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ABSTRACT

The myxovirus resistance 2 (MX2) protein of humans has been identified recently as an interferon (IFN)-inducible inhibitor of
human immunodeficiency virus type 1 (HIV-1) that acts at a late postentry step of infection to prevent the nuclear accumulation
of viral cDNA (C. Goujon et al., Nature 502:559 –562, 2013, http://dx.doi.org/10.1038/nature12542; M. Kane et al., Nature 502:
563–566, 2013, http://dx.doi.org/10.1038/nature12653; Z. Liu et al., Cell Host Microbe 14:398 – 410, 2013, http://dx.doi.org/10
.1016/j.chom.2013.08.015). In contrast, the closely related human MX1 protein, which suppresses infection by a range of RNA
and DNA viruses (such as influenza A virus [FluAV]), is ineffective against HIV-1. Using a panel of engineered chimeric MX1/2
proteins, we demonstrate that the amino-terminal 91-amino-acid domain of MX2 confers full anti-HIV-1 function when trans-
ferred to the amino terminus of MX1, and that this fusion protein retains full anti-FluAV activity. Confocal microscopy experi-
ments further show that this MX1/2 fusion, similar to MX2 but not MX1, can localize to the nuclear envelope (NE), linking
HIV-1 inhibition with MX accumulation at the NE. MX proteins are dynamin-like GTPases, and while MX1 antiviral function
requires GTPase activity, neither MX2 nor MX1/2 chimeras require this attribute to inhibit HIV-1. This key discrepancy between
the characteristics of MX1- and MX2-mediated viral resistance, together with previous observations showing that the L4 loop of
the stalk domain of MX1 is a critical determinant of viral substrate specificity, presumably reflect fundamental differences in the
mechanisms of antiviral suppression. Accordingly, we propose that further comparative studies of MX proteins will help illumi-
nate the molecular basis and subcellular localization requirements for implementing the noted diversity of virus inhibition by
MX proteins.

IMPORTANCE

Interferon (IFN) elicits an antiviral state in cells through the induction of hundreds of IFN-stimulated genes (ISGs). The human
MX2 protein has been identified as a key effector in the suppression of HIV-1 infection by IFN. Here, we describe a molecular
genetic approach, using a collection of chimeric MX proteins, to identify protein domains of MX2 that specify HIV-1 inhibition.
The amino-terminal 91-amino-acid domain of human MX2 confers HIV-1 suppressor capabilities upon human and mouse MX
proteins and also promotes protein accumulation at the nuclear envelope. Therefore, these studies correlate the cellular location
of MX proteins with anti-HIV-1 function and help establish a framework for future mechanistic analyses of MX-mediated virus
control.

Virus infections elicit the production of interferons (IFNs), a
family of immunomodulatory cytokines that promote both

innate and adaptive immunity (1–3). During acute viral infec-
tions, type-1 IFNs (�, �, and �) are rapidly expressed in response
to the interactions of pathogen-associated molecular patterns
with cell-encoded pattern recognition receptors. Following the
engagement of type-1 IFN with its receptor, cascades of host-en-
coded IFN-stimulated genes (ISGs) are induced which collectively
establish an antiviral state through myriad mechanisms (2, 4). It
has long been recognized that type-1 IFN suppresses the replica-
tion of human and simian immunodeficiency viruses (HIVs and
SIVs) in cultured cells (5–10), and it has been shown more re-
cently that serum IFN-� levels during acute experimental SIV in-
fection of rhesus macaques inversely correlate with viral loads
(11), supporting the conclusion that type 1 IFN plays an impor-
tant role in viral control in acute infection in vivo.

The human myxovirus resistance 2 (MX2) protein recently has
been established as a novel ISG with potent HIV type 1 (HIV-1)
inhibitory properties (12–14). More specifically, human MX2 ef-
ficiently inhibits infection by diverse HIV-1 strains, is typically less
active against HIV type 2 and SIVs derived from various nonhu-

