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Cryoelectron micrographs of purified human foamy virus (HFV) and feline foamy virus (FFV) particles
revealed distinct radial arrangements of Gag proteins. The capsids were surrounded by an internal Gag layer
that in turn was surrounded by, and separated from, the viral membrane. The width of this layer was about
8 nm for HFV and 3.8 nm for FFV. This difference in width is assumed to reflect the different sizes of the HFV
and FFV MA domains: the HFV MA domain is about 130 residues longer than that of FFV. The distances
between the MA layer and the edge of the capsid were identical in different particle classes. In contrast, only
particles with a distended envelope displayed an invariant, close spacing between the MA layer and the Env
membrane which was absent in the majority of particles. This indicates a specific interaction between MA and
Env at an unknown step of morphogenesis. This observation was supported by surface plasmon resonance
studies. The purified N-terminal domain of FFV Gag specifically interacted with synthetic peptides and a
defined protein domain derived from the N-terminal Env leader protein. The specificity of this interaction was
demonstrated by using peptides varying in the conserved Trp residues that are known to be required for HFV
budding. The interaction with Gag required residues within the novel virion-associated FFV Env leader protein
of about 16.5 kDa.

The genomes of spumaretroviruses (or foamy viruses [FV])
include the classical gag, pro-pol, and env genes that are the
hallmark of the retrovirus family (9). Despite the familial re-
lationship implied by their genome organization, FV differ
from retroviruses such as oncoviruses or lentiviruses in basic
aspects of replication and gene expression (30–32, 39, 53). The
differences between FV and the more widely studied retrovi-
ruses, such as human immunodeficiency virus (HIV) or murine
leukemia virus, provide an opportunity to identify the funda-
mental mechanisms of processes such as particle assembly and
maturation.

The shared gene order of the FV genomes and those of
other retroviruses allows the identification of common struc-
tural proteins. Unfortunately, this relationship does not extend
to the structure and function of FV Gag proteins, since no
obvious homologies are detectable between FV Gag and MA,
CA, and NC domains of other retroviruses for which structures
have been determined to high resolution (10, 43). Further-
more, the proteolytic processing of Gag that produces the
familiar mature proteins in other retroviruses is unusual, in-
complete, and/or delayed in FV (12, 23, 29, 37).

The available data indicate that the morphology and mor-
phogenesis of FV are distinct from those of other retroviruses.
FV Gag proteins preassemble to form in the cytoplasm spher-
ical capsids that bud through cellular membranes (55). This

process contrasts with what occurs with lentiviruses and C-type
retroviruses that assemble their capsids at the site of budding
but is similar to what occurs with B- and D-type retroviruses
(40). Budding of human foamy virus (HFV) is strictly depen-
dent upon the presence of Env proteins (4, 38), while budding
of the other retroviruses occurs in the absence of Env. Recent
results indicate that the Env leader protein (Elp) of HFV is the
region that supports budding (D. Lindemann, personal com-
munication). Electron microscopy (EM) of thin sections did
not reveal the condensation of the ring-like capsids in FV
particles after budding which is characteristic for the matura-
tion of other retroviruses. Rearrangements of the FV capsids
were rarely observed (34) or may not occur (14, 55). This lack
of morphological maturation has been attributed to the incom-
plete processing of FV Gag proteins described above.

Cleavage of Gag in other retroviruses is believed to modu-
late its affinity for the membrane by altering the exposure of an
amino-terminal acyl moiety and other motifs in MA (16, 57).
The lack of complete proteolytic cleavage and the absence of
basic sequence and myristylation motifs in MA that mediate
membrane targeting in other retroviruses suggest that FV must
bind to membranes by other mechanisms.

We combined cryoelectron microscopy (cEM) studies of
HFV and feline foamy virus (FFV) particles with biosensor
surface plasmon resonance (SPR) analyses of FV proteins to
address the issues of Gag-membrane interaction. cEM has
previously been used to demonstrate the lack of icosahedral
symmetry and presence of local order in HIV and murine
leukemia virus (20, 52), and it has revealed the radial arrange-
ment of the Gag polyproteins and allowed the mapping of the
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positions of individual domains in HIV type 1 Gag (48, 49). In
FV particles, Gag proteins are radially arranged inside the
virions, and lateral interactions of Gag domains result in the
formation of the MA layer and the FV capsid shell. An inti-
mate association of the Gag MA layer and the viral membrane
was detected in 20% of FFV particles. SPR technology dem-
onstrated a direct and specific physical interaction of the FFV
Elp with the N terminus of Gag. This result and the detection
of the 16.5-kDa FFV Elp in released virions suggest a putative
transient interaction of the MA layer and Elp during particle
morphogenesis of FV.

MATERIALS AND METHODS

Cells and virus. Crandell feline kidney (CRFK) and HEL299 cells were grown
as reported previously (50). FFV isolate FUV and the prototypic HFV were
propagated as described previously (33, 50).

