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Adeno-associated virus (AAV) grows efficiently only in cells that are also
infected with an adenovirus (Ad). We employed Ad mutants to determine which
genes may be required for the AAV helper function. Two mutants of Ad type 5
(Ad5), Ad5ts125 and Ad5¢s107, with temperature-sensitive lesions in the E72
DNA-binding protein coded by the Ad early region 2, were deficient for AAV
helper functions at the nonpermissive temperature (40°C). In contrast, Ad5¢s149,
with a temperature-sensitive lesion in the Ad early region 5, was an efficient
helper of AAV at the nonpermissive temperature. In KB cells, with the Ad5¢s125
or Ad5¢s107 mutant as the helper, the accumulation of AAV capsid proteins and
AAV particles was decreased by about two logs, whereas AAV DNA synthesis
was decreased only severalfold. Cytoplasmic, polyadenylic acid-containing AAV
RNA is composed of a set of overlapping, spliced RNAs having different 5’ start
points. With the #5125 helper at 40°C there was a decreased accumulation of some
but not all of these AAV RNAs. The Ad5 E72 protein may have an effect on
transcription or more likely posttranscriptional processing of AAV RNA. These
observations suggest additional pleiotropic effects of the multifunctional E72
protein and suggest further similarities in the actions of E72 and the simian virus

40 T-antigen.

It is now well established that the defective
parvovirus, adeno-associated virus (AAV), grows
efficiently only in cells in which certain adeno-
virus (Ad) genes are being expressed. Thus, AAV
may be useful as in independent probe for the
analysis of certain Ad gene functions.

Several mutants of Ad serotype 5, 12, or 31
(Ad5, Ad12, Ad31), containing conditional-le-
thal, temperature-sensitive lesions in early genes
that caused a DNA-negative phenotype at the
restrictive temperature, were reported to help
AAV efficiently (25, 28, 29, 42, 51). This sug-
gested that Ad late functions were not required
by AAV. However, there is one report (43) that
one temperature-sensitive mutant of Ad31,
which is unmapped but behaves phenotypically
as a DNA-positive late mutant (52), was unable
to promote AAV particle assembly, although
AAV DNA and capsid antigens apparently were
synthesized. In contrast, recent experiments
show that purified Ad type 2 (Ad2) early mRNA
which was microinjected into permissive cells
provided the complete helper functions, suffi-
cient for the growth of infectious AAV particles
(49). When rodent cells transformed with the
left-hand 16% of the Ad12 genome were infected
with AAV, infectious AAV progeny were ob-
tained if the cells were subsequently fused with
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permissive human (KB) cells (25). This sug-
gested that, at least for AD12, only a subset of
early genes was required for the AAV helper
function. In contrast, AAV does not grow in
human 293 cells transformed with the left-hand
16% of the Ad5 genome (C. Laughlin, N. Jones,
T. Shenk, and B. J. Carter, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1979, S 160, p. 266). Clearly,
further understanding of the biochemical basis
of the Ad helper function(s) for AAV would be
aided by the availability of precisely mapped Ad
mutants which are defective for some aspect of
AAV growth.

The Ad5 early genes are located in at least
five clearly separated regions of the Ad genome.
These are referred to as early regions 1 through
4 (for review, see reference 16), and the most
recently described region (20) is referred to as
region 5.

In this report, we investigated the replication
of AAV in human (KB) cells at the restrictive
temperature (40°C) with Ad5 mutants with tem-
perature-sensitive lesions in early genes. In con-
trast to previous reports by others (24, 51), we
show that Ad5 mutants containing conditional-
lethal, temperature-sensitive lesions in early re-
gion 2 are much less efficient for some AAV
helper functions than is wild-type Ad. These
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studies suggest additional pleiotropic effects of
the E72 DNA-binding protein coded for by the
Ad early region 2. Thus, AAV may offer a useful
independent probe to separately analyze certain
of the pleiotropic properties of the Ad E72 pro-
tein.

MATERIALS AND METHODS

Viruses and cells. Stocks of AAV type 2 (AAV2),
wild-type Ad2 (Ad2wt), or wild-type Ad5 (Ad5wt)
were grown in KB-3 cells in a suspension culture at
37°C. Stocks of Ad temperature-sensitive mutants
were grown in KB cells at 32°C. All Ad stocks were
assayed by plaque formation at 32 and 40°C on KB
cells in a monolayer culture. AAV stocks were assayed
in KB monolayers with the fluorescent nuclei assay,
as described previously (10).

The Ad2wt virus was that used previously and
originated from the laboratory of W. Rowe (National
Institutes of Health). The Ad5¢s125 mutant and the
parent strain Ad5wt were those described by Ensinger
and Ginsberg (14) and were obtained from A. Levine
(Princeton University). Ad5¢s107 (22) and Ad5¢s149
(14) were obtained from H. Young and H. Ginsberg
(Columbia University), and Ad2¢s215 was obtained
from W. Doerfler (Cologne). For all experiments, the
permissive temperature was 32°C, and the nonpermis-
sive temperature was 40°C. Care was taken to ensure
that the nonpermissive temperature did not fall below
40°C. The ratio of the infectious titer obtained by
plaque formation on KB monolayer cells at the per-
missive temperature relative to the nonpermissive
temperature was greater than 10° for all the mutants.
For wild-type Ad, this ratio was approximately 1.0.

