
SOKOL ET AL.

sample was centrifuged for 90 min at 61,000 X g.

With 5 to 25% (w/v) gradients, centrifugation at
49,000 X g for 20 min was used. Fractions for analysis
were collected through a hole punctured in the bottom
of the tube.

Sedimentation of the viruls oii a cushioni of sucrose

solution. A 5-ml amount of 20%C (w/v) sucrose solu-
tion in NTE buffer was placed on top of the same
volume of 60% sucrose. About 19 ml of virus suspen-
sion, concentrated by precipitation with zinc acetate
and dialyzed exhaustively against NT buffer or filtered
through a Sephadex column, was layered on top of
the 20%o sucrose solution. The contents of the tube
were then centrifuged in the SW 25.1 rotor of a Spinco
centrifuge at 54,000 X g at 4 C for 3.5 hr. The virus
band was collected by puncturing the bottom of the
tube and was dialyzed exhaustively against NT buffer.

Release and concentrationz of cell-associated viruts.
Cell monolayers labeled with 3H-uridine (1.5 ,uc per
ml of medium) between 1 and 72 hr after infection
were washed three times with NT buffer. The cells
were scraped off and pelleted by low-speed centrifuga-
tion. The pellet was suspended in 0.5 M EDTA-Tris
(pH 7.8), and the cells were disrupted by three cycles
of freezing and thawing, followed by sonic treatment
for 3 min at 10 kc. The suspension was centrifuged at
1,000 X g for 20 min, and the sediment was discarded.
The released virus was pelleted by centrifugation at
49,000 X g at 4 C for 60 min. The pellet was suspended
in 0.5 ml of NTE buffer by sonic treatment for 3 min,
and the suspension was clarified by centrifugation at
1,000 X g for 40 min. The supernatant fluid was
fractionated by sucrose density gradient centrifuga-
tion.

In control experiments with mock-infected cells,
the same procedure was used, except that the cultures
were labeled with 14C-uridine (0.05 ,uc per ml of med-
ium; 50 mc/mmole; New England Nuclear Corp.,
Boston, Mass.).

RESULTS

Attempts to purify extracellular rabies virus
grown in the presence of serum. Our first attempts
at purification were done with virus grown in the
presence of serum. The virus was concentrated
by precipitation from the infectious tissue culture
fluid with zinc acetate. All of the infectivity was

recovered when the precipitate was resuspended
in EDTA solution, providing that the concentra-
tion of zinc acetate was adjusted to 0.01 to 0.02 M.

At the routinely used 0.02 M concentration (i.e.,
when 100 parts of infectious tissue culture fluid
was mixed with 2 parts of 1 M zinc acetate solu-
tion), about 25% of the serum proteins coprecipi-
tated with the virus so that only a three-
to fourfold increase in purity was achieved (Fig.
1). The impurities of low molecular weight were

removed from the suspension without loss in
infectivity either by dialysis against the NT buffer
or by filtration through a Sephadex column. When
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FIG. 1. Efficiency of precipitationi of rabies virus
(straiii PM) by various amounits of zinc acetate.
Samples (30 ml) of inifectious tissue culture fluid were

treated with 0.6 ml of zinzc acetate solution at various
concentrations. The precipitate was dissolved in EDTA
solution and assayed as described in Materials and

Methods. Symbols: 0, recovery rate of infectivity; *,
recovery rate ofproteins. The virus was grownz in Nil-2
cells in the presence ofmedium supplemented with 10%
calfserum.

the virus was subsequently sedimented, the pellet
could not be completely dispersed in the NTE
buffer either by sonic treatment or by homoge-
nization. An average of 80% of the virus was re-

moved from the suspension in the form of large
aggregates by low-speed centrifugation. There-
fore, instead of pelleting the virus, it was sedi-
mented onto a cushion of 60% sucrose solution.
About 95% of the serum proteins present in the
concentrated preparation were removed at this
step, essentially without loss of infectivity. After
the removal of sucrose by dialysis, however, a
twofold decrease in the infectivity of the prep-
arations was regularly observed. The virus was
then pelleted, resuspended in NTE buffer by
sonic treatment, treated with ribonuclease and
deoxyribonuclease, and banded by centrifugation
in a sucrose density gradient (Fig. 2A). Only 10
to 20% of the infectious units contained in infec-
tive tissue culture fluid were recovered in the
viral band. The final preparation still contained
30 to 40% of the host cell and serum (e.g., -y-
globulin) components, as shown by CF tests and
by "purification" of mock-infected tissue culture
fluid (Fig. 2B). In the electron microscope, the
virus appeared in large aggregates and with pro-
nounced distortion of its morphology. It was not
possible to see the fine structure of the virus par-
ticles.

