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Interferon (IFN) is a key component of the innate immune response to exogenous pathogens. Interferon
increases the mRNA levels of interferon-stimulated genes (ISGs) in vivo, which is thought to account for
its antiviral activity. Recent studies have indicated that human myxovirus resistance protein 2 (Mx2 or
MxB), one of these ISGs, contributes to the inhibition of HIV-1 replication by interferon. MxB may bind
to HIV-1 relatively late in the post-entry phase, and it leads to a reduced level of integrated viral DNA,
thereby restricting HIV-1 infection. The N-terminal 91-aa domain of MxB and the assembly of MxB med-
iated by the Stalk domain have also been shown to be indispensible for MxB’s anti-viral functions, but the
mechanism involved has remained elusive. Here, we report the crystal structure (2.9 Å) of the human
MxB Stalk domain. MxB Stalk shows one dimer in the asymmetric unit. Each monomer contains a
four-helix bundle. Interestingly, analyses of MxB dimer interfaces show that the majority of residues
involved in the interface are not conserved between MxB and MxA, contributing to the building of a more
stable MxB dimer. MxA and MxB Stalk domains share 46.7% sequence identity, and the structure of the
MxA Stalk domain and the overall structure of MxB Stalk have a similar conformation. Our results indi-
cate that although human Mx proteins share common structural characteristics, their dimerization strat-
egies are unique, contributing to their unique contributions to viral restriction.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Like most mammals, humans carry two myxovirus resistance
genes, MX1 and MX2, which have arisen by gene duplication [1–
3] and encode the interferon-inducible dynamin-like GTPases
MxA and MxB [3–5]. Human MxA and MxB share 63% amino acid
(aa) sequence identity and a similar domain architecture [6],
including a G domain that hydrolyzes GTP to GDP; a hinge-like
‘‘bundle signaling element’’ (BSE) that connects the G domain to
the elongated Stalk domain; and the Stalk domain, which is
involved in self-assembly (Fig. 1A) [7]. Mice also have two Mx pro-
teins, both of which exhibit antiviral activity against a wide range
of viruses [1,8]. Human MxA also has been shown to suppress a
wide range of pathogenic DNA and RNA viruses, such as influenza
A virus and hepatitis B virus [9,10]. In contrast, human MxB does
not suppress the tested viruses and appears to have lost its antivi-
ral activity [11].

However, MxB has been identified as a novel inhibitor of human
immunodeficiency virus type-1 (HIV-1) [12–14]. MxB can bind to
the HIV-1 at a relatively late post-entry phase and leads to a
reduced level of integrated viral DNA, thereby restricting HIV-1
infection. The function of the N-terminal 91-aa domain of MxB,
the critical determinant of MxB’s antiviral activity, has been exten-
sively explored: A fusion protein that combines the N-terminal 91-
aa domain of MxB with the G, BSE, and Stalk domains of MxA still
has antiviral activity [15], and the N-terminal 91-aa domain of MxB
can directly bind to the HIV-1 capsid in vitro and in vivo, requiring
no cellular co-factors [16–18]. Furthermore, the N-terminal 91-aa
domain of Mx2B recognizes the higher-order lattice of CA tubes
instead of CA hexamer or monomers [16,17]. Several mutations
in the HIV-1 viral capsid (CA) region of Gag can overcome Mx2-
mediated suppression [13,18].

In addition to the N-terminal 91-aa domain of MxB, the assem-
bly and oligomerization of MxB have also been shown to be indis-
pensible for MxB’s anti-viral functions [18]. As is true of most
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Fig. 1. Overall structure of the human MxB Stalk domain. (A) Structure-based domain representation of human MxB. The numbers of the amino acid residues at the
boundaries of the domains are indicated. (B) Overall structure of the MxB Stalk domain in two perpendicular views. Monomers 1 and 2 are colored blue and green,
respectively. (C) Gel-filtration profiles of the MxB Stalk domain. MxB Stalk (YRGK/AAAA) (red) elutes mainly in the dimer fraction. (D) Superposition of monomers 1 and 2.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dynamin-like proteins, their cellular functions are assembly-stim-
ulated, and it has been proposed that the assembly and oligomer-
ization of MxB, mediated by the Stalk domain, may produce a
higher binding affinity for the viral capsid, but the mechanism
has remained elusive. MxA can assemble to form ring-like
higher-order oligomers, but little is known about the assembly
details of MxB. Here we report the crystal structure of the Stalk
of human MxB and dissect its function in the assembly of MxB.
2. Materials and methods

2.1. Expression and purification of the MxB Stalk domain

The gene fragment encoding the MxB Stalk domain (413–683)
was PCR-amplified from full-length MxB cDNA (XM_005260983)
and cloned into the modified pQlink plasmid with an N-terminal
His-tag. The mutations YRGK/AAAA and deletion loop L4 (580–
607) were generated by site-directed mutagenesis and confirmed
by custom sequencing analysis.

