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The rep gene of adeno-associated virus type 2 (AAV) encodes four overlapping Rep proteins that are involved
in gene regulation and replication of the virus. We studied here the regulation of mRNA transcribed from the
AAV p; and p,, promoters, using transient expression in human 293 cells followed by Northern (RNA) blot
analysis of the mRNA. The ps transcript encodes the larger Rep proteins, Rep78 and Rep68, while the p,,
transcript encodes the smaller proteins, Rep52 and Rep40. A plasmid (pNTC3) containing the entire AAV
genome with an amber mutation in the rep gene accumulated higher levels of p; and p,, mRNA than a plasmid
containing the wild-type AAV genome. Addition of increasing amounts of the wild-type rep gene in trans from
a heterologous promoter inhibited p; and p,, mRNA accumulation from pNTC3, indicating that the levels of
both transcripts were decreased by the Rep proteins. Cotransfections with plasmids producing individual
wild-type Rep proteins in frans showed that p; and p,, mRNA accumulation was inhibited 5- to 10-fold by
Rep78 and Rep68 and 2- to 3-fold by Rep52 and Rep40. Analysis of carboxyl-terminal truncation mutants of
Rep78 showed that the ability of Rep78 to decrease ps and p,, mRNA levels was lost when 159 or more amino
acids were deleted. Rep78 and Rep68 mutants deleted for the methionine at residue 225 showed decreased
abilities to down-regulate both p; and p,, transcript levels, while mutants containing a substitution of glycine
for the methionine resembled the wild-type Rep78. A Rep78 protein with a mutation in the putative nucleoside
triphosphate binding site inhibited expression from ps but not from p,,, suggesting that the regulation of p,
transcript levels by Rep78 and Rep68 differs from that of p,,. A deletion analysis of AAV cis sequences revealed
that an intact terminal repeat was not required for negative regulation of p; and p,, transcript levels and that

the regulation of p,, mRNA levels by Rep78 did not require the presence of the p; promoter.

Adeno-associated virus type 2 (AAV) is a nonpathogenic
human parvovirus. It has a linear, single-stranded DNA ge-
nome (4,680 bases) with 145-base inverted terminal repeats
(ITRs) at both ends (Fig. 1) (5, 42). The genome has two open
reading frames (ORFs) encoding the nonstructural and struc-
tural viral proteins (42). The structural capsid proteins are
encoded by the right half of the genome and are expressed
from the p,, promoter (47). The left half of the genome
contains the ORF for the rep gene, which encodes four
nonstructural Rep proteins (29, 44, 48). Rep78 and Rep68 are
expressed from the ps promoter and are the translation
products of unspliced and spliced mRNAs, respectively. Rep52
and Rep40 are synthesized from unspliced and spliced
mRNAs, respectively, transcribed from the p,, promoter (5).
Also, alternate splicing of ps and p,, mRNAs may generate
Rep68’ and Rep40’ which differ from Rep68 and Rep40 by the
insertion of 9 amino acids near the carboxyl terminus (35, 47).
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The roles of Rep proteins in the AAV life cycle have been
studied primarily during AAV replication, which usually re-
quires the presence of a helper virus, such as adenovirus or
herpesvirus (4). The larger Rep proteins, Rep78 and Rep68,
specifically bind to the AAV origins of replication, the ITRs,
and possess helicase and endonuclease activities needed in the
early steps of AAV replication (2, 17-19, 34, 41). The smaller
Rep proteins, Rep52 and Rep40, are essential for the accumu-
lation of single-stranded progeny genomes used for packaging
(8).

Besides their role in replication, the Rep proteins are also
involved in the regulation of AAV genes. In the presence of
helper virus, the Rep proteins positively regulate AAV gene
expression (24, 30, 45). The Rep proteins activate the AAV p,,
promoter in adenovirus-infected human HeLa, KB, or 293
cells (24, 30, 45) as well as increase the p,; mRNA levels in
helper virus-infected HeLa cells (30). A Rep-dependent in-
crease of ps transcript levels in helper virus-infected KB cells
from a mutant AAV genome lacking a region within the rep
gene has also been reported (24). However, both the ps and p,o
transcript levels from the wild-type AAV genome detected in
helper virus-infected cells are always low compared with that of
Pao transcripts (24). The individual roles of different Rep
proteins in the positive regulation have not been clarified.

Little is known about the roles of Rep proteins in the
absence of helper virus. Under these nonpermissive condi-
tions, AAV efficiently integrates into host chromosomal DNA
and persists as a latent infection, with little morphological
change in the host cell (5, 22, 27). Subsequent infection with
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FIG. 1. Organization of the AAV genome, transcripts, and pro-
teins. The 4,680-nucleotide-long AAV genome is shown at the top as
a thin line with the ITRs indicated by solid boxes at the ends. The three
AAYV promoters are indicated as solid circles. The structures (lines
with arrows) and sizes of the AAV mRNAs and ORFs (open boxes)
for Rep and capsid proteins are indicated. The introns are shown as
carets. For simplicity, the alternative splicing for the spliced mRNAs is
omitted (47).

helper virus, however, can result in rescue and replication of
the AAV genome in the nucleus to produce infectious progeny
virus. During latency, very little expression of AAV genes has
been detected (27, 49) despite the fact that some characterized
AAV integration sites are located in transcriptionally active
CpG-rich regions (21, 43). This low level of AAV gene
expression might be explained by the ability of AAV to
regulate negatively its own gene expression in the absence of
helper virus. Experiments using transient transfection assays
showed that the level of chloramphenicol acetyltransferase
(CAT) activity from the p,, promoter was repressed by Rep
protein(s) both in trans and in cis in uninfected human 293 cells
(45, 46). Similarly, cotransfection of HeLa cells with a plasmid
containing a rep gene inhibited the CAT activity from ps and
P1o promoter-cat fusions (3).