Purification of released FV particles. Cell culture supernatants from HFV-
infected HEL299 or FFV-infected CRFK cells were harvested 4 to 6 days after
infection, when the infected cells displayed strong virus-induced cytopathic ef-
fects. Cell culture supernatants were cleared by centrifugation at 400 3 g for 7
min and then at 3,000 3 g for 30 min (46). Supernatants were filtered through
440-nm-pore-size filters and centrifuged through 5 ml of 20% (wt/vol) sucrose in
TEN (150 mM NaCl, 10 mM Tris/HCl [pH 8.0], 1 mM EDTA) for 2 h at 24,000
rpm in an SW27 rotor (Beckman, Munich, Germany). The resulting pellet was
gently resuspended in phosphate-buffered saline. For further purification, the
enriched particles were separated on sucrose gradients (48) or banded in a
preformed 10 to 32% iodixanol (Optiprep; Nycomed Pharma, Oslo, Norway)
gradient in TEN run for 16 h at 32,000 rpm in an SW41 rotor (Beckman) (3).

cEM, image analysis, and contrast transfer function correction. cEM was
performed as described previously using a Philips CM200FEG operated at 200
kV at a magnification of 338,000 (20, 49). The images were digitized on a Zeiss
(Oberkochen, Germany) SCAI scanner at a step size of 14 mm. The measure-
ments shown in Fig. 4 were performed using the SPIDER image analysis pro-
gram (15). The particle diameter was measured from the outer leaflet of the
membrane and thus excludes the contribution of the projection domains of the
viral glycoproteins.

The defocus of the micrograph was determined from the positions of the local
minima in a radially averaged power spectrum. Contrast transfer function (13)
correction was performed by division of the transform of the image with the
appropriate phase contrast transfer function as described previously (11).

Expression and purification of recombinant FFV Gag and Elp. FFV Gag
residues 1 to 154 were bacterially expressed in the pET16b (Novagen, Madison,
Wis.) vector as described previously (5). The FFV Gag residues 1 to 154 were
flanked at the N terminus by the vector-encoded His tag and 16 unrelated
residues at the C terminus. Induced Escherichia coli BL21 cells were lysed in
IMAC buffer in the absence of urea or other denaturing agents by sonification
(5). The soluble recombinant FFV Gag 1 to 154 was purified to more than 95%
homogeneity using Ni affinity chromatography, dialyzed against phosphate-buff-
ered saline, and stored at 270°C before use. Elp residues 1 to 65 were amplified
by PCR with primers 59-GCTCATGATGGAACAAGAACATGTG-39 (the in-
troduced BspHI site is underlined) and 59-GGAATTCTCATCTAGTAGAAG
TAGCACA-39 (the introduced EcoRI site is underlined) as described previously
(55). The amplicon was digested with BspHI and EcoRI and inserted into the
NcoI- and EcoRI-digested vector pET32c (Novagen). The resulting thioredoxin-
Elp fusion protein of 25 kDa and the pET32c-derived thioredoxin control protein
were purified to about 90% homogeneity under nondenaturing conditions by His
tag affinity chromatography as described above.

Immunoblotting and induction of an Elp-specific antiserum. Immunoblotting
of proteins separated on denaturing gels and detection of specifically bound
antibodies by enhanced chemiluminescence and diamino-benzidine staining
were done as described previously (1, 37). Synthesis of authentic and mutant
Elp-derived peptides was as recently described (37). A synthetic peptide encom-
passing the authentic FFV Env residues 1 to 30 was directly used for immuni-
zation of guinea pigs by Eurogentec, Seraing, Belgium. The FFV MA and Env
surface (SU) antisera and cat antiserum 8014 were as described previously (1, 5,
56).

Binding analysis by SPR. Protein interactions were identified and character-
ized by SPR technology using the BIAcore 3000 instrument (BIAcore, Freiburg,
Germany) and methodology (26, 27). Coupling reagents were used according to
protocols developed by the supplier.

Coupling to the CM5 sensor chip was done via activated carboxylate groups to
amine groups of the recombinant FFV Gag 1 to 154 protein (Gag 1–154) which
was purified to homogeneity as described. Analysis of the pH dependence of
protein coupling (pH scouting) and the coupling chemistry were performed
under standard conditions (26, 27). The purified FFV Gag 1–154 protein was
diluted into 10 mM acetate buffer (pH 4.5) to a final concentration of 20 mg/ml
for coupling to the sensor chip. After the coupling chemistry, about 1,500 relative
response units as base signal were immobilized on the sensor chip and gave a
stable signal. The Elp peptides and the recombinant Elp protein were dissolved
in 10 mM HEPES (pH 7.4)–150 mM NaCl–3 mM EDTA–0.005% Tween 20
(HBS buffer) for binding analyses. Binding experiments were performed in HBS
buffer at 25°C. For each protein analyzed, a single chip was employed and
measurements were done twice and in duplicate. Peptide concentrations were
varied from 0.78 to 50 mg/ml, corresponding to 2 3 1027 to 1.33 3 1025 M.
Reverse experiments in which the recombinant Elp protein and Elp-derived
peptides were coupled to sensor chips and probed with recombinant FFV Gag1-
154 were performed under similar conditions. SPR data analysis was done with
the integrated BIAcore 3000 software.

