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ABSTRACT NIH 3T3 cells were infected in culture with the oncogenic retrovirus, mouse leukemia virus (MuLV), and studied
using atomic force microscopy (AFM). Cells fixed with glutaraldehyde alone, and those postfixed with osmium tetroxide, were
imaged under ethanol according to procedures that largely preserved their structures. With glutaraldehyde fixation alone, the
lipid bilayer was removed and maturing virions were seen emerging from the cytoskeletal matrix. With osmium tetroxide
postfixation, the lipid bilayer was maintained and virions were observable still attached to the cell surfaces. The virions on the
cell surfaces were imaged at high resolution and considerable detail of the arrangement of protein assemblies on their
surfaces was evident. Infected cells were also labeled with primary antibodies against the virus env surface protein, followed
by secondary antibodies conjugated with colloidal gold particles. Other 3T3 cells in culture were infected with MuLV
containing a mutation in the gPr80929 gene. Those cells were observed by AFM not to produce normal MuLV on their surfaces,
or at best, only at very low levels. The cell surfaces, however, became covered with tubelike structures that appear to result
from a failure of the virions to properly undergo morphogenesis, and to fail in budding completely from the cell’s surfaces.

INTRODUCTION

MuLV is an oncogenic retrovirus that produces leukemias
in mice and rats (Gross, 1951). It is among the earliest and
most thoroughly studied of the oncogenic viruses (Gross,
1970; Gardner, 1980). It can be propagated in cultured
murine cells such as Nationa Institutes of Heath 3T3
fibroblasts (Weiss, 1982). The genetics, biological proper-
ties, and what is known of its structure and assembly have
been reviewed elsewhere (Pincus, 1980; Stephenson, 1980;
Weiss et al., 1982; Levy, 1992). Some of the properties of
the virus are, however, particularly relevant to the investi-
gation described here.

Thevirion of MuLV classifiesit as a C-type virus, which
assembles at the surface of infected cells, and acquires a
plasma membrane envelope as it buds from a cell (Fine and
Schochetman, 1978; Coffin, 1992). The envelopes aso con-
tain a viral encoded transmembrane protein (env) involved
in target cell recognition and binding. At the center of the
virion is a protein capsid containing two identical, single
strands of genomic RNA, plus essential reverse transcrip-
tase enzymes, as well as some accessory molecules (Lowey,
1985; Wagner and Hewlett, 1999). The protein capsid,
composed of protein coded by the gene (gag), may or may
not be of icosahedral design, but has regular geometric
character (Levy, 1992; Luciw and Leung, 1992; Wagner
and Hewlett, 1999). Between the lipid envelope, with its
embedded protein molecules, and the protein capsid are
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matrix proteins that are less well characterized, but form a
relatively dense layer between the two.

The mature, extracellular C-type particles are, from EM,
roughly 80—120 nm in diameter (Lowey, 1985), and they
present polymorphic, irregular images in electron micro-
graphs (Murphy, 1985). These suggest that the precise
structure of virions may vary between particles, and that
they may be somewhat deformable.

One mutant of MuLV that has been isolated and de-
scribed is in the gene for a normally glycosylated protein
gPr80%9, a protein that is not essential for infectivity, but is
apparently important in the morphogenesis of virions
(Evans et a., 1977; Edwards and Fan, 1979; Schultz et dl.,
1979; Neil et al., 1980). Biochemically, gPr809 is a Type
Il integral membrane protein that incorporates into the host
cell membrane at sites of virus production (Fujisawa et al.,
1997). The protein cannot be detected in free virus particles
and is thought to be important in assembly or maturation.
The mutant protein product of gPr80%%9 cannot be glycosy-
lated as can the wild-type protein.

The study we present here, using atomic force micros-
copy (AFM), is acomparison of 3T3 cellsin culture, which
are infected with wild-type MuLV, and cells infected with
virus containing the gPr8099 mutation. Here we examine
with AFM the normal budding of wild-type virions from
cell surfaces, and the anomalous forms observed on mutant
MuLV infected cell surfaces.