Purification of extracellular virus grown in the
presence of BSA. To avoid difficulties caused by
binding of serum substances to the virions, serum
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was replaced by BSA in media used for virus
propagation. The absence of serum did not reduce
the virus yield. Infectious tissue culture fluids
harvested 60 to 72 hr after infection contained
2 X 107 to 10 X 107 PFU of virus per ml. The final
procedure, elaborated and successfully used for
purification of extracellular rabies virus, is shown
schematically in Fig. 3.
As with virus grown in the presence of serum,

the virus grown in the presence of BSA was
quantitatively precipitated in 0.02 M zinc acetate.
However, only 2 to 5% of the proteins contained
in the infectious tissue culture fluid were copre-
cipitated with the virus. Consequently, an appre-
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FIG. 2. Sucrose denwsity gradien?t cenltrifulgation2 of

conlcenltrated anld partially purified preparations of

extracellular rabies virus (strainz PM) grownl in thle
presenlce of serum. (A) The virus was grownl inl Nil-2

cell cultures sulpplemen2ted withl medium contain2ing 10%0
calfserum. It was precipitated by zinc acetate, antd thle
precipitate was dissolved in EDTA solutionl. Thle virus

was thleii sedimenlted onl a cushion2 of 60%r sucrose solu-

tion. Thle sucrose was removedfrom the virues suspensionl
by dialysis, anld thle virus was pelleted. Thle resuspenlded
pellet wFas layered on a to 55%0 (w/w) linlear sucrose

gradienlt. Symbols: 0, protein content; *, optical

denlsity at 260 nIm; *, infectivity. (B) Con2trol experi-

ment withl corresponldinlg amount of nonin1fectious tissue

cullture f:luid processed in thle same way. Symbols: 0,

proteinz conltenlt; 0, optical denlsity at 260 nim.
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INFECTIVE TISSUE CULTUIRE FLUID
(cells discarded)

Centrifuged at 1. 000 Xg for 20 miiL

SUPERNATE SEDIMENT
(discarded)

Made 0. 02M with respect
to Zn acetate, final pH 6. 8;
stood at 4 C for 20 min;
centrifuged at 1. 000 Xg for
40 min

SUPERNATE SEDIMENT
(discarded) I

EDTA-Tris solution pH 7. 8 (1/80th
of the volume of infective tissue culture
fluid) added; the suspension centrifuged
at 1, 000 Xg for 20 min

SUPERNATE
I

Filtered through Sephadex G-75
column equilibrated with NT
buffer; filtrate centrifuged at
1, 000 Xg for 20 min

SEDIMENT
(discarded)

Made
MgSC
min
RNas
centr
60 mi

I
SEDIMENT

I
Suspended in NTE buffer;
centrifuged at 1, 000 Xg for
20 min

SEDIMENT
(discarded)

SEDIMENT
(discarded)

SUPERNATE
I

a 0. 004M with respect to
)4, treated at 25 C for 40
with 20 jig/ml of each
se and DNase; pelleted by
rifuging at 49, 000 Xg for
in

SUPERNATE
(discarded)

SUPERNATE
I

Layered onto 10-55% (w,/w) sucrose
density gradient in NTE buffer;
centrifuged at 61,000 Xg for 90 min;
virus band collected

FIG. 3. Schematic representation of the procedure
used for the purification of extracellular rabies virus
growin in cell culture inl medium containing BSA inplace
ofserum.

ciable increase in purity was achieved (Table 1).
The purpose of filtration of the concentrated
virus through Sephadex (Fig. 4) was to remove all
of the low molecular weight impurities, rather
than BSA. The presence ofBSA at this and at the
next two stages of the procedure was required for
the stabilization of the biological activity of the
virus. Treatment with ribonuclease and deoxyri-
bonuclease followed by pelleting of the virus by
high-speed centrifugation reduced the contamina-
tion of the preparation by nonviral nucleic acids
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FIG. 4. Filtration, through a Sephadex G-75 columnz,
ofcrude rabies virus preparationz (strain HEP) conzcen2-
trated by precipitation with zinlc acetate. (A) Symbols:
0, protein content; 0, optical denisity at 260 nzm. (B)
Symbols: 0, CFU; 0, PFU. (C) Symbols: 0, HAU;
*, radioactivity of 3H-uridine. Thle three parts of the
figure represent the same filtrationi experimen2t. The
virus was grown in BHK cells in the presence ofBSA.

and eliminated most of the BSA. The transparent,
bluish-opalescent pellet dissolved instantly in
buffer with gentle shaking. No clumping or ag-
gregation of the virus particles was observed when
the suspension was examined under the electron
microscope (Fig. 5). At this stage, the preparation
was already of high purity (Table 1), but it still
contained some BSA and host cell components.
BSA could be removed easily with no loss of in-
fectivity by repeated pelleting of the virus, since
highly concentrated virus preparations were rel-
atively stable even in the absence of BSA. Density
gradient centrifugation had to be used, however,
for the removal of cellular materials. Most of the
impurities sedimented faster or slower than the
virus (Fig. 6), so that they could be separated
from the virions. Similar results were obtained
when the virus was banded in a 5 to 22% (w/w)
sucrose density gradient, except that the band was
somewhat broader.