man primates, and does not inhibit other retroviruses, such as
feline immunodeficiency virus (FIV) or murine leukemia virus
(MLV) (12). MX2 blocks HIV-1 infection at a relatively late
postentry phase, which is manifested as the failure of newly syn-
thesized viral cDNAs to accumulate in the nucleus (12, 13), and
viral specificity is determined by the capsid (CA) region of Gag in
that polymorphisms in CA that are known to impact interactions
with cellular factors (15–22) can confer insensitivity to MX2-me-
diated suppression (12–14).
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MX2 is a member of the dynamin-like IFN-inducible guanos-
ine triphosphatase (GTPase) superfamily (23, 24). The most
closely related family member is MX1 (denoted Mx1 in mice), a
well-known inhibitor of a broad range of RNA and DNA viruses
that includes influenza A virus (FluAV), La Crosse encephalitis
virus, and hepatitis B virus but not retroviruses such as HIV-1 (12,
25–28). While the antiviral capability of MX2 has only just been
recognized, a considerable body of elegant work focusing on the
biology of MX1 already exists. MX1 is a mechanoenzyme, and
structural studies have demonstrated that it is organized into an
amino-terminal GTPase domain and a carboxy-terminal stalk do-
main that are connected by a bundle signaling element (BSE)
formed from three noncontiguous helical regions (Fig. 1) (29).
GTPase function typically is considered to be required for antivi-
ral function (30, 31), and the stalk (or effector) domain, together
with the hinge that links the BSE to the stalk, mediates MX1 oli-
gomerization and, presumably, assembly into the higher-order
ring-like structures that can be visualized with recombinant pro-
tein in vitro (29, 32, 33). In some cases, antiviral function involves
interactions between components of virus replication complexes,
for instance, the nucleoproteins (NP) of the orthomyxoviruses
FluAV and Thogoto virus (THOV), and a disordered surface-ex-
posed region of the MX1 stalk domain, termed loop 4 (L4) (34–
39). Current mechanistic models suggest that substrate engage-
ment promotes higher-order MX1 oligomerization leading to
GTPase activation and nucleotide hydrolysis, coupled with con-
formational changes and the enforced disintegration/perturba-
tion of viral nucleoprotein replication complexes (27, 29). How-
ever, many important questions remain. For instance, how does
MX1 recognize its diversity of viral substrates, particularly in light
of the positive selection pressures that act upon L4 (35), defining
the precise stage(s) of replication at which MX1 exerts its effects
on different viruses and elucidating how GTPase activity trans-
lates to viral suppression?

Here, we have exploited the dichotomy in HIV-1 inhibitory
function between the human MX proteins to identify determi-
nants of antiviral activity. By analyzing a panel of chimeric MX1/
MX2 proteins, we demonstrate that the amino-terminal 91 resi-
dues of MX2 are essential for anti-HIV-1 function, and that
appending this domain to the amino terminus of MX1 is sufficient
to confer a potent HIV-1 suppression phenotype and to promote
targeting to the nuclear envelope (NE).

MATERIALS AND METHODS
Cell culture and plasmids. Human 293T, HeLa, and U87-MG/CD4/
CXCR4 (12) cells were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum plus L-glutamine and penicil-
lin-streptomycin. The HIV-1IIIB provirus, HIV-1/Nef-internal ribosome
entry signal (IRES)-Renilla reporter virus, the HIV-1-, FIV-, equine infec-
tious anemia virus (EIAV)-, and MLV-derived lentiviral and retroviral
vectors (LVs and RVs, respectively) and the human MX1 and MX2 ex-
pressing pEasiLV-based vectors have been described (12, 40–44), as have
the HIV-1 P90A capsid mutant (19) and the HIV-1/SIVMAC capsid chi-
mera (45). Murine Mx1 and Mx2 cDNAs (provided by Georg Kochs) were
amplified by PCR and cloned into pEasiLV-MCS using the BamHI and XhoI
restriction sites. cDNAs encoding the MX1(L4MX2), MX1(stalkMX2),
MX1(GMX2), MX1(G stalkMX2), MX1(NMX2), and reciprocal MX2-based
chimeras, as well as the murine Mx1- and Mx2-based chimeras and the
GTPase domain mutants, were obtained by overlapping PCRs and cloned
into pEasiLV-MCS using the BamHI and XhoI restriction sites (see Fig. S1
in the supplemental material for the amino acid sequences of all chime-

ras). cDNA fragments for certain MX/Mx proteins, chimeras, and GTPase
mutants were subcloned from pEasiLV into pCAGGS (Addgene) using
the BclI and XhoI restriction sites. All chimeras and wild-type MX pro-
teins harbor a Flag tag at either the C terminus (HIV-1 and microscopy
experiments) or the N terminus (FluAV experiments). The cDNA for
turbo-red fluorescent protein (tbRFP; Evrogen) fused to the C terminus
of residues 1 to 91 of human MX2 (NMX2-tbRFP) was obtained by over-
lapping PCRs and cloned, along with wild-type tbRFP, into pCAGGS as a
BamHI-XhoI fragment.

Virus production. To produce EasiLV particles, 293T cells were
cotransfected with pEasiLV, p8.91, pptTRKrab (46), and pMD.G at a ratio
of 1:1:0.5:0.25, respectively, with TransIT-2020 reagent (Mirus Bio). The
medium was replaced after overnight incubation and viral particles were
harvested 36 h later, filtered, and used directly to transduce target cells.
After a few hours, the medium was replaced and doxycycline added (0.05
to 0.5 �g/ml, depending on the transgene; Sigma-Aldrich) to induce
transgene expression. The percentage of E2-Crimson-positive cells was
scored by flow cytometry (FACSCalibur; BD Biosciences) after 48 to 72 h
and typically was �85%.

HIV-1IIIB particles were produced by standard polyethylenimine
(PEI) transfection of 293T monolayers. The culture medium was changed
�6 h later, and virus-containing supernatant was harvested at �36 h. LV
and RV stocks were obtained by PEI-mediated triple transfection of 293T
cells with vectors expressing Gag-Pol, vectors expressing miniviral ge-
nomes bearing a cytomegalovirus-enhanced green fluorescent protein
(CMV-EGFP) cassette, and pMD.G at a ratio of 1:1:0.5, respectively.

