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The interferon-inducible MxA GTPase is a key mediator of
cell-autonomous innate immunity against a broad range of
viruses such as influenza and bunyaviruses. MxA shares a simi-
lar domain structurewith thedynamin superfamily ofmechano-
chemical enzymes, including an N-terminal GTPase domain, a
central middle domain, and a C-terminal GTPase effector do-
main . Recently, crystal structures of a GTPase domain dimer of
dynamin 1 and of the oligomerized stalk of MxA (built by the
middle and GTPase effector domains) were determined. These
data provide exciting insights into the architecture and antiviral
function of the MxA oligomer. Moreover, the structural knowl-
edge paves the way for the development of novel antiviral drugs
against influenza and other highly pathogenic viruses.

Mx proteins are key mediators of the interferon (IFN)2-in-
duced antiviral response in vertebrates and hence of great bio-
logical interest and medical importance (1). Their discovery
dates back to early studies on genetically determined inborn
resistance of mice to influenza viruses (2, 3). The mouse Mx1
protein was originally found in influenza virus-resistant mice
(4) and was shown to have intrinsic antiviral activity (5). It is
encoded by the Mx1 gene (for myxovirus resistance gene 1),
which is located on the distal part of chromosome 16 and is
structurally altered in influenza virus-susceptible mice. Most
inbred laboratory strains carry large deletions or nonsense
mutations, indicating that they share parts of chromosome 16
with an ancestor founder mouse (6, 7). The mouse genome
contains a second Mx gene, designated Mx2, which is closely

linked toMx1 on chromosome 16 and is also defective in inbred
mouse strains (8). Both Mx genes are, however, intact in wild
mice and in some laboratory strains derived from them (9, 10).
The first evidence for Mx proteins in humans was obtained
when amonoclonal antibody (2C12) against mouseMx1 cross-
reacted with an IFN-induced protein in human cells (11). Two
proteins calledMxA (myxovirus resistance protein 1) andMxB
(myxovirus resistance protein 2) were found to be encoded by
closely linked genes on the long arm of chromosome 21 (map
position 21q22.3) that is syntenic with mouse chromosome 16
(12, 13). IFN-inducibleMx genes were subsequently identified
in many vertebrates. They can be grouped into several sub-
groups according to their sequence similarities (Fig. 1). These
comprise the fish, avian, and rodent subgroups as well as an
MxA-like and MxB-like subgroup (for a review, see Ref. 1).
Some polymorphisms have been reported, in particular for
chicken and porcine Mx genes (14, 15), but their significance
remains unclear (16).
The critical role ofmouse andhumanMxproteins inmediating

the antiviral activity of IFNs against specific viruses became evi-
dentearlyon. IFNhadalmostnoprotectiveeffectagainst influenza
viruses in mice and cell cultures lacking Mx1 (17, 18). However,
constitutive expression of recombinant mouse Mx1 or human
MxA protein protectedMx1-deficient cells against infection with
Mx-sensitive viruses (5, 19). Also, when monoclonal antibody
2C12 was microinjected intoMx1-carrying cells, IFN lost its pro-
tective activity against influenza virus but could still protect the
injected cells against unrelated viruses (20). Likewise, microinjec-
tion of this antibody neutralized the antiviral activity of human
MxA against Thogoto virus (THOV), an exquisitely MxA-sensi-
tive influenza-like orthomyxovirus (21). The power of human
MxAasanefficient in vivohostdefensemechanismwas illustrated
in experiments with MxA transgenic mice. These animals were
produced in such a way that they constitutively expressed the
humanMxAprotein in all tissues butwereunable to express func-
tional IFNtype I (�/�) receptors forgenetic reasons.Theysurvived
an otherwise lethal infection with MxA-sensitive viruses despite
their inability to mount a type I IFN response (22). These early
experiments clearly demonstrated that themouse and humanMx
proteins have intrinsic antiviral activity and act in an auton-
omous way without the need for other type I IFN-induced
factors. The nature of Mx proteins remained unclear until
sequence analyses revealed that Mx proteins contain putative
guanine nucleotide-binding sites (23), and an Mx-related pro-
tein, Vps1p (vacuolar protein sorting 1 protein), was discovered
in yeast and shown to perform an essential function in vacuolar
protein sorting (24). Also, molecular cloning of rat dynamin
revealed extensive homology to Vps1p andMx1, establishing a
new family of GTP-binding proteins (25).
It is now clear that Mx proteins form a distinct subclass within