A bacterially expressed HIV-1 MA protein encompassing residues 1 to 132 was
purified by ion-exchange chromatography and gel filtration and served as control
(T. Wilk, unpublished data). An antiserum directed against HIV-1 MA was
kindly provided by H.-G. Kräusslich, Heidelberg, Germany.

RESULTS

cEM of released enveloped and nonenveloped HFV parti-
cles. HFV particles released into the supernatant of infected
cells were harvested and concentrated by sedimentation
through sucrose. This protocol isolated enveloped HFV parti-
cles that were heterogeneous in size and shape together with
some cell debris. The virions ranged in size between 55 and 250
nm and displayed a mean membrane-included diameter of
106.9 6 8.3 nm (mean 6 standard deviation) (n 5 48) (Table
1). The particles were covered with spikes 15.6 6 2.1 nm long
(n 5 83) that formed clusters on the virion surfaces (46).
Capsid structures with diameters of '60 nm were present
within the enveloped particles. The enveloped capsids were
neither completely spherical nor regular but appeared angular
without any apparent symmetry.

Spherical, nonenveloped particles with diameters of '60 nm
were also present in supernatants of HFV-infected cells (data
not shown). These spherical particles resembled the capsids
observed within the enveloped virions and may represent pre-
assembled intracellular capsids that had been released by cell
lysis (4, 14, 29, 34, 55).

Organization of HFV particles. HFV particles purified by an
additional sucrose centrifugation step (see Materials and
Methods) banded at a density of approximately 1.16 g/ml,
similar to that described for other retroviruses (45). Spherical
HFV particles with tightly packed spikes (Fig. 1B) inserted into
the viral membrane (Fig. 1A) predominated in this purified
material (for a schematic presentation, see Fig. 1C and 2D).
The projecting region of the spike displayed a layered appear-
ance that was most apparent within the spike clusters, suggest-
ing that the structural features of the Env complexes were

TABLE 1. Structural features of HFV and FFV particlesa

Virus
Diam in nm
of enveloped
particles (n)

Diam in nm
of capsids in
particles (n)

Length in nm
of the spike

glycoprotein (n)

Width in nm
of the MA
layer (n)

HFV 106.9 6 8.3 (48) 61.2 6 5.9 (57) 15.6 6 2.1 (83) 8.2 6 0.9 (62)
FFV 109.1 6 11.2 (55) 63.5 6 7.8 (90) 14.0 6 1.9 (103) 3.8 6 0.7 (65)

a Values are means 6 standard deviations.
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laterally aligned in the clusters (Fig. 1B). A fraction of the
particles displayed a distorted membrane and an asymmetric
distribution of Env proteins and even contained two capsids as
discussed below in detail for FFV.

cEM revealed that the majority of HFV particles contained
one angular, isometric capsid (Fig. 1A, black arrowhead point-
ing to the edge of the capsid) that was centered in the particle.
Standard common line methods (2, 13a, 18, 19) provided no
evidence of icosahedral symmetry in the isometric particles of
the preparation. In some HFV particles, the angular capsids
were displaced toward the periphery (Fig. 1B).

HFV capsids were surrounded by a protein layer 8.2 6 0.9
nm wide which maintained a relatively fixed distance to the
body of the capsid (Fig. 1). We will refer hereafter to this
protein layer as the MA layer in analogy to the region which

separates the capsid from the membrane in immature retrovi-
ruses (45, 49). In order to determine whether this MA layer is
common to other FV, virus particles from the distantly related
FFV were analyzed by cEM.

The width of the MA layer is characteristic for different FV.
Enveloped FFV particles measured 109.1 6 11.2 nm (n 5 55)
in diameter and banded at a density of 1.16 g/ml. Surface
staining of isolated FFV particles showed tightly packed gly-
coprotein complexes (data not shown) similar to those de-
scribed previously for HFV (46). cEM analysis showed the
spikes as projections 14 6 2 nm (n 5 103) long, with strong
lateral interactions resulting in the formation of clusters as also
observed in HFV. FFV particles contained an angular capsid
of 63.5 6 7.8 nm (n 5 90) (Table 1 and Fig. 2D). Capsids were
always separated from the viral membrane by a protein layer