In this study, we have characterized further the negative
regulation of AAV gene expression by the Rep proteins in
nonpermissive conditions. Our objectives were (i) to identify
the individual Rep proteins responsible for the negative regu-
lation, (ii) to localize putative domains within Rep proteins
required for this regulation, and (iii) to analyze possible
differences between ps and p,, regulation. Because of the
putative translational effects of Rep proteins on reporter gene
expression (46), we chose to analyze the negative regulation at
the RNA level in uninfected human 293 cells. In contrast to
HeLa or KB cells, the AAV transcripts are detectable in 293
cells in the absence of helper virus because the adenovirus Ela
and E1b proteins constitutively expressed in these cells result
in higher levels of AAV ps and p,, transcripts (6, 15, 46). These
adenovirus proteins, however, are not sufficient for replication
and productive infection of AAV (26). Our results indicate
that uninfected 293 cells transfected with a plasmid, pNTC3,
containing an amber mutation in the rep gene, accumulate ps
and p,, transcripts as a result of the lack of functional Rep
protein(s). The ability of individual Rep proteins to inhibit this
accumulation of ps and p,, transcripts from pNTC3 was tested
by cotransfection of plasmids that expressed individual Rep
proteins from a heterologous promoter. The results showed
that of the wild-type Rep proteins only Rep78 and Rep68
efficiently inhibited ps and p, mRNA accumulation. Further-
more, one Rep78 mutant (Rep78/K340H) had different effects
on the ps and p,, transcripts levels, suggesting that the
mechanisms of the inhibition of the transcript levels from these
two promoters are distinct.

J. VIROL.

ITR
i WT AAV (pNTC244)

B pNTC3

} 1 { PNTC3ori-
Ball
#l pPNTC41am

2.3 kb probe

pNTC41am
pNTC3ori:
pNTC41am

pNTC3

|

—P5 # — Rep78

* ' ‘ ‘ —tubulin
_PNTC
. . ' ' uptake

FIG. 2. AAV genomes containing an amber codon in the rep gene
accumulate ps and p,o transcripts. (A) Structures of recombinant AAV
plasmids. The locations of mutations (vertical arrows) and restriction
enzyme sites (vertical bars) for SstI and Ball in the plasmids are shown.
The vector DNA is not shown here for clarity. Other symbols: solid
circles, AAV transcription promoters; am, amber termination codon;
bent arrows, transcription start sites. (B) Transcription products from
wild-type and mutant AAV genomes in the absence of adenovirus. The
293 cells were transfected with the plasmids designated at the top and
harvested after 48 h. The RNA was analyzed by Northern analysis and
probed with a 2.3-kb, 32P-labeled PstI fragment of the AAV genome
(shown in A) or with 3?P-labeled tubulin DNA. Transcripts from the
AAV ps, pyo, and p,, promoters are indicated. Plasmid (pNTC) uptake
was measured by slot blots, with a 1.6-kb, 32P-labeled Hincll fragment
of pNTC3 as a probe. (C) Production of Rep proteins from the
transfected plasmids. Nuclear proteins were isolated, and the Rep
proteins were detected by immunoblotting with an anti-Rep antibody
(anti-Rep78.93). The position of the Rep78 protein is indicated on the
right.

MATERIALS AND METHODS

Cells and viruses. Adenovirus-transformed human embry-
onic kidney 293-31 cells (293 cells) (15) were maintained as
monolayer cultures and grown in Eagle’s minimal essential
medium (Quality Biological, Inc., Gaithersburg, Md.) supple-
mented with 10% fetal calf serum (GIBCO/BRL, Gaithers-
burg, Md.), 2 mM L-glutamine, and penicillin, neomycin, and
streptomycin (GIBCO/BRL) (100 U/ml each).

Plasmids. The AAV plasmids used in this study were
constructed by using standard techniques (28). The construc-
tion of the pNTC series of plasmids (Fig. 2A) has been
described previously (7, 8). pNTC244 carries the entire wild-
type AAV genome inserted into phagemid pTZ19U (Bio-Rad,
Richmond, Calif.). pNTC3 has an amber mutation immedi-
ately downstream from the AAV p,, promoter at AAV
nucleotide 1033 (7). pNTC41am was derived from pNTC3 by
deleting an SstI fragment which removed the ps promoter (8).
pNTC3ori — (pSK20) was constructed by cloning a Ball frag-
ment (AAV nucleotides 121 to 4553) of pNTC3 into Smal-
digested pTZ19U, which results in an AAV genome lacking
the terminal 120 bp of the left ITR and 128 bp from the right
ITR.

