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Arenaviruses cause acute hemorrhagic fevers with high mor-
tality. Entry of the virus into the host cell is mediated by the
viral envelope glycoprotein, GPC. In contrast to other class I
viral envelope glycoproteins, the mature GPC complex con-
tains a cleaved stable signal peptide (SSP) in addition to the
canonical receptor-binding (G1) and transmembrane fusion
(G2) subunits. SSP is critical for intracellular transport of the
GPC complex to the cell surface and for its membrane-fusion
activity. Previous studies have suggested that SSP is retained in
GPC through interaction with a zinc-binding domain (ZBD) in
the cytoplasmic tail of G2. Here we used NMR spectroscopy to
determine the structure of Junín virus (JUNV) ZBD (G2 resi-
dues 445–485) and investigate its interaction with a conserved
Cys residue (Cys-57) in SSP. We show that JUNV ZBD displays
a novel fold containing two zinc ions. One zinc ion is coordi-
nated by His-447, His-449, Cys-455, and His-485. The second
zinc ion is coordinated by His-459, Cys-467, and Cys-469 and
readily accepts Cys-57 from SSP as the fourth ligand. Our
studies describe the structural basis for retention of the unique
SSP subunit and suggest a mechanism whereby SSP is posi-
tioned in the GPC complex to modulate pH-dependent mem-
brane fusion.

Arenavirus species are endemic in rodent populations
worldwide (1), and some viruses can be transmitted to hu-
mans to cause hemorrhagic fevers with up to 30% mortality
(2, 3). It is estimated that several hundred thousand people
are infected with Lassa fever virus (LASV)2 annually in west-
ern Africa, and thousands succumb to the disease (4, 5). In the
Americas, at least four arenavirus species are recognized to
cause fatal hemorrhagic fevers: Junín (JUNV), Machupo

(MACV), Guanarito (GTOV), and Sabiá (SABV) (2), and new
pathogenic species continue to emerge throughout the world
(6, 7). Prophylactic vaccines are not currently available and
treatment options are extremely limited. The hemorrhagic
fever arenaviruses are therefore acknowledged by the United
States government to pose a significant threat for public
health and biodefense (8).
The arenaviruses are enveloped viruses whose bipartite

RNA genome encodes four proteins using an ambisense cod-
ing strategy (9). Virus entry into its host cell is initiated by the
virus envelope glycoprotein (GPC) binding to a host-cell re-
ceptor, transferrin receptor 1 (TfR1) in the pathogenic New
World viruses (10) and �-dystroglycan in the Old World vi-
ruses (11), upon which the virion particle is endocytosed (12).
GPC-mediated fusion of the viral and endosomal membranes
is activated by acidic pH in the maturing endosome (13) and
proceeds through a series of conformational changes in the
G2 ectodomain that culminates in formation of the six-helix
bundle structure typical of class I viral fusion proteins (14–
18). Upon membrane fusion, the viral ribonucleoprotein core
is deposited into the cell cytoplasm for replication.
GPC is unique among viral fusion glycoproteins in that the

mature complex retains its cleaved stable signal peptide (SSP)
associated with the prototypical receptor-binding (G1) and
transmembrane fusion (G2) subunits (19, 20) (Fig. 1). SSP is
generated by signal peptidase (SPase) cleavage but unlike con-
ventional signal peptides is stable, unusually long (58 amino
acids), myristoylated (20), and contains two hydrophobic seg-
ments that each span the lipid bilayer (21) (Fig. 1). Both N and
C termini of SSP reside in the cytosol. The short cytoplasmic
C-terminal tail of SSP contains an absolutely conserved cys-
teine residue (Cys-57) (Fig. 1) that is required for retention of
SSP in the GPC complex (22). Residues flanking Cys-57 are
variable among arenaviruses (Fig. 1) and are important for
SPase cleavage but not for SSP retention in GPC (22, 23). In-
terestingly, SSP can be expressed as a separate polypeptide
and will associate in trans with a recombinant G1G2 precur-
sor to reconstitute the functional GPC complex (19, 22, 24).
SSP is required for transport of the G1G2 precursor protein

from the endoplasmic reticulum (ER). The interaction with
SSP appears to mask endogenous dibasic ER retention/re-
trieval signals in the cytoplasmic domain of G2 (25) to allow
transit through the Golgi compartment, where the G1G2 pre-
cursor is cleaved by the cellular SKI-1/S1P protease to form
the mature G1 and G2 subunits (Fig. 1) (26–28). As with
other class I viral fusion proteins, proteolytic cleavage of the

* This work was supported by National Institutes of Health Research Grant
R01 AI074818 (to J. H. N.).

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. S1–S10 and Table S1.

The atomic coordinates and structure factors (code 2LOZ) have been deposited
in the Protein Data Bank, Research Collaboratory for Structural Bioinformat-
ics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

1 To whom correspondence should be addressed: Dept. of Chemistry and
Biochemistry, The University of Montana, 32 Campus Dr., Missoula, MT
59812. Tel.: 406-243-4408; Fax: 406-243-4227; E-mail: klara.briknarova@
umontana.edu.

