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Clade B of the New World arenaviruses contains both pathogenic and nonpathogenic members, whose
surface glycoproteins (GPs) are characterized by different abilities to use the human transferrin receptor type
1 (hTfR1) protein as a receptor. Using closely related pairs of pathogenic and nonpathogenic viruses, we
investigated the determinants of the GP1 subunit that confer these different characteristics. We identified a
central region (residues 85 to 221) in the Guanarito virus GP1 that was sufficient to interact with hTfR1, with
residues 159 to 221 being essential. The recently solved structure of part of the Machupo virus GP1 suggests
an explanation for these requirements.

Arenaviruses are bisegmented, single-stranded RNA viruses
that use an ambisense coding strategy to express four proteins:
NP (nucleoprotein), Z (matrix protein), L (polymerase), and
GP (glycoprotein). The viral GP is sufficient to direct entry into
host cells, and retroviral vectors pseudotyped with GP recapit-
ulate the entry pathway of these viruses (5, 13, 24, 31). GP is a
class I fusion protein comprising two subunits, GP1 and GP2,
cleaved from the precursor protein GPC (4, 14, 16, 18, 21).
GP1 contains the receptor binding domain (19, 28), while GP2
contains structural elements characteristic of viral membrane
fusion proteins (8, 18, 20, 38). The N-terminal stable signal
peptide (SSP) remains associated with the mature glycoprotein
after cleavage (2, 39) and plays a role in transport, maturation,
and pH-dependent fusion (17, 35, 36, 37).

The New World arenaviruses are divided into clades A, B, and C
based on phylogenetic relatedness (7, 9, 11). Clade B contains the
human pathogenic viruses Junin (JUNV), Machupo (MACV),
Guanarito (GTOV), Sabia, and Chapare, which cause severe
hemorrhagic fevers in South America (1, 10, 15, 26, 34). Clade
B also contains the nonpathogenic viruses Amapari (AMAV),
Cupixi, and Tacaribe (TCRV), although mild disease has been
reported for a laboratory worker infected with TCRV (29).

Studies with both viruses and GP-pseudotyped retroviral vec-
tors have shown that the pathogenic clade B arenaviruses use
the human transferrin receptor type 1 (hTfR1) to gain entry
into human cells (19, 30). In contrast, GPs from nonpathogenic
viruses, although capable of using TfR1 orthologs from other
species (1), cannot use hTfR1 (1, 19) and instead enter human
cells through as-yet-uncharacterized hTfR1-independent path-
ways (19). In addition, human T-cell lines serve as useful tools
to distinguish these GPs, since JUNV, GTOV, and MACV
pseudotyped vectors readily transduce CEM cells, while TCRV
and AMAV GP vectors do not (27; also unpublished data).
These properties of the GPs do not necessarily reflect a tro-

pism of the pathogenic viruses for human T cells, since viral
tropism is influenced by many factors and T cells are not a
target for JUNV replication in vivo (3, 22, 25).

Generation of chimeric GPs. At present, there is limited
information about the determinants of receptor binding within
the arenavirus GP1. Previous studies using GP1 immunoad-
hesins (IMs) have suggested that the N-terminal 22 amino acids
and C-terminal 10 amino acids of clade B GP1s are dispens-
able for receptor binding (1, 19, 27, 30). To further map the
regions involved in the interactions that are characteristic of
the pathogenic clade B viruses, we generated a series of chi-
meric GPs based on the exchange of GP1 protein segments
between closely related pathogenic and nonpathogenic viruses
from the same sublineage, specifically the B1 viruses JUNV
and TCRV and the B2 viruses GTOV and AMAV (9, 11).

Sequence alignment of representative New World GP1 pro-
teins using the Clustal X software (12) revealed four com-
pletely conserved cysteine residues (Fig. 1A) that are also
conserved in the Old World arenaviruses. The cysteines were
used to delineate 5 segments within GP1, which were swapped
to generate the chimera series T(J), comprising JUNV se-
quences inserted into a TCRV GP backbone, and the GTOV/
AMAV chimeras A(G) and G(A). The crystal structure of a
truncated GP1 from MACV (residues 87 to 239) has recently
been solved (6), revealing that conserved cysteines 1 and 4 and
conserved cysteines 2 and 3 form disulfide bonds (Fig. 1B).
Given the close evolutionary relatedness between the GPs of
the clade B arenaviruses and the similarity in the patterns of
predicted secondary structures across GP1 (data not shown),
the structural information available for the MACV GP1 is
likely to be a useful blueprint for the JUNV and GTOV GP1
structures, although as noted by Bowden and coworkers (6),
there is considerable variation in the location of predicted
N-glycosylation sites, which suggests that structural variation
will exist in the carbohydrate-rich regions of the protein.