Viral particles were filtered, and, when required (i.e., for HIV-1IIIB

infections that were followed by real-time quantitative PCR [qPCR] anal-
ysis of viral cDNA), the virus-containing supernatants were treated with
RQ1 DNase (Promega) for 3 h, purified by ultracentrifugation through a
sucrose cushion (20%, wt/vol; 75 min; 4°C at 28,000 rpm using a Sorvall
Surespin630 rotor), resuspended in RPMI 1640 medium without serum,
and stored in aliquots at �80°C.

Viral particles were normalized according to HIV-1 p24Gag enzyme-
linked immunosorbent assay (ELISA) (PerkinElmer) and/or by determin-
ing their infectious titers on U87-MG cells. The multiplicity of infection
(MOI) for LV and RV stocks was determined by infecting a known num-
ber of U87-MG cells with standardized amounts of viral particles and
evaluating, by flow cytometry, the percentage of infected cells 2 to 3 days
later. For instance, an MOI of 0.25 equates to the volume of virus neces-
sary to obtain 25% GFP-expressing U87-MG cells.

Retroviral infection. All infections were initiated using standard con-
ditions (12). Briefly, for infection with NL4-3/Nef-IRES-Renilla or GFP-
expressing LVs and RVs, U87-MG/CD4/CXCR4 cells were plated at
�2.5 	 104 to 5 	 104 per well in 96-well plates. When HIV-1 infection
was followed by DNA extraction, U87-MG/CD4/CXCR4 cells were
seeded at �2 	 105 cells per well in 24-well plates. The efficiency of
productive infection was analyzed after �48 h by evaluating the percent-
age of GFP-expressing cells using flow cytometry or by measuring renilla
luciferase activity (Promega).

Influenza A virus infection. pCAGGS vectors expressing N-termi-
nally Flag-tagged MX1, MX2, and MX1(NMX2), as well as IFITM3 or the
empty control, were transfected into 293T cells (0.3 �g) in 48-well plates
using Lipofectamine 2000 (Invitrogen) simultaneously with a firefly lucif-
erase minigenome-expressing plasmid (pHSPOM1-Firefly; 0.1 �g) (47)
and a renilla luciferase expression plasmid (T7-Renilla; 0.03 �g). At 24 h,
cells were infected with FluAV A/Victoria/3/75 (H3N2) at an MOI of 2 or
were mock infected. Activities of firefly and renilla luciferases were mea-
sured 18 h postinfection, and firefly luciferase signals were normalized to
renilla luciferase signals from mock-infected cells.

Immunoblot analysis. Cell pellets were lysed in sample buffer (200
mM Tris-HCl, pH 6.8, 5.2% SDS, 20% glycerol, 0.1% bromphenol blue,
5% �-mercaptoethanol), resolved by SDS-PAGE, and analyzed by immu-
noblotting using primary antibodies specific for Flag (mouse monoclonal
M2; Sigma-Aldrich), Hsp90 (rabbit; Santa Cruz Biotechnology), and tu-
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bulin (mouse monoclonal DM1A; Sigma-Aldrich), followed by secondary
horseradish peroxidase-conjugated anti-mouse or anti-rabbit immuno-
globulin antibody and chemiluminescence (ECL Western blotting sub-
strate; Pierce).

GTPase enzymatic activity. Subconfluent 293T cell monolayers in
10-cm dishes were transfected with 15 �g of the pCAGGS-based Flag-

tagged MX expression constructs using PEI. At 48 h posttransfection, the
cells were washed twice with cold phosphate-buffered saline and lysed for
10 min on ice with lysis buffer {10 mM 3-([3-cholamidopropyl]dimeth-
ylammonio)-2-hydroxy-1-propanesulfonate (CHAPSO), 50 mM Tris,
pH 8.0, 150 mM NaCl, 0.5% Triton X-100, 0.1% sodium deoxycholate} in
the presence of complete protease inhibitor cocktail (Roche). The lysates

FIG 1 Human MX1 and MX2 sequence alignment. The different domains of the proteins, namely, the N-terminal region (N-term), the bundle signaling element
(BSE), the GTPase domain (G domain), the stalk domain (Stalk), and L4 loop (L4), are indicated by colored boxes above (for MX1) or underneath (for MX2)
the sequences. Identical amino acids are highlighted in black, and those with similar properties are in gray.
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were sonicated (3 times for 10 s each), clarified by centrifugation for 10
min at 1,000 	 g, and incubated with anti-Flag M2 magnetic beads (Sig-
ma-Aldrich) for 2 h at 4°C on a rotational tumbler. The beads were
washed 5 times with lysis buffer lacking Triton X-100, and the Flag-tagged
MX proteins were eluted by incubation in GTPase assay buffer (50 mM
Tris, pH 8.0, 5 mM MgCl2, 10% glycerol, 50 �M GTP, 2 mM DTT) in the
presence of 150 �g/ml of the 3	 Flag peptide (Sigma-Aldrich) for 2 h on
ice. The MX protein levels were evaluated by SDS-PAGE followed by silver
staining, and normalized amounts were incubated in 50 �l GTPase assay
buffer in the presence of 13 nM [�-32P]GTP for 1 h at 37°C before stop-
ping the reactions with 2 mM EDTA, 0.5% SDS. The reaction products
were resolved by thin-layer chromatography (TLC; Merck) using TLC
buffer (1 M LiCl, 1 M acetic acid) and detected using phosphor screen
autoradiography (GE Amersham Typhoon).