2 The abbreviations used are: LASV, Lassa fever virus; JUNV, Junín virus; ER,
endoplasmic reticulum; GPC, arenavirus envelope glycoprotein; GTOV,
Guanarito virus; ITC, isothermal titration calorimetry; Kd, dissociation con-
stant; MACV, Machupo virus; PNGase F, peptide:N-glycosidase F; RMSD,
root mean square deviation; SABV, Sabiá virus; SPase, signal peptidase;
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G1G2 precursor is required to render the GPC complex com-
petent for membrane fusion (20, 26, 27).
In addition to its role in GPC transport, SSP association is

also essential for the membrane-fusion activity of the GPC
complex. In particular, charge mutations at the Lys-33 posi-
tion in the ectodomain loop of SSP have been shown to sys-
tematically modulate the pH at which membrane fusion is
activated (24). Fusion deficiencies of Lys-33 mutants can in
turn be rescued by specific mutations in the transmembrane
domain and membrane-proximal ectodomain of G2 (29). The

putative SSP-G2 interface is hypothesized to stabilize the pre-
fusion state of GPC at neutral pH, and trigger the conforma-
tional changes leading to membrane fusion at acidic pH (24,
29). Small molecule compounds (30, 31) that target this pH-
sensitive interface act to stabilize the prefusion complex
against pH-induced activation (32), and thereby prevent virus
entry and arenaviral disease.
The retention of SSP in the GPC complex is solely depen-

dent on the transmembrane and cytoplasmic domains of G2;
the entire ectodomain of GPC can be replaced with an unre-

FIGURE 1. Subunit organization of the arenaviral GPC complex and comparison of SSP and C-terminal G2 amino acid sequences. A schematic draw-
ing of the JUNV GPC open-reading frame is displayed on top. Sequential biosynthetic cleavage events by the cellular signal peptidase (SPase) and SKI-1/S1P
protease respectively generate SSP and the mature G1 and G2 subunits. Membrane-spanning domains (h�1 and h�2 in SSP (21) and the transmembrane
region in G2) are indicated by gray shading. SSP is myristoylated (myr) at glycine 2 (20). A cartoon at the right illustrates the proposed subunit organization
and membrane topology of the mature GPC complex. The shaded rectangle depicts the lipid bilayer. The N and C termini of SSP and the C terminus of G2
are located on the cytoplasmic (cyto) side. Thicker lines in the ectodomain of G2 represent heptad-repeat sequences that refold to form the six-helix-bundle
structure and drive GPC-mediated membrane fusion (51). Comparisons of the amino acid sequences of SSP as well as the transmembrane and cytoplasmic
domains of G2 are shown below the open-reading frame schematic. Arenaviruses are divided into Old World species (OW) and New World species, which
are grouped by phylogenetic clades (A, A/recombinant, B, and C) (52). Invariably conserved cysteine and histidine residues in SSP and G2 involved in zinc
binding are highlighted by red fill, whereas non-conserved cysteine and histidine residues are in red type. Horizontal lines above the sequences define the
JUNV peptides used in this work: the N-terminal cytoplasmic domain of SSP (SSP-N; residues 2–17), the C-terminal cytoplasmic domain of SSP (acetyl-SCT;
56 –58), and the cytoplasmic domain of G2 (ZBD; 445– 485).
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lated sequence without affecting SSP association (25). The
cytoplasmic domain of G2 contains an array of six invariant
cysteine and histidine residues (Fig. 1), each of which is essen-
tial for association with SSP (33). Importantly, a recombinant
fusion protein that contains the cytoplasmic domain of JUNV
G2 has recently been shown to bind zinc with a dissociation
constant (Kd) in the subnanomolar range (33). The three
membrane-proximal cysteine and histidine residues in the
cytoplasmic domain of G2 (His-447, His-449, and Cys-455)
are required for this high-affinity binding, and we speculated
that the remaining residues (His-459, Cys-467, and Cys-469)
might form a second, intersubunit zinc-binding site in con-
junction with Cys-57 to retain and position SSP in the com-
plex (33).
Detailed information regarding the structure and organiza-

tion of the tripartite GPC complex is currently not available.
Although atomic level structure of the soluble G1 subunit,
alone and in complex with human TfR1, has recently been
reported (34, 35), the structural basis for the critical interac-
tions between SSP and G2 remains unknown. In order to pro-
vide a molecular framework for the function of GPC and the
role of its unique SSP subunit, we have here determined the
structure of the cytoplasmic zinc-binding domain of JUNV
G2 by NMR spectroscopy, and investigated its interaction
with SSP.

EXPERIMENTAL PROCEDURES

Synthetic Peptides—N-Acetylated synthetic peptides corre-
sponding to the JUNV GPC residues 56–58 (acetyl-SCT) and
445–485 (JUNV zinc-binding domain, JUNV ZBD) were ob-
tained from GenScript Corp. at �98% and �95% purity, re-
spectively. Acetyl-SCT represents the C-terminal cytoplasmic
sequence of SSP while JUNV ZBD comprises the complete
cytoplasmic sequence of the G2 subunit (Fig. 1). The peptides
were used without further purification unless stated other-
wise. Concentrations were determined spectrophotometri-
cally at 280 nm for JUNV ZBD and at 214 nm for acetyl-SCT.
Isothermal Titration Calorimetry (ITC)—To reduce metal

ion contamination, water and all buffer stock solutions that
were used to prepare samples for ITC experiments had been
passed through Chelex 100 resin. JUNV ZBD was dialyzed
extensively against ITC buffer (20 mM MOPS, pH 8.0, 150 mM