The functionality of each chimeric GP was assessed by gen-
erating pseudotyped retroviral vectors and transducing
HEK293A cells as described previously (27, 31, 32) (Fig. 2A).
In the T(J) series, only chimeras generated by single-segment
swaps of segments 1, 2, and 5 or the combined substitution of
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segments 1 to 3 or the C terminus of segment 4 plus segment
5 were functional. No chimeras containing either complete or
partial substitutions in segment 4 alone were functional. The
A(G) series tolerated single-segment swaps of segments 3 or
5, while segments 2 or 4 could be accommodated only in the
context of a larger swap of the central region spanning seg-
ments 2 to 4. The G(A) series revealed a different pattern
again, with single-segment swaps of 1, 4, or 5 being tolerated,
as well as the larger swap of segments 3 to 5.

To address the basis for the nonfunctional chimeras, we
analyzed GP incorporation into vector particles by Western

blotting (Fig. 2B). GPs of the T(J) series were detected using
an anti-GP2 rabbit polyclonal antibody raised against peptide
CDMLRLFYNKNAIKTLN (Covance, San Diego, CA), while
G(A) and A(G) chimeras were constructed with C-terminal
Flag tag epitopes and detected using the M2 anti-Flag antibody
(Sigma-Aldrich, Saint Louis, MO). GP2 cleavage products of
the correct size were detected for the parental GPs and all
functional chimeras, except G(A345), whereas all nonfunc-
tional chimeras revealed absent or aberrantly cleaved prod-
ucts. We also failed to detect cleavage of the untagged
G(A345) protein using monoclonal antibody QD04-AF03 that

FIG. 1. (A) Sequence alignment of GP1 sequences from representative arenaviruses in New World clades A, B, and C. The positions of four
completely conserved cysteines (C1 to C4) residues are shown, which were used to delineate five distinct segments in GP1. The sequences used
were Pichinde virus (PICV) (GenBank accession no. P31840), GTOV (GenBank accession no. Q8AYW1), AMAV (GenBank accession no.
YP_001649208), and Oliveros virus (OLVV) (GenBank accession no. Q84168). Gaps introduced to maximize alignment are indicated by dashes.
(B) Locations of segments within MACV GP1 crystal structure. Schematic of MACV GP1 crystal structure (6), generated using structural
coordinates pdb code 2WFO, generated using the Swiss-PdbViewer 4.0.1 software (23; http://www.expasy.org/spdbv/). Specific segments are color
coded as indicated. The boundary between the N and C termini of segment 4 corresponds to the boundary between the A(Gn4) and A(Gc4)
chimeras. The structure contains a central �-sheet, a series of side loops containing conserved residues predicted to be solvent accessible, and an
opposite region of side loops that contain most of the N-glycosylation sites. The locations of disulfide links between conserved cysteines 1 and 4
and conserved cysteines 2 and 3 are indicated on the left-hand panel.
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recognizes JUNV GP1 (31, 33, 39) and is cross-reactive against
GTOV and AMAV GP1 (data not shown), so that it is possible
that only a very low level of cleavage of this chimera, unde-
tectable by Western blotting, is sufficient to direct entry. The
crystal structure of MACV GP1 (residues 87 to 239) reveals
that the residues contained within linear segments 2, 3, and
4 interact extensively, with each contributing one or more
�-strands to a large central �-sheet (Fig. 1B). The complexity
of these interactions may explain why so many chimeras were
not tolerated, despite the sequence similarity between the pa-
rental GP1 sequences.