FIG. 1. Ultrastructure of released HFV particles (A to C) and schematic alignment of HFV and FFV Gag proteins (D). cEM of HFV reveals
closely packed envelope proteins with distinct layers of density within the glycoproteins (pair of black arrows in B) covering the surface of the
budded virion. A separation between the viral membrane (pair of white arrows) and the broad MA layer (white bracket and white arrowhead) is
clearly visible and characteristic for budded FV particles. The MA layer width of about 8 nm is characteristic for HFV. The prominent margin of
the angular HFV capsid is marked with a black arrowhead. The capsid in panel A has a central position in contrast to the off-center position of
the capsid shown in panel B. The scale bar in panel B represents 50 nm. (C) Schematic presentation of structural features of HFV particles
analyzed by cEM. (D) Schematic alignment of HFV and FFV Gag proteins. The presence of the C-terminal p3 cleavage site (arrow), the p3
protein, and the N-terminal, Pro-rich (P-rich), and central and C-terminal subdomains of FV Gag proteins is shown. For details, see the text.
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resembling the MA layer of HFV (Fig. 1 and 2). The thickness
of the MA layer between the capsid and the viral envelope was
the only consistent difference between HFV and FFV particles.
Close examination of a large number of virions revealed an
MA layer consistently thinner in FFV (3.8 6 0.7 nm [n 5 65])
than in HFV (8.2 6 0.9 nm [n 5 62]) (Table 1). This difference
in the sizes of the MA layers may correspond to 130 additional
residues in the N-terminal region of HFV compared with FFV
(Fig. 1D) (42, 50).

Localization of the MA layer in distinct classes of FFV
particles. In 25% of the FFV particles analyzed, the isometric,
angular capsid was positioned in the center of the particle (Fig.
2A). The MA layer appeared to follow the edge of the capsid,
resulting in a variable distance between the MA layer and the
viral membrane. That the FFV MA layer followed the shape of
the capsid and was not associated with the viral membrane was
more obvious when the capsid was displaced from the center of

the particle (Fig. 2B). Such particles with off-center capsids
represented 50% of the virus population. The ratio of central
to off-center capsid locations suggests that they arise from the
same particle morphology (i.e., an off-center capsid) viewed
from different directions in cEM. About 5% of the particles
contained two displaced capsids. In these particles, the MA
layer maintained a relatively fixed distance to the body of the
capsid with no obvious physical interaction with the viral mem-
brane (Fig. 2C). In both particle types described above, the
MA layer appeared to be separated from the viral membrane
but was consistently localized next to the angular viral capsid as
schematically shown in Fig 2D.

About 20% of the FFV particles displayed a distended mor-
phology: their envelopes were distended and incompletely
closed, and the particles were thus composed of a spherical
portion and a protruding tail (Fig. 3). These particles with
distended morphology displayed strong evidence for an inter-

FIG. 2. Ultrastructure of released FFV particles (A to C) and schematic diagram of FFV particles (D). The MA layer (white arrowheads)
follows the shape of the capsids in particles with central (A) and off-center (B) capsids as schematically shown in panel D. Many particles in the
population show the internal angular capsid (the edge of the capsid is marked by black arrowheads) displaced from the center of the particle (B).
Views in which the capsid appeared to be almost in the center of the particle were also observed (A). Occasionally, two capsids were surrounded
by an almost perfect spherical viral membrane (pair of white arrows), resulting in particles with a greater diameter (B and C).
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action of the MA layer with the viral membrane. The MA layer
was located significantly closer to the viral membrane than in
the FFV particles with a central or off-center capsid described
above (Table 2). In addition, the similar periodicities of the
projections on the particle surface and the inner structural
components suggest an interaction between the Gag proteins
and components of the viral membrane. Particles with a cor-
responding morphology were also found in HFV (not shown).

We measured the distances between the MA layer and the

viral membrane and between the MA layer and the capsid
layer to define the different morphology of the distended par-
ticles. The spacing between the membrane and the MA layer
and between the MA layer and the capsid was measured at
1-nm intervals along the circumference of the MA layer in
different types of particles. The measurements of individual
particles demonstrate the constant distance between the capsid
and the MA layer over several microns of arc (Fig. 4A). The
spacing was unchanged between FFV particles that displayed

FIG. 3. Features of FFV particles with a distended morphology. Particles with a distended morphology (A to D) show tight interaction of the
MA layer (white arrowheads) with the viral membrane (pair of white arrows). The two opposed arrows mark the stalk of cellular membrane which
is still attached to the particle (B). The pairs of black arrows mark spike proteins, and the black arrowheads point to the margin of the capsid. The
scale bar in panel D represents 50 nm.