the dynamin superfamily of GTPases.MxGTPases have amolec-
ular mass of �75,000 Da and, like dynamins, display a relatively
low affinity for GTP and a high intrinsic rate of GTP hydrolysis.
They consist of three domains, namely an N-terminal GTPase
domain (G domain) that binds and hydrolyzes GTP, a middle
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domain (MD) that mediates self-assembly and oligomerization,
and a C-terminal GTPase effector domain (GED) that is involved
in viral target recognition (26, 27) and also self-assembly (Fig. 2A)
(28).Unlikedynamin,Mxproteinsdonothaveapleckstrinhomol-
ogy (PH) domain, which is implicated in membrane binding of
classical dynamin. They also lack a proline/arginine-rich domain,
which is involved in dynamin-protein interactions, but feature
short N-terminal extensions of 25–90 residues of unknown func-
tion. Of note, the C terminus of mouseMx1 but not humanMxA
has a stretch of basic amino acids that constitutes a nuclear local-
ization signal and mediates nuclear accumulation (5, 29). The G
domains of MxA and dynamin share 40% overall sequence iden-
tity, whereas the MDs and GEDs are 20% identical, suggesting a
similar fold and basic catalytic machinery of these types of
GTPases. A common feature of dynamin-like GTPases is their
ability to self-assemble into highly ordered oligomers and to show
cooperativity in GTP hydrolysis. Biochemical analysis suggested
that the GED of Mx GTPases folds back to the G domain and
regulates their GTP-hydrolyzing activity (30). In dynamin, the
structural details of this intramolecular interactionhave nowbeen
elucidated. An �-helix at the very C terminus of the GED binds
into a hydrophobic groove formedby two�-helices preceding and
following theG domain. Together, they form a three-helix bundle
called the “bundle signaling element,” which was suggested to
transmit signals between theGdomain and theMD/GED(31, 32).
Purified Mx proteins form high molecular mass homo-oligomers
and self-assemble into helical arrays at high protein and low salt
concentrations (Fig. 3,A andB) (33–35).MxA binds to negatively

charged membranes and oligomerizes in ring-like structures
around liposomes much in the same way as dynamin, inducing
liposome tubulation (Fig. 3C) (35, 36). In IFN-treated cells, mouse
Mx1 accumulates in distinct nuclear dots in close proximity to
promyelocytic leukemianuclearbodies (37),whereashumanMxA
forms punctate granula in the cytoplasm,which partially co-local-
izes with COPI-positive membranes of the smooth endoplasmic
reticulum-Golgi intermediate compartment (38). These cellular
Mx assemblies appear to provide an intracellular storage form
from where Mx proteins can be recruited (39). Both human and
mouse Mx proteins have a half-life of �24 h, suggesting that oli-
gomerizationmost likely prevents their rapiddegradation (40, 41).
Although self-assembly of Mx proteins was found to be crit-

ical for GTPase activity and presumably protein stability, it was
not known whether oligomerization is also crucial for recogni-
tion of viral target structures and antiviral activity. Despite
tremendous efforts, previous attempts to obtain structural
information for Mx GTPases by x-ray crystallography were
unsuccessful. However, the crystal structure of GBP1 (guany-
late-binding protein 1) represented the first structure of a large
GTPase within the dynamin superfamily (42). Later, structures
of monomeric G domains of rat dynamin and Dictyostelium
discoideum dynamin A were determined (43, 44). In contrast,
the organization and architecture of the MD and GED of
dynamin andMxA remained elusive. Low resolution cryo-elec-
tron microscopy (EM) structures suggested that the MD and
GED of dynamin-like GTPases constitute a stalk that mediates

FIGURE 1. Phylogenetic tree of Mx proteins. The Mx proteins are grouped
into five subgroups according to sequence similarities. Sequences were
obtained from GenBankTM and aligned with ClustalW Version 1.81. The tree
was constructed using the DrawGram function of Biology WorkBench 3.2. The
following sequences were used for the alignment: human (hu) MxA and MxB;
canine (ca) Mx1 and Mx2; porcine (po) Mx1; bovine (bo) Mx1; ovine (ov) Mx;
murine (mu) Mx1 and Mx2; rat Mx1, Mx2, and Mx3; chicken (ch) Mx; duck (du)
Mx; Atlantic salmon (as) Mx1, Mx2, and Mx3; and Atlantic halibut (hh) Mx. This
figure was adapted from Ref. 1.

