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The pathway of vesicular stomatitis virus N protein from synthesis to assembly into capsids was studied by
use of detergent extraction of infected HeLa cells together with protein cross-linking. One half of the newly
synthesize N protein was extracted with the souble cell proteins and, when cross-liked, never formed the N-
N dimer characristic of mature nudeocapsids. In contst, the cytoskeleton-bound N protein first showed a
diffuse spectrum of protein-protein cross-links but, after a lag of 40 min, assumed the cross-link pattern of N
protein in nucleocapsids. The efficiency of forming N-N cross-linked dimers is the same for N protein on the
skeleton as in nudeocapsids derived from mature virus, suggesting very similar configurations. However, the
N protein bound on the skeletal framework formed several additional cross-links that were not found in mature
virus and were apparently formed to cellular proteins estimated to be ca. approximately 46,000 and 60,000 in
molecular weight.

The cytoskeletal framework of cultured mammalian cells
is obtained by extraction with nonionic detergent under
near-physiological conditions of pH and ionic strength.
Soluble proteins and lipids are selectively removed, leaving
the structural elements organized into a biochemically well-
defined, intact entity (3, 4, 6, 11, 14, 15). The three-
dimensional, anastomosing cytoplasmic filament networks
composing the framework are best studied morphologically
by embedment-free electron microscopy with either whole
mounts or resin-free sections (5). The networks are region-
ally heterogeneous, with areas rich in microfilaments often
found at the cell periphery and thicker fibers with attached
polyribosomes localized nearer the nucleus. Numerous re-
ports have shown that various aspects of virus metabolism
are closely associated with these structural elements of the
cell (2, 6, 10, 13, 16).

Little is known of the mechanisms by which these com-
plex, heterogeneous networks are formed, but the pathways
of structure formation may be more complicated than spon-
taneous self-assembly. One such pathway is suggested by
the synthesis and assembly into a capsid of the N protein of
vesicular stomatitis virus (VSV), a cytoplasmic virus com-
posed of five proteins and a 42S negative-strand RNA (17).
The formation of its capsid from the four internal proteins
offers a very simple system for the study of structure
assembly. Here we report the results of cross-linking analy-
sis which suggest that only the skeleton-bound portion of the
N protein enters into capsid formation and appears to do so
without leaving cell structures. There was a significant lag
between synthesis and final assembly of the skeleton-bound
N protein, during which time its cross-linking neighbors
changed markedly.
The partition of newly synthesized VSV proteins between

the detergent-prepared cytoskeletal framework and the ex-
tracted soluble phase as a function of time was examined by
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briefly pulse-labeling (3 min) infected cells with [35S]me-
thionine and then chasing with cold methionine. Under the
conditions of infection, only viral proteins are labeled. After
various lengths of time, the cells were extracted with Triton
X-100 in cytoskeleton buffer (100mM NaCl, 3 mM MgCl2, 10
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], pH
6.8, 300 mM sucrose, 1 mM phenylmethylsulfonyl fluoride,
0.5% Triton X-100) (6) and the bound and soluble viral
proteins were separately analyzed by gel electrophoresis
(Fig. 1). The 3-min pulse labeled mostly complete poly-
peptides except for a ladder (Fig. 1, L) seen after 2 and 5 min
of chase (see Fig. 2 and 3) and which appeared to be due to
partially completed L chains which quickly entered into
complete L protein at later chase times.
The L protein (polymerase) of VSV exhibited the simplest

behavior. Essentially all of the L protein was bound to the
skeleton immediately after its synthesis and remained so
throughout the long chase. In contrast, only 50 to 60% of the
other viral structural proteins, N (capsid), M (matrix), and
NS (core), were bound, a proportion that remained constant
throughout the chase. Finally, the transmembrane G (coat)
protein was completely extracted by the detergent at all
times.
The constancy of the bound fraction of viral proteins both

before and during assembly into a capsid structure is most
easily explained by the absence of significant exchange
between soluble and structure-bound proteins, although
presumably other explanations are possible. Earlier reports
of a time-dependent partition between soluble and structure-
bound capsid protein may reflect the very different extrac-
tion conditions used (8, 9).
The state of assembly of the viral nucleocapsid proteins

bound to the cytoskeleton and of those in the soluble phase
were investigated by using chemical cross-linking. L and NS
proteins are relatively minor, and their cross-linking pat-
terns were difficult to observe. M protein, which appears to
be on the outside of the N-NS core in mature virus (7),
seemed to associate with the nucleocapsid only just before
budding. M protein did not form a significant number of
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FIG. 1. Comparison of the cytoskeletal and soluble fractions at
different times after pulse-labeling of VSV-infected cells. At 3 h
after infection, cells were treated with actinomycin D for 0.5 h and
pulse-labeled for 3 min. Equal numbers of cells were chilled at 2, 5,
20, and 90 min during the chase and fractionated into cytoskeleton
and soluble phases as described in the text.