TABLE 2. Relative abundance of different FFV particle morphologies and distances between the MA layer and the capsid and between the
MA layer and the viral membrane in defined FFV particle types

FFV particle morphology Relative abundance
in FFV particles (%)

Distance (nm) between
MA layer and capsid (n)

Distance (nm) between MA
layer and viral membrane (n)

Central capsid 25 5.5 6 1.0 (85) 8.8 6 1.4 (85)
Off-center capsid 50 5.6 6 0.9 (133) 18.3 6 11.4 (133)
Distended particles 20 5.9 6 0.7 (100) 6.0 6 0.8 (83)
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FIG. 4. Relative localization of the MA layer in FFV particles. Arrangement of the MA layer in FFV particles with central capsids (diamonds),
off-center capsids (squares), and distended morphology (triangles). The plots show the distribution of distances between the MA layer and the edge
of the capsid structure (A) and between the MA layer and the inner leaflet of the viral membrane (B). The distances in nanometers are plotted
against the position of the measurement on the circumference of the MA layer and were measured at 1-nm intervals. A typical result is shown for
each particle type. No significant difference is seen between the mean distances from the capsid to the MA layer of the three particle types (A).
In contrast, only the distended FFV particles showed a constant and close juxtaposition between the MA layer and the membrane, with a distance
of 6.0 6 0.8 nm (mean 6 standard deviation) (n 5 83) (B). The mean distances from the membrane to the MA layer were 8.8 6 1.4 nm (n 5 85)
for central capsids and 18.3 6 11.4 nm (n 5 133) for off-center capsids.
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central capsids, off-center capsids, or the distended morphol-
ogy (Fig. 4A). In contrast, only particles with the distended
morphology maintained a constant distance between the MA
layer and the viral membrane (Fig. 4B). The distance differed
by up to 100% for particles with central capsids and by up to
300% for the off-center ones. The average values of these
measurements using six different particles for each of the dif-
ferent virus morphologies are given in Table 2: the MA layer is
very closely opposed to the viral membrane in distended forms,
while both structures are significantly further separated from
each other in particles with central and off-center capsids.
While the interaction between the membrane and the MA
layer is evident only in distended particles, the constant spacing
between the MA layer and the capsid is maintained in each of
the different particles, suggesting a tight and invariant link
between the subunits of the MA layer and the viral capsid.

The FFV Elp is virus associated. Recent results demonstrate
that the N terminus of HFV Env is required for particle bud-
ding and that this domain is cleaved off as a protein of about
148 residues by an unknown protease (D. Lindemann, personal
communication). We analyzed whether a corresponding Elp is
present in FFV, since this domain may be responsible for the
Gag-envelope interaction seen in cEM of distended FFV par-

ticles. FFV particles enriched by centrifugation through su-
crose and FFV antigen from infected CRFK cells were sub-
jected to immunoblotting using the FFV Env SU antiserum
directed against Env residues 101 to 402 and the FFV Elp
serum directed exclusively against Env residues 1 to 30 (Fig. 5).
The Elp antiserum detected exclusively FFV proteins of about
16.5 kDa in virion-associated antigens, which corresponds in
size to the expected FFV Elp protein (Fig. 5B, lane 4). In
extracts from FFV-infected cells, the Elp antiserum specifically
detected the unprocessed Env precursor of 130 kDa and the
16.5-kDa Elp (Fig. 5B, lane 2) besides an unspecific band also
present in mock-infected cells (lane 3). The FFV Env SU
serum detected the 16.5-kDa Elp and the 70-kDa Env SU
bands in enriched FFV virions (Fig. 5A, lane 4). At the antigen
concentration used, the Env SU serum did not allow detection
of the FFV Elp protein in FFV-infected cells (lane 2) whereas
the Env precursor and the Env SU proteins were recognized in
addition to a few weak and unspecific bands.

We then enriched FFV particles by centrifugation through
20% sucrose and subsequently analyzed them by sedimenta-
tion into a preformed iodixanol gradient. Regular aliquots of
the fractionated gradient were analyzed by immunoblotting
using the FFV-specific cat antiserum 8014 (1) and the FFV Elp

FIG. 5. Detection of FFV Elp in released FFV particles and FFV-infected cells. FFV particles were enriched from the cell culture supernatant
from FFV-infected CRFK cells by centrifugation through sucrose as described in Materials and Methods, lysed, separated on a denaturing gel, and
analyzed by immunoblotting (lanes 4). In parallel, proteins from FFV-infected (lanes 2) and mock-infected CRFK cells (lanes 3) were analyzed.
The blots were reacted with the FFV SU antiserum (A) (56) and the FFV Elp antiserum (B) and specific proteins were detected by diamino-
benzidine staining (A) and enhanced chemiluminescence (B). The positions of Elp, Env-SU, and the gp130Env precursor are marked. Two different
prestained molecular mass markers were used in lanes 1. The gel in panel A contained 16% polyacrylamide, and that in panel B contained 14%
polyacrylamide.
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antiserum (Fig. 6). The cat antiserum detected a peak concen-
tration of FFV p52 and p48 Gag proteins in fractions 5 and 6
corresponding to a density of about 1.12 g/ml, similar to that
reported for HFV particles (3). The 16.5-kDa Elp protein
copurified into the same gradient fractions as seen with both
antisera used (Fig. 6).