The peak of turbidity in the visible band (Fig.
6 and 7A) coincided with the peaks of protein
content, radioactivity of incorporated RNA pre-

cursor, HA and CF activities, as well as infectivity
of the virus. This coincidence indicated that the
population of virions was homogenous with re-

spect to various viral activities, when analyzed
by rate zonal centrifugation in sucrose density
gradient. As will be shown later, however, this
homogeneity was only seen when the virus was

derived from cultures exhibiting no sign of cell
degeneration at the time of harvest. Light, non-

infective HA or CF antigens were not detected
in virus preparations processed by the method
outlined.
Data characterizing the course of the purifica-

tion at different stages of the procedure are sum-
marized in Table 1. It is evident that the precipita-
tion by zinc acetate and the digestion by enzymes
following pelleting of the virus were the most
efficient steps. Up to the banding of the virus in
the sucrose density gradient, all of the original
infectivity was usually recovered. After the band-
ing, however, half of the original infectivity was

usually lost. In spite of this, banding in a sucrose

density gradient is unavoidable, if products es-
sentially free of cell material are required. The
final preparations were 1,000 to 3,000 times purer
than the infectious tissue culture fluid, as judged
by the ratio of infectivity to protein content.

Populations of extracellular virus exhibiting
heterogeneity with respect to various viral activities.
As was mentioned before, virus preparations ob-
tained from cultures showing no gross signs of
cell degeneration at the time of harvest were
homogeneous. All viral activities sedimented to-
gether in the sucrose density gradient (Fig. 6).
However, when 3-day-old confluent monolayer
cultures, showing markedly decreased pH of the
medium (6.8 to 7.1) and already containing some

degenerated cells, were infected and incubated for
3 additional days, a large number of cells became
detached from the glass. This effect was not due
to the virus infection, since a similar degree of cell
degeneration was observed in uninfected control
cultures. The infectivity of the fluid harvested
from such cultures was similar to, or even slightly
higher (5 X 107 to 50 X 107 PFU/ml) than, that
of fluids obtained from cultures showing no signs
of cell degeneration. After removal of cell debris,
extracellular virus was purified by the usual pro-
cedure. The final sedimentation revealed that the
virions were heterogeneous with respect to their
biological activity (Fig. 8, Table 2). The heavier
virus particles had high infectivity and HA activ-
ity, whereas the lighter virus particles had little,
if any, infectivity and decreased HA activity. The
CF activity and the RNA content per milligram of

840 J. VIROL.



PURIFICATION OF RABIES VIRUS

FIG. 5. Electroni micrograph ofpartially purified, extracellular rabies virus (straini HEP). The virus was grownt
in BHK cells in the presence ofBSA. It was purified by the usual procedure, but bandin2g in sucrose density gradien2t
was omitted. Almost all PFU contained in the inifective tissue culture fluid were recovered in such preparationts. Thle
particles are recogniizable by their characteristic shape and their clumping is minimized. The preparation still coll-
taimled host cell componenits anid BSA. X37,800.

the heavy and light particles were similar (Table
2). Attempts to separate more efficiently the non-
infective virus particles from infectious virus in a
less steep (5 to 22%, w/w sucrose) gradient were
not successful.

Properties of purified virus preparations. The

specific activities of purified rabies virus, which
was shown to be homogeneous by sucrose density
gradient centrifugation, were as follows: PFU per
ml of protein = 1010; HAU per mg of protein =
104; CFU per mg of protein = 5 X 103.
The buoyant density of the purified virus in
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sucrose was found to be 1.17 after centifugation
at 61,000 X g for 18 hr. This finding indicated that
the final step usually used in the purification pro-
cedure, i.e., banding in a 10 to 55% (w/w) linear
gradient of sucrose by centrifugation at 61,000
X g for 90 min, represents essentially a velocity
rather than an equilibrium gradient centrifugation.
Under the conditions used for purification, the
virus banded at 1.14 density.