qPCR analysis of HIV-1 reverse transcription products. A total of
2 	 105 U87-MG/CD4/CXCR4 cells per well in 24-well plates were trans-
duced with CD8-, MX2-, or MX1(NMX2)-expressing EasiLV. The cells
then were challenged with HIV-1IIIB (10 ng p24Gag) for 4 h. The cells then
were washed twice, incubated in complete medium (supplemented with
0.5 or 0.05 �g/ml doxycycline and/or reverse transcription inhibitors
as required), and harvested at 4, 24, or 48 h postinfection. Total DNA was
prepared using the DNeasy kit (Qiagen), and 30 ng of each sample
was used for qPCR analysis. First (minus)-strand transfer cDNA products
were detected using primers that amplify the region between nucleotides
53 and 175 of pIIIB in U3 (U3for, 5=-TCTACCACACACAAGGCTAC;
U3rev, 5=-CTTCTAACTTCTCTGGCTCAAC) and with U3probe (5=-6-
carboxyfluorescein [FAM]-CAGAACTACACACCAGGACCAGGGATC
A-6-carboxytetramethylrhodamine [TAMRA]); 2-long-terminal-repeat
(2-LTR) circular forms were detected using primers that amplify the re-
gion between nucleotides 585 of pIIIB (3= terminus of U5) and 102 of
pIIIB (5= terminus of U3) (2LTRfor, 5=-GTAACTAGAGATCCCTCAG
ACC; 2LTRrev, 5=-TCCTGGTGTGTAGTTCTGCC) with 2LTRprobe
(5=-FAM-CTACCACACACAAGGCTACTTCCCTGAT-TAMRA).
qPCRs were performed in triplicate in TaqMan Universal PCR master mix
using 900 nM each primer and 250 nM probe. After 10 min at 95°C,
reactions were cycled through 15 s at 95°C followed by 1 min at 60°C for 40
repeats. pIIIB or pTOPO-2LTR (containing a 2-LTR circle junction am-
plified from HIV-1IIIB-infected CEM-SS cell DNA using primers oHC64
[5=-TAACTAGGGAACCCACTGC] and U3rev and cloned into pPCR-
Blunt II-TOPO) was diluted in 20 ng/ml salmon sperm DNA to create
dilution standards that were used to calculate relative cDNA copy num-
bers and confirm the linearity of all assays.

Microscopy. HeLa cells were seeded on coverslips at �105 cells per
well in 6-well plates 24 h prior to transfection with 500 ng of the pCAGGS-
based expression constructs using TransIT-LT1 reagent (Mirus Bio). Six-
teen h posttransfection, the cells were washed twice with phosphate-buff-
ered saline and fixed in 3% paraformaldehyde (EM Sciences) for 15 min,
permeabilized with 0.2% Triton X-100 for 12 min, and blocked/quenched
in buffer NGB (50 mM NH4Cl, 1% goat serum, 1% bovine serum albu-
min) for 30 min. MX proteins and the NE were detected using Flag- or
NUP358-specific antibodies, respectively (mouse M2 anti-Flag and rabbit
anti-RANBP2; Abcam) and secondary anti-mouse antibody conjugated
to Alexa Fluor 488 and anti-rabbit antibody conjugated to Alexa 594 (or
Alexa 488 for cells expressing tbRFP). Cells were visualized using a Nikon
A1 point-scanning laser confocal microscope (Nikon Instruments). The
images correspond to single optical sections of 0.53 �m.

RESULTS
The amino-terminal domain of MX2 specifies HIV-1 suppres-
sion. The human MX1 and MX2 proteins share an overall amino
acid identity of 63%: an alignment of the two sequences is dis-
played in Fig. 1, with domains delineated in accordance with the
resolved structure of MX1 (29). There is evident homology
throughout most of the sequence, though the predicted isoelectric
points are different (5.6 for MX1 and 9.1 for MX2; calculated

using the Geneious software). The feature that obviously distin-
guishes the two proteins is the length and sequence of the exten-
sion that lies amino-terminal to the first helix of the BSE: 43 amino
acids for MX1 compared with 91 residues for MX2. To identify
peptide segments that endow MX2, but not MX1, with the capac-
ity to inhibit HIV-1 infection, we constructed a series of Flag-
tagged chimeric MX genes in which the GTPase domain, L4 loop,
stalk, and amino-terminal extensions were systematically substi-
tuted back and forth (Fig. 2A; MX1 sequences are shown in red,
MX2 sequences are in blue).