NaCl, and 1 mM tris(2-carboxyethyl)phosphine (TCEP)) sup-
plemented with 10 mM EDTA to remove any metal ions that
might have been carried over from the synthesis steps. The
peptide was subsequently dialyzed into ITC buffer to remove
EDTA. ITC experiments were performed in a VP-ITC
(MicroCal, GE Healthcare) instrument at 25 °C. To minimize
the possibility of metal ion contamination in the calorimeter,
the ITC cell and syringe were soaked overnight in ITC buffer
supplemented with 10 mM EDTA and afterward washed ex-
tensively with ITC buffer to remove residual EDTA. 10-�l
aliquots of 20 �M ZnCl2 in ITC buffer were injected into the
calorimeter cell containing 1.43 ml of 0.85 �M JUNV ZBD in
ITC buffer, and the heats of binding were recorded. To inves-
tigate the interaction between JUNV ZBD and acetyl-SCT,
10-�l aliquots of 450 �M acetyl-SCT in ITC buffer containing
100 �M ZnCl2 (Zn-ITC buffer) were injected into the calorim-

eter cell holding 1.43 ml of 50 �M JUNV ZBD that had been
dialyzed into Zn-ITC buffer. In control experiments, 10-�l
aliquots of 20 �M ZnCl2 in ITC buffer or 450 �M acetyl-SCT
in Zn-ITC buffer were injected into the calorimeter cell con-
taining 1.43 ml of ITC or Zn-ITC buffer respectively to mea-
sure the heats of dilution. The data were analyzed with the
ORIGIN software provided with the ITC instrument.
NMR Spectroscopy and Structure Determination—The sam-

ples for NMR experiments contained 0.7 mM JUNV ZBD, 50
mM 2H11-Tris, 2.5 mM 2H16-TCEP, and 4–5 mM ZnSO4 in
90% H2O/10% 2H2O, pH 7.2, or in 2H2O, pH* 7.0 (uncor-
rected pH meter reading). Air in NMR tubes was replaced
with argon for additional protection of cysteine residues from
oxidation. Two-dimensional double quantum filtered COSY,
TOCSY (supplemental Fig. S1), NOESY (supplemental Fig.
S2), E-COSY, and 1H-15N (supplemental Fig. S3), 1H-13C ali-
phatic (supplemental Fig. S4), and 1H-13C aromatic (supple-
mental Fig. S5) HSQC spectra at natural abundance were ac-
quired at 25 °C on a Varian 600 MHz NMR System equipped
with a cold probe. The data were processed and analyzed with
Felix 2004 (Accelrys Inc./Felix NMR Inc.), and sequential as-
signments were obtained using standard procedures (36) (see
supplemental Figs. S1 and S2 for details).
Structures were initially calculated with XPLOR-NIH 2.22

(37) using only distance restraints derived from the two-di-
mensional NOESY spectrum. Calculations were also per-
formed with Aria1.2 (38) in conjunction with CNS 1.0 (39),
using crosspeak volumes from the two-dimensional NOESY
spectrum with manual assignments either retained, or dis-
carded. No zinc atoms or constraints for zinc coordination
were included in these preliminary calculations. All calcula-
tion protocols yielded similar structures that contained two
distinct clusters of residues posed to coordinate zinc. In sub-
sequent structure calculations, geometrical constraints were
included to coordinate zinc ions by these two clusters. The
constraints were based on typical bond lengths and angles
reported for tetrahedral protein zinc-binding sites (40). In
addition, �1 was restrained to 60° � 30° for residues that ex-
hibited small 3JH�H�(� 5 Hz) for both H� atoms as judged
from E-COSY, and hydrogen bond restraints were introduced
for a short anti-parallel �-sheet (His-447—His-449, Val-
480—Arg-482) that was observed in the preliminary struc-
tures and supported by manually assigned NOE pattern. Eight
independent Aria runs were performed to evaluate conver-
gence and reproducibility. The calculations employed a total
of 8 hydrogen bond restraints, 4 �1 dihedral angle restraints,
and 1377 volumes from two-dimensional NOESY spectrum.
Manual assignments of NOESY crosspeaks were retained.
Default parameters and options were generally used for the
calculations. Each run yielded twenty structures, seven of
which were refined in explicit water. Structures in one run
exhibited slightly higher energy and were not considered fur-
ther. Three refined structures with the lowest energy from
each of the other seven runs were pooled together, resulting
in an ensemble of 21 structures. The statistics for the ensem-
ble is summarized in Table 1. Inclusion of the hydrogen bond
and zinc coordination restraints had negligible effect on the
calculated structures, as judged by comparison of the final
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ensemble with preliminary models that did not employ such
restraints.
NMR Binding Studies—The interaction of acetyl-SCT with