Various approaches were used to estimate the
degree of contamination of purified virus prepara-
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FIG. 6. Centrifugation in sucrose density gradient of
concentrated and partially purified rabies virus (strain
HEP). A linear gradient of sucrose (10 to 55%S, wlw)
was used. (A) Symbols: 0, protein content; 0, optical
denisity at 260 nm. (B): 0, CFU; *, PFU. (C)
Symbols: 0, HAU; 0, radioactivity of 3H-uridine.
The three parts ofthefigure represenzt the same centrifli-
gation experiment. Thle virus was grown inBHK cells in
the presence ofBSA.

tions by host cell components and by BSA.
Serological data summarized in Table 3 show that
the purified virus did not react with anti-BSA
serum. The virus did react, however, to a small
extent with anti-BHK serum. Quantitative evalu-
ation of the cross-reaction indicated that 10%l
of the proteins in the preparation were of cellular
origin.

Reaction of purified virus with specific anti-
rabies serum in agar gel usually yielded a single
precipitation line located very close to the antigen
well. Occasionally, two additional lines, probably
corresponding to breakdown products of the
virus, were seen (Fig. 9).
When fluid from mock-infected tissue cultures

was processed as outlined in Fig. 3, little host
material was recovered from the final sucrose
density gradient. From the recovery of optical
density units (260 nm) at the position of the virus
band from comparable amounts of noninfectious
and infectious tissue culture fluids, it was esti-
mated that purified virus preparations contain, at
the most, 4% impurities.

Additional evidence that the contamination of
the purified virus preparation by host material
was small came from the following experiments.
Noninfectious tissue culture fluid, derived from
cell cultures labeled for 66 hr with 0.25 Ac of 3H-
amino acid mixture (protein hydrolysate) per ml
and 0.06 ,uc of "4C-uridine per ml, was mixed with
the same volume of unlabeled infectious tissue
culture fluid. The virus was then purified by the
usual procedure. Only 0.1% of the 3H- and 14C_
acid-insoluble radioactivities originally present in
the crude virus suspensions was recovered in the
purified preparation. On the other hand, when
infective tissue culture fluid labeled under similar
conditions was mixed with an equal volume of
unlabeled noninfectious tissue culture fluid and
the virus was purified, 4%0 of the 3H- and 5%
of the "4C-acid-insoluble radioactivity were re-
covered in the final preparation.

Electron microscopic investigations revealed
that virus particles retained their structure after
being precipitated with zinc acetate, filtered
through Sephadex, and pelleted (Fig. 5). Virions
were recognized in such preparations by their
characteristic shape and architecture. Clumping
of the virions was minimized, although the prep-
aration still contained host cell material and BSA.
Subsequent banding in a sucrose gradient elim-
inated most of the nonviral material. The in-
creased purity of the preparation was also clearly
demonstrable by electron microscopy (Fig. 10).
Exposure of the virus to sucrose solution of high
concentration, however, and the subsequent dial-
ysis to remove sucrose (i.e., changes in the osmotic
pressure) resulted in partial or total breakdown of
many virions, reflected in a fivefold average reduc-
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FIG. 7. Banidinlg of extracellular anid cell-associated rabies virus (straini HEP) in a sucrose denisity gradienit.
(A) Extracellular virus, first banidinig. (B) Extracellular virus, rebanzded. (C) Cell-associated virus, first bandinig;
The virus banid is located in the middle of the tube, whereas the banzd close to the bottom ofthe tube corresponlds
to cellular material. A linear gradientt of sucrose (10 to 55%, w/w) was used. The virus was grownt in BHK cells in
the presenice ofBSA.

TABLE 1. Putrificationi of the HEP straini of rabies virusa

Sample Vol

nli

Infective tissue 550.0
culture fluid

Precipitate dis- 11.2
solved in EDTA
solution

Pooled fractions 30.0
after filtration
through Sephadex
column

Resuspended pellet
after high-speed
centrifugation

Band after cen-
trifugation in
sucrose density
gradient,

Recovery rate (i')
Amt of,I Ionspe PUprmprotein PFU/ml HAU/ml CFU/ml Contsper PFUprotein
per ml mIn

iel

3.55

4.30

1.90

1.9
X 107

110
x 107

480
x 107

0.57 1.20 1, 700
i X107

4.75 0.12 80
X 107

32

768

326

8,192

768

16

224

85

6,144

640

1.60
X 104

19.6
X104

6.36
X104

5.3
X106

260
X 106

250
x106

80.1 14,000
X104 xl06

9.98 6,600
X104 x106

100 100

120

144

110

38

49

56

31

21

VOL. 2, 1968

100 100.0

28 25.0

29 21.7

47 9.1

35 5.3

a The procedure outlined in Fig. 3 was used. The virus was grown in BHK cells in the presence of
bovine serum albumin.