In all the experiments reported here, KB cells were
grown in monolayer culture in Eagle medium contain-
ing 10% fetal calf serum. Cells were routinely moni-
tored with the Hoechst staining procedure (12) to
ensure the absence of mycoplasma contamination.
Cells were grown to 60 to 80% confluency and then
infected with AAV and Ad. Adsorption of virus was
performed in phosphate-buffered saline (pH 7.2) con-
taining 2% fetal calf serum for 60 to 90 min at room
temperature. The inoculum was removed, and the
cells were rinsed once with Eagle medium and incu-
bated in fresh medium containing 2% fetal calf serum.

Measurement of viral yield by fluorescent
staining of cell nuclei or by an infectivity assay.
KB cells were grown on microscopic slides equipped
with chambers (Lab-Tek Products, Div. Miles Labo-
ratories Inc., Napierville, I1.) with 10° cells per cham-
ber. Cells were infected with AAV and Ad as described
above. For determination of the proportion of nuclei
that were fluorescent for AVV or Ad antigens, cells
were fixed at 30 h after infection when grown at 37 or
40°C or at 50 h after infection when grown at 32°C.
Cells were stained with a double antibody procedure
described previously (10). The first antibody was
either rabbit immunoglobulin G directed against
AAV?2 particles or rabbit antiserum directed against
Ad2 or Ad5 particles. The second antibody was FITC-
conjugated hamster immunoglobulin G (Miles Labo-
ratories, Inc., Elkhart, Ind.) directed against rabbit
immunoglobulin G.
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For measurement of infectious yields of AAV, the
infected cultures were grown for 48 h at 37 and 40°C
or for 96 h at 32°C and then frozen and thawed three
times.

Analysis of virus particles. Both the DNA and
protein components of virus particles were labeled by
incubating cultures in Eagle medium containing me-
thionine at %o the normal concentration (i.e., at 0.3
ug/ml) and supplemented with [¥*S]methionine (spe-
cific activity, 900 to 1,100 Ci/mmol) and [*H]thymidine
(specific activity, 40 to 60 Ci/mmol) at a final concen-
tration of 20 to 40 uCi/ml. Virus particles were ana-
lyzed by a procedure described in detail elsewhere
(44). Briefly, cells were harvested at 30 h after infec-
tion, frozen and thawed in TE buffer (50 mM Tris-
hydrochloride [pH 8.7]-0.5 mM EDTA), sonicated,
and treated with n-butanol (1% final concentration) at
4°C for 1 h. The lysate was banded to equilibrium in
a CsCl gradient in an SW41 rotor of a Beckman
centrifuge. Fractions from the density gradient were
pooled into five contiguous regions, in grams per cubic
centimeter, as follows: 1.310 to 1.338, 1.340 to 1.360,
1.361 to 1.390, 1.391 to 1.435, and 1.436 to 1.485. These
density regions are referred to, for ease of identifica-
tion, as 1.32, 1.35, 1.37, 141, and 1.45, respectively.
Portions of each region were dialyzed and sedimented
in neutral sucrose velocity gradients.

Analysis of intracellular viral DNA. Intracellu-
lar viral DNA was labeled with [*H]Jthymidine as
described above and selectively extracted with a mod-
ified Hirt (27) procedure as described elsewhere (10).
The extracted viral DNA was analyzed by sedimen-
tation in 5 to 20% sucrose gradients containing 1 M
NaCl, 50 mM Tris-hydrochloride (pH 8.0), 0.15% Sar-
kosyl, and 1 mM EDTA at 4°C for 16 h at 28,000 rpm.

Analysis of intracellular viral proteins. In-
fected cell proteins were labeled with [**S]methionine
(50 1Ci/ml) from 12 to 30 h after infection. Cells were
lysed in Tris-buffered saline containing 0.1% sodium
dodecyl sulfate, 1% Nonidet P-40, and 10 mM 2-mer-
captoethanol and centrifuged for 15 min at 16,000 X g.
The supernatant was diluted 10-fold with Tris-
buffered saline and reacted with normal rabbit serum
or the immunoglobulin G fraction of rabbit serum
prepared against purified AAV2 particles. Immuno-
precipitates were then collected (32) and solubilized in
sodium dodecyl sulfate buffer and electrophoresed in
9% acrylamide gels (38, 46).

Preparation of RNA. KB cells were coinfected
with AAV2 at a multiplicity of 20 infectious units (IU)
per cell and either Ad5wt or Ad5¢s125 at a multiplicity
of 5 PFU per cell. Infected cultures were grown at
40°C, and cytoplasmic RNA was prepared at 18 h after
infection as described previously (40). Polyadenylic
acid-containing RNA was selected with columns of
oligo(dT)-cellulose.