MATERIALS AND METHODS
Cell lines and viruses

43-D and 17-5 are National Ingtitutes of Health 3T3 fibroblasts stably
infected with wild-type M-MuLV and Ab-X-MLV (Fan et a., 1983;
Hanecak et al., 1986), respectively, and were maintained in Dulbecco’s
modified Minimal Essential Eagle’s Medium (DMEM) containing 10%
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calf serum and antibiotics. PA317/BAG cells are PA317 cells (Miller and
Buttimore, 1986) transfected with an M-MuLV-based vector expressing
bacterial B-galactosidase (Price et a., 1987). They were maintained in
DMEM containing 10% fetal bovine serum and antibiotics and 400 wg/ml
G418. PA317/BAG cells were transfected by a plasmid containing the
gPr809% coding sequence (nt 357-2235) cloned into the mammalian ex-
pression vector pZeoSV (Invitrogen, San Diego, CA).

Atomic force microscopy

AFM instruments and procedures used in this investigation have been
previously described for application to both cells (Kuznetsov et a., 1997b)
and viruses (Kuznetsov et a., 2001). For imaging virus-infected cells, NIH
3T3 cells were grown on glass coverdlips and were fixed for 15 minin a
0.05% solution of glutaraldehyde in PBS. In some cases the cells were
postfixed for 90 min in a solution of 1% osmium tetroxide in PBS (Cann,
1999). After fixation, coverslips were washed with PBS and attached to
metallic packs with double-sided tape. Coverdlips with fixed cells were
mounted on a J-piezoscanner of an atomic force microscope equipped with
a fluid cell (Nanoscope IlI; Digital Instruments, Santa Barbara, CA).
Before imaging, fixed cells were dehydrated by washing the fluid cell with
30, 50, 70, 95, and 100% solutions of ethanol for 15 min each. Treatment
with ethanol removes the lipids from the membranes of both cells and
virions, but leaves behind skeletal proteins of the membranes (Bennett,
1982; Hartwig and DeSisto, 1991) when fixation is with glutaraldehyde
alone. Osmium tetroxide postfixation, however, cross-links the membrane
lipids as well as the proteins, and the lipids are, therefore, not removed by
alcohol exposure. This additionally preserves membrane-associated pro-
teins as well.

For immunolabeling of MuLV-infected cells, the cellsin PBS werefirst
fixed with 1% paraformaldehyde for 30 min. Paraformaldehyde, unlike
glutaraldehyde, preserves the immunogenicity of the cell surface proteins
and virus proteins. It is commonly used in other applications of immuno-
labeling. The cells were washed three times with PBS and exposed to 2%
normal goat serum in PBS for 30 min. The cells were then exposed for 30
min to the env protein antibody, made in rabbits and carried in 2% goat
serum diluted with PBS, and then washed with 0.1% goat serum in PBS.

The secondary goat-anti-rabbit antibody (Ted Pella, Inc., Redding CA),
diluted 1:10 in 0.1% goat serum in PBS, was added to the cells and allowed
to incubate for 60 min, followed by washing in 0.1% goat serum in PBS.
The cells were then postfixed with 1% OsO, in H,O and washed three
times in H,O. Dehydration was then carried out as above in sequential
baths of 30%, 50%, 70%, 95%, and finally 100% ethanol. Fifteen-minute
exposures were utilized at each step.

Cantilevers with oxide-sharpened silicon nitride tips were 100 wm long.
Images were collected in tapping, height mode at frequencies of ~9.2 kHz
with a scanning frequency of 1 Hz. Imaging of isolated virus was carried
out by depositing a drop of sucrose gradient purified virus on freshly
cleaved mica and air-drying, or alternatively, fixing with glutaraldehyde as
above before air-drying. Scanning was performed under ethanol using the
conditions described above.

In evaluating atomic force micrographs certain things should be borne
in mind (Kuznetsov et al., 1997a). The height resolution of the instrument
is extremely good, accurate to within a few angstroms even for soft
biological specimens. The lateral resolution is much less precise because of
the finite width of the scanning tip, generally no better than ~10%.
Furthermore, again because of the finite tip dimensions, isolated objects
protruding above the background in AFM images appear broader than their
true dimensions. For this reason, the dimensions of spherical and cylindri-
cal objects are quantitated according to their heights above the background
surface (Kuznetsov et a., 2001).