A series of plasmids containing the AAV rep gene expressed
from the long terminal repeat (LTR) promoter of the human
immunodeficiency virus type I (HIV-1) (the HIV-LTR pro-
moter) (1, 14, 35) were used (see Fig. 3A and 4). In all of the
plasmids, the left-hand AAV ITR and the ps promoter (AAV
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nucleotides 1 to 263) were replaced by the HIV-LTR promoter
(1, 35). pHIVrep contains the wild-type rep gene. pHIVrepam
and pHIVrepNTP are identical to pHIVrep, except that
pHIVrepam contains the same amber mutation as pNTC3 and
produces a truncated Rep protein (residues 1 to 237 of Rep78)
(1, 35), while pHIVrepNTP (34) contains mutations at AAV
nucleotides 1338 and 1340 which change lysine 340 of Rep78 to
histidine in the putative nucleoside triphosphate (NTP) bind-
ing site (designated the NTP mutant) (9). pHIVRepKam,
pHIVRepHam, pHIVRepBsam, and pHIVRepBaam have a
linker containing amber termination codons in all reading
frames inserted into the Kpnl (replacing codon 531 of Rep78),
HindIII (codon 523), BstEII (codon 463), and BamHI (codon
244) sites of pHIVrep, respectively (35). pSK1 produces wild-
type Rep78 and was derived from pHIVrep by deleting the
SnaBI-Sphl fragment which contained the right-hand ITR.
pSKO9, pSK10, and pSK14 contain the ORFs for Rep68 (major
splice site), Rep68’ (minor splice site), and Rep40’ (minor
splice site), respectively, expressed from the HIV-LTR and are
all derivatives of pSK1. The construction of these plasmids is
described elsewhere (35). pSK12 and pSK13 produce Rep52
and Rep40, respectively, expressed from the HIV-LTR. These
two plasmids contain DNA fragments synthesized by PCR.
The 5’ primer contained an additional HindIII site created by
a point mutation 15 bases upstream of the p,, initiation ATG
codon. The 3' primer includes the natural AAV HindIII site
located downstream from p,o. This PCR product containing
AAV sequences 973 to 1885 was digested with HindIII and
cloned into HindlII-cleaved pBennCAT (14), creating pSK11.
The cat gene of pSK11 was removed by digestion with Sall and
replaced with the corresponding Sall fragment from pSK1 or
pSKO to create pSK12 or pSK13, respectively. pSK3 and pSK4
were derived from pSK1 and express mutant Rep78 proteins.
pSK3 contains a deletion of the p,, initiator methionine codon
(AAV nucleotides 993 to 995), while pSK4 has a mutation
which replaces the same codon with a glycine codon (GGG)
(35). These plasmids were also used, respectively, to construct
pSKS5 and pSK7. pSK3 and pSK4 were digested with BamHI
and Xhol to delete a 1.2-kb fragment which was replaced with
a corresponding fragment from pSKO9 to create pSKS5 or pSK7,
respectively. pSKS5 encodes a Rep68 protein containing a
deletion of the p,, initiator methionine codon, while in pSK7
this codon is replaced with a glycine codon. The presence of
the mutations in all constructs was confirmed by DNA se-
quencing (39) with a Sequenase DNA sequencing kit (United
States Biochemical Corp., Cleveland, Ohio). All plasmids were
grown in Escherichia coli HB101 or DHS5 and were purified on
cesium chloride gradients (28).

DNA transfections. Transfections for RNA or protein anal-
yses were performed in parallel by the calcium phosphate
coprecipitation method (16). For cotransfections, 6 pg of
pNTC3 and 6 pg of the complementing rep plasmids were
used, unless otherwise indicated. All transfections had 12 or 20
ng of DNA adjusted with vector DNA (pTZ19U or pBR322).
Human 293 cells were plated on 100-mm-diameter dishes at a
density of 3 X 106 cells per plate 24 h prior to transfection. All
cells were harvested 48 h after transfection for protein or
RNA.

Protein extraction and Western (protein) analysis. Nuclear
proteins were isolated as previously described (35). For anal-
ysis of total cell proteins, the cells were scraped and washed
with ice-cold phosphate buffered saline (PBS), pH 7.4, (Quality
Biological, Inc.) and then lysed in 0.5 ml of cold lysis buffer (50
mM Tris-HCI [pH 7.5], 1 mM disodium EDTA, 150 mM NaCl,
1% sodium deoxycholate, 0.25 trypsin inhibitory units of
aprotinin [Sigma Chemical Co., St. Louis, Mo.] per ml, 1 mM
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phenylmethylsulfonyl fluoride, 0.5% sodium dodecyl sulphate
[SDS]). The cellular DNA was sheared by sonication with a
model W-375 Sonicator (HeatSystems-Ultrasonics, Inc., Plain-
view, N.Y.) at setting 5 for 15 s. Total protein was measured by
using the bicinchoninic acid (BCA) assay reagent (Pierce,
Rockford, Ill.). Samples containing equal amounts of protein
were boiled for 5 min in sample buffer (50% glycerol, 100 mM
sodium phosphate [pH 7.0], 5% SDS, 5% B-mercaptoethanol,
0.25% bromophenol blue) and electrophoresed in a 12.5%
polyacrylamide gel containing 0.1% SDS (25). A Multiphor II
Nova Blot apparatus (Pharmacia-LKB, Piscataway, N.J.) was
used for the electrophoretic transfer of proteins from the gel to
a polyvinylidene difluoride membrane (GIBCO/BRL). Immu-
noblotting (Western blotting) was performed by using the
PhotoBlot chemiluminescent system according to the manufac-
turer’s instructions (GIBCO/BRL). The membrane was incu-
bated with rabbit anti-Rep antibodies (1:800 dilution) raised
against either S18K oligopeptide (Rep78 amino acids 516 to
533 [29]) or Rep78.93 (E. coli-synthesized truncated Rep78
[48]). The membrane was then incubated first with biotin-
conjugated goat anti-rabbit immunoglobulin G antibody (1:
14,000 dilution) and then with streptavidin-conjugated alkaline
phosphatase (1:3,000 dilution) and finally was treated with the
chemiluminescent substrate. The treated membranes were then
exposed to Kodak (Rochester, N.Y.) X-Omat XAR-5 X-ray
film.