Analysis of DNA-RNA hybrids by gel electro-
phoresis. AAV RNA was annealed to AAV DNA, and
the DNA-RNA hybrids were analyzed with the pro-
cedure of Berk and Sharp (2, 3). Briefly, RNA prepa-
rations were mixed with duplex AAV [*P]JDNA (10°
to 2 X 10° cpm per pg) and then heat denatured and
annealed in an 80% formamide solution at 48°C for 2
h. The resultant DNA-RNA hybrids were digested
with endonuclease S1 (EC 3.1.30.1) from Aspergillus
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oryzae (Miles Laboratories) and then electrophoresed
in 1.4% agarose gels at neutral pH. Gels were dried and
visualized by fluorography (6) with a Dupont Cronex
Lightning plus intensifying screen and SB5 Kodak film
at —70°C. Annealing reactions were performed with
the DNA present in significant excess.

RESULTS

Properties of Ad mutants. The Ad5 mu-
tants Ad5¢s125 and Ad5ts107 are independently
isolated strains (14, 21, 22) having a tempera-
ture-sensitive lesion, presumably a point muta-
tion, located approximately between map coor-
dinates 62 and 64 (on a scale of 100 U for the
whole Ad genome) within the Ad early gene
region 2 (19). This region of Ad codes for a
72,000-molecular-weight DNA-binding protein,
E72 (53), that is synthesized early after infection
before the onset of viral DNA synthesis. These
mutants produce an E72 protein that, at the
nonpermissive temperature, is thermolabile in
its ability to bind to single- or double-stranded
DNA (17, 54). The mutant Ad5¢s149, (14, 21)
has recently been located by marker rescue on
the Ad5 genome in early region 5 between map
coordinates 18 and 22. All three mutants,
Ad5¢ts125, Ad5ts107, and Ad5ts149, exhibit a
DNA-negative phenotype at the nonpermissive
temperature. Ad5¢s149 was reported to be defec-
tive for cellular transformation, whereas
Ad5¢s125 and Ad5¢s107 produced increased ef-
ficiency of cellular transformation at the non-
permissive temperature (21).

The Ad2 mutant Ad2¢s215 is a previously
undescribed and unmapped mutant which ap-
pears to be defective for some late function
required for Ad assembly (44).

Growth of AAV with Ad5¢5125 as the
helper. The growth of AAV at 32 and 40°C was
measured by the appearance of AAV capsid
antigens in the infected cell nuclei (Fig. 1). At
40°C with Ad5wt as the helper, the accumula-
tion of AAV antigen began at about 12 h and
was completed by about 30 h after infection.
This time scale is very similar to that observed
at 37°C (data not shown). At 32°C, the growth
of AAV was slowed by about twofold. When the
mutant Ad5¢s125 was used as a helper for AAV,
it was as efficient as Ad5wt at 32°C but was very
inefficient at 40°C (Fig. 1). Based on these data,
subsequent analyses of AAV antigen production
were performed by fixing cells at 30 h after
infection at 37 or 40°C or at 50 to 60 h after
infection at 32°C.

In additional experiments, both AAV antigens
and AAV infectivity were assayed (Table 1).
Both Ad5wt and the late mutant Ad2ts215
helped AAV efficiently at 32, 37, or 40°C. In
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F16. 1. Appearance of AAV antigens in the nuclei
of infected cells. KB monolayer cells were infected
with AAV (10 IU per cell) and either Ad5wt or
Ad5ts125 helper virus (5 PFU per cell) and then
grown at 40 or 32°C. At the times indicated, cells
were fixed and stained with fluorescent antibody to
detect AAV antigens. The results show the proportion
of fluorescently stained nuclei observed. Symbols:
B—W 40°C, AAV plus Ad5wt; O—1, 40°C, AAV
plus Adts125; @—@, 32°C, AAV plus Ad5wt;
O—=0, 32C, AAV plus Adts125.

TABLE 1. Assay of AAV antigens and AAV

infectivity®
% of cell nu- Yield of
clei fluores- infectious
cent for: AAV par-
Ad helper '1(‘53;» ticles
(AAV per
Ad AAV cell
[x107])
Ad5ts125 32 100 55 1.5
37 90 48 2.5
40 2 0.5 0.01
Ad2ts215 32 100 45 15
37 100 35 2.0
40 100 51 1.25
Ad5wt 32 100 47 1.0
37 100 41 1.0
40 100 49 1.0
None 40 0 0 0.0001

¢ KB monolayer cells were infected with AAV2 (10
IU per cell) and Ad (10 PFU per cell) and grown at
the temperatures shown. Cells were either fixed and
assayed by immunofluorescence for Ad or AAV capsid
antigens or lysed and assayed for AAV infectivity. The
infectivity data show the number of IU obtained per
cell.

contrast, when Ad5¢s125 was used at 40°C, the
yields of AAV antigen and AAV infectivity were
decreased by about two logs. This decrease par-
alleled the decrease in production of Ad struc-
tural antigens. At 32 or 37°C, the Ad5ts125
mutant behaved as a wild type for both Ad and
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AAYV growth. Further analyses (Table 2) showed
that the inability of Ad5¢s125 to help AAV at
40°C could not be overcome by a high multiplic-
ity of infection with the mutant. These results
show clearly that the Ad5¢s125 mutant is a de-
ficient helper for AAV at the nonpermissive
temperature. This is not, however, a general
property of Ad temperature-sensitive mutants,
as indicated by the efficient helper function pro-
vided by Ad2¢s215.