There is no evidence that the gentle fixation with glutaraldehyde used
here appreciably disturbs the structures of the cell and virus surfaces, at
least to the resolution of these AFM studies. For example, we and others
have fixed numerous protein and virus crystals with the same low concen-
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trations of glutaraldehyde, and these show no significant loss of resolution,
increased mosaicity, or change in x-ray diffraction intensity distribution.
We have also, in previous studies (Kuznetsov et al., 2001), examined plant
virus crystals under ethanol (even without glutaral dehyde fixation) and see
no obvious alteration in their surface structures compared to x-ray crystal-
lography-determined structures, again to the resolution of the AFM images.

RESULTS

Living NIH 3T3 cells form a norma monolayer and, when
imaged under culture media using contact mode AFM, they
show the same properties as were observed in earlier AFM
studies (Kuznetsov et al., 1997b). In particular, cytoskeletal
fibers and filaments lying immediately below cell surfaces
are clearly evident. The cells, though yielding clear and
reproducible images in low magnification scans, i.e., >~10
w?, proved too plastic when higher-magnification, smaller-
area scans were attempted. As the tip pressure increases on
smaller areas of the cell, even with tapping mode, one no
longer observes surface features exclusively, but also struc-
tures lying beneath the cell surface. This is clear from the
appearance of cytoskeletal elements, deformation of the
surface, and irreproducibility among multiple scans of the
same area. This was true in the absence of fixation even if
the cells were dehydrated and imaged under ethanol. We
found, however, that cells could be fixed with very low
concentrations of glutaraldehyde (0.01%) or paraformalde-
hyde (0.01%) and then imaged in a dehydrated state under
ethanol. Under these conditions, although the cells were no
longer alive, their mechanical properties were sufficiently
improved that they yielded clear and detailed images of the
cell surfaces, which were entirely reproducible from scan to
scan. An image of a cell fixed with glutaraldehyde and
scanned under ethanol is shown in Fig. 1 a.

In Fig. 1, b—d are moderately high magnification images
of the surfaces of a variety of 3T3 cells infected with
wild-type MuLV showing the emergence of virions from
cell surfaces, presumably in late stages of morphogenesis,
or actually in the process of budding. Some particles may
also be complete virions, which remain adsorbed to the cell
surface. It is interesting to note in passing the extremely
granular nature of the cell surfaces and the glutaraldehyde
cross-linked networks of proteins of which they are con-
structed. In the images, the cell surface proteins, of various
sizes and constitutions, appear as roughly spherical units, as
would be expected of globular and extended proteins ag-
gregated in linear and branched arrays. These granular as-
semblies are characteristic of all of the glutaraldehyde-
treated cell surfaces we have investigated and are not
specific to these cells alone. In other investigations using
scanning tunneling electron microscopy (Bennett, 1982;
Hartwig and DeSisto, 1991), particularly with blood plate-
lets, it was demonstrated that extraction of lipids from cell
membranes reveals a proteinaceous membrane skeleton
composed principally of actin. Electron microscopic images
of those membrane skeletons very closely resemble the cell
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FIGURE 1
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In (a) isanormal, uninfected National Institutes of Health 3T3 fibroblast imaged at low magnification by tapping mode AFM. The cells were

fixed with glutaraldehyde and dehydrated with, and imaged under, ethanol. The bulging nucleus is clearly evident at this magnification. The lipid portions
of the plasma membrane are lost by exposure to ethanol unless postfixed with OsO,. Some membrane proteins and the membrane skeleton, however, likely
remain on the cell surface due to glutaraldehyde fixation. In (b)—(d) is a series of tapping mode AFM images of virions emerging from the surfaces of
MuLV-infected NIH 3T3 cells. The viral-infected fibroblasts have been fixed with glutaraldehyde and imaged under ethanol. The granular background is
composed of cellular proteins on the surface of the cell. In many of these images, though of only moderate magnification, protein units can be seen forming
a substructure on the surfaces of the virions. Scan areas: (a) 40 X 40 u?, (b) 2 X 2 u?, (c) 300 X 300 nm?, (d) 430 X 430 nm>.

surface structure that we observe by AFM, and are presum-
ably the same.

