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The assembly of the defective parvovirus, adeno-associated virus (AAV), was studied 
by labeling DNA and protein precursors with [3 H]thymidine or ['16S]methionine, respec­
tively. Virus particles were extracted from cell lysates and characterized by banding to 
equilibrium in CsCl gradients and by velocity sedimentation in neutral sucrose. Radioactive 
pulse-chase labeling experiments showed that newly synthesized AA V proteins are rapidly 
assembled into empty capsids which in tum serve as precursors to stable, mature (full) 
particles that contain either a standard or deleted (defective-interfering) virus genome. 
While association of the newly synthesized progeny DNA strands with empty capsids 
appears to be rapid, maturation to form a stable full particle apparently is a much slower 
process requiring several hours. A new component, having the properties of an AA V 
genome associated with the empty capsid in a DNase-sensitive conformation (in contrast 
to the complete DNase resistance of DNA in mature particles), also exhibited pulse-chase 
kinetics consistent with a role as an assembly intermediate. L-Canavanine inhibited produc­
tion of empty capsids and thus inhibited assembly of full particles. Pretreatment of infected 
cultures with hydroxyurea inhibited appearance of full particles and caused accumulation 
of empty capsids consistent with their precursor role. Addition of hydroxyurea immediately 
after a pulse label showed that maturation of AA V particles appears to occur in the absence 
of concomitant DNA replication. These experiments are consistent with a model for AA V 
assembly in which progeny DNA strands are packaged into preformed capsids. 

INTRODUCTION 

Parvoviruses consist of a single-stranded 
DNA genome encapsidated in a protein shell. 
Unlike other eucaryotic DNA-containing vi­
ruses, the parvoviruses apparently do not 
possess an internal core structure ofhistones 
or basic proteins. Therefore, the mechanism 
by which parvovirus DNA is encapsidated 
is of interest and may perhaps have 
some similarity with assembly of certain 
bacteriophages. 

Adeno-associated virus (AA V) is a defec­
tive parvovirus which requires a helper 
adenovirus in order to replicate. The com­
plementary plus and minus DNA strands of 
AA V are encapsidated in separate particles 
(Rose et al., 1969). The precise nature of 
the helper function supplied by adenovirus 
is unknown. 

1 To whom reprint requests should be addressed. 
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When AA V particles from lysates of 
human KB cells are banded in CsCl gra­
dients, the predominant particles obtained 
are referred to as AA V(l.45), AAV(l.41), 
AA V(l.35), and AA V(l.32) where the buoy­
ant density of the particle in CsCl is written 
in parentheses (Carter et al., 1979). Only 
the most dense particles, AAV(l.45) and 
AA V(l.41), contain standard full-length 
genomes and are infectious. Lighter density 
particles contain deleted genomes and are 
defective-interfering (DI) particles (de la 
Maza and Carter, 1977; Laughlin et al., 
1979). The lightest density class, AA V(l.32), 
includes particles containing only 1-5% of 
the viral genome which cannot be separated 
from completely empty AA V particles on 
the basis of their buoyant density in CsCl. 

We have analyzed several parameters of 
AA V assembly in the context of two ques­
tions. Is the viral genome condensed into 
a preformed capsid or is the capsid as-
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sembled from condensation of protein sub­
units around the genome? Does encapsida­
tion of the viral genome require concomitant 
genome replication? Our studies suggest as­
sembly of AAV by condensation of DNA 
into preformed capsids and show that at 
least part of this process apparently can 
occur in the absence of concomitant DNA 
synthesis. 

METHODS 

Virus and Cells. Stocks of adeno-associ­
ated virus type 2 (AA V2), wild-type adeno­
virus type 2 (H2wt), and wild-type adeno­
virus type 5 (H5wt) were grown in KB-3 
cells in suspension culture at 37° and har­
vested at 40 to 48 hr after infection. AA V 
preparations were heated at 60° for 15 min 
to inactivate contaminating adenovirus. 
Adenovirus H2ts215 (obtained from W. 
Doerfler) is a late mutant of adenovirus type 
2 which synthesizes DNA and at least some 
late proteins but does not produce mature 
particles at the restrictive temperature of 
40° (M. W. Myers, unpublished). H2ts215 is 
an equally efficient helper for AA V replica­
tion at both permissive (32°) and nonpermis­
sive ( 40°) temperatures (M. W. Myers, C. A. 
Laughlin, and B. J. Carter, unpublished). 
Stocks of the mutant were grown in KB-3 
cells at 32°. Adenovirus and AA V infectivity 
were determined as described before (Carter 
et al., 1979). 