FIGURE 2. Structure and domain composition of human MxA. A, schematic
diagram of human MxA and human dynamin 1 (Dyn). MxA consists of three
domains: the G domain (blue), the MD (red), and the GED (green). The MD and
GED form the MxA stalk. Dynamin features two additional domains, namely a
PH domain (yellow) and a proline/arginine-rich domain (PRD; magenta).
B, structure of the MxA stalk composed of the MD and GED (amino acids
366 – 633) combined with the N-terminal globular G domain (blue). The
unstructured loops L2 and L4 are indicated by dashed lines. The positions of
the antibody 2C12-binding site (positions 432– 471) in loop L2 (47) and the
proteinase K cleavage site at position 564 (PK, asterisk) in loop L4 (30) are
indicated. This figure was adapted from Ref. 46.
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oligomerization and transmits conformational changes from
the G domain to the target structure (45).

Structure of the MxA Stalk

Early modeling of MxA protein folding was based on bio-
chemical data and the known structure of human GBP1 (39).
All available evidence indicated that the Mx GTPases had an
N-terminal large globular G domain followed by a bundle of

elongated antiparallel �-helices
built from the MD and GED. The
molecular architecture of the MD
and GED has now been solved
(46). The resulting x-ray structure
encompasses nearly the complete
MD and the N-terminal part of the
GED, which together form an anti-
parallel four-helix bundle, the stalk
of MxA (Fig. 2B). Two major loops,
L2 and L4, at the opposite position
of the G domain were not resolved
in the crystal structure. Loop L2
(amino acids 438–447) is the target
of monoclonal antibody 2C12, which
neutralizes the antiviral activity of
human and mouse Mx proteins
when injected into living cells (20,
21, 47). The 41-amino acid long
loop L4 (residues 532–572) is at the
equivalent sequence position as the
PH domain of dynamin and may
serve a similar function in lipid/tar-
get binding. Loop L4 is predicted to
be unstructured and is known to
harbor a proteinase K cleavage site
(Fig. 2B) (30). The stalk of MxA
structurally differs from the corre-
sponding domains of other dynamin
superfamily members such as
human GBP1 (42), BDLP (bacterial
dynamin-like protein) (48), and
EHD2 (Esp15 homology domain-
containing protein 2) (49), but its
structure is consistent with predic-
tions for the stalk of dynamin (46).
From an overall perspective, the
MxA stalk connects the globular G
domain (the “head”) to the two
intrinsically disordered loops L2
and L4 (the “legs”), which reach out
of the four-helix bundle at the oppo-
site side (Fig. 2B) and might consti-
tute target interaction sites, as
briefly discussed below.

MxA Self-assembles in a
Crisscross Pattern into Highly
Ordered Oligomers

Initially, the self-assembly prop-
erties of purified MxA protein were assessed using EM tech-
niques developed to study the oligomerization of dynamin by
the group of J. E. Hinshaw (50, 51). When incubated with GDP
or GDP�S, MxA formed rod- and ring-like structures resem-
bling the structures formed by dynamin (Fig. 3, A and B) (34,
35). Addition of GTP�S changed the oligomerization state of
MxA, leading to the appearance of spirals and stacks of rings
(34, 35) as originally also reported for mouse Mx1 (52). It was

FIGURE 3. Oligomerization and liposome binding of human MxA. A–C, cryo-transmission EM images of
purified MxA dialyzed against low salt buffer in the presence of 1 mM GMP-PCP. Self-assemblies show rings and
open arcs (A); higher magnification of the rings reveals a structure of two parallel sets of electron-dense
globular domains (B, double arrowheads); and incubation with phosphatidylserine-containing liposomes in the
presence of GTP shows MxA ring formation and tubulation (C) (36). Scale bars � 50 nm. D, shown is a model of
oligomeric MxA composed of the MxA stalks connected to the G domains of dynamin. Side and front views are
shown. E, a complete MxA ring composed of 16 MxA dimers was designed according to cryo-EM reconstruc-
tions of dynamin as described previously (46) but with an angle of only 23° between the associating stalks to
accomplish formation of a 41-nm oligomeric ring.
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therefore of great interest to elucidate the molecular basis of
MxA oligomerization to understand the structural changes
induced by nucleotide binding and hydrolysis. Interestingly,
each MxA stalk in the obtained crystals was assembled in a
crisscross pattern, resulting in a linear oligomer (Fig. 3D). This
arrangement involves three distinct interfaces and one loop in
each stalk and agreeswell with the proposed crisscross arrange-
ment of the dynamin stalks deduced by EM reconstructions
(45, 53). Furthermore, this stalk arrangement pattern allows the
G domains to be located on one side of the MxA oligomer,
whereas the putative membrane- or virus-binding sites in L2
and L4 are located on the opposite side (Fig. 3, D and E).
Analytical ultracentrifugation experiments demonstrated