Isolation of RNA and Northern (RNA) analysis. All solu-
tions used for RNA isolation and electrophoresis were treated
with diethylpyrocarbonate prior to use (28). Transfected cells
were washed twice on ice with PBS and then scraped into PBS.
Cytoplasmic RNA from the cells was isolated by using an RNA
isolation kit (5 Prime—3 Prime, West Chester, Pa.) according
to manufacturer’s instructions. Equal amounts of RNA, based
on the measurement of optical density at 260 nm, were
electrophoresed in a 1.3% agarose-formaldehyde gel in 1X
MOPS (morpholinepropanesulfonic acid) buffer (28) and then
transferred to a nitrocellulose membrane (Schleicher &
Schuell, Inc., Keene, N.H.) by capillary action in 10X SSC (1 X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (28)
overnight.

For detection of transcripts, various AAV fragments of
pNTC3 and tubulin DNA (Oncor, Inc., Gaithersburg, Md.)
were labeled by the random priming method of Feinberg and
Vogelstein (11) using [a-**P]dCTP (specific activity, 3,000
Ci/mmol; NEN-DuPont, Boston, Mass.) and a random-primer
labeling kit from Boehringer Mannheim (Indianapolis, Ind.).
The pNTC3 fragments used as probes are indicated in Results
and in the figure legends.

Nitrocellulose filters were prehybridized for at least 1 h at
65°C and then hybridized with the appropriate probe in
hybridization solution (5X Denhardt’s solution [28], 0.5%
SDS, 6 SSC, 0.05% sodium pyrophosphate, and 100 pg of
denatured calf thymus DNA per ml) at 65°C for 12 to 24 h. The
filters were washed first in 2.0X SSC-0.1% SDS at room
temperature for 15 min and then with 0.1 X SSC-0.1% SDS at
65°C for 1 h. Filters were autoradiographed either at room
temperature or at —70°C on Kodak X-Omat XAR-5 film. The
transcript levels were quantitated by cutting and counting the
radioactive signals in a liquid scintillation counter.

Slot blot analysis for plasmid uptake. Nuclei from the
cytoplasmic RNA isolation procedures were dissolved in 250 .l
of 0.2 M NaOH and boiled for 15 min in order to hydrolyze
RNA and denature plasmid DNA. The samples were chilled
and neutralized with an equal volume of 2.5 M ammonium
acetate. Serial dilutions of samples were performed in 6 X SSC
to verify linearity and loaded on a slot blot apparatus (Hybri-



2950 KYOSTIO ET AL.

Slot Manifold; Bethesda Research Laboratories, Inc.). For
analysis of template plasmid uptake (pNTC3, pNTC3ori —, or
?NTC4lam), the membranes were hybridized with a 1.6-kb,
2P-labeled Hincll fragment of pNTC3 (not present in the
HIV-LTR constructs) under conditions described for North-
ern analysis. Various concentrations of pNTC3 were used as
positive controls, while similar concentrations of pHIVrepam
were used as negative controls. Radioactive signals were
counted in a scintillation counter, and values were used to
normalize transcript levels obtained from RNA analyses.

RESULTS

AAYV genomes containing amber mutations in the rep gene
have higher levels of ps and p,, transcripts than the wild-type
genome. The pNTC series of plasmids used in this study is
shown in Fig. 2A. Plasmid pNTC244 contains the cloned
wild-type AAV genome. Two of the mutant constructs, pNTC3
and pNTC3ori —, contain all of the AAV promoters, but as a
result of an amber stop codon, produce a truncated Rep
protein (amino acids 1 to 237) from the ps promoter (7).
pNTC4lam contains the same amber mutation but also lacks
both the ITR and ps promoter region (AAV nucleotides 1 to
814) (8). The constructs were transfected into uninfected
human 293 cells, and the cells were harvested for analyses of
cytoplasmic RNA or nuclear Rep proteins. The AAV tran-
scripts were identified by hybridization with a 2.3-kb PssI
fragment (AAV nucleotides 1958 to 4258) which detects
transcripts from the ps, p,o, and p,, promoters (Fig. 2A).
Transcript levels from three independent transfections were
quantitated and normalized by plasmid uptake into the nucleus
measured by DNA slot blots. Hybridizations for tubulin tran-
scripts were performed to analyze the quality of the RNA.
Tubulin was not used to normalize AAV transcript levels, since
it is not clear whether Rep proteins affect tubulin transcription.