Monolayer cultures of KB cells in Eagle's 
medium containing 10% fetal calf serum 
were grown to 60-80% confluency and in­
fected with adenovirus (5 PFU/cell) and 
AAV (1 infectious unit/cell). After 75-90 
min of adsorption, the inoculum was re­
moved, the cultures were rinsed once with 
Eagle's medium and then incubated at the 
appropriate temperature (37° with Adwt or 
40° with Adts215) with fresh medium con­
taining 2% fetal calf serum. 

Isotopic labeling and extraction of viral 
particles and intracellular DNA. When 
[35S]methionine (10-20 µ,Ci/ml; specific ac­
tivity 900- 1100 Ci/mmol) was used in pulse­
chase labeling experiments, unlabeled me­
thionine in the medium was reduced to 0.3 
µ,g/ml. The chase medium contained unla­
beled methionine (75 µ,g/ml). After a [3H]-

thymidine pulse at a final concentration of 
20-40 µ,Ci/ml (specific activity 40-60 Ci/ 
mmol) the chase medium contained unla­
beled thymidine (25 µ,g/ml). 

Viral DNA was extracted from infected 
cell cultures by a modified Hirt procedure 
and analysed in neutral sucrose gradients 
(Carter et al., 1979). 

Purification and analysis of virus par­
ticles. Infected cells were harvested by 
shaking from the flask, washed twice in ice­
cold phosphate buffered saline (PBS), re­
suspended in TE buffer (50 mM Tris-HCl 
(pH 8. 7), 0.5 mM EDTA) and frozen at -20°. 
After thawing, the cells were sonicated for 
1 min in a Branson Sonifer using the microtip 
attachment at setting 4. n-Butanol was then 
added to a final concentration of 1 % and 
the lysate was incubated at 4° for 1 hr. CsCl 
and additional TE buffer were added to a 
volume of 12.2 ml and a refractive index 
of 1.3710 (density 1.3918 g/cm3). Samples 
were centrifuged in an SW-41 rotor at 15° 
for 48-65 hr at 30,000-39,000 rpm. The pro­
longed period of centrifugation was required 
in order to pellet all the free DNA contained 
in the sample. 

For quantitative analysis of AA V par­
ticles from all regions of the CsCl equilib­
rium gradient the following contiguous re­
gions were pooled: density 1.45 (1.450-1.435), 
1.41 (1.395-1.435), 1.37 (1.365-1.390), 1.35 
(1.340-1.360), and 1.32 (1.310-1.338). 
There were no additional AA V particles 
lighter than this density. The pooled samples 
were then dialyzed for 1 hr against TE buf­
fer containing 0.3 M NaCl. Aliquots (usually 
300 µ,l) of each sample were applied to a 
15-30% sucrose gradient prepared in TE 
buffer containing 1 M NaCl and centrifuged 
at 35,000 rpm for either 120 or 165 min at 
15° in the SW 41 rotor. Virus particle yields 
were quantitated by computing the radio­
activity recovered in individual components 
in the velocity sedimentation. The recov­
ered radioactivity was then normalized to 
the volume of the pooled fractions of the 
CsCl equilibrium gradient. 

DNase sensitivity of viral particles. Virus 
particles obtained from CsCl or sucrose 
gradients were dialyzed for 18 hr against 
a buffer containing 10 mM Tris-HCl (pH 
8.0), 5 mM EDTA, and 0.3 M NaCl. MgCl2 
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Fm. 1. CsCl banding profile of lysates from continuously labeled cultures. (A) AA V + Ad5wt. 
(B) Ad5wt alone. [3H]Thymidine (e - e), [35S]methionine (0 - - Q); 

was added to a final concentration of 20 mM 
and samples were incubated for 30 min at 
37° with 24 µ,g/ml pancreatic DNase 1 
(Worthington Biochemicals Corp.) then 
analyzed by velocity sedimentation in 
sucrose gradients. 