that wild-typeMxA is a stable tetramer in solution (46), similar
to dynamin (54). Each of the three interfaces contributes to the
native assembly of full-length MxA, as demonstrated by muta-
tional analyses and protein-protein interaction experiments.
Strikingly, individual mutations at two positions in interface 2
(M527D in the MD and F602D in the GED) led to a complete
disruption of the tetramer, resulting in a predominantly mono-
meric form. Consequently, these mutants eluted as monomers
in analytical gel filtration experiments and did not interact with
wild-type MxA in co-immunoprecipitation assays or in an in
vivo co-translocation assay (46). It was reported previously that
substitution of lysine for leucine at position 612 (L612K)
resulted in monomeric MxA (28) and that the mutant was still
antivirally active (41). The crystal structure now reveals that
Leu-612 is located between interfaces 1 and 2 andpoints toward
the hydrophobic core of the stalk but does not directly partici-
pate in intermolecular interactions. However, a mutation to
lysine is likely to destabilize the stalk, leading to disruption of
interface 2. Other mutations in interfaces 1 and 3 and the two
loops also led to the disruption of the tetramer but resulted
predominantly in a dimeric form of the protein. Interestingly,
the correspondingmutations in yeast dynaminDNM1 (G385D)
and in dynamin 1 (e.g. R361S and R399A) also generated stable
dimers (54, 55). These results demonstrated that mutations
involving interfaces 1 and 3 and L4 disrupt tetramerization and
induce a stable dimeric form of MxA, whereas mutations in
interface 2 are completely disruptive, leading to monomeric
MxA. They further suggest that equivalent interfaces exist in
dynamin and additional dynamin-like proteins.
Previous EM studies of full-length MxA and dynamin re-

vealed the formation of ring-like oligomers of various diameters
(Fig. 3, A–C) (34–36). Importantly, the linear oligomeric stalk
model ofMxAcould be fitted into anEMreconstructionmapof
oligomerized dynamin (45) by introducing a simple rotation in
interface 1 (Fig. 3, D and E). This finding supported the notion
that oligomers of MxA and dynamin have a similar three-di-
mensional architecture. The oligomeric model accounts for the
“T-bar” shape seen in side views of oligomerized dynamin (45)
and MxA (Fig. 3, C and D) (36). Furthermore, it illustrates the
connectivity of the G domain with the PH domain in oligomer-
ized dynamin and is in agreement with the formation of a bun-
dle signaling element involving the C-terminal part of the GED
as mentioned above (32).
As in the case of dynamin and other dynamin-related

GTPases, GTP hydrolysis of MxA is regulated by oligomeri-

zation and exhibits cooperative stimulation with increasing
protein concentrations (46, 56). The structure of the G
domain dimer of dynamin demonstrated that GTP hydrolysis
of dynamin-like proteins is activated by direct contacts between
the G domains (32). In the oligomeric MxA model, the G
domains of one MxA ring are not in contact with other G
domains of the same ring but are pointing away from the central
stalk of the ring and facilitate inter-ring contacts (Fig. 3, D and
E). Consequently, we propose that MxA oligomerization ini-
tially proceeds via association of the stalks, until a complete ring
is formed. Only then can G domains from neighboring rings
approach each other, and nucleotide hydrolysis is stimulated in
a coordinated fashion.