At the permissive temperature (or nonpermis-
sive temperature with Ad2wt), nearly all the
cells were successfully infected with Ad, as
judged by fluorescent antibody staining for Ad
antigens (Tables 1 and 2). However, only about
one-half of the cell nuclei showed fluorescence
when stained for AAV capsid antigens. This
phenomenon is not clearly understood but is
routinely observed in cells infected with AAV
and Ad (10).

Growth of AAV with Ad5#s107 or
Ad52s149 as the helper. The failure of
Ad5ts125 to help AAV might be related specifi-
cally to the mutation in E72, or it might be a
general property of Ad DNA-negative mutants.
To answer these questions, we used both
Ad5ts107, which does not contain the second site
mutation present in Ad5¢s125, and Ad5ts149,
which maps in Ad early region 5. As shown in
Table 3, the Ad5¢s107 mutant was also deficient
for AAV helper function at 40°C. In contrast,
the Ad5¢s149 mutant helped AAV efficiently at
all temperatures. Thus, the inability to help
AAV appears to be a discrete property of the
Ad5ts125 and Ad5ts107 mutations in the Ad E72
protein.

Effect of a temperature shift on the AAV
helper function provided by Ad5¢s125. Fig-
ure 2 shows the results of an experiment in
which cells were infected with AAV and
Ad5¢s125 and grown at 32°C for varying periods
of time before shifting to 40°C. These results

TABLE 2. Effect of helper multiplicity on the growth
of AAV at the nonpermissive temperature®

Helper multi- % of cell nuclei

Ad helper plicity (PFU per fluorescent for:
celh Ad  AAV
2.5 81 31
0.25 20 11
Ad5ts125 200 0 3
20 0 0
2 0 0

“ KB monolayer cells were infected with AAV2 (10
IU per cell) and helper Ad as indicated and grown at
40°C. Cells were fixed and stained for AAV or Ad
antigens at 30 h after infection.
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TABLE 3. Growth of AAV with Ad temperature-
sensitive, DNA-negative mutants®

% of cell Yield of
Helper nuclei flu- ilgfec-
multi- orescent tious
Ad helper plicity ng‘" for: AAV
(PFU ———  particles
per cell) (AAV
Ad AAV per cell
[x107*])
Ad5ts107 40 32 8 56 1.7
37 56 36 0.5
40 0 0 0.01
Ad5ts107 4 32 73 52
37 7 5
40 1 0
Ad5ts107 04 32 3 21
37 1 0
40 0 0
Ad5ts149 100 32 86 59
37 42 42
40 0 50
Ad5ts149 10 32 83 53 3.0
37 25 41
40 0 49 2.0
Ad5ts149 1 32 43 29
37 16 24
40 0 17
None 0 40 0 0 0.0005

“ Cells were infected with AAV2 at a multiplicity of
15 IU per cell and Ad as indicated. All procedures
were as for Table 1.

PROPORTION OF INFECTED CELL NUCLEI
THAT CONTAINED AAV ANTIGEN (%)

0 10 20 30 40
TIME OF TEMPERATURE SHIFT (hrs after infection)

F1G. 2. Effect of temperature shift on the function
of Ad5ts125 as a helper virus for AAV. Two sets of
KB monolayer cell cultures were infected with AAV2
(10 IU per cell) and Adts125 (5 PFU per cell). One set
of cultures (O——O) was infected and grown at 40°C,
and at the times indicated, individual cultures were
shifted to 32°C, and growth was continued. All cul-
tures in this set were fixed at 50 h after infection and
then stained for nuclear accumulation of AAV capsid
antigens. The other set of cultures (@—@) was
grown at 32°C, and individual cultures were shifted
to 40°C at the times indicated. All cultures in this set
were fixed for staining at 38 h after infection. Other
control infected cultures were maintained continu-
ously at 40°C and fixed at 38 h after infection (OJ) or
at 32°C and fixed at 50 h after infection ().
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suggest that at 32°C the AAV helper function
appeared between 10 and 30 h after infection.
These times are equivalent to about 5 to 15 h
after infection at 37 or 40°C if the growth curves
of Fig. 1 are considered. In the converse experi-
ment, cells were first held at 40°C, and then
shifted to 32°C. As the period at 40°C was
extended for longer than 10 h, there was a pro-
gressive decrease in the yield of AAV when it
was assayed at 50 h. This suggests that the Ad
helper function could not be accumulated in
sufficient quantity at 40°C. These observations
support the role of E72 in the AAV helper func-
tion and are consistent with the known proper-
ties of this protein (see Discussion).