RESULTS 

Ultracentrifugal Properti,es of AA V Par­
ticles from Infected Cells 

Preliminary experiments showed that 
most of the AA V particles accumulated be­
tween 12 and 30 hr after infection. Infected 
cultures were labeled continuously with 
both [3H]thymidine and [5S]methionine from 
18-30 hr after infection. In cells infected 
with H5wt alone (Fig. lB), the only species 
labeled in both DNA and protein was the 
mature adenovirus banding at 1.35 g/cm3 

(pool f). In the presence of AA V (Fig. lA), 
the yield of adenovirus particles (pool b) 
was significantly depressed and several AA V 
components were present. Regions of the 
CsCl gradients were pooled and resedi­
mented in neutral sucrose velocity gradients 
(Fig. 2). 

The 1.32 g/cm3 region (pool a, Figs. 1 and 
2) contained a 66 S AA V component having 
an extremely low DNA/protein ratio which 
corresponded to "empty" AA V capsids. The 
AA V(l.35) particles (pool b, Figs. 1 and 2) 

had a higher sedimentation coefficient (75 S) 
and an increased DNA/protein ratio corre­
sponding to those particles containing DI 
genomes about one-fifth the size of the nor­
mal AAV DNA. The AAV(l.37) component 
(fractions 30-40, Fig. lA) was not separately 
analyzed in this experiment but also com­
prises mainly AA V DI particles (see below). 
The AA V(l.41) particles (pool c, Figs. 1 and 
2) contained the 110 S infectious component 
and there was some contamination with the 
larger DI particles shown by the slowly 
sedimenting shoulder at about 92 S. The 
AA V(l.43) (pool d) and AA V(l.45) (pool e) 
components were full particles with a DNA/ 
protein ratio similar to AA V(l.41) particles. 

In the pool of AAV(l.45) particles (pool e, 
Figs. 1 and 2) there was a second, clearly 
discernible component, AAV(SP), which 
sedimented at about 60 S but had a DNA/ 
protein ratio similar to that of the 110 S 
particles. The density of this component 
ranged from 1.41 to 1.45 g/cm3

• 

All of the pooled regions from the CsCl 
gradients contained some amount of 3 H or 
35S label which remained at the top of the 
sucrose gradients (Figs. 2a-f; fractions 45-
50). All of the adenovirus components with 
a buoyant density greater than 1.29 g/cm3 , 

including mature adenovirions (Figs. 2b and 
f) and empty virions (Fig. 2a), sedimented 
onto the CsCl cushion at the bottom of the 
sucrose gradients (Fig. 2, fractions 6-10). 
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Fm. 2. Velocity sedimentation of virus particles from the regions designated (a) to (f) in Fig. 1. 
The average density of each pooled regions, respectively, was (a) 1.32, (b) 1.35, (c) 1.41, (d) 1.43, (e) 
1.45, and (f) 1.35. 

Analysis of AA V Particles Labeled in 
Pulse-Chase Conditions 

In all the subsequent experiments to 
study the kinetics of AA V assembly cells 
were infected with AA V and the mutant 
helper ts215 and grown at 40° then pulse­
labeled with [35S]methionine beginning at 
18 hr after infection. One example of the 
data obtained, from a culture that was pulsed 
for 10 min and chased for 4 hr, is shown 
in Fig. 3. From the CsCl gradient of the 
lysate (Fig. 3a), contiguous regions of the 
gradient were pooled and analyzed further 
by sedimentation in neutral sucrose gra­
dients (panels b-f). In this experiment the 
AAV(l.37) particles were also analyzed 
(panel d) and represent a population of 82 S 
DI particles. Division of the CsCl gradient 
into contiguous density regions allowed 
identification of all the AA V particle species 
present. The components observed in the 
pulse-chase (Fig. 3) are similar to those 
observed in the continuous label (Figs. 1 

and 2) except that the amount of AAV(SP) 
particles (Figs. 3e and f, fractions 30-32) 
was much less predominant following the 
chase. 

Figure 4 shows the results of a pulse­
chase experiment using [35S]methionine. 
The most rapidly labeled components were 
AA V(l.32) and (1.35) particles, both of which 
obtained maximum radioactivity levels by 
10 to 20 min after the pulse. Subsequently, 
the amount of label in AAV(l.32) particles 
decreased by about 30% whereas that in 
1.35 particles remained constant. AA V(SP) 
and AAV(l.37) both began to accumulate 
label soon after the pulse but at a slower 
rate than AA V(l.32) or AA V(l.35). At later 
times in the chase the amount of labeled 
AA V(SP) decreased. The most slowly la­
beled components were AAV(l.41) and 
AA V(l.45) which began to accumulate label 
from about 20 min after the pulse. 