The proteins were over-expressed in Escherichia coli XL10 Gold
cells. The cells were lysed using a French press in buffer containing
50 mM/L Tris–HCl at pH 8.0, 0.3 M/L NaCl, 10 mM/L imidazole,
1 mM/L PMSF, and 0.5% Triton X-100. The proteins were purified
by Ni-NTA-affinity chromatography (GE Healthcare). The His-tag
was cleaved by TEV protease and removed by Ni-NTA affinity chro-
matography. The proteins were sequentially purified on a Resource
Q column and Superdex200 sizing column (GE Healthcare) in buf-
fer (20 mM Tris–HCl, pH 8.0, with 150 mM NaCl and 0.5 mM TCEP).

2.2. Crystallization and X-ray data collection

The eluted fractions were analyzed by SDS–PAGE and concen-
trated to �8 mg/mL for crystallization screening (Hampton Com-
pany). The crystals were optimized in 0.1 mol/L sodium acetate
at pH 4.5 with 6% PEG 4000 by hanging-drop vapor diffusion at
18 �C and improved by the micro-seeding method. The diffraction
of the crystals improved to 2.9 Å after dehydration in 0.1 mol/L
sodium acetate at pH 4.5 with 15% PEG 4000 for approximately
0.5 h. The crystals were flash-frozen in liquid nitrogen before data
collection [19]. The diffraction data sets were collected at the
Shanghai Synchrotron Radiation Facility (SSRF) on beamline
BL17U and processed with HKL2000 [20].

2.3. Structure determination and refinement

The crystal belonged to the P 31 2 1 space group, with one
dimer of the Stalk domain per asymmetric unit. The structure
was solved by molecular replacement using PHENIX [21,22], with
the MxA Stalk structure (PDB ID: 3LJB) as the search model. Model
building was performed with PHENIX [23] and modified with Coot
[24], and refinement was carried out using PHENIX [25]. The final
Rwork and Rfree values were 21.84% and 24.11%, respectively [26].
The final structure was analyzed with PROCHECK [27]. Data collec-
tion and refinement statistics are shown in Table 1. Associated
structure figures were prepared using PyMol (http://www.pymo-
l.org), and the coordinates were deposited in PDB under accession
code 4X0R.
3. Results and discussion

3.1. Overall structure of the MxB Stalk domain

Despite rigorous trials, we were unable to obtain soluble full-
length MxB protein for crystallization. After removal of the N-ter-
minal 83aa, the expression level of MxB (84–715) was improved.
To overcome the oligomerization, based on data from structural
studies of MxA [7], we applied (YRGK487–490AAAA) and a dele-
tion loop, L4, (580–607) to MxB (84–715). The majority of MxB
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Table 1
Data collection and refinement statistics.

Wavelength (Å) 1.000
Resolution range (Å) 38.65–2.905 (3.009–2.905)
Space group P 31 2 1
Unit cell 154.612 154.612 103.34 90 90 120
Unique reflections 31652 (3035)
Completeness (%) 99.77 (97.78)
Mean I/sigma(I) 18.74 (1.52)
Wilson B-factor 76.44
R-factora 0.2184 (0.3168)
R-freeb 0.2411 (0.3558)
Number of atoms 3491

Macromolecules 3491
Water 0

Protein residues 417
RMS(bonds) 0.009
RMS(angles) 1.24
Ramachandran favored (%) 97
Ramachandran outliers (%) 0
Clashscore 15.94
Average B-factor 104.70

Numbers in parentheses represent statistics for the highest resolution shell.
a Rwork =

P
||Fobs| � |Fcalc||/

P
|Fobs|.

b Rfree = R factor for a selected subset (5%) of the reflections that were not
included in prior refinement calculations.
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(84–715) still behaved as an oligomerized form, but the Stalk
domain (413–683), bearing the same mutations and deletion,
yielded a monodispersed peak on a size-exclusion column
(Fig. 1C). Crystals of the Stalk domain (413–683) of MxB, which dif-
fracted to a maximum resolution of 2.9 Å, were obtained.

As Fig. 1B shows, the overall structure of Stalk shows one dimer
in the asymmetric unit, and the structures of the two monomers
are similar, with a root-mean-squared deviation (RMSD) of
1.03 Å (Fig. 1D). The Stalk domain of MxB presents as a four-helix
bundle, including parallel and anti-parallel helices a1 (residues
418–487), a2 (residues 500–539), a3 (residues 543–579), and a4
(residues 623–669), connected by flexible loops. a4 is followed
by a short helix, a5 (residues 672–677), which directs the Stalk
Fig. 2. The dimer interface of human MxB. (A) The dimer interface of the MxB Stalk dom
indicated and shown as sticks. (B) The dimer interface of the MxA Stalk domain. PDB n
surface representation.
domain toward the BSE domain. A 12-aa long loop (L1) divides
a1 into a1N and a1C. Loop L2 (amino acids 487–498), connecting
a1 and a2, is not visible in the structure. Like MxA, the L4 loop of
MxB is highly flexible; thus, the left part of loop L4 (residues 608–
618) following the deletion loop is also absent from our model.
3.2. The oligomeric state of the MxB Stalk domain