Because each cell has displayed on its surface many emerg-
ing virions, it presents an array of particles at al stages of the
budding process. These can be discriminated by their heights
above the surface of the cell, those initially budding exhibiting
low heights, and mature virions having the full height of a
particle. A series of virions at different stages of budding are
presented in Fig. 2, a—d. It is aso noteworthy that the cell
surfaces are pocked with pores which pass to the interior.
Some pores are either much smdler or much larger than single
virus particles and may be inherent structural elements of the
cell surface. An unusualy high proportion, however, are ex-
actly within the range of diameters of MuLV virions, and some
have adistinctive crown, or cusp appearance, asthough crested
by the expulsion of some particle or material. Examples are

seen in Fig. 2, e and f. We suspect that these crater-like pores
may mark the sites of recently emergent virus particles.

Intheimages of Fig. 1, b—d, recognizable virions can indeed
be seen associated with the cell surface, and these have ap-
pearances very similar to those of virions spread on mica. In
general, virions associated with cell surfaces are more clearly
imaged and are more distinctive because they are better im-
mobilized and less sengitive to the scanning tip. Occasionally
the budding virions appear in groups, and are virtualy in
contact with one another, but often individually as well. We
did not, in broad scans over entire cell surfaces, observe any
pronounced clustering of the budding virions. This suggests
that no specific regions of the cell surface favor, or are reserved
for, virus assembly, maturation, and budding.

Fig. 3, a—d contains images of MuLV virions at higher
magnification. The virions do not have a regular externa
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FIGURE 2 In(a)—(d) areimages of MuLV virions at different stages of emergence from the surface of an infected cell. The heights of the particles above
the cell surface are (a) 30 nm, (b), 40 nm, (c) 50 nm, and (d), 140 nm. In (e) and (f) are AFM images of small areas of MuLV-infected cells showing not
only the emergence of newly assembled virions, but pores exhibiting cusps suggestive of recent virion departures. The sizes of the pores and craters
correspond well with the sizes of the virions. Viruses in (a)—(d) have been postfixed with OsO,. Scan areas are (a)—(d) 200 X 200 nm?, (e) 1 X 1 u?, and

(f) 820 x 820 nm?.

structure that is consistent from particle to particle, as we
find in more geometrically based virus capsids, as exempli-
fied by icosahedral and helical arrangements. The surfaces
of the virions in these images, it must be remembered,
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however, do not represent the protein capsid containing the
RNA, which is buried deeper within the particle. The sur-
faces we observe here with AFM are, presumably, a con-
sequence of the organization of the integument proteins that
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FIGURE 3 In (a) and (b) are high magni-
fication AFM images of virions observed on
the surfaces of infected cells when glutaral-
dehyde fixed and exposed to ethanol. These
images are typical of many such images re-
corded from numerous samples of infected
cells. The observed surface structure of the
virionsisdifficult to characterize, asit shows
little regularity. Individual protein units are,
however, clearly seen to make up the sur-
faces. Because no postfixation with OsO,
was carried out, the lipid portions of the
membranes are removed. Scan aress. (a)
190 X 190 nm?, (b) 164 X 164 nm?. When
cells and viral particles are fixed with glu-
taraldehyde and postfixed with OsO,, the
lipid components of the membranes remain
intact. In (c) and (d) are virions emerging
from the cells, presumably with intact enve-
lopes. In (e) and (f) are lower magnification
AFM images of the postfixed NIH 3T3 cells
infected with wild-type MuLV. The scan ar-
eas are () 200 X 200 nm?, and (d) 200 X
200 nm?, (€) 10 X 10 w2, (f) 550 X 550 nm?.

lie between the membrane envelope and the more interior
capsid, superimposed with embedded proteins of the vira
membrane.