The loss of radioactive label from AA V­
( 1.32) during the chase (Fig. 4) was not en­
tirely accounted for by increased incorpora-
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FIG. 3. Pulse-chase labeling of AAV particles. Cells were infected with AAV and Ad2ts215 at 40°. 
At 18 hr after infection, the culture was pulse-labeled for 10 min with r5S]methionine, then chased 
for 4 hr. The culture was then lysed and centrifuged to equilibrium in a CsCl density gradient (a). 
Regions indicated in panel a were pooled and analyzed by velocity sedimentation in sucrose gradients: 
1.32 (b), 1.35 (c), 1.37 (d), 1.41 (e), and 1.45 (f). 

tion in the other particles (1.41, 1.45, 1.37). 
In a similar experiment using a longer chase 
(Fig. 5), the decrease in the amount of 35S 
label in AA V(l.32) was quantitatively ac­
counted for by the increased labeling of the 
other components. The failure to observe 
a quantitative shift in labeling at earlier 
times in the chase (Fig. 4) may indicate in­
stability of some assembly intermediates, 
e.g., AA V(SP) as discussed below. 

To study the incorporation of AAV DNA 
into mature particles a similar pulse-chase 
experiment was performed using [3H]thy­
midine (Fig. 6). The number of particles is 
not proportional to the amount of DNA label 
because AA V(l.37) and (1.35) particles have 
smaller genomes than AA V(l.41) and (1.45) 
particles. The order of the labeling of the 
various density species of AA V with f HJ­
thymidine (Fig. 6) is consistent with that 
observed with [35S]methionine (Figs. 4, 5) 
except that AAV(l.32) particles were la­
beled only slowly after the pulse and to a 
very low level. This reflects the fact that , 
the smallest DI genomes are packaged into 
virions having a density indistinguishable 
from that of empty 1.32 virions. This may 
also account for the apparent failure to chase 
all the 35S label from 1.32 particles. 

The AAV(l.35) particles were labeled 

more slowly with f H]thymidine than with 
[35S)methionine (cf. Figs. 4, 5, and 6) and 
like all other DNA-containing species had 
no 3H label immediately at the end of the 
pulse (30 min). Also, there was an increase 
in sedimentation velocity (from 66 to 75 S) 
of 35S-labeled AAV(l.35) particles during 
the chase, concomitant with the appearance 
of 3H label in this component (data not 
shown). This suggests that the AA V(l.35) 
particles seen in Figs. 4 and 5 may be dif­
ferent species early and late in the chase 
representing empty particles and DNA-con­
taining DI particles, respectively. The 
"early" AA V(l.35) particles with apparently 
no DNA may represent either contamina­
tion from the AA V(l.32) region in the CsCl 
gradient or an alternative structure without 
DNA that bands in CsCl at 1.35 g/cm3 • Fur­
ther experiments are required to elucidate 
this point. 

The experiments described thus far sug­
gest that empty AA V(l.32) particles are 
precursors of DNA-containing full or DI 
particles and that AA V(SP) may be an inter­
mediate in this process. Whether full AAV­
(1.45) particles are precursors to full AAV­
(1.41) particles is unclear. In additional 
experiments (not shown) using longer pulse 
periods (up to 2 hr) [3H]thymidine label con-
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FIG. 4. Pulse-chase kinetics of AA V particles with 
[35S]methionine. KB cells infected with AA V and 
Ad2ts215 at 40° were labeled for 10 min with [35S)­
methionine at 18 hr after infection (50 µ.Ci/ml) then 
chased. The AA V (1.32), (1.35), (1.37), (1.41), and 
(1.45) classes correspond to the 66, 75, 82, 110, and 
110 S species, respectively, shown in Fig. 6. The AA V­
(SP) was summed from both the 1.41 and 1.45 density 
regions. 

tinued to accumulate in AA V(l.41), but not 
AA V(l.45) particles, throughout the chase 
period, but there was no preferential la­
beling of AA V(l.45) during the pulse. In 
contrast, the AA V(SP) particles incorpo­
rated label initially more rapidly than either 
1.41 or 1.45 particles but the relative 
amount of AA V(SP) decreased progres­
sively throughout the pulse and chase. 
Again these data suggest that AA V(SP) 
may be a precursor of 1.41 or 1.45 particles 
or both. 

The data however do not clearly show a 
precursor-product relationship between 
AA V(l.45) and AA V(l.41). 