The Stalk domain of MxB forms an antiparallel dimer, and the
dimer interface covers �1044 Å2, displaying twofold symmetry
between the associating monomers (Fig. 2C). As shown in Fig. 2A,
the interface involves residues on helices a3 and a4. Among these
residues, M567, L570, M574, V578, F647, and Y651 of each mono-
mer form symmetric hydrophobic contacts with associating resi-
dues of the other monomer. These residues that form
hydrophobic contacts are located on the edge of the interface. In
the center of the interface, it is interesting that eight side chain-
mediated hydrogen bonds are formed, as follows: Q571 on each
monomer forms two hydrogen bonds with Q644 on the other
monomer, and E636 on each monomer forms one hydrogen bond
with N643 on the other monomer. Also, R573 on each monomer
provides an additional hydrogen bond with Y651. Thus, a large
number of hydrogen bonds and hydrophobic contacts contribute
to building a stable and compact MxB dimer. With regard to
MxA, the dimer interface is stabilized completely by a few
intermolecular hydrophobic contacts (Fig. 2B). As compared to
the sequence of the Stalk domain of MxA, of all the residues
involved in the corresponding dimer interface [28], only L570,
M574, V578, and E636 are conserved between MxA and MxB
(Fig. 3A), and there is only E636 involved in forming hydrogen
bond. These results indicate that although human Mx proteins
share common structural characteristics, their dimerization strate-
gies are unique, suggesting that they may have diverse roles in
viral restriction.

As previously reported, full-length MxA bearing the YRGR440–
443AAAA mutation has lost its oligomerization as well as its
dimerization ability, and it presents as a monomer [7]. Our results
ain. The hydrogen bonds are indicated by dotted lines, and the residues involved are
umber: 3LJB. The residues involved are shown as sticks. (C) Dimer of MxB Stalk in



Fig. 3. Alignment of human MxB and MxA. (A) Sequence alignment of the Stalk domains of human MxA and MxB. (B) Structural alignment between the MxB and MxA Stalk
domains. (C) Structural alignment between the MxB Stalk domain and full-length MxA. The structures of the MxA Stalk domain (PDB number: 3LJB) and full-length MxA (PDB
number: 3SZR) are colored cyan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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show that the MxB Stalk bearing the corresponding YRGK/AAAA
mutation maintains the dimerized form in solution (Fig. 1B and
C). These results, together with the details of the MxB Stalk dimer
interface, suggest that the MxB dimers, not monomers, may be the
basic components of the assembly of MxB. Interestingly, we found
that MxB Stalk mutants Q571D, R573D, N643D, Q644D, F647D, and
Y651D, which are involved in the dimer interface, form inclusion
bodies in E. coli and become insoluble, indicating that these resi-
dues also play critical roles in stabilizing the structure of MxB.
Stalk mutants M574D and E636D were partly soluble, but they
eluted in the same volume as the wild-type MxB Stalk domain
from the size-exclusion column, indicating the stability of MxB
dimer (data not shown).

3.3. Structure comparison between human MxB and MxA

MxA and MxB Stalk domains share 46.7% sequence identity
(Fig. 3A). In comparison to the structure of the MxA Stalk domain,
the overall structure of MxB Stalk presents a similar conformation,
as shown is Fig. 3B. The L1 loop of MxB introduces a �20� kink,
which makes its a1C more compact than the a1C of MxA [28]. In
comparison to the structure of full-length MxA (Fig. 3C, PDB ID:
3SZR), we found that the conformation and orientation of helix
a5, which directs the Stalk domain to the BSE and G domains,
are highly conserved. Considering the high sequence identity
between MxA and MxB in the G and BSE domains, the overall
structure of both Mx proteins is apparently conserved, unlike the
corresponding structures of other dynamin-like proteins. This
result is consistent with a previous report that a fusion protein
combining the N-terminal domain of MxB with the G domain,
BSE domain, and Stalk domain of MxA still has antiviral activity.
Thus, the structural alignment between MxB Stalk and full-length
MxA provides a framework for explaining the molecular details
of full-length MxB (Fig. 3C).

In summary, we report the crystal structure of the human MxB
Stalk domain and characterization of its assembly properties. Our
data establish that Stalk dimerization is a conserved feature of
MxB and MxA. However, unique features of MxB’s dimerization
that differ from those of MxA were also observed. Our structural
and biochemical data provide a framework for a mechanistic
understanding of the dimerization and assembly of MxB and indi-
cate that the MxB dimer may be the primary form in the assembly
and viral restriction of MxB. In the final phase of manuscript prep-
aration, we noted that Fribourgh et al. presented crystal structures
of MxB (83–715) [17]. Our crystal structure provides a more
detailed picture of the dimer interface of the MxB Stalk domain,
which may facilitate further studies of the functional details of
MxB’s anti-HIV activity.
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