cross-links while in the cell, and there was no way to tell
whether the capsid-associated M protein originated from the
soluble or the bound state. However, N protein, the major
constituent of the nucleocapsid, gave clear cross-linking
patterns while bound to the cytoskeletal framework and was
examined in detail.
The cross-linking data presented below follows the struc-

ture-bound N protein as it gradually took on nucleocapsid-
like cross-links. At the same time, and in sharp contrast, the
soluble proteins, including N protein, did not assemble
into structures that were identifiable by cross-linking. The
cross-linking agent used in these studies, dithiobis-
(succinimidylpropionate), is extremely efficient, rapid, and
reproducible in action (12).
The cross-linking results were obtained by using cyto-

skeletons and thus are free of adventitious binding of soluble
proteins. The detergent-prepared cytoskeletons (6) were

pelleted from the extraction buffer and gently suspended into
cytoskeleton buffer containing 0.7 mM cross-linker at 0°C.
The degree of cross-linking was carefully controlled and
kept low in the following experiments so that two-protein
cross-links would predominate. After cross-linking took
place for 2 min at 0°C, excess cross-linker was quenched
with ammonium acetate. Free sulphydryl groups in proteins
were blocked with N-ethylmaleimide, and the cytoskeletons
were then selectively solubilized away from the nuclei in
RSB buffer (10 mM NaCl, 3 mM MgCl2, 10 mM Tris-Cl, pH
7.4) containing 0.5% deoxycholate and 1% Tween 40 (6).
Higher levels of cross-linking drastically reduced the re-

covery of viral and cellular proteins at this stage of selective

solubilization. Disuccinimidyl-suberate, a cross-linker not
containing a disulfide bond, gave similar results in one-
dimensional polyacrylamide gel electrophoresis. The pattern
of cross-linked proteins obtained from purified complete
virions (data not shown) agreed well with previously pub-
lished data (7) in which three different cross-linking agents
gave similar results.

Figure 2 shows the results of cross-linking the cytoskel-
eton from pulse-labeled, VSV-infected cells after different
chase intervals. Although much of the newly synthesized N
protein was bound immediately and remained associated
with the cytostructure, its cross-linking pattern indicates
that it assembled into a capsid-like particle only after about
40 min. Initially, N protein had a very different set of cross-
linking neighbors, which changed to a capsid-like form
during the chase. The cluster of faint bands (Fig. 2, 1) in the
2-min chase cross-linked (lane 2x) were absent from the non-
cross-linked lane (2u) and, unlike the ladder of bands below
L in lane 2u, formed off-diagonal spots in two-dimensional
analysis (Fig. 2B).
The identity of the components of the cross-link bands

was confirmed by polyacrylamide gel electrophoretic analy-
sis in a second dimension after cleavage of the cross-linker
with P-mercaptoethanol (7, 12). The cross-linked bands in
one dimension (Fig. 2A) at late chase times or the off-
diagonal spots in a two-dimensional gel (Fig. 2B) were
compared to the pattern obtained from cross-linking isolated
complete virions or detergent-stripped nucleocapsids (Fig. 3;
two-dimensional gel not shown). It is clear that some spots
(in two dimensions) and bands (in one dimension), such as 8
and probably 7 (see Figure 2), in these electropherograms
arose from intracapsid cross-links, but several, such as 9, 6,
and 4, were clearly absent from the nucleocapsid pattern and
were probably formed by viral capsid proteins also cross-
linking to cytoskeletal elements. The major cross-linked
band (Fig. 2A, band 8) which appears in the cytoskeleton
proteins after long chase times was the N-N dimer and was
superimposable with the major off-diagonal spot from cross-
linked isolated nucleocapsids on a two-dimensional gel (data
not shown). Since the efficiency of the dimer cross-link was
extremely sensitive to inter-protein distance, it is likely that
the N-N cross-link is very characteristic of nucleocapsids or
of some intermediate structures having a close resemblance
to a nucleocapsid. Nearly the same amount of N-N dimer
was formed, for a given degree of cross-linking, from viri-
ons, isolated nucleocapsids, and most importantly, from
skeleton-bound N protein when the latter had had sufficient
time to assume its final state (i.e., at least 40 min after pulse-
labeling). We estimated crudely the molecular weight of
some of the putative cytoskeletal proteins cross-linked to the
viral ones as being 46,000 and 60,000 (Fig. 3, arrows).
Only the cytoskeleton-bound proteins appeared to enter