Effect of Inhibitors on AA V Replication 

L-Canavanine was reported to inhibit for­
mation of the 60K polypeptide C, the major 
component (by mass) of mature AA V par­
ticles (Buller and Rose, 1978). We therefore 
examined the effect of L-canavanine and of 
the DNA synthesis inhibitor hydroxyurea 
on AAV particle formation and DNA syn-

thesis. One set of cultures was analyzed for 
virus particles by banding in CsCl and sub­
sequent velocity sedimentation (Table 1). A 
second set of cultures was analyzed for viral 
DNA synthesis by Hirt fractionation (data 
not shown). 

Hydroxyurea, at a concentration of 500 
µ,g/ml, almost completely inhibited labeling 
of virus DNA whereas 10 mM canavanine 
had no apparent effect. At 50 µ,g/ml, hy­
droxyurea inhibited AAV DNA synthesis 
by 60-70%. Although canavanine treatment 
had no effect on labeling of AA V DNA it 
decreased the labeling of AA V particles 
(Table 1). The greatest decrease was in 
AA V(l.41) particles but there was also a 
significant decrease in AAV(l.32) particles. 
Thus, canavanine prevented formation of 
both empty and full virions of AA V. That 
the full virions were depressed even further 
than the empty virions suggests that many 
of the empty virions made in the presence 
of canavanine contained aberrant proteins 
and thus would not be used for assembly. 

Additional support for the role of AA V­
(1.32) empty capsids as precursors to ma­
ture AA V virions was provided by the re­
sults with hydroxyurea (Table 1). The label­
ing of AA V(l.41) and (1.37) particles was 
inhibited but there was increased accumula­
tion of AAV(l.32) empty capsids. 

As shown in Table 1, hydroxyurea re-
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FIG. 5. Pulse-chase kinetics of AA V particles with 
[35S]methionine. The conditions were as in Fig. 7. 
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FIG. 6. Pulse-chase kinetics of AA V particles with [3H]thymidine label. KB cells infected with 
AA V and Ad2ts215 at 40°. At 18 hr after infection, the cultures were labeled for 30 min with [3H]­
thymidine then chased. An expanded scale is presented in the inset. 

duced the yield of 3H-labeled AA V(l.35) 
whereas 35S-labeled AA V(l.35) was equiva­
lent to the control. Also, the sedimentation 
rate of AAV(l.35) was 75 Sin the control 
experiment but the (1.35) particles assembled 
in the presence of hydroxyurea sedimented 
with AAV(l.32) at 66 S (not shown). These 
observations are consistent with those dis­
cussed above that there may be two AA V 
components which band in CsCl at 1.35 
g/cm3

. 

Effect of L-Canavanine on Pulse-Chase 
Kinetics 

The effect of L-canavanine on pulse-chase 
kinetics of AA V assembly was examined. 
Figure 7 illustrates the results obtained for 
AA V(l.41) particles, but analogous results 
were obtained for the other classes of AA V 

particles. When canavanine was present 
during only the chase (Fig. 7) the labeling 
of AAV(l.41) particles with [3H]thymidine 
was progressively depressed with time dur­
ing the chase. 

An even greater reduction in 3H labeling 
of AA V(l.41) particles was observed when 
canavanine was present during the 10-min 
pulse as well as the chase (Fig. 7). That 
the additional short period of canavanine 
treatment has such a significant effect sug­
gests that the pool of precursor proteins 
used for encapsidation can be depleted 
rapidly. 

In contrast, labeling of AA V(l.41) par­
ticles with [35S]methionine was not de­
pressed greatly by the presence of canava­
nine during the chase. Thus, the 3H:35S ratio 
for particles synthesized in the presence of 
canavanine was lower than for the control 
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TABLE 1 

EFFECT OF PRETREATMENT WITH L-CANAVANINE OR HYDROXYUREA ON AAV PARTICLE ASSEMBLY" 

Total radioactivity (cpm) in AAV particles after pretreatment of cultures of cultures with 

Hydroxyurea 
L-Canavanine 

AAV No addition (10 mM) 500 µ,g/ml 50 µ,g/ml 
particle 

type ass aH ass aH ass aH ass aH 

AAV(l.32)b 300,200 63,522 791,538 685,902 
(21) (263) (228) 

AAV(l.35) 77,277 24,211 14,656 8,391 80,065 3,999 93,138 15,456 
(19) (35) (104) (17) (120) (64) 