I Radioactivity of 3H-uridine incorporated into acid-insoluble substances.
c Fractions from the peak of the band were pooled.
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FIG. 8. Heterogeneity of a co/wcenltrated anid partially
plurifiecl rabies viruis (srcalin HEP) prepaircationi. The
viruis pairticles were friactionied by cenitrifiugcationi in a
'iliecIr sucrose denisity graidienit (10 to 55-, wv/w)).
(A) Smlbols: 0, proteinl content; *, optical dlenisity cat
260 n/n. (B) Symbols: 0, CFU; *, PFU. (C) Symiibols:
0, HA U; *, rcaldioactivity of 3H-ulridinle. The three
parts ofthe figutre correspolid to the sanme centifrugation
experiment. The viruis was grown in BHK cells in the
presenlce of BSA.

tion of the infectivity. A careful stepwise dialysis
against solutions of decreasing sucrose concen-
tration was necessary to retain the morphology of
most of the particles.
The characteristic feature of the purified virions

was the pronounced hollow core more or less
evident in all particles, whether they had or had
not been exposed to sucrose solution of high con-
centration (Fig. 5 and 10). This hollow core was
rarely seen previously when cell-associated virus
was studied (13). It is possible that the hollow
core represents an alteration of the viral coat
resulting from manipulation and does not affect
the infectivity of the particles. The size of the
rabies particle has been established as 180 x 75
nm (13). This sizing was done with cell-associated
virus and on particles considered "complete." The
present highly purified and concentrated prepara-
tions of extracellular virus showed variations in
length, but not in diameter, this being uniformly
75 to 80 nm. In samples which did not exhibit any
detectable heterogeneity in biological activity
(when analyzed by sucrose density gradient cen-
trifugation), the particle length was divided into
three distinct groups with very few intermediates.
The majority (60%-7o) of the particles were 180
nm long. Two other groups of 150 and 125 nm
were also seen, constituting 30 and 10,'; of the
total, respectively. Variations within each group
were not more than 5 nm. In preparations ex-
hibiting heterogeneity in biological activity after
fractionation in a sucrose density gradient, a
similar distribution was observed, but a small
proportion (tIp to 10'-0) of the particles was as
short as 75 nm.

Properties of intracellulcar rcbies virus. The pro-
cedure shown in Fig. 3 was not suitable for puri-
fication of cell-associated virus. About two-thirds
of the material contained in final preparations was
of host cell origin. Nevertheless, it was of interest
to determine how much virus remains cell-asso-
ciated 72 hr after infection, and whether the prop-

TABLE 2. Heterogenieity w1ith reespect to various activities of rabies virus particles (strain HEP), revealed
by cenitrifiugationi in sutcrose cdsesity griadient

Fraction' PFU per mg of IIAU per mg CFU per mgprotein of protein of protein

7 180 X 107 4,000 1,000
8 530 X 107 5,000 1,200
9 250 X 107 10,100 2,800
10 3.2 X 107 2,400 2,400
11 3.9 X 107 1,800 2,400

Pount per HAU per counts CFU per counts Counts per mincounts per per min per min per mgo of proteinminel

3,700 8.2 X 10-V 2.0 X 10- i 5.0 X 105
8,600 8.0 x 10- 2.0 X 10-3 6.1 X 105
2,000 13.0 X 10-9 3.2 X 10-3 8.4 X 105

40 3.0 X 10-3 3.0 X 10-3 7.9 X 10O
46 2.2 X 10-3 3.0 X 10-3 8.5 X 10-

844 J. VIROL.

a Fractions of the sucrose density gradient presented in Fig 8; fractions 7 and 11 correspond to the
bottom and top portions of the virus band, respectively. The virus was grown in BHK cells infected at
an input multiplicity of 2 PFU/cell and harvested 72 hr after infection.

I The virus was labeled witlh 9H-uridine.
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TABLE 3. Serological tests for the presenice of
niontviral components in purified rabies

virus (straint HEP) preparations

Reciprocal of the highest initial
dilution of antigen giving positive

Antigena reaction with serum against

Rabies virusb BHK celib BSAc

Rabies virus. 960 4 <1
BHK cell <1 128
BSA <1 1,024

a Undiluted preparations of purified virus, BHK
cell antigen, and BSA contained 0.48, 1.96, and
9.85 mg of protein per ml, respectively.