into nucleocapsids, and not even all of these did so. The core
protein NS was overproduced, and the amount of this
protein bound to the cytoskeleton relative to N and M was
markedly greater than that found in isolated virions or
nucleocapsids. Thus, much of even the skeleton-bound NS
did not enter a nucleocapsid. L protein appeared to be
present on the cytoskeleton in amounts relatively greater
than in the final virion, much like NS but not nearly to the
same degree. Comparison of lanes csk x with lanes NcX
(nucleocapsid) and Vx (whole virus) in Fig. 3 shows that
about one-half of L protein on the skeleton did not form
detectable cross-links, whereas all of L protein in the
isolated virion or nucleocapsid did. This is consistent with
the rough estimate that there is about twice as much L
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FIG. 2. Polyacrylamide gel electrophoretic analysis of the cytoskeleton cross-linking patterns at different chase intervals. Equal numbers
of pulse-labeled, VSV-infected cells were chilled in cold phosphate-buffered saline at 2, 5, 20, and 90 min of chase and detergent extracted,
and the cytoskeletons were cross-linked after removal of the soluble phase. 2u, Non-cross-linked cytoskeleton after 2 min of chase. (B) Two-
dimensional gel analysis of the cytoskeleton cross-linking patterns at 2, 5, 10, and 120 min after pulse-labeling VSV-infected cells. The 2-min
gel was exposed longer to emphasize the diffuse but distinct cross-linked spots indicated by the arrowhead. These disappeared at 120 min,
suggesting that the specific association of N at the earliest times is different from those at later times.
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FIG. 3. Cross-linking patterns of purified VSV, isolated nucleo-

capsids, and cytoskeleton-bound VSV proteins. NcU, Non-cross-
linked nucleocapsid; NcX, cross-linked nucleocapsid; Vx, cross-
linked virus; Csk x, cross-linked cytoskeleton at 60 min of chase;
N-N, cross-linked dimer of N protein; M-M, cross-linked dimer of
M protein. The arrowheads indicate the position of some cross-
linked bands present in the cross-linked cytoskeleton but not in the
cross-linked nucleocapsid. (The four lanes are from the same gel.)

protein on the skeleton than in the virion relative to N
protein. It should be noted also that the matrix protein M
bound to the skeleton did not form the M-M dimer cross-link
(cf. lane csk x with lanes NcX and Vx in Fig. 3), nor did it
give any other cross-links by the absence of off-diagonal
spots, as seen in the two-dimensional electropherogram (see
Fig. 2B). M did give strong cross-linked spots in the mature
virus or in the nucleocapsids prepared by detergent extrac-
tion of virions when analyzed in two-dimensional gels (data
not shown). Results from other laboratories have indicated
the association of M with the maturing capsid just before
budding (1). Thus, the absence of M cross-links is not
unexpected.
Although the soluble phase contained substantial quan-

tities of the viral proteins, these, in sharp contrast to the
skeleton-bound proteins, did not form any specific cross-
links. The pattern obtained by cross-linking proteins in the
soluble phase is shown in Fig. 4 and compared with the very
different result for proteins on the cytoskeleton. No iden-
tifiable cross-linked bands were seen. Exactly the same
absence of pattern was seen at 2, 5, 10, and 60 min of chase.
As a control to show that virion-specific cross-links would
be formed if nucleocapsids were present, a small amount of
VSV was added to the soluble proteins; this gave a cross-
linked pattern much the same as that of virions suspended in
buffer.
We could not definitively prove the absence of exchange

between the soluble and cytoskeleton-bound proteins. How-
ever, the assembly of N into a cross-linkable structure did
not appear to be a stochastic process, but proceeded slowly
at first and then rapidly, reaching a maximum after about 40
min of pulse-label. This is certainly not the behavior one
would expect if the cross-linkable N protein were being
withdrawn from a random, soluble pool. Also, the soluble
viral proteins appeared never to assemble into cross-linkable
structures.
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FIG. 4. Cross-linking of soluble-phase VSV proteins. Lanes a
and b, Non-cross-linked and cross-linked soluble phases, respec-
tively, from the 60-min chase sample of VSV-infected, pulse-labeled
cells. The identical pattern was obtained at 2, 5, and 10 of chase.
Lane c, Cross-linking of 60-min chase soluble phase containing
exogenously added VSV to one-sixth the total counts, with equal
amount of cross-linker as in lane b.

There was a slight increase in the amount of N protein
associated with the skeleton after long chase times. Though
we cannot rule out directly the possibility of a tiny fraction
of N from the soluble phase associating with the skeleton
with time, this very small increase may reflect our inability
to completely stabilize against extraction the structures
initially binding N protein. It may be noted that, in other
studies (8, 9) in which harsher extraction conditions were
used, significantly more N protein was solubilized at early
times after labeling as compared with later times.
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