AAV(l.37) 77,151 68,765 4,299 9,116 27,666 4,182 28,635 16,262 
(6) (13) (36) (6) (37) (24) 

AAV(l.41) 139,518 241,297 399 7,296 17,535 4,016 19,133 22,680 
(0.3) (3) (12) (2) (14) (9) 

AAV(l.45) 18,370 NTC NT NT NT NT 3,222 3,929 
(18) 

• KB cells were infected with AA V and Ad2ts215 at 40°. At 17 hr after infection, the medium was removed 
and fresh medium was added which contained eitherL-canavanine (10 mM) or hydroxyurea (500 µ,g/ml and 50 µ,g/ml). 
After 1 hr, fH]thymidine and [35S]methionine were added and incubation was continued for 4 hr. Infected cell 
lysates were then analyzed for virus particles or for virus DNA synthesis (see text). Numbers in parentheses 
indicate the amount of radioactivity as a percentage of the amount of the same isotope in the same particle 
type in the control culture. 

b For the aH label in AAV(l.32) the radioactivity was too low to measure reliably. 
c Not tested. 

particles. This indicates more efficient utili­
zation of the previously synthesized, 35S­
labeled, AA V protein when the chase in­
cluded canavanine. We interpret this to 
mean that canavanine inhibits assembly by 
causing production of new aberrant AA V 
proteins rather than by interfering with the 
use of the pool of previously synthesized 
AA V protein. 

Effect of Hydroxyurea on Pulse -Chase 
Kinetics 

To determine if ongoing DNA replication 
was necessary to package viral DNA we 
studied the effect of hydroxyurea on the 
pulse-chase kinetics of assembly. In the 
conditions used viral DNA synthesis was 
inhibited within 15 min of addition of hy­
droxyurea (data not shown). In the pulse­
chase experiment (Fig. 8) the [35S]methio­
nine incorporation showed a significant re-

duction (36%) in assembly of AAV(l.41) 
particles as early as 20 min after the end 
of the pulse. A similar decrease was seen 
in AA V(SP) at 20 min. More importantly, 
the inhibition of particle formation relative 
to the control then remained constant 
throughout the entire 4-hr chase period. 
This is in distinct contrast to the observed 
labeling kinetics when a pulse label was 
chased in the presence of canavanine (Fig. 
7). A similar observation was made for 
AA V(l.37) and AA V(l.45) particles. How­
ever, there was accumulation of 35S label 
in AAV(l.32) particles which is consistent 
with the hydroxyurea pretreatment experi­
ment (Table 1). 

In the experiment of Fig. 8, the degree 
of inhibition of [3H]thymidine incorporation 
by hydroxyurea (not shown) was very simi­
lar to that shown with protein label (Fig. 8). 
Furthermore, the 3HDN A:35S protein ratios 
of all particles (except AA V(l.32) where 
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ass empty particles accumulated) were simi­
lar in both the control and hydroxyurea 
samples. These results show that accumu­
lation of DNA-containing AAV particles 
could occur in the absence of DNA synthesis 
though in a reduced amount. The fact that 
there was no change in the aH:ass ratio of 
the (1.41) particles (i.e., that presynthesized 
[aH]DNA was not utilized more efficiently 
during the hydroxyurea chase), in contrast 
to that seen in the canavanine chase (Fig. 
7), suggests the absence of an excess pool 
of free single strands. 

Characterization of AAV(SP) 

Since AAV(SP) may be an assembly in­
termediate we characterized its physical 
structure further. Figure 9 shows the al­
kaline sucrose sedimentation profile of DNA 
from AA V(SP) particles. The majority of 
the [aHJDNA was genome length but about 
20% of the material sedimented more slowly. 
This suggests that the DNA contains both 
full-length genomes and deleted DI genomes. 
This has been confirmed by restriction endo­
nuclease cleavage of this DNA (L. M. de la 
Maza and B. J. Carter, unpublished). 

The DNase sensitivity of AAV(SP) par­
ticles was examined in separate prepara­
tions that were labeled with either [3SS]me­
thionine for 10 min or [3 H]thymidine for 4 
hr. The aH-labeled material was obtained 
from the 60 S peak of a velocity sedimenta­
tion of AA V(l.41). This material, on resedi­
mentation (Fig. l0A), was shown to contain 
some 110 S particles (26% of total). These 
110 S particles (Fig. 10) were unaffected 
by DNase treatment, while 82% of the aH 
label in the 60 S AA V(SP) component was 
digested and accumulated at the top of the 
gradient. The residual, DNase-resistant 
[3H]thymidine-labeled particles from AAV­
(SP) had a sedimentation rate of 75 S. 