JUNV ZBD was investigated by NMR spectroscopy. A stock
solution that contained 14 mM acetyl-SCT, 50 mM 2H11-Tris,
and 10 mM 2H16-TCEP in 90% H2O/10% 2H2O, pH 7.1 was
kept under argon to help preserve Cys-57 in the reduced state.
Small aliquots of this acetyl-SCT stock solution were added
with a Hamilton syringe to a screw-cap NMR tube with sep-
tum (Wilmad LabGlass) that contained 0.4 mM JUNV ZBD,
50 mM 2H11-Tris, 2.5 mM 2H16-TCEP, and 1.5 mM ZnSO4 in
90% H2O/10% 2H2O, pH 7.1 under argon. One-dimensional
1H NMR spectrum was recorded upon each addition to moni-
tor progress of the titration. Finally, two-dimensional double
quantum-filtered COSY, TOCSY, and NOESY spectra were
acquired for a sample that contained 0.8 mM JUNV ZBD, 1.5
mM acetyl-SCT, 50 mM 2H11-Tris, 3.3 mM 2H16-TCEP, and 2
mM ZnSO4 in 90% H2O/10% 2H2O, pH 7.1. These spectra
were used to obtain resonance assignments and to identify
intermolecular contacts in the JUNV ZBD:acetyl-SCT
complex.
Expression of Recombinant JUNV GPC—In these studies,

SSP and the G1G2 precursor derived from the pathogenic
JUNV strain MC2 (41) were translated as two separate
polypeptides that associate in trans to reconstitute the native
GPC complex (19, 22, 24); this obviates potential concerns
regarding SPase cleavage. Vero cells were co-transfected with
pcDNA3.1 (Invitrogen)-based plasmids that encoded CD4sp-
GPC (a GPC precursor in which SSP is replaced by the con-
ventional signal peptide of CD4) and SSP-term (in which a

stop codon was introduced following the C-terminal SSP
amino acid Thr-58) (24, 33). Expression was achieved using
the bacteriophage T7 promoter present in the pcDNA3.1 vec-
tors and infection by a recombinant vaccinia virus expressing
the T7 polymerase (vTF7–3) (42), as described previously
(20). Mutations in GPC were introduced with the
QuikChange mutagenesis kit (Stratagene) and verified by
DNA sequencing.
For the analysis of SSP incorporation into the GPC com-

plex, cultures were metabolically labeled using 50 �Ci/ml of
35S-ProMix (GE Healthcare), starting at 6 h after transfection
and continuing overnight (20). Cells were lysed in cold Tris-
saline buffer (50 mM Tris-HCl and 150 mM NaCl, pH 7.5) con-
taining 1% Triton X-100 nonionic detergent and protease in-
hibitors (1 �g/ml each of aprotinin, leupeptin, and pepstatin),
and the GPC complex was immunoprecipitated using the
JUNV G1-specific monoclonal antibody QC03-BF11 (43) and
protein A-Sepharose (Sigma). The antibody was obtained
from the United States Centers for Disease Control and Pre-
vention through the NIH Biodefense and Emerging Infections
Research Resources Program. In some experiments, the iso-
lated glycoprotein was additionally deglycosylated with pep-
tide:N-glycosidase F (PNGase F, New England Biolabs) to bet-
ter resolve the mature G1 and G2 subunits. Proteins were
analyzed by polyacrylamide gel electrophoresis (PAGE) using
NuPAGE 4–12% Bis-Tris gels (Invitrogen) and the recom-
mended sample buffer containing lithium dodecylsulfate and
reducing agent. Radiolabeled proteins were visualized with a
Fuji FLA-3000G imager and the extent of SSP co-precipita-
tion was quantitated with ImageGauge software (Fuji). 14C-
methylated Rainbow proteins (GE Healthcare) served as mo-
lecular size markers.
GPC-mediated Cell-Cell Fusion—A vaccinia virus-based

�-galactosidase fusion-reporter assay (44) was used to charac-
terize the ability of GPC to mediate pH-dependent cell-cell
fusion (20, 24). Briefly, Vero cells expressing GPC and in-
fected by vTF-7 (which expresses bacteriophage T7 polymer-
ase) (42) were co-cultured in 96-well microculture dishes with
target cells infected with a recombinant vaccinia virus bearing
the �-galactosidase gene under control of the T7 promoter
(vCB21R-lacZ) (44). As previously described, cytopathic effect
of vaccinia virus infection and the potential for cross-infec-
tion between effector and target cells in this assay were obvi-
ated through use of the vaccinia virus replication inhibitors
cytosine arabinoside and rifampin (20, 24). Membrane fusion
was initiated by incubation of the co-culture in medium that
had been adjusted to pH 5.0 using HEPES and PIPES buffers.
After 10 min at 37 °C, the cultures were restored to neutral
medium and grown for 5 h to allow for expression of the
�-galactosidase fusion-reporter gene, which was then quanti-
tated using the chemiluminescent GalactoLite Plus substrate
(Applied Biosystems) and a Tropix TR717 microplate
luminometer.