Synthesis of intracellular AAV DNA. The
above experiments showed that at the nonper-
missive temperature there was a decrease in
production of infectious AAV by about two logs
when the Ad mutants Ad5¢s125 or Ad5¢s107
were used as helpers. To investigate further the
biochemical defect, we measured the synthesis
of intracellular AAV DNA at 40°C with either
wild-type or mutant helpers (Fig. 3). Viral DNA
was labeled with [°’H]thymidine and selectively
extracted as described above. In the gradients of
Fig. 3, all of the ["H]DNA sedimenting more
slowly than the 31S Ad DNA is AAV specific, as
judged by resedimentation in neutral and alka-
line sucrose gradients, restriction endonuclease
cleavage (10, 39) and gel electrophoresis, and
DNA-DNA hybridization (data not shown).
When Ad5¢s125 was the helper there was a
fivefold decrease in the labeling of AAV DNA.
The incorporation of [*H]thymidine into both
standard (14.5S) AAV DNA and slower-sedi-
menting (10S) AAV DNA was decreased to a
similar extent (Fig. 3). The slower-sedimenting
10S DNA corresponds to a heterogeneous pop-
ulation of variant AAV DNA molecules (13, 26).
At least some of these variant AAV molecules
are defective-interfering genomes (10, 39). Fig-
ure 3 also shows that the incorporation of
[*H]thymidine into 31S Ad DNA is abolished
when the Ad5¢s125 mutant is used at 40°C. In
similar experiments (not shown) performed at
40°C, AAV DNA synthesis with Ad5¢s107 as the
helper was identical to that with Ad5¢s125, but
with Ad5ts149 it was the same as for Ad5wt.
Both Ad5ts107 and Ad5¢5149 were negative for
Ad DNA synthesis at 40°C. These results are
qualitatively consistent with the biological as-
says described above. However, the fivefold de-
crease in AAV DNA synthesis does not directly
account for the 100-fold decrease in the produc-
tion of infectious AAV when either Ad5¢5s125 or
Ad5ts107 was used as the helper at 40°C. Fur-
thermore, the fivefold decrease in AAV DNA
synthesis (Fig. 3) was the maximum observed
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FiG. 3. Analysis of viral DNA synthesis. Mono-
layer cultures (75-cm® T-flask) of KB cells were in-
fected with AAV?2 (10 IU per cell) and either Ad5wt
(@—@) or Ad5ts125 (O——CO) as the helper virus
(5 PFU per cell) and grown at 40°C. Viral DNA was
labeled by the addition of [*H]thymidine from 16 to
20 h after infection and then selectively extracted and
sedimented in a neutral sucrose gradient. Sedimen-
tation is from right to left.

when Ad5¢s125 was used. In various experi-
ments, the decrease ranged from two- to fivefold.

Formation of AAV particles. The assembly
of AAV particles at 40°C in cells with either a
wild-type or mutant helper was analyzed by
labeling with both [°’H]thymidine and [*S]me-
thionine. The labeled AAV particles were then
analyzed by fractionation isopycnic centrifuga-
tion in CsCl. The CsCl gradients were divided
into several regions, and portions of each region
were analyzed by velocity sedimentation in neu-
tral sucrose gradients to resolve the various
types of AAV particles. Figure 4 shows the ve-
locity sedimentation analysis of selected regions
characteristic of standard 110S AAV particles
(density region, 1.41 g/cm® Fig. 4A), 82S AAV
defective-interfering particles (density region,
1.37 g/cm?®; Fig. 4B), or 66S empty AAV particles
(density region, 1.32 g/cm?®; Fig. 4C). In Fig. 4D,
E, and F are shown the corresponding density
regions from lysates of parallel cultures infected
with wild-type or mutant Ad alone. The 1.37-
and 1.32-g/cm® regions (Fig. 4E and F), respec-
tively, contained some full or empty Ad particles
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FiG. 4. Synthesis of AAV particles at 40°C. Cultures (150 cm?) of KB monolayer cells were infected with
AAV2 (10 IU per cell) together with Ad5wt or Ad5ts125 (5 PFU per cell). Additional cultures were infected
with Ad5wt or Ad5ts125 in the absence of AAV. All the cultures were grown at 40°C, labeled with [*H]-
thymidine and [*S]methionine from 16 to 26 h after infection, and then lysed and fractionated in CsCl
buoyant density gradients. Portions of each density region from the CsCl gradient were then sedimented in
neutral sucrose gradients. Panels A, B, and C show the 1.41-, 1.37- and 1.32-g/cm?® density regions, respectively,
from lysates of cells infected jointly with AAV and Ad. Panels D, E, and F show the analogous density regions
from lysates of cells infected with Ad only. Symbols: A——A, [*H]thymidine or ) A, [*S]methionine from
cultures in which Ad5wt was used; ®——@, [*H]thymidine or O——0O, [*S]methionine from cultures in which
Ad5ts125 was used. The sucrose gradients were formed over a shelf of CsCl (density, 1.71 g/cm?) (fractions 1
to 5 in panels A through F). Note the break in the scale in panels B and E.
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that sedimented onto the CsCl cushion beneath
the sucrose gradient (Fig. 3, fraction 5). The bulk
of mature Ad particles banded at 1.35 g/cm’ (not
shown). In cultures infected with Ad5¢s125, the
incorporation of both [*H]thymidine and [*S]-
methionine into Ad particles was greatly de-
creased (at least 450-fold), as expected.