MxA Oligomerization and Antiviral Activity

Themolecular basis of the antiviral activity ofMxGTPases is
still poorly understood. MxA inhibits a diverse range of viruses
that represent distinct RNA and DNA virus families (for a
review, see Ref. 1). Among them are influenzaA, B, andC virus-
es; influenza-likeTHOV; LaCrosse virus (LACV); and alsoAfri-
can swine fever virus (57). Most studies were performed with
influenza A virus. Early work indicated that overexpression of
the influenza polymerase subunit PB2 abolishes the antiviral
effect of mouse Mx1, suggesting that PB2 might be a putative
Mx1 target (58, 59). However, such a role for PB2 could not be
substantiated in subsequentwork based on reverse genetics and
minireplicon systems. These new approaches demonstrated
that the nucleoprotein (NP) rather than PB2 was theMx target.
NP is associated with the viral genome and, together with the
viral polymerase complex, forms the nucleocapsid structure
of influenza and influenza-like viruses. Influenza virus
strains were shown to differ in their sensitivity to the antiviral
effect of Mx proteins in cultured cells and minireplicon assays
(60). Artificial reassortments between relatively susceptible and
relatively resistant strains demonstrated that Mx sensitivity
clearly segregated with the viral NP and not PB2 or any other
viral component (60). Importantly, a physical interaction of
MxA with the viral NP was demonstrated for influenza A virus
(61) and THOV (62). Furthermore, nucleocapsid recognition
was demonstrated in co-sedimentation assays using glycerol
gradient centrifugation: when MxA-containing cell lysates
were mixed with THOV nucleocapsids, MxA co-sedimented
with the nucleocapsids into fractions of higher density, suggest-
ing a tight association of MxA with these viral structures (62).
Recognition of viral nucleocapsids also occurs in intact living
cells. MxA blocked the movement of viral nucleocapsids into
the nucleus, where they normally accumulate after microinjec-
tion into the cytoplasm (21). This transport block could be
released by anti-Mxmonoclonal antibody 2C12 whenmicroin-
jected along with the nucleocapsids (21).
The capacity of MxA to relocate viral components has been

extensively studied also in bunyavirus-infected cells (63) as well
as in cells infected with African swine fever virus (57).MxAwas
demonstrated to bind to the nucleocapsid protein N of LACV
and to form intracellular complexes with N (63). The interac-
tion ofMxAwith viralNoccurred onmembranes of the smooth
endoplasmic reticulum-Golgi intermediate compartment and
led to a depletion of N protein from the viral replication sites
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(64). EM revealed that stacks of filamentous bundles were accu-
mulating near the nuclear membrane. Labeling with specific
antibodies demonstrated that these filaments were composed
of both MxA and viral N protein (63). It is conceivable that
intracellular membranes serve as a scaffold to facilitate the
interaction between MxA and viral target structures, but the
role of lipid binding for antiviral activity of MxA is not clear at
present.
Mutational analyses revealed that the stalk region of MxA is

involved in target interaction (26), but the structural require-
ments for antiviral activitywere unknown.Therefore, wild-type
and assembly-deficientmutant forms ofMxAwere assessed for
their inhibitory activity against influenza virus in a minirepli-
con reporter assay (Fig. 4A). The minireplicon system mimics

infection and is amenable to experimental modifications: coex-
pression of a luciferase reporter minigenome together with the
three subunits of the viral polymerase and the viral NP gener-
ates nucleocapsids that transcribe and replicate the mini-
genome. In this reporter assay, luciferase production correlates
with the transcriptional and replicative activity of the viral
polymerase and is sensitive to inhibition by the MxA GTPase.
Although wild-type MxA inhibited viral polymerase activity by
80%, mutations in each of the three interfaces identified by the
structural analysis or deletions in loop L4 abolished antiviral
activity almost completely (Fig. 4B). Likewise, assembly-defi-
cient MxA proteins lost their antiviral activity against LACV
and failed to form complexes with the viral N protein (46).
In summary, these findings demonstrate that proper assem-

bly of the MxA stalk is essential for the antiviral function.
Whereas tetramers appear to constitute the cytoplasmic inac-
tive form ofMxA, oligomerization of tetramers around the tar-
get structure induces the formation of functional ring-likeMxA
units. A straightforward scenario postulates that MxA forms
oligomeric rings around the tubular structure of viral nucleo-
capsids, thereby blocking their function. As a consequence,
MxA may immobilize nucleocapsids or direct them to special
sites in the cytoplasm where they will eventually be degraded.

Future Prospects

The structural characterization of the MxA stalk provides
new insights into the formation of higher order MxA assem-
blies and demonstrates that multimerization is required for
antiviral activity, as discussed here. Together with recent pro-
gress in dynamin, it allows the conclusion that these GTPases
are built of three structural entities that do not strictly reflect
the predicted domain organization, namely the G domain, the
bundle signaling element (consisting of the C-terminal portion
of the GED and two helices connected with the G domain), and
the stalk (composed of the MD and the N-terminal part
of the GED). Further structural studies should help to clarify
the basic setup of the antiviral machinery, which is presently
not understood. It will be important to characterize the viral
target recognition site ofMxA. The present model features two
unstructured loops that might represent ideal target-binding
sites due to their position in the oligomericMxA rings. Detailed
molecular knowledge of the interaction betweenMxA and viral
target structures should provide a starting point to develop low
molecular mass compounds with antiviral activity as a new
strategy to combat influenza and other highly pathogenic
viruses.
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