Determined in CF test.
Determined by precipitation in agar gel.

erties of intracellular virus differ from those of
extracellular virions. 3H-uridine-labeled virus was
released from 5.6 x 108 infected cells and con-
centrated as described in Materials and Methods.
About three times less infectivity was recovered
from infected cells than from a corresponding
amount of infectious tissue culture fluid. It is
likely that an appreciable proportion of the
intracellular virus remained attached to cell debris
and was removed from the suspension during
clarification. The crude virus preparation was
fractionated by sucrose density gradient centrif-
ugation (Fig. 11 and 7C). Intracellular and
extracellular viruses sedimented at the same rate
and usually showed similar infectivity to HA and
HA to CF ratios. Some preparations of intra-
cellular virus showed, however, markedly de-
creased HA activity (infectivity to HA ratio
about 107). Preparations of cell-associated virus,
like those of extracellular virus, did not contain
light, noninfectious HA. They did contain, how-
ever, a large amount of light CF antigen. The
sedimentation pattern of components obtained by
a similar procedure from the same amount of
uninfected cells is also shown in Fig. 11. It indi-
cates that the RNA-containing material banding
at the same position as the rabies-specific soluble
antigen is of cellular origin.

DISCUSSION

The procedures proposed thus far for the puri-
fication of rabies virus grown either in tissue of an
infected animal (3, 19, 23, 27-29) or in cell cul-
ture (1, 20) have produced insufficiently purified
virus in usually poor yield. The results of the
present study offer an explanation for this failure.
Rabies virus forms strong complexes with host
cell debris, presumably cell membrane fragments,
and with some serum components. This complex

FIG. 9. Purity of a rabies virus (straini HEP) prep-
arationi demontstrated by precipitation reactionz in agar
gel. Wells: ceniter, suspension of purified viruis; 1,
antirabies immune serum; 2, anti-BHK cell immune
serum; 3, aniti-BSA immune serum.

formation is indicated by the complete masking
of the hemagglutinating activity of the infectious
tissue culture fluid in the presence of serum (8a)
and its marked inhibition in homogenates of in-
fected cells. The formation of complexes with cell
fragments can be suppressed by EDTA. When
the bulk of the cell debris is removed in its pres-
ence, the hemagglutinating activity of the intra-
cellular virus is unmasked. The binding of cell
debris and of serum components leads to aggre-
gation of the virions in concentrated prepara-
tions. Removal of aggregates during purification
results in poor recovery of virus. The possibility
of formation of strong complexes between rabies
virus and cell or serum components should be
taken into account when crude virus preparations
are analyzed for heterogeneity with respect to the
density or particle weight of the virions (20).
We have solved this problem by growing the

virus in tissue cultures supplemented with medium
containing BSA, instead of serum, and by using
infectious tissue culture fluid exclusively as a
source of virus. Loss of infectivity was not ob-
served during the purification of such virus sus-
pensions except during the last stage of the pro-
cedure, i.e., during the removal by dialysis of
sucrose from the virus band collected from the
sucrose density gradient. Rabies virus seems to be
extremely sensitive to changes in the osmotic
pressure of the environment. Rapid changes in
osmotic pressure probably lead to the disruption
of the outer membrane (13) of the virions and to
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FIG. 10. Electroni micrograph ofppurified, extracellular rabies viruis (strainl HEP). The virus was growni in BHK
cells in the presenice ofBSA antd was purified by the utsual procedutre. After banidilig in dlenisity gradienlt, the virus
suispenisioni was freed ofsuicrose by dialysis. The viruts was theiz pelleted anzd resuispenlded in NT buffer. About 20%.C
of PFU containied in in7fective tissuie cuilture fluid was recovered in sluch preparationis. Note the partial or total
breakdown ofmalny particles (arrows). X 37,800; inisert, X 123,800.

their disintegration. Inactivation during this step
was, however, markedly suppressed when the virus
was dialyzed stepwise against decreasing concen-
trations of sucrose and when BSA or serum was
added to the purified virus prior to dialysis.

Two of the methods employed for the deter-
mination of contaminants indicated that less than
5%-- of the material contained in the purified virus
preparation was derived from the host cell. The
third method, based on the extent of cross-reac-
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FIG. I 1. Centrifugation ofa crude preparationz ofintracellular rabies virus (strain HEP) in a sucrose dentsity gradi-
entt. A linear gradient ofsucrose (10 to 55Sc, w/w)/ was used. (A) Symbols: 0, protein content; *, optical denl-
sity at 260 nm: (B) Symbols: 0 CFU; 0, PFU. (C) Symbols: 0, HA U; 0, radioactivity of 'H-uridinie. Parts
A, B, and C ofthe figure correspond to the same centrifugation experiment. BHK cells were harvested 72 hr after
infection. Parts D and E represent control experiments carried out with corresponding amounts of unintfected
cells. (E) Symbols: 0, proteini content; 0, radioactivity of '4C-uridine.