The AAV ps, pye, and p,, promoters of the wild-type
plasmid (pNTC244) accumulated low levels of the correspond-
ing unspliced 4.2-, 3.6-, and 2.6-kb mRNAs (Fig. 2B). The
spliced transcripts (3.9, 3.3, and 2.3 kb) were not detected
because of inefficient splicing of AAV transcripts in the
absence of adenovirus (1, 46). The mutated genomes, pNTC3
and pNTC3ori —, expressed levels of ps transcripts elevated
approximately five- to sixfold above those of the wild type.
Since no difference was observed between pNTC3 and its
derivative, pNTC3ori —, the intact ITR was not required for
the elevated levels. The p,, transcript levels from these con-
structs and from pNTC4lam lacking the ps promoter region
were increased two- to threefold compared with the wild-type
levels. Since all the plasmids were equally transfected into 293
cells, as analyzed for plasmid uptake by DNA slot blots of
nuclear extracts, the differences in transcript levels were not
due to different amounts of templates. Furthermore, because
the transfected AAV genomes do not replicate in the absence
of helper virus, the template levels did not change during the
course of the experiment.

The wild-type genome (pNTC244) has been shown to pro-
duce all four Rep proteins in the presence of adenovirus (8, 9).
To determine whether the Rep proteins are detectable in the
absence of the helper virus, we performed protein analysis of
nuclear extracts in parallel with the RNA blotting (Fig. 2C).
The levels of Rep proteins synthesized in the absence of helper
virus were low, and only Rep78 was clearly detectable from the
wild-type construct. The products from the spliced ps (Rep68)
and p,o (Rep40) transcripts were not visible, reflecting the
inefficient splicing of AAV transcripts in the absence of helper
virus (1, 46). The smaller Rep proteins, Rep52 and Rep40, and
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the amber truncation products, were also difficult to detect as
a result of their low levels in the nuclear extract compared with
those in the cytoplasmic fraction (1, 29). They may also be
underestimated because they probably lack some epitopes
recognized by the antibody used (anti-Rep78.93 [32, 48]).

Since none of the mutated genomes produced the wild-type
Rep proteins, these results suggested that the increased ps and
Pio transcript levels from these genomes may be due to the lack
of wild-type Rep protein(s). Thus, the wild-type Rep proteins
may negatively regulate the transcription from the ps and p;q
promoters or alter the stability of the mRNA.

Rep proteins inhibit p; and p,, mRNA accumulation in
trans. To test whether the accumulation of ps and p,, tran-
scripts from pNTC3 was due to the absence of wild-type Rep
proteins, the wild-type rep gene was supplied in trans from
pHIVrep (Fig. 3A). This construct produces high levels of Rep
proteins from a heterologous promoter, HIV-LTR (1, 34, 35).
Plasmid pHIVrepam was used as a negative control since it
produces the same truncated Rep protein from the HIV-LTR
as pNTC3. Both pHIVrep and pHIVrepam produce shorter
transcripts from the HIV-LTR and p,, than pNTC3 because of
the deletion of a Hincll fragment (AAV nucleotides 2397 to
3987) in the capsid region. Increasing amounts of pHIVrep or
pHIVrepam were cotransfected with pNTC3 into 293 cells,
and the transcript levels were analyzed by RNA blotting with
an SstI-HindIII fragment of pNTC3 (AAYV nucleotides 813 to
1883; Fig. 3B) which detects ps and p,, transcripts from
pNTC3 and the HIV-LTR and p,, transcripts from the pHIV
plasmids equally well. The amounts of ps and p,, transcripts
from pNTC3 were quantitated, and the values were normal-
ized to the amount of template (pNTC3) uptake into the
nucleus, as measured by DNA slot blot analysis.

The wild-type Rep protein supplied in trans inhibited the
accumulation of ps and p;, mRNAs from the template
(pNTC3). An approximate fivefold decrease in the level of ps
expression was observed when 1.5 pg of pHIVrep was cotrans-
fected with 6 ng of pNTC3; a similar amount of pHIVrepam
had a minimal effect (Fig. 3B and C). The accumulation of p,o
transcripts from pNTC3 was inhibited about two- to threefold.
Similarly, the p,o levels from the complementing pHIVrep
were inhibited compared with that from pHIVrepam. The
decreased ps and p, mRNA levels caused by cotransfection
with pHIVrep were similar to those detected from a wild-type
AAV genome (Fig. 2B). Thus, the fold inhibition for the ps
and p, ¢ expression from pNTC3 by the Rep proteins produced
from pHIVrep correlated well with the fold increase of ps and
P19 levels from pNTC3 compared with that from the wild-type
genome, pNTC244 (Fig. 2B). The slight decrease in ps and p,q
mRNA levels from pNTC3 with increasing amounts of cotrans-
fected pHIVrepam may reflect competition for transcription
factors binding to both AAV promoters and the HIV-LTR.
Similar moderate dose-dependent inhibition by pHIVrepam or
by pHIVLTR, which contains no AAV sequences, has been
observed before on HIV CAT expression (1). Alternatively,
the amber truncation mutant may have a weak ability to inhibit
ps and p;,, mRNA accumulation, as suggested by the dose-
dependent inhibition curve (Fig. 3C).