Postfixation of cells and virus with OsO, maintains the
lipid components of membranes and envelopes and pro-
duces somewhat different images of the samples. An OsO,,-
fixed cell is seen at lower magnification, in Fig. 3, e and f,
to be smooth, reflecting the presence of the lipid bilayer. At
higher magnification, proteins embedded in the lipid matrix,
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however, produce a much coarser and irregular appearance.
In particular, the networks of chains of protein subunits
characteristic of membrane skeletons are no longer evident.
The virions also appear somewhat different as well, but still
closely resemble the non-OsO,-treated virions.

Although irregular in detailed architecture, the MuLV
virion surfaces do have certain similarities that are worth
noting. The virions are of about the same overall size,
80-150 nm in diameter, al are roughly spherical in shape,

Biophysical Journal 83(6) 3665-3674
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In (a) and (b) are two successive AFM scans of the same MuLV virion demonstrating the constancy of surface features and the reproducibility

of the AFM technique. The virions in (a)—(c) are defective or damaged and a sector of surface proteins is missing in each case, resulting in a cavity and
channel leading deeper into the interior of the virus particle. Scan areas: (a) 200 X 200 nm?, (b) 200 X 200 nm?, (c) 300 X 300 nm?.

and all exhibit a variegated topological structure. Distinc-
tive units, presumably individua proteins, or assemblies of
proteins, are massed together to produce flowerlike appear-
ances. A globular protein substructure is, however, clearly
evident on &l virions.

The irregularity of the virion surfaces is not due to
softness, nor to mobility or fluidity, which would render
scanning uncertain and yield ambiguous images. It is aso
not a consequence of any irreproducibility in the AFM
technique itself. This can be demonstrated by repetitive
scanning of the same particle, or by scanning the same
particle in different directions. When this is done, the im-
ages are essentially the same. In Fig. 4 a, for example, isan
incomplete, damaged, or defective virion in which some
cluster of proteins is missing from the surface, thereby
leaving a cavity. In this image some measure is obtained of
the thickness and organization of the protein layer surround-
ing the capsid by inspection of the channel leading into the

FIGURE 5 In(a) isan MuLV virion emerg-
ing from the surface of an NIH 3T3 cell, which
is labeled with a single gold cluster-immuno-
globulin conjugate. A coated particle of colloi-
dal gold is seen at lower right and is marked
with an arrow. In (b) is another MuLV virion
labeled with six colloidal gold particles, again
marked with arrows. The primary antibody was
against the env protein of the virus surface.
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interior of the virion. Fig. 4 b is a second AFM scan of the
same particle made minutes later. While not congruent, the
two images are remarkably similar, particularly the shape of
the cavity left by the missing proteins. Such defective viri-
ons, we noted, are not at al rare, and another is shown in
Fig. 4 c.

Cells fixed with paraformaldehyde, which preserves the
antigenicity of proteins, were immunolabeled with antibod-
ies conjugated with 30 nm colloidal gold particles. Fig. 5
illustrates some results. The primary antibody was against
the env surface protein of the virus. Because of their size,
shape, and interaction with the tip, the gold particles are
readily visible with AFM.

We also successfully carried out immunolabeling exper-
iments using 15-nm-diameter gold particles, which provide
greater resolution, and indeed in most circumstances these
might be preferable. The protein clusters on the surfaces of
the MuLV virions, however, are aso ~15 nm in size, and
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initially this resulted in some ambiguity. To eliminate any
question of what was a gold particle and what was not, the
larger gold clusters were used.

In Fig. 5aaMuLV virion on a cell surface has bound to
it asingle antibody-colloidal gold conjugate. In5 b asingle
virion has six gold particles bound to its surface. Gold
particles were also observed at some other locations on the
cells surfaces, though clearly the virus particles were
strongly preferred. This may be due to the presence of env
protein on the cell surface at early morphogenesis, where
intact virion was not yet apparent, or due to free env protein
on the cell surface. It may aso have simply been due to
nonspecific antibody or gold particle attachment. In any
case, non-virion labeling was substantially reduced by first
blocking the cells with goat serum before exposure to the
primary antibody.