When Ad5¢5125 was the helper at 40°C, the
incorporation of [*H]thymidine and [*S]methi-
onine into AAV particles of all density classes,
including 1.41, 1.37, and 1.32 g/cm® (Fig. 4A, B,
and C), was decreased at least 50- to 100-fold.
Similar results (not shown) were obtained when
the AAV (1.45-g/cm®) and AAV (1.35-g/cm®)
particles were analyzed. This decrease of about
two logs in the labeling of both empty or full
AAV particles appears to account for most of
the decrease in production of infectious AAV
when Adts125 was the helper.

Synthesis of AAV capsid proteins. AAV
particles contain three major polypeptides, VP1,
VP2, and VP3 (previously labeled A, B, and C),
with molecular weights of 85,000, 72,000, and
61,500, respectively (50). All three proteins are
coded for by AAV mRNA (7). Synthesis of these
proteins in infected cells at 40°C with a wild-
type or mutant helper was examined as shown
in Fig. 5. ®*S-labeled AAV proteins were immu-
noprecipitated from whole cell lysates with an
anti-AAV2 antibody which is known to be able
to precipitate all three AAV proteins after in
vitro translation (F. Jay and B. Carter, unpub-
lished data). Intracellular accumulation of all
three AAV proteins was greatly decreased at
40°C when the Ad5¢s125 mutant was the helper
(Fig. 5, lane e). In the analysis of proteins from
cells with the Ad5wt helper (Fig. 5, lane c) the
AAV VP2 protein was partly obscured by a
73,000-molecular-weight protein. This protein,
and also the 63,000-molecular-weight protein
seen with the Ad5¢s125 mutant helper (lanes d
and e), precipitated under the conditions used
with either anti-AAV2 antibody or normal rab-
bit serum. These proteins were also precipitated
from cells infected, respectively, with Ad5wt or
Ad5ts125 alone (not shown) and thus do not
appear to be AAV specific.

Analysis of cytoplasmic AAV RNA. The
structures and genome locations of the predom-
inant polyadenylic acid-containing AAV RNAs
previously obtained from the cytoplasm of KB
cells in which wild-type Ad was the helper at
37°C are summarized in Fig. 6 (40). All of the
RNAs are complementary to the AAV DNA
minus strand. The RNAs a, ¢, ¢, and g have a
spliced-out region with approximate map coor-
dinates of 41/48. It is not yet known whether the
four different 5’ termini at map positions 5, 13,
19, and 39/40 reflect differences in promoter
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FiG. 5. Electrophoresis of inmunoprecipitated *S-
labeled proteins obtained from KB cells infected at
40°C with AAV plus Ad5wt (lanes b and c), AAV plus
Ad5ts125 (lanes d and e), or uninfected cells (lanes f
and g). Immunoprecipitation was performed with
normal rabbit serum (lanes b, d, and f) or anti-AAV2
immunoglobulin G (lanes c, e, and g). Markers are
AAV proteins from purified [*S]labeled virions (lane
a) or [methyl-"*C]phosphorylase B, albumin, ovalbu-
min, or carbonic anhydrase (lane h).
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Fic. 6. Schematic diagram of polyadenylic acid-
containing cytoplasmic AAV RNAs. The upper line
represents the AAV DNA minus strand. Stippled
blocks indicate the terminal palindromic repetitions
(4, 37). Lines a to h indicate the location and structure
of AAV RNA species previously identified (40). RNAs
a, ¢, e and g are spliced, with the solid boxes indicat-
ing the regions retained after splicing. RNAs b, d, f,
and h are unspliced AAV RNAs.

sites or posttranscriptional processing.
Cytoplasmic AAV RNA was analyzed by the
procedure of Berk and Sharp (2, 3). In this
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procedure, DNA-RNA hybrids are formed by
annealing cytoplasmic, polyadenylic acid-con-
taining RNA with AAV [*P]DNA. The hybrids
are then digested with the single-strand-specific
endonuclease S1, and the products are analyzed
by electrophoresis. When the Ad5wt helper was
used in cells grown at 40°C, the digestion prod-
ucts observed (Fig. 7, lanes 3 and 4) corre-
sponded to the AAV RNAs previously observed
at 37°C (Fig. 6). When the temperature-sensitive
mutant Ad5¢s125 was the helper at the nonper-
missive temperature, the relative amounts of
some AAV RNAs were apparently decreased
(Fig. 7, lane 2). This is most obvious for the
spliced RNAs ¢ and g. Also, the unspliced RNAs

F1c. 7. Analysis of AAV RNA (2, 3). AAV [*P]-
DNA was annealed with RNA from cells infected
with AAV and Ad5ts125 (lane 2) or wild-type helper
(lanes 3 and 4) or with yeast RNA (lane 5). For the
reactions in lane 4, the digestion contained one-half
of the amount of endonuclease S1 that was used in
the other reactions. Lane 1, duplex AAV DNA; lane
6, AAV DNA Haell fragments A and B. The individ-
ual digestion products are identified at the right by
size (expressed as a percent of the size of the AAV
DNA duplex) and at the left according to the RNA
species (Fig. 6) from which they are derived.