Evaluation of CEM tropism and hTfR1 use by GP chimeras.
We and others have previously shown that the ability to trans-
duce human CEM cells and the ability to respond to the pres-
ence of hTfR1 transfected into CHO-K1 cells [CHO-K1
(hTfR1)] are properties of the GPs from pathogenic viruses
JUNV, MACV, and GTOV, but not nonpathogenic viruses
AMAV and TCRV (1, 19, 27, 30). Using these features as a
probe, we analyzed the properties of the functional chimeric
GPs. For the T(J) series, we found that only the complete
JUNV GP1 swapped into the TCRV backbone in chimera
T(JS12345�) was able to direct entry into CEM cells or in-
crease the titer on CHO cells expressing hTfR1 (CHO-hTfR1)
(Fig. 3A and B). Substitution of the N-terminal part of the
JUNV GP1 in construct T(J123) or the C-terminal substitution
in T(Jc45�) was not sufficient to alter tropism, suggesting that
either the receptor binding domain in JUNV GP specifically
requires the N terminus of segment 4 and/or that generation of
a functional domain requires residues located throughout the
larger fold of the GP1 subunit.

For the functional G(A) chimeras, both the single substitu-
tion of segment 4 and the more extensive substitution of seg-
ments 3 to 5 altered tropism and prevented transduction of
CEM cells or the use of hTfR1 (Fig. 3C and D). Replacement
of just the N or C termini of segment 4 in chimeras G(An4)
and G(Ac4) resulted in only a partial ability to transduce CEM
cells, with the G(Ac4) chimera being more severely affected,
and both chimeras displayed only a slight enhancement in
titers on the CHO-K1(hTfR1) cells that was not statistically
significant (P � 0.05). Overall, this suggests that residues
within both the N and C termini of segment 4 are involved in
receptor use by the GTOV GP, with residues in the C terminus
being especially important. In agreement with an important
role for segment 4, studies with the reciprocal A(G) chimeras
revealed that substituting segment 3 or 5 alone did not alter
tropism, while the combined substitution of segments 2 to 4 in

chimera A(G234) allowed the efficient transduction of CEM
cells and the use of hTfR1. Unfortunately, the lack of func-
tionality of chimera A(G4) prevented us from directly exam-
ining whether substitution of the GTOV segment 4 alone into the
AMAV GP was sufficient to switch tropism and receptor use.

Interestingly, we observed enhanced transduction of CEM cells
by chimera G(A5) compared to either the GTOV or AMAV GP
parents, and this was also apparent on HEK293A cells. This
increased titer did not appear to be due to greater incorporation
of GP proteins into the pseudotyped vectors or differences in
GPC processing (Fig. 2B), and the change did not enhance the
ability of the protein to recognize hTfR1, since the ratio of titers
on CHO-K1(hTfR1) cells versus CHO-K1 cells was actually less
than observed with the GTOV protein. It is possible that this
modification of the C terminus of GP1 resulted in structural
changes and/or the introduction of more-permissive contact res-
idues that increased the protein’s affinity for the receptors present
on CEM and HEK293A cells or, alternatively, enhanced more
downstream aspects of the fusion process.

GP1 immunoadhesin binding activity. The lack of function-
ality of the T(J) or A(G) GP chimeras containing full or partial
substitutions of segment 4 frustrated our ability to further
characterize receptor binding determinants in this region. Seg-
ment 4 constitutes an extensive region within GP1 (Fig. 1B)
that could be involved in both intra- and intermolecular inter-
actions, including those with the GP2 subunit or within a GP
multimer. To reduce the influence of such interactions, we next
evaluated immunoadhesins (IMs) comprising GP1 fused to the
hinge and Fc regions of an IgG heavy chain that we and others
have previously used to characterize arenavirus GP1 binding
(1, 19, 27, 30). Functional (binding-competent) IMs were gen-
erated for full-length MACV, AMAV, and TCRV GPs, as well
as the chimera A(G4), and used to bind to human K562 and
CEM cells, as well as to CHO-K1 and CHO-K1(hTfR1) cells
(Fig. 4). At the same time, matched stocks of GP-pseudotyped
retroviral vectors were analyzed for their ability to transduce
the same panel of cells.

The three parental GP constructs gave robust titers on K562
cells, as we have previously observed (19, 27), and their corre-
sponding IMs resulted in good levels of binding to the same
cells. On CEM cells, only the MACV GP vectors gave titers
and only the MACV IM produced detectable binding activity.
Comparing CHO-K1 cells to CHO-K1(hTfR1) cells, MACV
IM binding and GP titers both showed a significant increase.
In contrast, although the AMAV and TCRV GP vectors were
able to efficiently transduce CHO-K1 cells (and were unaffected