Levels of rep transcripts from pHIVrep lower than that of
pHIVrepam could be due to the weak ability of Rep proteins
to repress expression from the HIV-LTR (1). There is a report
suggesting that Rep proteins negatively regulate CAT activity
from the HIV-LTR (38), although our results do not indicate
a strong or consistent negative effect at the RNA level. In
summary, supplying the functional rep gene in trans restored
the down-regulation of ps and p,y transcript levels from
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FIG. 3. Inhibition of ps and p,, transcript accumulation by Rep
protein(s). (A) Constructs used for transfection. Hincll sites used to
delete AAV capsid genes are indicated. ORFs encoding Rep and
Repam (truncated Rep) are shown as open boxes. Other symbols: solid
circles, AAV promoters; diagonally striped box, HIV-LTR promoter;
am, amber termination codon; bent arrows, transcription start sites.
(B) Northern analysis. Plasmid pNTC3 (6 pg) was cotransfected into
293 cells with increasing amounts of either pHIVrep or pHIVrepam
(1.5, 3.0, 6.0, and 12.0 pg) and equalized with pBR322 DNA. Cyto-
plasmic RNA was isolated after 48 h and analyzed by Northern blot
hybridized with a 1.1-kb 3?P-labeled SstI-HindIII fragment of AAV
DNA (shown in A) or with a 3?P-labeled tubulin DNA probe. The
positions of the transcripts produced from pNTC3 and pHIVrep or
pHIVrepam are shown on the right. —, control lane. Template pNTC3
uptake into the nucleus was measured by slot blot analysis, with a
1.6-kb, 3?P-labeled Hincll fragment of pNTC3 as a probe. (C) Quan-
titation of transcript levels. The radioactive ps and p,, transcripts from
pNTC3 and plasmid uptake signals were cut and counted in a
scintillation counter. Two independent experiments were averaged,
with the range shown by the error bars. Values at each point are
expressed as the transcript/plasmid uptake ratio as a percentage of
transcript levels from the control (pNTC3 plus pBR322). These values
were plotted against micrograms of cotransfected plasmid (pHIVrep
or pHIVrepam). O, pHIVrepam; @, pHIVrep; ——, p5S mRNA; - - —,
p19 mRNA.

pNTC3 to the same levels observed from the wild-type AAV
genome (pNTC244).

Wild-type Rep78 and Rep68 proteins have the greatest
ability to negatively regulate p and p,, transcript levels. As
described above, plasmid pHIVrep in trans inhibited ps and p;o
mRNA accumulation from the template plasmid, pNTC3. We
have previously shown that pHIVrep produces mainly Rep78
protein (1, 34, 35). To determine whether the other Rep
proteins can affect ps and p,o transcript levels from the
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FIG. 4. Series of pHIV plasmids constructed to express individual
Rep proteins from the HIV-LTR. The plasmid names and Rep
proteins produced from each construct are shown on the right. The
thin line at the top represents AAV DNA containing the native AAV
promoters (solid circles). The HIV-LTR (diagonally striped box) was
used to replace the ps or p,o promoter. Other symbols: ATG, codon for
the methionine located at amino acid 225 (in Rep78 and Rep68) or 1
(in Rep52 and Rep40); ~ - —, deletion of ATG codon; GGG, substi-
tution of a glycine codon for the methionine codon; AAG, a lysine
codon replaced with a histidine codon (CAC) (at amino acid 340 in
Rep78) in the putative NTP binding site; large caret, location of the
intron deleted by using the major splice site; small caret, location of the
intron deleted by using the minor splice site (intron and second exon
not drawn to scale); asterisks, mutated sequences or deletions. The
numbers above the constructs refer to the amino acid positions in
Rep78. The AAV sequences used as probes for the subsequent RNA
blots are indicated on the bottom.

template plasmid, pNTC3, we used plasmid constructs that
each produced only one Rep protein expressed from the
HIV-LTR (Fig. 4). Template pNTC3 was cotransfected with
plasmids expressing Rep78 (pSK1), Rep68 (pSK9), Rep68’
(pSK10), Rep52 (pSK12), Rep40 (pSK13), or Rep40’ (pSK14)
as a source of complementing Rep protein, and the levels of ps
and p,, mRNA from pNTC3 were analyzed by RNA blotting.
Transcript levels were also quantitated and normalized by
pNTC3 uptake.

On the basis of two independent transfections, Rep78
decreased the accumulation of ps transcripts 5-fold, while
Rep68 and Rep68’ inhibited ps mRNA levels 10-fold (Fig. SA
and C). The smaller Rep proteins, Rep52, Rep40, and Rep40’,
each decreased ps expression two- to threefold. The p;o
transcript levels were also efficiently decreased by Rep68
(fivefold), while Rep78, Rep52, Rep40, and Rep40’ were
equally capable of lowering p,, expression (two- to threefold).