All gene chimeras, as well as CD8 (negative control), were in-
serted into the pEasiLV-MCS doxycycline-inducible lentiviral
vector (12), where levels of transgene expression are regulated by
doxycycline addition and the efficiency of transduction is moni-
tored by visualizing E2-Crimson fluorescent protein expression.
Vector stocks were prepared in 293T cells and used to transduce
U87-MG/CD4/CXCR4 monolayers. Following doxycycline in-
duction, all chimeric proteins were readily detected in whole-cell
lysates (Fig. 2B), and at least 85% of the cells reliably expressed
E2-Crimson (data not shown). The cultures then were challenged
with an HIV-1 reporter virus, NL4-3/Nef-IRES-Renilla, and pro-
ductive infection measured at 48 h by quantitating renilla lucifer-
ase expression (Fig. 2A; infection levels were normalized to that
seen in the presence of the CD8 negative control). As previously
demonstrated (12), MX2 inhibited single-cycle HIV-1 infection
by �90%, whereas MX1 had no effect. Examination of the data in
toto revealed immediately that the sole MX2-derived determinant
that is necessary for specifying anti-HIV-1 function is its amino-
terminal domain. In other words, provided that a GTPase do-
main, stalk, and BSE are present, a human MX1/2 protein can
inhibit HIV-1 infection whenever it contains the amino-terminal
91 amino acids of MX2. This conclusion is most succinctly illus-
trated by the MX1(NMX2) chimera, which displays potency similar
to that of wild-type MX2. Notably, these findings were unex-
pected, since it is the L4 region of MX1 that previously had been
identified as a determinant of virus substrate selection, at least
for FluAV and THOV. Accordingly, this analysis also specifi-
cally tested the contribution of L4 through the reciprocal ex-
change of this region between MX1 and MX2 [MX1(L4MX2) and
MX2(L4MX1)]; however, neither substitution substantially altered
anti-HIV-1 activity relative to the wild-type proteins, supporting
the notion that L4 does not determine MX-mediated HIV-1 inhi-
bition.

The analysis of MX protein expression shows that any con-
struct containing the 5= terminus of MX2 yields two isoforms (Fig.
2B). We wished to determine which of these isoforms is antiviral
and confirm that the methionine at position 26 serves as an alter-
native translation start site that generates the shorter isoform (48).
Two additional MX2 cassettes were constructed: MX2Kozak con-
tains optimal sequences for translation 5= of the ATG for the me-
thionine at position 1 (gccgccaccATG), and MX226-715 lacks the
amino-terminal 25 codons. MX2Kozak expressed the longer iso-
form, which displayed robust anti-HIV-1 activity, whereas
MX226-715 yielded the shorter isoform and was inactive (see Fig. S2
in the supplemental material). Therefore, HIV-1 infection is in-
hibited exclusively by the 715-amino-acid full-length form of
MX2, consistent with previous results (13).

Like humans, mice contain two Mx genes, although both are
more closely related to human MX1 than to human MX2 on the
basis of primary sequence (49), and neither carries the amino-
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terminal extension that distinguishes human MX2. Therefore, we
examined the HIV-1 inhibitory capabilities of both wild-type mu-
rine Mx proteins as well as chimeras containing the amino-termi-
nal 91 amino acids of human MX2 (Fig. 3). Both murine proteins
were inactive, but each acquired marked anti-HIV-1 function
upon addition of the MX2 amino-terminal region, revealing that
this sequence can confer HIV-1 suppressor function when ap-
pended to multiple MX proteins.

GTPase function is dispensable for MX-mediated inhibition
of HIV-1 infection. Previous work has established that an enzy-
matically active GTPase domain generally is required for MX1-
mediated antiviral function (30, 31), but that GTP binding and
hydrolysis are not prerequisites for moderate inhibition of HIV-1
by MX2 (12, 13). We next evaluated if this trend was maintained in
MX1/2 chimeras containing the amino-terminal region of MX2
and the GTPase domain of MX1 (Fig. 4). MX2(GMX1), which con-
tains the GTPase domain of MX1 in an otherwise MX2 back-

ground, displayed strong antiviral activity, and this was partially
retained by the GTP-binding mutant MX2(GMX1/T103A), findings
that mirror what is seen for MX2 GTPase domain mutants K131A
and T151A. More extremely, the GTP-binding and GTPase-defec-
tive derivatives of the MX1(NMX2) chimera, MX1K83A(NMX2) and
MX1T103A(NMX2), both exhibited anti-HIV-1 potencies equiva-
lent to those of MX1(NMX2) as well as wild-type human MX2
itself.