tion in CF tests, gave a higher estimate. In this
case, the evaluation was based, however, on the
unlikely assumptions that cellular components
are not incorporated into the viral envelope and
that all cellular antigens are equally potent in
binding complement to the antigen-antibody com-
plex. Rabies virus is released from the infected
cells by budding from the cell membrane (13).
Myxoviruses, which are released by the same pro-
cess, have been reported to contain cellular com-
ponents incorporated into their envelope (5, 22).
The majority of the virions present in purified

preparations were "complete," i.e., 180 nm long.
A variable proportion of the particles was
shorter. The length distribution of the virus par-
ticles was similar before and after banding in
sucrose density gradient, and was not altered even
after rebanding of the purified virus. This fact
indicated that the short particles are not artifacts
formed by fragmentation of the "complete"
virions during purification. Moreover, whenever
virus decomposition was observed, the virions
were ruptured and disintegrated into their con-
stituents rather than fragmented into shorter
bullet-shaped particles. The reason for the non-
randomness of the length distribution of the virus
particles is obscure. Studies on the mechanism of

maturation of rabies virus might be helpful in
elucidating this phenomenon. The protein to
nucleic acid ratio of the virus particles was shown
to be independent of their length. This independ-
ence indicates that the amount of nucleic acid
contained in the virions decreases in parallel with
their length. The defectiveness of the short virus
particles, sedimenting at a markedly lower rate
than the "complete" virus, was shown by loss
of infectivity and decreased hemagglutinating
activity. For full elucidation of the relationship
between the length and the biological activity of
rabies virions, even more efficient methods of
fractionation are needed.
High multiplicity of infection and undiluted

passage in tissue culture of vesicular stomatitis
virus, similar in morphology and structure to
rabies virus, result in the formation of noninfec-
tious virus particles able to interfere with the
replication of infectious virus (2). The properties
of these defective particles have been thoroughly
studied (8, 9, 10, 11, 12). Whether the formation
of noninfective rabies virus would be enhanced
under similar conditions and whether the incom-
plete particles would be identical with the short
particles described in the present study remain to
be determined.
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Rabies-specific HA is bound exclusively to the
virions. Light, noninfective HA, similar to that
found in preparations of other hemagglutinating
RNA-containing viruses (7, 15, 21, 26), was
detected neither in rabies virus-infected tissue cul-
ture fluid (E. Kuwert, unpublished data) nor in
infected cells. On the other hand, both infectious
tissue culture fluid (E. Kuwert, unpublished data)
and infected cells contain light complement-fix-
ing antigens reacting with specific sera against
purified rabies virus. Experiments are in progress
to characterize these "soluble" antigens.

Studies on the effect of various metabolic in-
hibitors on the replication of rabies virus indicate
that it contains RNA (18). The results of the
present study confirm this finding. Recently,
single-stranded RNA was extracted from purified
preparations of "complete" rabies virus and was
shown to have a sedimentation coefficient of 45S
(F. Sokol, unpublished data), as does the RNA
extracted from complete forms of vesicular
stomatitis virus (12).

Sufficient amounts of highly purified rabies
virus are now available for studying the antigenic
structure and the chemical composition of the
virions. Electrophoresis of decomposed rabies
virus in polyacrylamide gel (F. Sokol, unpub-
lished data) has revealed that the protein moiety of
the virus is composed of several polypeptide
components.
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The defectiveness of adenovirus-associated
viruses (AAV) is now well known (1, 8, 9, 11).
Adenoviruses from widely divergent phylogenetic
hosts, including man and monkeys (1), dogs (8),
mice (M. D. Hoggan and N. R. Blacklow, unpub-
lished data), and chickens (4) can serve as helpers
for the formation of AAV in cell cultures. Fur-
thermore, in the human host AAV replication is
apparently dependent upon adenovirus infection
(2).
Although it has been shown that the helper

effect of adenovirus occurs late in the adenovirus
replicative cycle (3, 9), the step in the AAV rep-
licative cycle which is blocked in the absence of
adenovirus helper is not known. To examine
directly whether AAV replication is defective at
a stage before or after the intracellular release of
its genome (uncoating), we have tested purified
AAV deoxyribonucleic acid (DNA) for infec-
tivity. AAV-1 DNA is double-stranded (10) and
similar in size to DNA isolated from polyoma
virus and simian virus 40 (5, 12). The DNA of
these papovaviruses has been shown to be infec-
tious (6, 7). In the present study, AAV DNA was
also found to be infectious, but only in cells co-
infected with adenovirus.
AAV-1 (strain H) was grown with the AAV-