RESULTS

The Cytoplasmic Domain of G2 Contains Two Zinc-binding
Sites and Interacts with SSP—Genetic studies demonstrated
that SSP retention in GPC depends on an array of six invari-

TABLE 1
Structural statistics for JUNV ZBD

Number of NOE distance restraints in the last ARIA
iteration

Unambiguous 762 � 2
Ambiguous 87 � 2

RMSD from experimental restraints
NOE distance restraints (Å) 0.018 � 0.004
Dihedral angle restraints (°) 0 � 0

Number of experimental restraint violations
NOE violations � 0.5 Å 0 � 0
NOE violations � 0.3 Å 0.6 � 0.7
Dihedral angle violations � 5° 0 � 0

RMSD from idealized geometrya
Bonds (Å) 0.0043 � 0.0003
Angles (°) 0.61 � 0.04
Impropers (°) 1.7 � 0.1

Distribution of �, � dihedral angles in Ramachandran
plot (56)

The most favored regions (%) 68.7
Additional allowed regions (%) 24.1
Generously allowed regions (%) 3.7
Disallowed regions (%) 3.5b

RMSD of residues 445–485 frommean coordinatesc
Backbone atoms (N, C�, C) (Å) 0.86 � 0.21
Heavy atoms (Å) 1.31 � 0.14

a Idealized covalent geometry is based on the parallhdg5.3.pro parameters (38).
b Residues that exhibit �, � dihedral angles in the disallowed regions of
Ramachandran plot in at least one structure include Thr-446, Arg-451, Ala-454,
Arg-460, Ser-463, Arg-468, Cys-469, Lys-471, Leu-475, Lys-476, and Lys-477.
Nine structures contain no residues with �, � dihedral angles in the disallowed
regions.

c Mean coordinates were obtained by averaging coordinates of the 21 calculated
structures, which were first superposed using backbone atoms (N, C�, C) of resi-
dues 445–485.
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ant cysteine and histidine residues in the cytoplasmic domain
of G2 (33), as well as a conserved cysteine residue (Cys-57) in
SSP (22). Using a recombinant fusion protein containing the
cytoplasmic domain of G2, we also showed that three of the
G2 residues are involved in high-affinity zinc binding. We
speculated that the other three residues in G2 and Cys-57
in SSPmight form a second zinc-binding site bridging the two
subunits (33). To investigate this model, we determined the
stoichiometry of zinc binding to a synthetic peptide compris-
ing the entire cytoplasmic domain of JUNV G2 (residues 445–
485; JUNV ZBD). Isothermal titration calorimetry (ITC) ex-
periments demonstrated that JUNV ZBD binds 1.8 mol
equivalents of Zn2� with Kd in the nM range (Fig. 2A and Ta-
ble 2). This result is consistent with the cytoplasmic domain
of G2 containing two zinc-binding sites.
Because the penultimate Cys-57 residue in SSP is essential

for SSP-G2 association in the GPC complex, we proposed that
it might interact with the cytoplasmic domain of G2. To
probe this hypothesis, we examined the binding of a synthetic
tripeptide corresponding to the C-terminal cytoplasmic se-
quence of SSP (residues 56–58; acetyl-SCT) to JUNV ZBD in
the presence of a saturating concentration of Zn2�. ITC stud-
ies demonstrated that acetyl-SCT interacts with JUNV ZBD
with �1:1 stoichiometry and Kd � 20 �M (Fig. 2B, Table 2).
The moderate binding affinity likely reflects the lack of mem-
brane anchorage in our peptide model of SSP-G2 interaction.

Solution Structure of JUNV ZBD—To provide structural
context for the interaction between the cytoplasmic domain
of G2 and SSP, we undertook to investigate the zinc-bound
form of JUNV ZBD by NMR spectroscopy. Consistent with
the ITC results, JUNV ZBD required two mole equivalents of
Zn2� to yield NMR spectra with well dispersed signals typical
of folded proteins (see supplemental Fig. S6 for details). The
two-dimensional NMR spectra of zinc-bound JUNV ZBD
were amenable to analysis (supplemental Fig. S1–S5), and we
proceeded with resonance assignment and determination of
JUNV ZBD solution structure. ARIA calculations based on
NOESY-derived restraints converged to a single fold and re-
vealed that JUNV ZBD indeed contains two distinct clusters
of residues posed to coordinate zinc. Cluster I includes His-
447, His-449, Cys-455, and His-485. All three histidines are
oriented to coordinate zinc via their N�2 atoms. Cluster II
includes His-459, Cys-467, and Cys-469, with the histidine
positioned to coordinate zinc via N	1. A water molecule is
presumed to serve as the fourth ligand in this cluster. The
backbone of JUNV ZBD forms several switchback loops that
provide a scaffold for the two zinc-binding sites on one side of
the structure; the C-terminal 15 amino acids wrap around the
other side and bring the C terminus close to the N terminus.
The proximal arrangement of the N and C termini is stabi-
lized by a short anti-parallel �-sheet (His-447—His-449, Val-
480—Arg-482) and by participation of the C-terminal His-
485 in zinc cluster I. The partitioning of the histidine and
cysteine residues between the two clusters is consistent with
the conclusions of previous equilibrium binding studies using
recombinant fusion proteins (33). The refined three-dimen-
sional model of JUNV ZBD containing two zinc ions is pre-
sented in Fig. 3, A and B.
Zinc-binding domains are extremely rare in viral glycopro-

teins, the only other reported example being a dual CCHC-
type classical zinc finger in the cytoplasmic tail of the G1 en-
velope glycoprotein of bunyaviruses (45). JUNV ZBD shows
no structural similarity to the bunyavirus zinc-binding do-
main. VAST (46) and SSM (47) searches identified a number
of three-dimensional protein structures with topologies simi-
lar to JUNV ZBD (supplemental Fig. S7). However, none of
these structures contains two zinc-binding sites and hence the
significance of these distant similarities is obscure.
Residues on the zinc-binding face of the JUNV ZBD struc-