J. VIROL.

d and h may be reduced somewhat. In contrast,
the amounts of RNAs a and b appeared to be
similar with either helper. These conclusions
were supported by additional autoradiographic
analyses in which both the amount of RNA and
the duration of autoradiography were varied to
avoid possible darkening of the film beyond the
linear exposure range. Rigorous confirmation of
this point requires accurate titration of the var-
ious mRNA species. None of the RNAs a to A
were observed when RNA from yeast (Fig. 7,
lane 5) or cells infected only with Ad (40) was
used. In RNA preparations from both mutant
and wild-type helper cells, the 76% digestion
product was derived from both the unspliced
RNA d (the major component) and the spliced
RNA ¢ (the minor component). This was verified
by additional analysis of the digestion products
on alkaline agarose gels (not shown), which dem-
onstrated both a 76% band from RNA d and a
27% band from the leader of RNA e. The main
body of RNA e (46.5% band) cannot be distin-
guished from that of RNA gq, c, or g. A similar
analysis showed that most of the 82% band
observed in Fig. 7 was derived from the spliced
RNA g. In the analysis of Fig. 7, a band with an
approximate size of 97% is present in the prod-
ucts obtained with RNA from cells jointly in-
fected with AAV and Ad (Fig. 4, lanes 2, 3, and
4). This band is not always observed (40) but
appears to be AAV specific and is never seen
when RNA from yeast (Fig. 4, lane 5) or cells
infected only with Ad is used. This product may
represent a DNA-RNA hybrid derived from
RNA A, in which the endonuclease S1 has not
degraded the self-annealed palindromic terminal
DNA sequences. This suggests that RNA - may
extend over the entire region of the AAV genome
between these palindromes, i.e., with coordi-
nates 3/97. The band at 100% is derived from
DNA-DNA annealing, as shown by its presence
in the reactions with yeast RNA (Fig. 7, lane 5).

DISCUSSION

Our experiments show that in KB cells at the
nonpermissive temperature (40°C), the Ad mu-
tants Ad5¢s125 and Ad5ts107 were deficient
helpers of AAV. The synthesis of both infectious
and noninfectious AAV particles, as well as the
intracellular accumulation of AAV-specific im-
munofluorescence, were decreased by 50- to 200-
fold. These phenomena were accounted for by
the demonstration that the accumulation of the
AAV capsid proteins VP1, VP2, and VP3 was
greatly decreased with the mutant helpers.

With the mutant helpers, AAV DNA synthe-
sis was decreased four- to fivefold, which does
not directly account for the much greater de-
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crease in accumulation of AAV particles. The
E72 protein is required for Ad DNA replication
(54) and is also involved in the negative regula-
tion of its own, as well as other, Ad early
mRNA’s (5, 11). It is not clear from the present
results if the decrease in AAV DNA synthesis
with the Ad early region 2 mutants reflects a
direct effect on AAV DNA synthesis or AAV
protein synthesis. The experiments reported
here (Fig. 3) do not clearly resolve AAV repli-
cating form DNA synthesis from progeny strand
synthesis. We have recently obtained evidence
that in human cells the synthesis of AAV prog-
eny strands, but not AAV replicating form DNA
replication, is apparently dependent on AAV
capsid protein synthesis or assembly or both (44;
M. W. Myers and B.J. Carter, manuscript in
preparation). Thus, the observed decrease in
AAV DNA synthesis with the Ad mutants might
be a secondary effect resulting from a decreased
amount of AAV proteins. Alternatively, the 50-
to 200-fold decrease in assembled AAV particles
may result from a mass action effect of the
decreased synthesis of both AAV DNA and AAV
proteins.

As well as the decrease in AAV capsid pro-
teins, the cytoplasmic concentrations of some
AAV RNAg, especially the spliced RNAs, ¢ and
&, but apparently not RNA a, which contains a
similar splice, were also diminished when
Ad5ts125 was the helper at 40°C. The preferen-
tial decrease of some but not all cytoplasmic
AAV RNA species cannot be directly accounted
for by decreased AAV DNA synthesis as all the
AAV RNAs are transcribed from overlapping
regions of the genome. Our results suggest that
the E72 protein may be involved in the positive
modulation of certain AAV RNAs. We have
previously noted (40) that the cytoplasmic AAV
RNAs (Fig. 6) might be derived either by syn-
thesis from several promoters or by posttran-
scriptional processing from a common precursor.
Our present results may indicate that some func-
tion of the E72 protein affects the posttranscrip-
tional processing of certain AAV RNAs. Analy-
ses of nuclear AAV RNA transcripts will resolve
this.