Preliminary studies using the bacterial protease subtilisin to
digest proteins which copurify with virions or which are located
on the surfaces of particles indicate that Elp is an integral
component of FFV particles: the N-terminal half of Elp is
subtilisin resistant, since this part of Elp is located inside the
virion and thus not accessible to the protease (data not shown).
These data demonstrate that the mature 16.5-kDa Elp protein
is present in FFV virions. The Elp domain is not part of the
mature virion-associated Env SU, whereas it is initially part of

the unprocessed Env precursor in infected cells. Importantly,
the N terminus of Elp is located inside the FFV particle.

Specific interaction of the N-terminal domains of FFV Gag
and Elp determined by SPR. The close association between the
MA layer and Env-bearing membrane regions described above
for distended FFV particles may reflect a specific interaction
between defined regions in Gag and Env. We used SPR to
identify and characterize putative interactions between a por-
tion of the N-terminal FFV Elp and the N-terminal region of
the Gag polyprotein.

A bacterially expressed and purified recombinant N-termi-
nal FFV Gag protein (residues 1 to 154) was immobilized on
the sensor surface and probed with synthetic peptides compris-
ing the N-terminal 30 residues of Env. At a peptide concen-
tration of 50 mg/ml, this assay demonstrated specific binding of

FIG. 6. Cosedimentation of FFV Elp with FFV particles. FFV particles enriched by centrifugation through 20% sucrose were analyzed on
preformed 10 to 32% iodixanol gradients as described in Materials and Methods. Regular aliquots of the gradient fractions (as indicated) were
directly analyzed by immunoblotting using the FFV-specific cat antiserum 8014 (A) and the FFV Elp antiserum (B). Proteins were detected by
enhanced chemiluminescence. The positions of the p52 and p48 Gag and the FFV Elp proteins are marked. In lanes M, prestained molecular mass
markers were separated in parallel.
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the wild-type (wt) peptide WW (Fig. 7). Elp peptides with
alanine substitutions for either the first Trp (W12A) or both
Trps (W12A, W15A) (peptides AW and AA, respectively) did
not bind Gag 1–154 at the concentration of 50 mg/ml. Substi-
tution of Ala for the second Trp (peptide WA) reduced bind-
ing to 14% of that obtained with the authentic FFV Elp pep-
tide. No interaction was detected with an unrelated peptide
derived from human collagen (Fig. 7).

Kinetic analyses of the interaction of recombinant FFV Gag
with increasing concentrations of the wt Elp-derived peptide
WW showed a clear dose dependence. The rapid association
and dissociation of the peptide indicate a specific but relatively
low affinity interaction (Fig. 8A). The half-life for the dissoci-
ation was estimated to be less than 5 s. Assuming a direct and
hyperbolic function for the Elp peptide-MA interaction (26,
27), a dissociation constant of 1.52 3 1025 M for the wt WW
Elp peptide was calculated. Comparable dissociation constants
and rapid on and off rates have been reported for the interac-
tion of major histocompatibility complex proteins with defined
peptide ligands (25, 41). Corresponding dissociation constants
could not be determined for the mutant peptides by SPR, since
their binding was significantly weaker or even absent (Fig. 7).
The recombinant FFV MA protein used was accessible for
molecular interactions, since the corresponding antiserum di-
rected against this FFV Gag domain yielded a strong and
specific interaction (Fig. 8B). The association of the MA anti-
serum with the corresponding membrane-bound MA protein
was dose and time dependent, with a relatively stable binding
signal over several minutes of measurement, indicating that the
binding was strong and specific (Fig. 8B).

In reverse experiments, the authentic WW and the mutant
Elp-derived peptides were bound to the sensor surface and
probed with the purified recombinant FFV Gag 1–154 protein

(data not shown). In full agreement with the data presented
above, FFV Gag 1–154 bound to the authentic wt and, with a
significantly lower affinity, to the WA Elp-derived peptides.
Binding to the other mutant peptides was not observed.

In order to further substantiate the Gag-Elp interaction, Elp
residues 1 to 65, which most probably correspond to the com-
plete cytoplasmic domain of Elp, were expressed as a thiore-
doxin-Elp fusion protein in E. coli, purified, and analyzed for
interaction with FFV Gag 1–154. As anticipated, the thiore-
doxin-Elp fusion protein exhibited a significantly stronger
binding to MA than did the Elp WW peptide (Fig. 8C). Most
importantly, the off rate was significantly slower, with a half-life
of about 7 min, indicative of a stable Gag-Elp interaction. The
thioredoxin protein lacking the Elp domain did not show spe-
cific binding to the immobilized FFV Gag 1–154, confirming
the specificity of the Elp-Gag interaction described above
(data not shown).