[ass1Methionine-labeled particles were 
tested for DNase sensitivity directly from 
a CsCl AA V(l.41) pool (Fig. IOB). The ass 
label in both the 110 S particles and the 
60 S AAV(SP) was resistant to DNase. 
After the DNase digestion the sedimenta­
tion rate of AA V(SP) increased to 66 S 
which is the same value as empty AA V(l.32) 
particles. These results suggest that AA V-
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FIG. 7. Effect of L-canavanine on pulse-chase ki­
netics of AAV(l.41) particles. KB cells infected with 
AA V and Ad2ts215 at 40° were pulse-labeled, at 18 hr 
after infection, for 10 min with ["H]thymidine and 
["

5S]methionine then chased. Solid lines, ["H]thymi­
dine; broken lines, ["5S]methionine; (e) control (no 
canavanine), (0) L-canavanine (10 mM) present during 
the chase only,(&) L-canavanine (10 mM) present dur­
ing the pulse and chase. 

(SP) may represent an empty capsid as­
sociated with AAV DNA molecules in a 
structure which has a more open conforma­
tion then that of mature particles. The 
DN ase-resistant aH-labeled particles may 
represent either DNA that is partially pro­
tected by its position within the precursor 
structure or contaminating mature DI par­
ticles in which the entire molecule is resist­
ant to DNase. The 3H or 3ss label in the 
major peaks of AA V(l.45), AA V(l.37), and 
AAV(l.35) were also completely resistant 
to DNase digestion. 

DISCUSSION 

The data described here are consistent 
with a general model for AA V assembly. 
In this model DNA progeny strands are sup­
plied by strand displacement replication 
from duplex replicating intermediates (RI) 
as shown by others (Strauss et al., 1976; 
Tattersall et al., 1973; Rhode, 1978; Sieg! 
and Gautschi, 1976; Gunther and May, 1976). 
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FIG. 8. Effect of hydroxyurea on pulse-chase kinetics. KB cells infected with AA V and Ad2ts215 
at 40° were pulse-labeled at 18 hr for 10 min with [3 H]thymidine and ['l5S]methionine then chased. 
Solid lines, control (C). Broken lines, hydroxyurea (500 µg/ml) present during the chase (Hu). Only 
the data for the (35S]methionine label are shown. 

Newly synthesized AAV protein is rapidly 
assembled into empty 1.32 capsids which 
then associate with progeny DNA strands 
concomitant with, or soon after, displace­
ment to form intermediate structures. These 
intermediate structures are converted 
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FIG. 9. Analysis of AAV(SP) DNA. An infected cul­
ture was labeled with fH]thymidine from 18-24 hr 
after infection. The 1.41 g/cm3 density region of the 
CsCl equilibrium gradient was sedimented on a neutral 
sucrose velocity gradient. The 110 S AA V(l.41) and 
60 S AAV(SP) peaks were pooled separately, dialyzed, 
and sedimented in parallel 5-20% alkaline sucrose gra­
dients at 33,000 rpm for 21.5 hr at 4° in the SW 41 
Beckman rotor. (0 - - 0) 60 S particle, AAV(SP) 
DNA. (e- e) 110 S particle, AAV(l.41) DNA. 

slowly over several hours to give mature 
"full" particles containing either a standard 
or DI genome. DNA replication can occur 
in the absence of capsid assembly. Although 
DNA replication is presumably required to 
provide the progeny strands, the virus 
"maturation" process occurs in the absence 
of DNA synthesis. 

The role of the empty 1.32 particles as 
precursors of full particles is suggested by 
the pulse-chase labeling kinetics. Also, 
prior inhibition of DNA synthesis with hy­
droxyurea caused increased accumulation of 
empty particles and inhibited the appear­
ance of full particles. This observation also 
indicated that empty particles are not de­
rived from disruption of mature particles. 
Addition of L-canavanine inhibited forma­
tion of both empty and full particles. This 
observation can be accounted for by inhibi­
tion of production of the 60K (VP3) major 
capsid protein of AAV (Buller and Rose, 
1978). 