ture are highly conserved among arenaviruses (Fig. 3C). In
contrast, the C-terminal 15 amino acids that wrap around the
other side of the structure are highly variable, with the excep-
tion of the strictly conserved Trp-481 (Fig. 1). Interestingly,
Trp-481 is positioned in the C-terminal �-strand of the short
anti-parallel �-sheet that holds the N and C termini together
(Fig. 3C and supplemental Fig. S8). The ring of Trp-481 is on
the side of the �-sheet opposite from zinc cluster I, where it is
sandwiched between the side chains of highly conserved Thr-
446 and Arg-448 from the N-terminal �-strand (supplemental
Fig. S8). This arrangement suggest that despite the generally
low degree of sequence conservation in the C-terminal third
of the domain, the short �-sheet and the packing of Trp-481
against residues from the N-terminal �-strand are likely to be
universal features of arenaviral GPCs.

FIGURE 2. Calorimetric titrations of JUNV ZBD with Zn2� and acetyl-SCT.
A, binding of Zn2� to JUNV ZBD. B, binding of acetyl-SCT to JUNV ZBD in the
presence of Zn2�. Representative ITC traces and binding curves fitted to the
data are shown in the upper and lower panels, respectively. The experimen-
tal results demonstrate that JUNV ZBD contains two zinc-binding sites. Res-
olution of the subnanomolar binding event is precluded by the relatively
high concentration of the peptide required to accurately measure the heats
released upon binding. Hence, the data are dominated by the enthalpy and
Kd of the low-affinity binding site.

TABLE 2
Thermodynamic parameters for interaction of JUNV ZBD with Zn2�

and acetyl-SCT determined by ITC at 25 °C

Ligand Stoichiometry (N)
Dissociation
constant (Kd)

Enthalpy
(��H)

Zn2� 1.81 � 0.05a 19.2 � 0.4 nMa 21 � 1 kcal mol�1a

Acetyl-SCT 0.86 � 0.04a 23.5 � 0.3 �Ma 8.7 � 0.3 kcal mol�1a

a The values represent averages and standard deviations of duplicate experiments.
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Functional Analysis of His-485 GPC Mutants—Six of the
seven residues that coordinate zinc (His-447, His-449, Cys-
455, His-459, Cys-467, and Cys-469) are strictly conserved in
all arenaviruses (Fig. 1) and required for association with SSP
(25, 33). It was therefore surprising to discover that the C-
terminal histidine in JUNV (His-485), which is not conserved,
participates in zinc cluster I. A C-terminal histidine residue is
found in all clade B NewWorld arenaviruses but is absent in
other NewWorld clades and most Old World arenaviruses
(Fig. 1). Our finding that the C-terminal His-485 participates
in zinc cluster I raised the question whether this residue is
required for GPC structure and function in the NewWorld

clade B arenaviruses. To investigate the role of His-485 in the
context of the intact JUNV GPC complex expressed in mam-
malian cells, we replaced the histidine with asparagine
(H485N), a substitution that typically impairs zinc binding
(33, 48, 49). Another mutant was constructed in which the
C-terminal glycine and histidine were removed, leaving a C-
terminal Arg-483 (G484stop). Immunoprecipitation of the
resulting GPC complexes using a monoclonal antibody spe-
cific to G1 revealed that both H485N and G484stop mutants
included considerably less SSP than did wild-type GPC (�20
and 30% of wild-type levels, respectively) (Fig. 4A). The mu-
tants also contained little of the mature G1 and G2 glycopro-
teins, which co-migrate as a heterogeneous smear of �35 kDa

FIGURE 3. Solution structure of JUNV ZBD. A, ribbon model of JUNV ZBD.
The color changes smoothly from blue at the N terminus to red at the C ter-
minus. Zinc ions are depicted as spheres, and cysteine and histidine side
chains that coordinate the zinc ions are colored orange and yellow, respec-
tively. Small circles along the ribbon mark the positions of dibasic ER reten-
tion/retrieval motifs (Lys-476 —Lys-477 and Arg-482—Arg-483). B, 21 back-
bone traces of JUNV ZBD are shown superimposed. The coloring scheme is
the same as in panel A. C, superimposed backboned traces of JUNV ZBD are
colored according to residue conservation among arenaviruses (Fig. 1).
Highly conserved residues are purple, variable residues are cyan, and white
indicates average conservation (53, 54). The images were prepared with
Molmol 2K.1 (55).