To confirm that these mutations in the MX1 GTPase do-
main prevent enzymatic activity in the context of MX1(NMX2)
chimeric proteins, we assessed GTP hydrolysis using proteins
immunoprecipitated from transfected 293T cells using a Flag-
specific antibody (see Fig. S3 in the supplemental material). As
observed by the conversion of GTP to GDP, MX1(NMX2) ex-
hibited activity similar to that of human MX1, whereas the
MX1K83A(NMX2)- and MX1T103A(NMX2)-containing samples
displayed the same background (or null) activity as the well-

FIG 2 N-terminal domain of MX2 confers potent anti-HIV-1 activity to human MX1. (A, left) Schematic representation illustrating the MX1 (red) and MX2
(blue) origins of the different domains comprising the chimeric MX1/MX2 proteins. (Right) U87-MG/CD4/CXCR4 cells were transduced with EasiLV express-
ing CD8 (negative control [Neg Ctrl]), MX1, MX2, or chimeric MX1/MX2 cDNAs and treated with doxycycline [0.5 �g/ml except for MX1(NMX2), which
received 0.05 �g/ml] for 48 h prior to infection with 25 ng p24Gag of NL4-3/Nef-IRES-Renilla. Infection efficiency relative to the Neg Ctrl was monitored at 48
h by measuring renilla activity, and mean relative infection efficiencies with standard deviations from four independent experiments are shown. (B) Immunoblot
analysis of parallel samples from panel A. Protein levels of wild-type MX1 and MX2 proteins and the MX1/MX2 chimeras were determined using a Flag-specific
antibody, and staining for Hsp90 served as a loading control.
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established inactive T103A mutant version of MX1. Taken to-
gether, these observations further strengthen the argument
that GTPase activity is not required for MX-mediated suppres-
sion of HIV-1 infection.

The MX1(NMX2) chimera recapitulates the mechanism and
specificity of MX2-mediated viral inhibition. As summarized
earlier, the current weight of evidence indicates that MX2 inhibits
the nuclear entry of nascent HIV-1 reverse transcripts rather than
their initial synthesis. To examine whether MX1(NMX2) also acts
in this manner, U87-MG/CD4/CXCR4 cells expressing CD8, hu-
man MX2, or the MX1(NMX2) chimera were challenged with wild-
type HIV-1 or mock infected (Fig. 5A). Total DNA was extracted
after 4, 24, and 48 h, and the generation of viral DNA replication
intermediates was measured using quantitative PCR. As has been
shown previously for MX2, the synthesis of viral minus (first)-
strand cDNA was not repressed by MX1(NMX2), whereas the ac-
cumulation of 2-LTR circles, a marker for the nuclear uptake of
viral cDNA, was inhibited by �90% by this fusion protein.

We next evaluated the viral substrate specificity of MX1(NMX2)
compared to that of MX2 using a panel of green fluorescent pro-
tein (GFP)-expressing viral vectors derived from HIV-1, MLV,
FIV, EIAV, or SIV from rhesus macaque (SIVmac), as well as HIV-1
vectors carrying the capsid (CA) region of SIVmac or the proline-
to-alanine mutation at position 90 of CA (Fig. 5B). The inhibitory
characteristics of MX1(NMX2) closely matched those of MX2, with
viruses containing SIVmac CA displaying reduced sensitivity and
the P90A mutation conferring resistance (12). We conclude that

transfer of the amino-terminal domain of MX2 is sufficient to
confer fully the antiretroviral properties and specificity of MX2
upon MX1.

The finding that the amino-terminal region of human MX2
bestows full anti-HIV-1 activity on MX1 is surprising in light of
data demonstrating that the L4 region of MX1, a completely dis-
tinct element, also dictates the specificity of viral inhibition.
Therefore, it was of interest to assess the FluAV inhibitory pheno-
type of the MX1(NMX2) chimera, in particular asking whether it
would be compromised once anti-HIV-1 activity is acquired. FluAV
infectivity was measured by viral challenge of 293T cells previously
transfected with a vector encoding a firefly luciferase-containing
FluAV minigenome and expressing MX1, MX2, MX1(NMX2),
IFITM3 (positive control), or an empty vector control, followed by
luciferase quantification at 18 h (Fig. 3C). Consistent with previous
reports, MX1 inhibited FluAV infection by �80%, whereas MX2 had
no effect; importantly, MX1(NMX2) maintained full FluAV suppres-
sor function, indicating that the determinants of HIV-1 and FluAV
inhibition are discrete from each other and are not mutually exclusive
from a functional standpoint in that both can be operative in the
context of a single engineered MX protein.

The amino-terminal domain of MX2 is a transferable nuclear
envelope targeting signal. Previous studies are somewhat in-
consistent in their descriptions of the subcellular localization

FIG 3 N-terminal region of MX2 confers anti-HIV-1 activity to mouse Mx1
and Mx2. (A) U87-MG/CD4/CXCR4 cells were transduced with EasiLV ex-
pressing CD8, human MX1 (huMX1) or MX2 (huMX2), mouse Mx1
(mmMx1) or Mx2 (mmMX2), or huMX1/mmMx1/mmMx2 containing the
N-terminal domain of human MX2 [huMX1(NhuMX2), mmMx1(NhuMX2),
and mmMx2(NhuMX2), respectively]. The cells were treated with doxycycline
for 48 to 72 h and challenged with an HIV-1-based lentiviral vector expressing
GFP at an MOI of 0.25. The percentage of GFP-expressing cells was evaluated
by flow cytometry 2 days later. Mean percentages of transduced cells from
three independent experiments are shown. (B) Immunoblot analysis of paral-
lel samples from panel A. Protein levels of Flag-tagged MX1/MX2 proteins
were determined, and tubulin staining served as a loading control.