The empty particles accumulate rapidly 
in 10 to 20 min following a short radioactive 
pulse label but mature "full" virions accu­
mulated slowly over 4 to 8 hr. The slow 
accumulation of progeny DNA strands into 
full particles appears to reflect an intrinsic 
property of the maturation process rather 
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FIG. 10. DNase sensitivity of AAV(SP). (A) 3H-labeled 60 S AAV(SP) was treated with DNase and 
sedimented on 15-30% sucrose neutral gradients. <• - e) AAV(SP) incubated without DNase; 
(0 - 0) incubated with DNase. (B) 35S-Labeled AAV(l.41) particles obtained from a culture pulsed 
for 10 min and chased for 1 hr were treated with DNase and resedimented on 15-30% neutral 
sucrose gradients. <• - e) Control incubated without DNase; (0 - - 0) incubated with DNase. 

than delayed exit from, or reutilization in, 
the replicating pool. Several arguments 
support this suggestion. Inhibition of DNA 
synthesis with hydroxyurea immediately 
after a pulse decreased encapsidation of the 
pulse-labeled DNA by 35% only, but more 
importantly the kinetics of accumulation 
were not altered. The decrease of 35% pre­
sumably reflects the proportion of pulse-la­
beled DNA that was not displaced before 
hydroxyurea inhibition. However, as noted 
above, addition of hydroxyurea 1 hr prior 
to labeling with [35S]methionine almost com­
pletely inhibited assembly of full particles. 
These observations together suggest that 
there is no pool of free progeny DNA strands 
and that the single DNA strands may be 
committed to encapsidation, concomitantly 
with, or soon after, synthesis. This "com­
mitment" may involve association of the dis­
placed progeny DNA strands with a pre­
cursor empty capsid to form an intermediate 
structure. 

The AA V(SP) component identified in 
these experiments appears to have both the 
kinetic and physical properties of the as­
sembly intermediate suggested above. This 
component is probably not produced merely 
from aggregation of free DNA and empty 
capsids because of its labeling kinetics and 

its relative stability in CsCl. Also, it does 
not appear to arise from disruption of AA V­
(1.41) particles. AA V(l.41) particles are 
completely stable to treatment with trypsin, 
DNase, deoxycholate, EDTA, heating at 
60°, or incubation with infected cell lysates 
in either the trypsin-deoxycholate or buta­
nol isolation procedures. Although the pos­
sibility is not excluded, we have been unable 
to obtain convincing evidence of a precur­
sor-product relationship between 1.45 and 
1.41 particles either in this study or other 
experiments using 32P as the pulse label and 
the trypsin-deoxycholate purification proce­
dure (L. M. de la Maza and B. J. Carter, 
unpublished). The small decrease in 1.45 
particles late after a pulse may indicate that 
this is a precursor of 1.41 particles. How­
ever, AA V(l.45) could also be an alternative 
end product of assembly. 

It has been suggested that displacement 
synthesis of parvovirus progeny strands 
may be driven by concomitant packaging 
(Tattersall and Ward, 1976). This is not in­
consistent with the model proposed above 
except that the concomitant packaging may 
involve association with the empty capsid 
in an intermediate structure rather than im­
mediate assembly into a mature stable virion. 
However, we have shown that at least the 
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subsequent "maturation" of AA V particles 
still occurred when DNA synthesis was 
blocked with hydroxyurea. Also, AA V DNA 
synthesis continued in the presence of 
L-canavanine which inhibited assembly of 
both empty and full particles. Thus, AA V 
DNA replication and virion maturation are 
not directly linked. However, for AAV it is 
difficult to readily distinguish progeny 
strand replication from RI replication be­
cause of reannealing of the plus and minus 
complementary strands. Thus synthesis of 
progeny strands but not Ris of AAV DNA 
might be directly linked to presence of 
capsids. Preliminary experiments support 
this idea (M. W. Myers and B. J. Carter, 
unpublished). 

The mode of assembly described here for 
AA V is consistent with the apparent ab­
sence of any internal nucleoprotein core 
structure in parvoviruses in contrast to 
those present in other DNA-containing 
viruses including papova-, adeno-, herpes-, 
and poxviruses. Also, individual AA V DI 
genomes containing deletions of up to 90% 
of genome length are packaged into AA V 
particles having an apparently normal 
capsid (de la Maza and Carter, 1978; F. T. 
Jay, L. M. de la Maza, and B. J. Carter, 
unpublished). Thus, DNA is not apparently 
required for the assembly or structural 
integrity of the AA V protein capsid. 
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