
Early and reliable detection of pathogens 
is important for the successful treatment 
and prevention of virus epidemics. As a 
diagnostic tool, aptamers have ideal prop-
erties, such as (1) highly specific and tight 
affinity to target molecule, (2) facilitation 
of modification, and (3) stability. Due 
to these advantages, aptamers are being 
actively investigated as a diagnostic tool. 
In addition, aptamers can be coupled to 
existing biosensors, achieving very high 
sensitivity (Zhou et al., 2010). Aptamers 
can also be exploited as therapeutic rea-
gents. As mentioned above, aptamers can 
be located in both extra- and intra-cellular 
regions, where they are capable of target-
ing any viral components. In fact, aptam-
ers have been reported to work in various 
viral replication steps, such as entry, tran-
scription, translation, and genome pack-
aging (Binning et al., 2012). Furthermore, 
aptamers exhibit little or no immunogenic-
ity and toxicity. Since  oligonucleotides, 
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Figure 1 | Possible applications of aptamers in virus research. (A) Aptamers as 
diagnostic tools. Aptamers exhibit highly specific recognition with very tight affinity 
(Kd < 1 nM) to the target molecules. Aptamer-based detection assays are expected to 
reach lower detection limits than conventional antibody-based detection assays such 
as ELISA. (B) Aptamers as therapeutics. Due to specific and tight affinity to the target 
molecules, and low or no immunogenicity and toxicity, aptamers are expected to be 

effective therapeutic reagents. Moreover, aptamers are capable of existing in 
extra- and intra-cellular regions, indicating that any viral components can be targeted 
by aptamers. (C) Aptamers as a basic research tool. Antibodies or peptides derived 
from phage display libraries are generally used for protein-based target validation. 
Aptamers have some advantages over these methods because of their short 
development time, in vitro synthesis, and high specificity.
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A commentary on

Structural principles within the human–
virus protein-protein interaction network
by Franzosa, E. A., and Xia, Y. (2011). Proc. 
Natl. Acad. Sci. U.S.A. 108, 10538–10543.

Virology is a fundamental research field for 
viruses that encompasses studies on mini-
mum replication units, rapid evolution, and 
clinical applications. Similar to the other 
biological systems, structural study of viral 
system is based on three distinct phases of 
understanding: (I) modeling of steady-state 
network; (II) involvement of spatial con-
finements to the model; (III) involvement 
of timing asymmetry to the model. Most 
molecular biological understandings are 
limited to phase (I), rendering later phases 
to be investigated by future systems biology.

Even in phase (I), complexities of 
 protein–protein network system make the 
researchers puzzled over examining actual 
underlying principles in the observed 
data sets. One type of solution for such an 
abstraction of the principles is to model a 
protein–protein interaction network based 
on graph theory; a theory of pair-wise rela-
tions between objects of a certain collection. 
Graph is constituted of nodes (for protein 
of interests in this case) and edges (for a 
certain protein–protein interaction), some-
times accompanied by different evaluation 
weights for an expected dynamics. Scale-
free network, in which a small number 
of nodes act as hubs and the other nodes 
possess extremely small numbers of links, 
is supposed to be a characteristic of actual 
protein–protein interaction network in 
biological system. This type of network is 
prominent when the network encounters 
adding-on system for growth and selection 
bias for linking nodes act as hubs. However, 

the patterns of evolution became much 
clearer based on fast evolving antagonistic 
viral proteins of absolutely different origins 
from host human. Compared to endogenous 
interactions, exogenous interactions exhibit 
transient structure, increase in number of 
interacting proteins, higher tendency of 
regulatory function, and faster evolution. 
Addition of BLAST information elucidates 
co-evolutionary information such as conver-
gent evolution and evolutionary arms race.

Although the researchers are still 
struggling in phase (I), the application of 
3D structural information to a graph of 
 protein–protein network is very useful for 
investigating the evolutionary dynamics of 
the network of interests applying huge sum 
of mechanical interactive information to a 
simple graph of the interaction network. 
Additional investigation by commonly used 
BLAST algorithm will be useful expect-
ing clinical application of drug design to 
highly conserved protein–protein interac-
tion, instead of fast evolving highly adaptive 
region for target viruses.
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it is not clear whether an input and output of 
such an abstracted system represents actual 
dynamics of original biological system, and 
what biological significances of parameters 
characterizing the networks are, i.e., den-
sity, transitivity, reciprocity, centrality etc. 
Progressing of the type of study requires 
further information to analyze the network 
elegantly.

In the article that deals with underlying 
principles of human–virus protein interac-
tion network (Proc. Natl. Acad. Sci. U.S.A. 
108, 10538–10543), Drs Franzosa and Xia 
have reported the results from 3D surface 
structure-based protein interaction network 
system. Based on 3039 endogenous interac-
tions among 2435 human proteins as well 
as 53 exogenous interactions among 50 viral 
proteins from 36 viral species and their 50 
human target proteins, they developed com-
bined method of BLAST homology evalua-
tion algorithm and MSMS program based 
on solvent-accessible surface area (SASA). 
The unique properties of this model case 
study are (i) detection of convergent evolu-
tion (mimicking evolution of viral protein 
surfaces to non-homological host human 
protein surfaces, in contrast to host gene 
duplication resulted in overlapping protein 
surface interactions) and evolutionary “arms 
race” (fast evolving trait of exogenous inter-
actions due to cutting-off and catching-up 
interactions between human target proteins 
and viral proteins) due to rapid evolution 
and highly antagonistic manner of viral pro-
teins and their target proteins, in contrast 
to cooperative interaction of endogenous 
human protein interactions; (ii) higher 
resolution of data based on more informa-
tion from 3D surface structure interface. The 
original idea of using 3D surface information 
to network analysis is from the yeast study by 
Kim et al. (2006). In  contrast to Kim’s work, 
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