FIG 4 MX GTPase activity is not necessary for HIV-1 inhibition. (A) U87-
MG/CD4/CXCR4 cells were transduced with EasiLV expressing CD8, MX1,
MX2, MX2(GMX1), MX1(NMX2), or the GTPase-deficient mutants MX2K131A,
MX2T151A, MX2(GMX1/T103A), MX1K83A(NMX2), and MX1T103A(NMX2) and
treated with doxycycline [0.5 �g/ml for CD8, MX1, MX2, MX2(GMX1),
MX2K131A, MX2(GMX1/T103A), and MX1K83A(NMX2) or 0.05 �g/ml for
MX2T151A, MX1(NMX2), and MX1T103A(NMX2)]. The cells were infected with
25 ng p24Gag of NL4-3/Nef-IRES-Renilla, and infection efficiency was moni-
tored at 48 h by measuring renilla activity. Mean relative infection efficiencies
from three independent experiments are shown. (B) Immunoblot analysis of
parallel samples from panel A. Protein levels of Flag-tagged MX1/MX2 pro-
teins were determined, and Hsp90 served as a loading control.
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of human MX2, with accumulation in the nucleus and toward
the inner face of the NE, at the NE, particularly at its cytoplas-
mic side, and in cytoplasmic granules having been reported
(13, 48, 50). Human MX1, in contrast, localizes throughout the
cytoplasm (28, 51). Therefore, we used indirect immunofluo-

rescence and confocal microscopy to examine the localization
of Flag-tagged MX1, MX2, and MX1(NMX2) in transiently
transfected HeLa cell monolayers. The samples were doubly
stained with an antibody specific for the nucleoporin NUP358
to identify the NE (Fig. 6A).

In keeping with previous reports, human MX1 localized to the
cytoplasm with a filigree-like staining pattern. MX2 accumulated
at the NE, throughout the cytoplasm, and in large cytoplasmic
bodies/granules/puncta, although we note that cells expressing
lower levels of MX2 tended to display reduced granule staining,
indicating that this characteristic reflects higher expression levels.
Importantly, the localization of the MX1(NMX2) chimera changed
dramatically compared to that of MX1, with a marked acquisition
of accumulation at both the NE and in cytoplasmic puncta: the
latter appeared different from those seen with MX2, being both
smaller and more numerous.

In contrast to human MX1, murine Mx1 localizes to the nu-
cleus, with both nucleoplasmic and punctate staining patterns
having been described (52, 53); murine Mx2, on the other hand, is
cytoplasmic and appears rather similar to human MX1 (54).
Therefore, we proceeded to compare the localization phenotypes
of these proteins with and without the swapping in of the amino-
terminal 91 residues of human MX2 (see Fig. S4 in the supplemen-
tal material). In each case, and irrespective of the localization of
the parental Mx protein, there was a profound retargeting of the
chimeric protein to the NE.

Lastly, to assess whether the amino-terminal domain of human
MX2 can dictate the localization of a heterologous and unrelated
substrate, it was fused to the amino terminus of turbo-red fluo-
rescent protein (tbRFP) and expressed in HeLa cells (Fig. 6B).
While untagged tbRFP was distributed through the nucleus and
cytoplasm, the NMX2-tbRFP fusion accumulated at the NE and in
large cytoplasmic granules in cells that expressed higher protein
levels. Therefore, we conclude that the amino-terminal 91-amino-
acid region of MX2 is both necessary and sufficient for localization
to the NE.

DISCUSSION

Here, we have exploited chimeric MX proteins to define the ami-
no-terminal 91 amino acids of human MX2 as a critical determi-
nant of this protein’s capacity to inhibit HIV-1 infection. Transfer
of this region onto human MX1 as well as murine Mx1 or Mx2
confers potent HIV-1 inhibitory functions (Fig. 2 and 3). Subcel-
lular localization studies further revealed that the amino-terminal
region of human MX2 is sufficient to redirect a substantial frac-
tion of human MX1, murine Mx1 and Mx2, and tbRFP to the NE
(Fig. 6; also see Fig. S4 in the supplemental material). Accordingly,
we have identified a strong correspondence between the MX-me-
diated suppression of HIV-1 and localization at the NE. Previous
work, confirmed by the experiments discussed here, has shown
that MX2 inhibits HIV-1 infection at a relatively late postentry
stage, following substantial cDNA synthesis but prior to the accu-
mulation of nascent DNAs in the nucleus (Fig. 5A) (12, 13). Taken
together, these findings suggest that MX2 inhibits the nuclear im-
port of HIV-1 replication complexes and that positioning at the
NE is an attribute that facilitates such an activity.