One implication of the labeling of the virions by the
anti-env protein antibody is that the env protein is indeed
present on the surfaces of the virions after fixation and
dehydration. Though embedded in the virus membrane, they
are not lost along with the lipid bilayer but remain, presum-
ably along with matrix proteins, to cover the surface. We
may further presume that the protein clusters of ~15 nm
seen on the surfaces of the virions shown here, or at least
some of them, are indeed composed of the env protein.

The AFM images to this point are typical of the many
images of cells and virions obtained from 3T3 cells infected
with wild-type MuLV. Fig. 6, again typical, contains cor-
responding images obtained from cells infected with MuLV
mutant gPr809%, that mutation which produces an appar-
ently defective, non-glycosylated, maturation protein.
While some individual MuLV virions are occasionaly still
seen budding from the cell surface, they are few, and they
are no longer the most prominent features. At low magni-
fication the cell surfaces exhibit vast arrays of hairlike
structures which, on closer inspection, are seen to be tube-
like protrusions from the cells. The diameters of the tubes
are quite uniform, and are about the same as those of
wild-type virions. At one end, each tube is contiguous with
the cell surface, while the distal ends are closed and
rounded. They are not always linear, but frequently curve
and twist. Their lengths vary greatly in a population, with
the most common length being about a micron.

Fig. 7 presents linear composites of successive AFM
images obtained from sequential scans over adjacent areas
on single cell surfaces. The cells in these images were
postfixed with osmium tetroxide. In these, the varied shapes
and forms of the tubular protrusions are clear. Infection is
high, yet there is a virtual absence of normal, budding
virions. This, along with the observation that the tubes are
absent on cells infected with wild-type virus, imply that the
tubular structures must be derived from virions unable to
experience normal morphogenesis. The tubes could con-
ceivably arise from single virions unable to complete mat-
uration and separation from the surface, thereby producing

3671

extended structures. Something similar has been seen, under
different circumstances, for some simple defective plant
viruses such as Alfalfa mosaic virus (Rossmann and Erick-
son, 1985; Mandahar, 1989) and some bacteriophages (Hen-
drix, 1985). Perhaps more significantly, the aberrant tube-
like structures are reminiscent of late-domain mutants of
MuLV (Yuan et a., 2000). However, the tubes may contain
multiple virions, or capsids, like peasin apod, or the linear
arrangement of spores in neurospora filaments. We cannot
be certain which of theseis the case, or if both may pertain.

Further examination of these tubesin Figs. 6 and 7 shows
the presence of a granular, protein substructure making up
the surfaces. At high magnification, as in Fig. 6 f, the
surfaces of the tubes begin to assume the crenulated appear-
ance characteristic of the wild-type virion surfaces. Hence
the tube surfaces may have the same protein composition as
the surfaces of the wild-type, normally budding virions. In
Fig. 6 c are a mass of tubes closely clustered on the cell
surface, illustrating the high density that may occasionally
occur. In Fig. 6 disamore unusual event, acompleted tube,
which is closed at both ends and has somehow parted from
the cell, but which gtill lies on its surface. Fig. 6 f is a
high-magnification AFM scan of a single tube showing the
irregular arrangement of protein units covering the surface.

DISCUSSION

We have not yet found a means to observe, with AFM,
living cellsin culture that are infected with virus, and which
permit us to visuaize accurately the cell surface without
deformation or the interference of subsurface structure. Us-
ing the methods proven here, however, we can readily
delineate the surface character of lightly fixed, dehydrated
cells. Virions emerging from the cell surface are then visi-
ble, and their structures appear to be well preserved and
undistorted. Features on the cell surface associated with
virus budding, such as the cratered pores, also are clearly
discerned.

Cells infected with wild-type virus display vast numbers
of budding virions over their surfaces, with no particular
distribution favored. No tubular structures are seen. Cells
infected with virus carrying the gPr80%9 mutation, how-
ever, express very few individual virions on their surfaces,
but extensive arrays of tubular structures having diameters
roughly that of MuLV virions. The tubular features have
surfaces that appear similar in structure to the surfaces of
wild-type virions. The tubular structures are undoubtedly
associated with defective morphogenesis of the mutant viri-
ons arising from the non-glycosylated gPr80%* protein.