FIGURE 4. Mutations at His-485 in GPC affect SSP association and mem-
brane-fusion activity. A, cells expressing wild-type (wt) and mutant
(H485N and G484stop) forms of CD4sp-GPC (G1G2 precursor) alone or in
trans with wild-type SSP-term (�SSP) were metabolically labeled and GPC
was immunoprecipitated using the G1-specific monoclonal antibody QC03-
BF11. Uncleaved G1G2 precursor and the heterogeneous smear of the ma-
ture glycoproteins (G1, G2) are marked, as is the co-precipitated SSP. Posi-
tions of the molecular weight standards and their sizes in kilodaltons are
indicated at right. The high level of the uncleaved G1G2 precursor is typical
in cells overexpressing GPC (20). Proteolytic cleavage of the G1G2 precursor
is dependent on SSP association and is therefore compromised in the GPC
mutants. B, lack of SSP incorporation in GPC bearing asparagine mutations
at the three previously identified zinc-binding histidine residues (H447N,
H449N, and H459N) (33) is compared with the partial defect in H485N.
C, cell-cell fusion activity of wt and mutant GPC at pH 5.0 was determined
using a vaccinia virus-based �-galactosidase fusion reporter assay (44) and
chemiluminescence, as described under “Experimental Procedures.” All
measurements were from eight replicates and the average extent of fusion
was normalized to that of wt GPC. The figure represents the average and
standard deviation of seven independent determinations.
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(Fig. 4A). The paucity of mature subunits was confirmed by
enzymatic deglycosylation of the immunoprecipitated com-
plexes, which allows clear resolution of the G1 and G2
polypeptides (not shown) (20). The decrease in proteolytic
maturation in the mutants is consistent with specific reten-
tion of the G1G2 precursor in the ER in the absence of SSP
association (25). Overall, the effects on SSP binding were sig-
nificant but less extreme than those observed for asparagine
mutations at the other zinc-binding histidines, His-447, His-
449, or His-459 (Fig. 4B) (33), or for serine mutations at any
of the three zinc-binding cysteines in G2 or at Cys-57 in
SSP (22, 33).
The reduction in SSP association in the H485N and

G484stop mutants was reflected in a corresponding, albeit
smaller, decrease in the ability of the mutant GPCs to mediate
pH-dependent cell-cell fusion (�80 and �60% of wild-type
levels, respectively; Fig. 4C). The lesser effect of the mutations
on cell-cell fusion likely reflects nonlinearities in the respec-
tive assays. The modest fusion deficiency in the H485N and
G484stop mutants is, again, in contrast to the absolute defect
(
 5% of wild-type level) engendered by mutations at the
other zinc-binding histidine and cysteine residues (33). Thus,

we conclude that the C-terminal His-485 is important but not
essential for SSP association in the GPC complex.
Interaction between JUNV ZBD and Acetyl-SCT—To gain

structural insight into the interaction of JUNV ZBD with
acetyl-SCT, we used NMR spectroscopy. When acetyl-SCT
was added to JUNV ZBD, new signals from certain JUNV
ZBD atoms appeared in the one-dimensional 1H NMR spec-
trum. As the titration progressed, the signals from free JUNV
ZBD diminished in intensity while those from the acetyl-
SCT-bound form grew stronger (supplemental Fig. S9), con-
sistent with slow exchange between the free and bound forms.
Only a small number of JUNV ZBD residues exhibited clearly
distinct chemical shifts when bound to acetyl-SCT (Fig. 5A).
This suggests that the conformational changes upon binding
are minimal and rather localized, and that the affected resi-
dues are part of or proximal to the binding site. Hence, a
rough picture of the binding site can be generated by mapping
the acetyl-SCT-induced spectral perturbations on the three-
dimensional structure of JUNV ZBD (Fig. 5C). The chemical
shift perturbation data indicate that acetyl-SCT interacts with
zinc cluster II, thus providing direct evidence for a zinc-medi-
ated interaction between G2 and SSP. Because the zinc ion in

FIGURE 5. Interaction of JUNV ZBD with acetyl-SCT. A, numerous crosspeak shifts are noticeable in the superimposed amide-aliphatic regions of two-
dimensional TOCSY spectra of JUNV ZBD in the absence of acetyl-SCT (black) and JUNV ZBD in the presence of a 2-fold molar excess of acetyl-SCT (red). The
most conspicuous crosspeak shifts are marked with blue arrows and residue numbers. Signals from both bound and free acetyl-SCT peptide are only pres-
ent in the latter spectrum and are also labeled with residue numbers (56 –58 and 56�-58�, respectively). Several blue lines that connect crosspeaks from the
same residues are included for clarity. B, crosspeaks between JUNV ZBD and acetyl-SCT are observable in two-dimensional NOESY spectrum of JUNV ZBD in
the presence of a 2-fold molar excess of acetyl-SCT. Several strips from the NOESY spectrum are shown with the intermolecular signals highlighted in red
and chemical shifts that pass through the crosspeaks labeled in blue. C, superimposed backbone traces of JUNV ZBD are colored according to 1H chemical
shift changes of individual residues upon binding of the acetyl-SCT peptide. HN chemical shifts were used where available; H	 shifts were used for proline
residues while H� shifts were substituted for other residues without observable HN signals. Color intensity is proportional to the observed change. Zinc
ions are depicted as yellow spheres, and cysteine and histidine side chains that coordinate the zinc ions are colored orange and yellow, respectively. Note
that all significant chemical shift changes are localized to zinc cluster II, thus marking it as the acetyl-SCT-binding site. D, superimposed backbone traces of
JUNV ZBD are shown with green spheres representing all atoms that exhibit unambiguous NOEs to the acetyl-SCT peptide. The orientation of the molecules
is the same as in panel C. All atoms in JUNV ZBD for which unambiguous intermolecular NOEs were identified are localized at zinc cluster II.
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cluster II of JUNV ZBD is coordinated by only three protein
residues (His-459, Cys-467, and Cys-469), it can readily ac-
commodate Cys-57 from SSP as the fourth ligand.
To obtain further information about the interaction be-