FIG. 2. (A) Chimeric GPs. Schematic representations of chimeric GPs and titers of the corresponding pseudotyped retroviral vectors on
HEK293A cells. Functional chimeras are indicated by a # symbol before the chimera. The boundaries used to generate the chimeras are based
on the signal peptide SSP (S) and conserved cysteine residues in GP1 that delineate segments 1 through 5. TCRV and AMAV sequences (white)
and JUNV and GTOV sequences (black) are indicated. Only the N-terminal part of the GP2 sequence is represented. In addition, the boundaries
of the following partial segments are as indicated: Jm4 extends to JUNV residue 207, Jn4 extends to JUNV residue 184, Jc4 extends from JUNV
residue 208, � indicates extension into JUNV GP2 to residue 280, An4 extends to AMAV residue 183, and Ac4 extends from AMAV residue 184.
Titers were determined as previously described (27, 31), and values shown are the means plus standard deviations (SD) (error bars) for three to
six independent experiments. The titers are shown for both unconcentrated vector stocks (black) and 10� concentrated stocks (gray); an asterisk
indicates no detectable titer. VSV, vesicular stomatitis virus. (B) Western blotting of GP-pseudotyped vector particles. Vectors were generated in
HEK293T cells, pelleted by ultracentrifugation, deglycosylated, and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as previously described (31). Functional chimeric GPs are boxed. Depending on PAGE conditions, GPC could be seen as both the
full-length GPC, as well as the SSP cleaved form comprising only GP1-GP2. TCRV and JUNV proteins were detected using anti-GP2 antiserum,
while GTOV and AMAV proteins were constructed as C-terminal Flag-tagged proteins and detected using anti-Flag antibody.
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by the presence of hTfR1), we did not observe binding by their
corresponding IMs. A similar lack of binding to HEK293T
cells has been reported for both TCRV and AMAV IMs,
despite titers from the equivalent GP pseudoviruses (1). These
findings suggest that the interaction between GP1 and the
receptor that is used by TCRV or AMAV on CHO-K1 or
HEK293T cells is of lower affinity than is necessary to observe
IM binding or, alternatively, that stable binding by these GP1
proteins requires additional interactions that are available only
in the mature GP complex.

Interestingly, although the A(G4) chimera was nonfunc-
tional as a GP, we found that this substitution of segment 4 was
tolerated as an IM, resulting in readily detectable binding on
K562 cells. However, A(G4) IM binding was less robust than
the wild-type IMs, requiring twice as much of the concentrated
IM preparation to achieve binding levels on K562 cells similar
to those observed with either the AMAV or GTOV IMs (Fig.

4). The functionality of the A(G4) IM allowed us to address
whether segment 4 of GTOV in an AMAV backbone was
sufficient to switch tropism by analyzing binding on the full
panel of cell lines, where we were unable to detect any binding
to either CEM or CHO-K1(hTfR1) cells. These results could
indicate that segment 4 of GTOV alone is not sufficient to allow
hTfR1 use or since the A(G4) IM had lower overall activity
than the wild-type AMAV or GTOV IMs, could simply reflect
a technical problem with the A(G4) IM preparations.

The results presented here confirm and further refine fea-
tures of the clade B receptor binding domain, beyond those
previously determined by the analysis of GP1 IMs (1, 19, 27,
30). Notably, we found that substitution of segments 2 to 4 of
AMAV GP1 (residues 85 to 221) with the equivalent region
from GTOV was sufficient to switch the properties of the
protein, allowing entry into CEM cells and increased titer on
CHO-K1 cells transfected with hTfR1. We also observed that

FIG. 3. Characterization of chimeric GPs. (A and C) The titers of the vectors pseudotyped with parental GPs or indicated chimeras were
determined on CEM cells as previously described (27). Values shown are the means plus SD (error bars) for three to six independent experiments.
An asterisk indicates no detectable titer, even for 10� concentrated vector stocks. Chimeric GPs with altered characteristics that no longer reflect
the parental GP backbone are indicated with a black arrowhead, and partial effects are indicated with a white arrowhead. (B and D) Relative titers
of the indicated vectors on CHO-K1 cells transiently transfected with hTfR1 versus mock-transfected CHO-K1 cells. Values are the means plus
SD for more than five independent experiments. Chimeric GPs with altered characteristics that no longer reflect the parental GP backbone are
indicated with a black arrowhead. VSV, vesicular stomatitis virus.
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the substitution of GTOV segment 4 (residues 159 to 221) with
the corresponding AMAV sequence produced a chimeric GP
that was now unable to transduce CEM cells or utilize hTfR1
and that the replacement of either the N- or C-terminal half of
segment 4 caused partial effects. These data suggest that seg-
ment 4 contains residues required for the specific interaction of
the GTOV GP with hTfR1 and that both halves of segment 4
contribute important residues.