As aready noted, we cannot be certain whether the
tubular structures contain exclusively one, or several,
capsids containing nucleic acid. Our feeling, however, is
that they most likely contain a single infectious capsid.
We base this on observations of many tubelike structures
which seem to have a more dense, enlarged head at their

Biophysical Journal 83(6) 3665-3674
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FIGURE 6 In(a)and(b) are AFM images
of NIH 3T3 cells infected with the mutant
virus gPr80%%, The virions of the mutant are
unable, in general, to properly mature and
separate from the cell and instead form
prominent tubelike protrusions from the cell
surfaces. The cells and virus were fixed with
glutaraldehyde and imaged under ethanol, so
the lipid components of the plasma mem-
brane are removed. Scan areas are (a) 30 X
30 2, (b) 10 X 10 w2 In (c) isamass of the
tubelike structures that appear on the sur-
faces of cells infected with the gPr809% mu-
tant virus. This cell has been postfixed with
0s0,. In (d) through (f) are some individual
tubules seen at higher magnifications, but
after fixation only with glutaraldehyde be-
fore exposure to ethanal. In (f) the protein
substructure of the tubule surface is begin-
ning to appear. Scan areas: () 1 X 1 u?, (d)
1x1u? (e)1 X 1u? (f)300 X 300 nm?.

distal, closed ends, and usually, rather thin intervening
regions along the tube. They have, in some cases, a
cometlike appearance. These long tubes are not, so far as
we can see, segmented, or periodically swollen in a way
that would suggest any interior linear arrangement of
capsids. Finally, there is no reason why multiple capsids
would, or could, be assembled at identical points on cell
surfaces and line up in a sequential fashion in the tube
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interiors. However, we occasionaly see exceptions,
which are consistent with the alternative.

It would have been satisfying to find some regular
geometric arrangement of the protein units on the sur-
faces of wild-type virions and aberrant tubelike struc-
tures, but the images fail to support that. The virions
appear to be polymorphic. This polymorphism could be
due to an irregular or arbitrary distribution of the env
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FIGURE 7 In(a) and (b) are compos-
ite images of the surfaces of two cells
infected with the gPr809% mutant virus
and carrying the many tubelike protru-
sions on their surfaces. The image in (a)
is compiled from five successive, adja-
cent scans with some small overlap area
to permit joining. The horizontal discon-
tinuities evident along the vertical edge
of the image mark the boundaries of the
successive scan images. The small hori-
zontal shifts required to effect exact con-
tinuity were necessary to compensate for
the natural drift of the instrument. Using
this image composition method high-
magnification images of rather large ar-
eas are possible. In (b) the image is com-
posed from three successive, higher-
magnification scan images. Both of the
cells and their viruses were postfixed
with OsO,, after glutaraldehyde fixation,
but before ethanol exposure. Hence, the
cells and tubes both contain the lipid
components of their membranes. Scan
areas 2 X 8.44 p?, (b) 2 X 4.72 u?.

protein embedded in the lipid envelope, an arbitrary
composition and arrangement of cellular membrane pro-
teins acquired when the virion buds through the cell
membrane, or it could be due primarily to an irregular
arrangement of underlying integument proteins which the
membrane overlays.

There is a visible difference in cell surfaces that have
been fixed with glutaraldehyde alone and cells that have
been postfixed with OsO, before dehydration. While
appearing smoother at low resolution, cells exposed to
0s0O,, which maintains lipid components of the mem-
branes, exhibit a much rougher and topologically variable
structure at high resolution. They are coated with distinc-
tive bumps and small protrusions against an overall
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veiled surface. The rough appearance is presumably pro-
duced by the many membrane proteins embedded in the
lipid matrix. The observation that this rough surface is,
for the most part, lost in the absence of OsO,, postfixation
implies that many of the membrane proteins may be lost
to the ethanol along with lipids during the dehydration
process. The surfaces seen when only glutaraldehyde
fixation alone is used are, therefore, primarily a conse-
quence of the layer of protein components forming the
membrane skeleton or lying immediately below the
plasma membrane.

This work was supported by National Institutes of Health grants (to H.F.
and A.M.), and a grant to A.M. from NASA.
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