To further confirm the specificity of the FFV Gag-Elp in-
teraction, the MA protein of HIV was bound to the sensor
surface and probed with the wt and mutant Elp peptides. In
these control experiments, no evidence for an interaction of
FFV wt and mutant Elp peptides with the unrelated HIV MA
protein was obtained, whereas a monospecific antiserum di-
rected against recombinant HIV MA showed a strong and
specific interaction (data not shown).

DISCUSSION

We have used cEM of FFV and HFV to address the rela-
tionship of FV structure to that of better characterized retro-
viruses such as B, C, and D types and lentiviruses. FV share the
heterogeneous size of released retroviral particles, the lack of
icosahedral symmetry, and the radial arrangement of defined

FIG. 7. Interaction of FFV Elp-derived peptides with FFV Gag 1–154. SPR analysis of the binding of FFV Elp-derived peptides to the
recombinant N-terminal FFV Gag 1–154 domain bound to the sensor surface. Each peptide solution (50 mg/ml) was passed over the FFV Gag
sensor surface at a flow rate of 10 ml/min for 3 min. The peptide representing the wt FFV (Elp residues 1 to 30) is designated WW, AW represents
the single W12A, WA represents the W15A exchange, and both Trp residues have been replaced by Ala in peptide AA. A human collagen-derived
peptide (unrelated peptide) served as an additional control. The signals for binding were automatically recorded after the binding reaction reached
equilibrium and are presented as relative response units.

VOL. 75, 2001 Env-Gag INTERACTIONS IN FOAMY VIRUSES 8003



Gag domains with the other retroviruses that have been exam-
ined (20, 47, 49, 52).

Comparative cEM of HFV and FFV revealed the FV MA
layer, a novel structural feature which was not visible in EM of
thin sections. In analogy to other retroviruses, the FV MA
layer is considered to consist primarily of the N-terminal Gag
domain. This assumption is supported by the difference in the

sizes of the HFV and FFV MA layers, a difference which likely
corresponds to 130 additional residues in the N-terminal re-
gion of HFV compared with FFV (Fig. 1D). In contrast, the
central and C-terminal Gag domains of the known FV are
similar in size (Fig. 1D) (42, 50), corresponding to the almost
identical dimensions of FFV and HFV capsids (Table 1). It is
assumed that the central and C-terminal regions of FV Gag are

FIG. 8. (A) Kinetic analyses of the interaction of the authentic Elp-derived peptide with FFV Gag 1–154 coupled to the CM5 sensor. The
peptide WW was passed over the sensor chip at a flow rate of 10 ml/min for 2.5 min at concentrations ranging from 2.08 3 1027 to 1.33 3 1025

M as shown in the inset. The fast associations and dissociations are graphically expressed as relative response over time in minutes. Regeneration
of the sensor surface was complete and achieved by changing to HBS buffer. Arrow, start of the binding reaction; asterisk, beginning of the washing
with HBS buffer. (B) Kinetic analyses of the interaction of the FFV MA antiserum with FFV Gag 1–154 coupled to the CM5 sensor. Defined
dilutions of the FFV MA antisera ranging from 1:500 to 1:8,000 were passed over the sensor chip at a flow rate of 10 ml/min for 2.5 min
corresponding to immunoglobulin G concentrations from 14 to 0.88 mg/ml as shown in the inset. The slow association of the polyclonal antiserum
at concentrations reaching saturation and the very low dissociation of the bound antibodies are graphically expressed as relative response over time
in minutes. (C) Kinetic analyses of the interaction of the FFV Gag 1–154 protein coupled to the CM5 sensor with the purified thioredoxin-Elp 1–65
fusion protein. Defined concentrations of the recombinant thioredoxin-Elp 1–65 fusion protein ranging from 62 to 15.5 mg/ml were passed over
the sensor chip at a flow of 15 ml/min for 3 min. The slow and specific association of the thioredoxin-Elp 1–65 and the slow dissociation of the bound
Elp protein are graphically expressed as relative response over time in minutes. The thioredoxin protein without the FFV Elp domain did not show
any specific binding. Arrow, start of the binding reaction; asterisk, beginning of the washing with HBS buffer.
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primarily involved in capsid formation and genome binding
(54). The size and shape of the FV capsid structures do not
match those of the hepadnaviruses despite their functional
similarities with retroviruses and FV (2).

The second feature that distinguishes FV particles from
those of other retroviruses is the fact that the N-terminal
domain of the Env precursor Elp, about 16.5 kDa in size, is a
virion-associated protein. A similar observation has been pre-
viously reported for HFV (D. Lindemann, personal communi-
cation), whereas the much smaller N-terminal signal peptides
of other retroviruses are not part of the virion (24).