The recently solved structure of MACV GP1 (residues 87 to
239) has revealed an unusual structure, with a large central flat
�-sheet area that appears to be within an open cavity (6). The
sheet is constructed from antiparallel �-strands from segments
2 and 4 at its center, with �-strands from segments 1 and 3 at
the edges (Fig. 1B). It is bordered by loop structures predicted
to contain conserved, solvent-accessible residues on one side,
with the majority of N-glycosylation sites on the opposite side.
Both the N and C termini of segment 4 contribute adjacent
�-strands (�-strands 6 and 7 in reference 6) to the central
�-sheet, as well as contributing residues to the predicted ex-
posed loop regions, and our finding of an important role for
segment 4 suggests that either structure could constitute a
contact face with hTfR1 or alternate receptors. Similarly, the
observed requirement for GTOV segments 2, 3, and 4 to gen-
erate a fully functional chimeric GP with acquired hTfR1 us-

age suggests that all three regions influence the proper struc-
tural conformation of a receptor binding domain. Segments 2,
3, and 4 each contribute one or more strands to the central
�-sheet, and they each also contain predicted solvent-exposed
residues. However, these conserved exposed residues are
present in very different geometric planes in the side loops,
making it unlikely that they are all involved in receptor bind-
ing. We note that no information is yet available about GP1-GP2
interactions or interactions that occur within the complete multi-
meric GP complex, so it is possible that such interactions could
engage some or all of these conserved residues. An alternative
explanation is that the contributions of segments 2, 3, and 4 are
essential for the structural integrity of the central �-sheet and that
this unusual structural feature either represents the receptor
binding domain itself or is important for the correct presentation
of such a domain.

Although in the present study we focused on the use of
hTfR1 and the characteristic tropism of the pathogenic clade B
GPs, our data do not rule out the possibility that the regions of
GP1 we have highlighted also play roles in receptor interac-
tions for the nonpathogenic viruses or the larger family of
arenaviruses. The GPs from AMAV and TCRV cannot bind to
human TfR1 (1, 19), but they enter cells using the TfR1 or-
thologs of several mammalian species (1). Moreover, a small

FIG. 4. IM binding and transduction efficiencies of parental and chimeric GPs. The values in the Binding columns show IM binding measured
on the indicated cell lines as previously described (19, 27). The percentage of cells showing a positive shift in each representative experiment is
indicated in the right-hand part of the graph. Control, secondary antibody only. GP-pseudotyped retroviral vectors were generated as previously
described (27) and used to transduce indicated cell types. The titers were determined by fluorescence-activated cell sorting (FACS) as transducing
units per ml (TU/ml) and are shown approximated to the nearest factor of 10 (N/A, not available due to lack of activity in A(G4) GP; -, not
applicable). FITC, fluorescein isothiocyanate.
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number of mutations in the apical domain of hTfR1, in a loop
located between �-strands 1 and 2, were sufficient to convert
hTfR1 to a receptor that could now be used by TCRV and
AMAV GP-pseudotyped vectors (1). As argued by the authors,
this in turn could mean that only minor changes within the
TCRV and AMAV GP1 would be required to allow these
viruses to use the human form of TfR1 (1). Indeed, it is pos-
sible that only a few contact residues, distributed across seg-
ments 2 to 4, are important for robust hTfR1 binding.

Studies of receptor binding using either truncation mutants
or chimeric proteins always face the challenge of maintaining a
suitable structure to obtain viable proteins. This in turn makes
it harder to distinguish mutations that affect actual receptor
contact residues and those that alter the overall structural
scaffold of a receptor binding domain. The structure of the
MACV GP1 (6) clearly shows that, regardless of the precise
location of the receptor binding site, the different segments
that we have identified as being important for receptor inter-
actions are inextricably linked, so that it is likely that only
further structural studies of GP1 complexed with hTfR1 will
allow the correct assignment of the receptor contact residues.
Arguably, this will allow a better understanding of the threat
posed by arenaviruses with regard to the potential mutation of
nonpathogenic strains into more dangerous viruses.
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