The precise mechanism(s) of viral inhibition remains to be
determined and presumably will require identification of MX2
interacting partners, particularly those that bind to the amino-
terminal 91 amino acids. Based on the evidence that this region is

FIG 5 MX1(NMX2) inhibits HIV-1 nuclear import with the same specificity as
MX2 and retains antiviral activity against influenza A virus. (A) U87-MG/
CD4/CXCR4 cells were transduced with EasiLV expressing CD8, MX2, or
MX1(NMX2) and treated with doxycycline for 48 to 72 h prior to infection. The
cells either were not infected (NI) or were challenged with 10 ng p24Gag HIV-
1IIIB and harvested at 4, 24, or 48 h postinfection for DNA extraction and qPCR
analysis of minus-strand and 2-LTR circle DNAs. Mean values of relative
amounts of DNA (normalized to the CD8 control at 48 h) from three inde-
pendent experiments are shown. (B) U87-MG cells were transduced with
EasiLV expressing CD8, MX2, or MX1(NMX2) and treated with doxycycline
for 48 to 72 h. Cells were challenged with HIV-1-based lentiviral vectors
containing either wild-type capsid (WT), the P90A capsid mutant
(CAP90A), capsid from SIVmac (CASIV), or SIVmac-, EIAV-, FIV-, or MLV-
based retroviral vector expressing GFP at an MOI of 0.25. The percentage
of GFP-expressing cells was evaluated by flow cytometry 2 days later. Mean
percentages of transduced cells from three independent experiments are
shown. (C) 293T cells were cotransfected with expression plasmids for
IFITM3, Flag-tagged MX1, MX2, or MX1(NMX2), or empty plasmid (Neg
Ctrl), along with a FluAV firefly luciferase minigenome plasmid and a
renilla luciferase expression plasmid. At 24 h, cells were infected with
FluAV A/Victoria/3/75 (H3N2) at an MOI of 2, and firefly and renilla
luciferase activities were measured 18 h postinfection. Mean relative infec-
tion efficiencies from three independent experiments are shown.
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an NE targeting signal (Fig. 6), one model is that MX2 interacts
with a component of the NE, possibly the nuclear pore complexes
(13, 50). Inhibition then could be achieved by occluding key in-
teractions between viral replication complexes and nuclear dock-
ing and/or import pathways. On the other hand, mutations in CA
are sufficient to allow effective escape from MX2 and MX1(NMX2)
inhibition (Fig. 5B) (12–14), perhaps arguing that the amino ter-
minus of MX2 interacts with viral replication complexes in the
vicinity of the NE. Since earlier work has shown that polymor-
phisms in CA can reroute HIV-1 replication complexes to differ-

ent or alternative nuclear import pathways (17, 19), it is also plau-
sible that escape occurs because such pathways are insensitive to
interference by human MX2. Whichever of these (or other) mod-
els turns out to have merit, we also cannot exclude the possibility
that NE localization is merely a surrogate for critical interactions
that occur elsewhere in the cell, although we currently view the late
postentry nature of MX-mediated inhibition as arguing against
this possibility.

The analyses of viral reverse transcripts (Fig. 5A) shows that the
levels of total cDNA are somewhat higher in the context of

FIG 6 Amino-terminal domain of human MX2 is a transferable nuclear envelope targeting domain. HeLa cells were seeded on glass coverslips and transfected
with Flag-tagged MX1, MX2, or MX1(NMX2) (A) or with turboRFP (tbRFP) or NMX2-tbRFP (B) expression constructs and fixed 16 h posttransfection. MX
proteins and the NE were visualized by indirect immunofluorescence using Flag- or NUP358-specific antibodies, respectively, and confocal microscopy. Scale
bar, 12.5 �m.
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MX1(NMX2)-mediated inhibition, most clearly at 24 h postinfection.
One explanation for this finding is that MX1(NMX2) affords HIV-1
replication complexes with a degree of stability (or delayed uncoat-
ing) that may help protect their associated cDNA from cellular nu-
cleases, such as three prime repair exonuclease 1 (TREX1) or the
structure-specific endonuclease (SSE) complex that can act to de-
grade them (55, 56). Such an effect could be manifested whether the
amino terminus of MX2 interacts with viral complexes or nuclear
import pathways, with both models being consistent with the notion
that HIV-1 uncoating and nuclear import are linked processes.

In light of what is known about MX1 and the role of L4 in
dictating the specificity of FluAV inhibition, it was unexpected to
find that the amino-terminal 91 residues of MX2 also functions as
a primary determinant of viral substrate specificity, particularly
given the wide separation of these protein elements (Fig. 1) (29).
Coupled with the observation that HIV-1 inhibition evidently
does not require MX GTPase activity (Fig. 4; also see Fig. S3 in the
supplemental material) (12, 13) in the same way that FluAV does,
we conclude that there are fundamental differences between the
modes of MX1/FluAV and MX2/HIV-1 inhibition. However,
there may still be aspects of commonality, because, at least in the
case of human MX1 protein function, there is strong evidence that
the nuclear import of FluAV and THOV ribonucleoprotein com-
plexes is inhibited, which, for these RNA viruses, leads to the sup-
pression of primary viral transcription (57–59). Interestingly,
such MX1-mediated inhibition of virus infection can be accom-
plished irrespective of whether the protein is distributed through-
out the cytoplasm or is concentrated at the NE (Fig. 5C and 6A). In
sum, much remains to be discovered regarding the subcellular
positioning, intermolecular interactions, and molecular processes
that underpin the MX-mediated inhibition of viral infections.
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