Whereas the function of the classical signal peptide is con-
sidered to be the targeting of Env into the lumen of the en-
doplasmatic reticulum (24), the FV Elp appears to have addi-
tional functions. Our present biosensor SPR work reveals a
specific interaction of the N-terminal sequences of the Elp with
the N-terminal region of the FFV Gag protein in vitro. Two
conserved Trp residues in Elp were required for binding. Cor-
responding interactions have not been shown for any other
retrovirus. The data obtained with the substitutions of Ala for
Trp in the FFV Elp peptides complement the results of genetic
experiments on HFV budding with the same amino acid sub-
stitutions (D. Lindemann, personal communication).

The on and off rates and affinities observed in the SPR
studies with the Elp peptides and the recombinant N-terminal
Elp domain are expected to yield specific and possibly even
reversible interactions (25, 41). Virus morphogenesis and the
formation of other higher-order protein complexes rely upon
concerted effects of many specific interactions. These generate
the metastable protein assemblies that support the efficient
disassembly that is required for infection (7).

The secondary structure of the Elp peptide is predicted by
the computer program DSC for discrimination of protein sec-
ondary structure classes (28) to be identical to that in the
full-length Env. The part of Elp which had been altered in the
mutant peptides is predicted to form a stable helix even when
both Trp residues have been replaced with Ala. Due to this
intrinsic stability of the secondary structure, the Elp peptides
used for the assays may adopt a conformation comparable to
that in the viral particle. The significantly stronger binding of
Elp residues 1 to 65 in the context of the fusion protein com-
pared to the 30-mer Elp WW peptide indicates that flanking
residues and/or the overall folding of the cytoplasmic domain
of Elp are important for binding. By analogy, Elp-Gag binding
may be further modulated by the conformation and/or process-
ing of the Gag and Env precursor molecules.

Our data indicate that the N-terminal domain of Elp has an
intrinsic morphogenetic function in directing specific Env-MA
interactions. Such a function would require that the N termi-
nus of Elp be located at the cytoplasmic side of those mem-
branes where FV budding takes place. Consistently, subtilisin
digests of purified FFV particles actually showed that the N
terminus of Elp is located inside the particle (data not shown).
Thus, the direct interaction of FV Elp with Gag may subsume
the role played by the membrane binding subdomain of other
retrovirus MA proteins. Detailed studies of the HIV-1 MA
domain in the context of the Gag precursor have shown that
binding of MA to membranes involves at least several domains
of the MA protein (17).

The Elp-Gag interaction appears to be unique to FV, since
heterologous leader peptides in other retroviruses support the
formation of infectious particles. It is conceivable that the

FIG. 8—Continued.
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specificity of the FV Elp-Gag interactions is the reason for the
inability to pseudotype HFV particles (38). Evidence for Env-
Gag interactions has been previously reported for other retro-
viruses; however, the interactions involve the C-terminally lo-
cated cytoplasmic tail of Env rather than the leader peptide (17,
35, 44, 51).

Morphological evidence for an Env-Gag interaction was ob-
tained only in the FFV particles with distended morphology
(Fig. 3 and Table 2). The morphology of these particles clearly
resembled that of the budding forms of other retroviruses
including FV (4, 6, 21, 22, 36, 38, 55). The envelope of the
distended particles was incompletely closed, and the particles
were composed of a spherical portion and a protruding tail
(Fig. 3). We interpret them as FFV budding intermediates that
coisolated with the properly budded spherical FFV particles.
An alternative explanation that they represent disrupted par-
ticles or fusion intermediates cannot be ruled out. Neverthe-
less, the distended forms reveal structural features that may be
present transiently during morphogenesis even if these parti-
cles are dead-end or abortive assemblies.

Provided that the distended FFV particles represent bud-
ding intermediates, the Elp-MA layer interaction could serve
the morphogenetic role of targeting preformed FV capsids to
the membrane and/or concentrating Env trimers at the site of
budding. The FV Elp-MA interaction may interfere with the
cytoplasmic Gag targeting and retention of preassembled cap-
sids. Such targeting and retention have been shown to exist for
Mason-Pfizer monkey virus Gag and are probably mediated by
the interaction of MA sequences with cellular proteins (8). In
other retroviruses, membrane targeting and binding are attrib-
uted to the MA shell located directly under the viral mem-
brane (17). In FV, lateral Env-Env interactions seen in cEM
(Fig. 1 to 3) may provide the driving force that leads to budding
of FV particles, explaining the Env dependency of this process
in FV (4, 38). After budding is completed, the FV MA layer
should need to dissociate from the viral membrane as it re-
mains covalently linked to the capsid. This process may be
modulated by proteolysis, which would implicate that the ma-
ture Elp may have functions different from those in the un-
cleaved Env precursor. Additional experiments are required to
determine the function of the Elp-Gag interactions during
morphogenesis and maturation.

In summary, the combination of cEM, immunoblotting, and
SPR allowed us to determine the structural features of FV
particles, to identify the virion-associated FFV Elp protein,
and to characterize the molecular basis of the FV Gag-Env
interactions.
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