free E46- strain of adenovirus type 7(E46-) as
helper (8) in human embryonic kidney (HEK)
cells obtained from the Viral Carcinogenesis
Branch of the National Cancer Institute.
AV-1 A was also produced in a continuous
line of rhesus monkey kidney cells (MK-2)
infected with simian virus 15 (SV-15), both
kindly provided by Dr. Atchison. AAV-1 was
purified from infected cells by genetron extrac-
tion and isopycnic sedimentation in CsCl, and
its DNA was extracted by treatment with papain,
trypsin, sodium dodecylsulfate, and phenol (10).
DNA samples were divided into equal portions
(experiment 1, 15 jig; experiment 2, 24 ,g). The
indicated samples (Table 1) were incubated for
1 hr at 37 C with 300 Ag/ml of electrophoretically

purified deoxyribonuclease I (Worthington Bio-
chemical Corp., Freehold, N.J.) in 0.15 ml of
0.01 M tris(hydroxymethyl)aminomethane buffer,
pH 7.0, and 0.02 M MgCl2. After digestion,
enzyme-treated and untreated samples were ad-
justed to 0.2 ml in 0.55 M NaCl and tested in
HEK cells for infectivity with and without E46-
virus as helper.

Secondary monolayer cultures of HEK cells
were prepared on cover slips in 50-mm petri
dishes (Falcon Plastics, Los Angeles, Calif.).
When confluent (approximately 106 cells), they
were infected with E46- adenovirus at an input
multiplicity of 3 to 6 TCID5o/cell or were mock-
infected with tissue culture medium. Four hours
later, all cultures were osmotically shocked by
rapid, successive exposure to 5 ml of 0.37 M
NaCl and 0.55 M NaCl. (This procedure did not
affect the yield of virus in cells infected with
AAV.) The various preparations indicated in
Table 1 were then added to the cultures. After
adsorption for 25 min at 29 C, the cultures
received 5 ml of Eagle's medium containing 20%c,
fetal calf serum and were placed in 5% CO2 at
37 C. After a single cycle of virus replication (24
hr), the cover slips were removed and strained
for AAV antigen by the indirect immunofluores-
cence technique (3). At this time, early adenovirus
cytopathic changes were evident. The cells re-
maining on the dishes (approximately 5 X 105
cells) were incubated an additional 3 to 4 days
until all cells were destroyed. The tissue culture
fluids from these cultures were then tested for
AAV-1 complement-fixing (CF) antigen (8). In
addition, fresh HEK cultures were inoculated
with 0.2 ml of a 1:30 dilution of the remaining
culture fluids, and the harvesting procedure was
repeated. To insure that the cells used in the ex-
periments reported here were not contaminated
with AAV, fluids from control cultures were
passed repeatedly with E46- adenovirus as
helper; no AAV was found.
As shown in Table 1, AAV was detected in cells
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TABLE 1. Detectioni ofAA V-I immunofluorescenlt (FA) anzd CF antigens

Inoculum

Expt la
AAV-1 DNA .............
AAV-1 DNA + deoxyribo-

nuclease...........
AAV-1 virus...... ...

Culture medium.......
AAV-1 DNA ...... ....

Culture medium...........
Expt 2c
AAV-1 DNA...........

AAV-1 DNA + deoxyribo-
nuclease........

AAV-1 virusb........
Culture medium ...
AAV-1 DNA ..............
Culture medium............

E46- adenovirus

+

+
+
+

+

+
+
+

Primary infection 1st passage of progeny

FA-positive cells CF antigen titer FA-positive cells

0.01

0
1.0
0
0
0

0.03

0
4.6
0
0
0

I

0
>4
0
0
0

8

0
64
0
0
0

or

0.1

0
0.45
0
0
0

4.4

0
2.9
0
0
0

CF antigen titer

2

0
2
0
0
0

64

0
32
0
0
0

a AAV-1 DNA extracted from AAV-1 grown in HEK cells with adenovirus 7 and used at a concentra-
tion of 15 jig per test plate.
bAAV-1 virus used at 3 TCID5o per cell.
, AAV-1 DNA extracted from AAV-1 grown in MK-2 cells with SV15 and used at a concentration of

24,g per test plate.

incubated with AAV DNA when adenovirus
helper was present. Progeny particles from cells
infected with AAV virions or the viral DNA were
morphologically identical when examined by
electron microscopy and antigenically indistin-
guishable by immunofluorescence and CF testing.
Digestion of the AAV DNA with deoxyribonu-
clease completely eliminated its infectivity. AAV
virions remain infectious after incubation with
deoxyribonuclease under the same conditions.

In these experiments, the processes of AAV
adsorption, penetration, and uncoating were
circumvented by the use of viral DNA. However,
as in cells infected with whole virus, adenovirus
was still required for AAV synthesis. In addition
to demonstrating that biologically active nucleic
acid can be isolated from purified AAV, the ex-
periments indicate that the defective step(s) in
AAV replication occurs at some stage after the
intracellular release of its DNA.
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