All the rep transcripts from the HIV-LTR were equivalent
and indicated little visible differential effect by the various Rep
proteins. The p,, transcript levels from the constructs produc-
ing Repam and Rep78 mirrored the p,, transcript levels from
pNTC3, while the p,, levels from the Rep68 constructs were
slightly higher. It is possible that efficient inhibition of p,o
mRNA accumulation by Rep68 requires an upstream ps
promoter or is affected by the presence of HIV-LTR.

The production of each Rep protein from the HIV-LTR was
further tested by immunoblotting of proteins from the trans-
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FIG. 5. Regulation of ps and p,o expression by wild-type Rep
proteins. Template plasmid pNTC3 and test plasmids (pHIV series or
pBR322) were cotransfected into 293 cells, and the cells were har-
vested after 48 h. The test plasmids cotransfected and the Rep proteins
produced were as follows: pBR322, pHIVrepam (Repam), pSK1
(Rep78), pSK9 (Rep68), pSK10 (Rep68’), pSK12 (Rep52), pSK13
(Rep40), and pSK14 (pSK40'). (A) Northern analysis of the rep
transcripts produced from the transfected plasmids. The transcripts
were analyzed by hybridizing with a 1.1-kb 3?P-labeled SstI-HindIII
fragment of pNTC3 (shown in Fig. 4) or tubulin DNA. The mRNA
detected from each plasmid is indicated on the right. LTRrep is the
transcript expressed from the HIV-LTR. The p,, transcripts from
pHIV constructs are indicated by dots. Template (pNTC3) uptake was
measured as described in the legend to Fig. 3. (B) Production of the
Rep proteins expressed from the HIV-LTR and pNTC3 analyzed for
total cell (left) and nuclear (right) proteins. Protein extracts from
- transfected cells were analyzed by immunoblotting with an anti-Rep
antibody (anti-Rep78.93). The positions of the Rep and the amber
truncation proteins produced are shown between the panels. A cross-
reacting, predominantly cytoplasmic cellular protein comigrates with
Rep78. Lanes correspond to those in A. (C) Quantitation of transcript
levels. The radioactive ps and p;, transcripts and plasmid uptake
signals were cut and counted in a liquid scintillation counter. The
results of two independent experiments were averaged, with the range
shown by the bars. Values are expressed as the ps and p,q transcripts/
plasmid uptake ratio as a percentage of the control (pNTC3 plus
pBR322).

fected 293 cells by using both total cell proteins and nuclear
extracts (Fig. 5B). The immunoblots using anti-Rep78.93 an-
tibody (48) showed that each Rep protein was expressed from
the appropriate HIV-LTR plasmid (Fig. 5B). The amounts of

J. VIROL.

Rep proteins detected, however, may not be directly compa-
rable, since the various Rep proteins probably contain different
numbers of epitopes as a result of differences in length. In total
cell lysate, the truncated amber products of the expected size
(approximately 30 kDa) (Repam) from both pHIVrepam and
pNTC3 were detected. The Rep78 protein was difficult to
detect in the total lysate because of a cytoplasmic, cross-
reacting protein. However, an immunoblot of nuclear proteins
clearly showed the production of Rep78 and Rep68. Both
Rep52 and Rep40 proteins were also detected in the nucleus,
although they preferentially accumulate in the cytoplasm (1,
29). In summary, the data here indicate that Rep78 and Rep68
are able to decrease ps and p,o transcript levels more than
Rep52 and Rep40.

Multiple regions of Rep78 are required for the negative
regulation of p; and p,, expression. The weak ability of the p,
Rep proteins (Rep52, Rep40, and Rep40’') to decrease ps
transcript levels suggested that the NH, terminus (residues 1 to
224) of Rep78 and Rep68 is necessary for the efficient inhibi-
tion of ps transcript levels. To identify further the region within
Rep78 required for the negative regulation, several COOH-
terminal truncation mutants of Rep78 were tested for their
abilities to affect ps and p, mRNA accumulation. The mutant
plasmids contained amber termination codons that were intro-
duced into restriction enzyme sites of the rep gene (Fig. 6A). In
addition, the plasmid pHIVrepKam had an internal deletion of
a Kpnl fragment (AAV nucleotides 1911 to 4151) and thus
produced shorter transcripts than the other constructs. The
plasmids were cotransfected with pNTC3, and the production
of ps, pig, and HIV-LTR rep transcripts was observed by
Northern analysis, using a 1.5-kb PstI fragment of pNTC3
(AAYV nucleotides 496 to 1958) as a probe.

The truncated Rep proteins, RepHam and RepKam, were
still able to decrease ps and p,, transcript levels (Fig. 6B).
These mutants lacked 99 and 91 amino acids, respectively,
from the COOH terminus of Rep78 and thus did not contain
the region encoded by the intron spliced from the transcript for
Rep68. Furthermore, like Rep68, the RepHam and RepKam
proteins inhibited ps and p;, mRNA accumulation more
strongly than the wild-type Rep78. This may indicate that
approximately 100 carboxyl-terminal residues are not required
for the negative regulation and, in fact, may make the repres-
sor function of Rep78 weaker. However, since quantitations of
Rep78 levels were difficult to perform because of the comi-
grating, cross-reacting protein, we cannot exclude differences
in protein levels as an explanation for different levels of
inhibition. The RepBaam and RepBsam truncation mutants
that contained the amino-terminal 243 and 462 amino acids of
Rep78, respectively, had no effect on ps or p,, transcript levels.
The inability of RepBaam to inhibit was not surprising, since
this protein is close to the length of Repam (237 residues),
which was used as a negative control.