If the E72 protein is involved in the positive
modulation of some AAV RNAs, this would
represent an additional pleiotropic function for
this protein. AAV RNA synthesis begins after
DNA synthesis and concurrently with late Ad
RNA synthesis (9). It is therefore interesting
that the E72 protein might also have a role in
the positive modulation of posttranscriptional
processing of some late Ad mRNA'’s. This idea
was also suggested recently by Klessig and Grod-
zicker (36), who reported that mutations map-

Ad HELPER FUNCTION FOR GROWTH OF AAV 73

ping in the E72 protein coding region of the Ad2
and Ad5 genomes overcome the host restriction
of growth of human Ad’s in most monkey cells.
The precise nature of this monkey cell host-
range host-range restriction for human adeno-
viruses is not clearly understood. It apparently
involves a decreased accumulation in the cyto-
plasm of some spliced, late Ad mRNA’s, notably
that for fiber protein (35, 36), and may also
involve a defect in the translation of late Ad
mRNA (1, 15, 18, 35, 45). Human AAV also
exhibits a similar host restriction in monkey
cells, and it was recently suggested that this
restriction was due to a failure to translate AAV
RNA (8), but in that study, individual AAV
RNAs were not examined. Our present results
do not exclude a role for the E72 protein in AAV
RNA translation.

Whether the AAV helper functions affected
by the Ad5¢s125 or Ad5¢s107 mutations reflect
a direct involvement of the Ad E72 protein is
not determined. AAV multiplication may re-
quire some other Ad protein dependent on func-
tional E72. Any other such Ad protein would
likely be an early protein as our results and
those of others (51) with the Ad5¢5149 mutant,
as well as recent studies with microinjection of
Ad mRNA into permissive cells (49), show that
only Ad early genes are required for the expres-
sion of a complete AAV helper function. Alter-
natively, some effects of E72 may be mediated
by interaction with host cell components, as has
been inferred from the Ad host-range studies
(36). For Ad, these properties can only be di-
rectly studied in the host-range system, as in the
permissive human cell system they may be ob-
scured by the early functions of E72. Thus, AAV
may offer an alternative and independent probe
to analyze certain functions of E72 in permissive
human cells.

The studies described above collectively sug-
gest additional similarities in the pleiotropic
properties of the Ad E72 protein and simian
virus 40 (SV40) T-antigen. SV40 T-antigen (re-
viewed in reference 41) also exerts negative con-
trol on SV40 early mRNA (48) and is required
for SV40 DNA replication. Recently, SV40 T-
antigen has been implicated in the positive con-
trol of SV40 late gene expression (33, 47). SV40
T-antigen can overcome the monkey cell host
restriction for human Ad’s (23, 30, 34) and AAV
(8) and may also complement the Ad5¢s125 le-
sion at the restrictive temperature in human
cells (41).

Other workers (24, 51) reported that the
Ad5t5125 mutant was an efficient helper of AAV.
The reason for the difference between their ob-
servations and ours is not clear. Straus et al. (51)
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did not assay AAV antigen synthesis, protein
synthesis, or particle production, and their anal-
ysis would probably not have detected the type
of differences in RNA species that we observed.
They also used KB cell suspension cultures at
39.5°C and the yields of infectious AAV, even
with an Ad5wt helper, were at best only of the
order of 30 to 100 IU per cell. Similarly, Handa
et al. (24) used HEK cells and obtained similar
yields of AAV. These yields are about two logs
lower than those we observed in our experiments
with a wild-type or Ad5¢s149 helper at 40°C.
This last point may be important as the defect
with Ad5ts125 for AAV growth does not appear
to be an all-or-none phenomenon. Rather, the
Ad5ts125 lesion appears to be affecting the effi-
ciency of AAV growth. Whether this reflects the
mechanism of the helper function or the innate
degree of leakiness of the mutant is not clear.
Other studies (28, 29, 42) have employed DNA-
negative mutants of Ad31 or an avian Ad
(CELO), but the mutations in these viruses have
not been accurately mapped. Therefore, these
results cannot readily be compared with ours.
Regardless of the precise nature of its involve-
ment, our results with Ad5¢s125 and Ad5¢s107
suggest that the early region 2 of Ad is important
for AAV growth. It is of interest that our results
with Adb5ts149, which confirm those of others
(24, 51), indicate that the Ad early region 5
protein, which is altered by this mutation and is
required for Ad DNA synthesis, is not required
for AAV growth. Recently, with Ad5 mutants
having deletions in early region 1 (31), we have
also shown that the expression of both comple-
mentation groups of this region (i.e., region la
and 1b) are apparently required for AAV DNA
replication and viral growth (Laughlin et al,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1979, S
160, p. 266). These studies collectively identify
specifically mapped Ad genes which are appar-
ently involved in some way in Ad helper func-
tions for AAV. This is expected to aid in the
biochemical analysis of these functions with re-
spect to the gene expression of AAV, as well as
that of Ad.
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