tween JUNV ZBD and acetyl-SCT, two-dimensional NOESY
spectrum of JUNV ZBD in the presence of excess acetyl-SCT
was inspected for intermolecular NOEs. Eleven unambiguous
NOEs between JUNV ZBD and acetyl-SCT were identified
(Fig. 5B and supplemental Table S1). Ten of these are be-
tween Cys-57 in acetyl-SCT and His-459 or Cys-469 in JUNV
ZBD, and one is between Thr-58 and Cys-469 (Fig. 5D). The
NOESY data suggest that the interaction is mediated primar-
ily by Cys-57 while contact with the rest of the acetyl-SCT
peptide is minimal. This is consistent with genetic studies
showing that mutations at positions 56 and 58 of SSP are well
tolerated (22).

DISCUSSION

Based on the overall high degree of sequence and functional
homology among arenaviral GPCs, it is likely that the cyto-
plasmic G2 domains of other species resemble JUNV in their
structural organization. However, the lack of a C-terminal
histidine in other species brings up the question of how these
viruses might complete tetrahedral coordination of zinc in
cluster I. None of the other cytosolic histidines is sufficiently
well conserved to stand out as an obvious alternative for the
C-terminal histidine, and the clade A NewWorld species pos-
sess no additional cysteine or histidine in their cytoplasmic
sequences (Fig. 1). The nonconserved histidines found in G2
of some species, His-463 in several Old World viruses (num-
bered by reference to JUNV GPC) or His-471 in clade C New
World viruses, could not participate in zinc coordination
without major structural rearrangements relative to the JUNV
ZBD structure. His-440 (C440 in Lujo virus) in the transmem-
brane domain of G2 is relatively well conserved and close to
the cytoplasm (Fig. 1) and might be in a position to participate
in zinc cluster I. However, the H440A mutant of JUNV GPC
displays membrane-fusion activity comparable to wild type
(32), suggesting that His-440 is not required for SSP associa-
tion, at least in the presence of C-terminal histidine. This line
of reasoning leaves us with no obvious candidate for the
fourth zinc ligand in cluster I of viruses that lack the C-termi-
nal histidine, and it raises the possibility that some arenaviral
species may coordinate zinc in cluster I by only three residues,
in a manner analogous to zinc cluster II prior to SSP
association.
Our model for SSP incorporation in the GPC complex does

not include potential structural contributions from the mem-
brane and membrane-spanning regions of GPC. It is likely
that the cytoplasmic domains of both SSP and G2 are con-
strained upon exiting from the membrane and by interactions
among the three membrane-embedded segments. Indeed, a
single amino acid deletion within the C-terminal hydrophobic
sequence of SSP prevents SSP retention in the GPC complex
(21), suggesting that the interactions among the membrane-
embedded segments and/or the positioning of the C terminus
of SSP relative to the lipid bilayer are crucial for association of
SSP with G2. The model also does not consider potential con-

tributions from the N-terminal cytoplasmic region of SSP.
NMR studies using a peptide corresponding to the N-terminal
cytoplasmic sequence of SSP (SSP-N; residues 2–17) did not,
however, reveal any interaction with JUNV ZBD (see supple-
mental Fig. S10 for details). Previous studies have also shown
that myristoylation at the N terminus of SSP does not appear
to affect SSP retention in GPC (20, 21, 50). This suggests that
neither the cytoplasmic N-terminal region of SSP nor the
myristoyl moiety is involved in direct interaction with G2.
Our paradoxical finding that the C-terminal His-485 in

JUNV ZBD coordinates zinc in cluster I yet is neither essen-
tial for membrane-fusion activity nor conserved among
arenaviruses suggests that our present understanding of the
interaction between SSP and G2 is necessarily incomplete.
Likewise, the minimal structural changes induced by acetyl-
SCT binding to JUNV ZBD in our experiments do not suggest
a structural mechanism whereby SSP association is able to
overcome the dibasic amino acid ER retention/retrieval mo-
tifs in G2 to allow transport of the G1G2 precursor through
the Golgi and to the cell surface (25). The two dibasic motifs
(Lys-476—Lys-477 and Arg-482—Arg-483) are positioned on
the opposite face of JUNV ZBD from zinc cluster II, on the
variable C-terminal segment that wraps around the structure
(Fig. 3A) and are unaffected by acetyl-SCT binding.
In conclusion, our studies provide the first structural view

of the unusual cytoplasmic zinc-binding domain in the arena-
virus envelope glycoprotein complex. The face of the domain
that contains the two zinc-binding clusters is well conserved
among arenaviruses, and cluster II serves as a binding site for
Cys-57 in SSP. It is likely that the zinc-mediated anchoring of
SSP contributes to positioning the ectodomain loop of SSP
relative to the G2 ectodomain to modulate membrane fusion
(26, 29). Small molecule compounds that target the pH-sensi-
tive SSP-G2 interface in the ectodomain of GPC have been
shown to inhibit pH-induced activation of membrane fusion
and prevent virus entry (32). Structural studies of the intact
membrane-associated GPC complex represent an important,
albeit daunting, challenge for future research.
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