The p,o transcript levels from the complementing pHIV
plasmids, except from the RepHam and RepKam constructs,
mimicked the p,, levels from the pNTC3 within the same
transfection. This was previously seen with Rep68 constructs
(Fig. 5A) and may reflect the context of the p,, promoter.

The immunoblot analysis of total cell proteins showed that
all mutant constructs produced Rep proteins of the expected
size and that the amounts were approximately equivalent (Fig.
6C). All of these Rep proteins have also been detected
previously in nuclear extracts, although the RepBsam protein
is preferentially found in the cytoplasm (32, 35). The strong
signal across the top of the immunoblot represents a cross-
reacting cellular protein which comigrates with Rep78.

Different regions of Rep78 and Rep68 are responsible for p
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FIG. 6. Production of the truncated Rep proteins and their abilities
to inhibit ps and p,, expression in trans. Plasmids encoding truncated
Rep78 proteins were cotransfected with pNTC3 into 293 cells, and the
cells were harvested after 48 h for cytoplasmic RNA or total proteins.
The plasmids used for transfections (and Rep proteins produced) were
pHIVrepam (Repam), pSK1 (Rep78), pHIVrepKam (RepKam),
pHIVrepHam (RepHam), pHIVrepBsam (RepBsam), and pHIVrep-
Baam (RepBaam). (A) Map of the truncated Rep78 proteins. The
locations of the restriction enzyme sites where termination codons
were introduced are indicated at the top. The length (number of amino
acids) and the designation of each protein are shown on the right. (B)
Northern analysis of transcription levels. The RNA blot was hybridized
with a 32P-labeled, 1.5-kb PstI fragment of pNTC3 (shown in Fig. 4) or
with a tubulin DNA probe. The mRNAs synthesized from each
plasmid are indicated on the right. *, transcripts from the HIV-LTR
(LTRrep). Template (pNTC3) uptake was measured as described in
the legend to Fig. 3. (C) Production of each truncated protein, as
analyzed by immunoblot with whole cell extracts and an anti-Rep
antibody (anti-Rep78.93). The location of each protein is shown on the
right. A cross-reacting cellular protein comigrates with Rep78. Lanes
correspond to those in B.

and p,, regulation. To define further the regions within Rep78
important for the negative regulation of ps and p,, expression,
we tested the abilities of several additional mutant Rep78 and
Rep68 proteins to affect ps and p,, transcript levels from
pNTC3 in trans. The mutant proteins expressed from the
HIV-LTR (Fig. 4) contained an alteration in the putative NTP
binding site (K340H), a deletion of the methionine at residue
225 (M225dl) or a substitution of this methionine with glycine
(M225G) (Fig. 4). Since the methionine at 225 is encoded by
the initiation codon for the p,, Rep proteins, the correspond-
ing plasmids are not able to produce Rep52 or Rep40 proteins.
The plasmids producing the mutant proteins were cotrans-
fected with pNTC3, and the cytoplasmic RNA was measured
by Northern analysis, using a 1.5-kb PstI fragment of pNTC3 as
a probe (Fig. 4).

As expected, the positive controls, Rep78 and Rep68, inhib-
ited ps and p,, transcript accumulation from pNTC3 (Fig. 7A).
The Rep78/K340H protein also decreased the level of ps
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FIG. 7. Regulation of ps and p,, expression by wild-type and
mutant Rep proteins. 293 cells were cotransfected with pNTC3 and
one of the following pHIV plasmids (producing the Rep protein
indicated in parentheses): pHIVrepam (Repam), pSK1 (Rep78),
pHIVrepNTP (Rep78/K340H), pSK3 (Rep78/M225dl), pSK4 (Rep78/
M225G), pSK9 (Rep68), pSKS (Rep68/M225dl), and pSK7 (Rep68/
M225G). (A) Effect of mutant Rep78 or Rep68 proteins on ps and p,g
transcript levels. rep mRNA levels were analyzed by Northern blotting,
with the 3?P-labeled 1.5-kb PstI fragment of pNTC3 (shown in Fig. 4)
as a probe. 3?P-labeled tubulin DNA was used as a control. Template
(pNTC3) uptake was measured as described in the legend to Fig. 3. (B)
Production of the Rep proteins analyzed by immunoblotting with
anti-Rep antibody (S18K). The positions and apparent molecular
weights (in thousands) of the Rep proteins are indicated on the right.
The signal at the top of panel B represents a cross-reacting cellular
protein.

transcripts to a level comparable with that of Rep68, but it did
not efficiently lower the level of p,, transcripts from pNTC3.
This difference was also observed for the p,o transcripts
initiated from the construct producing the mutant Rep protein.
The fact that expression from ps, but not p,s, was clearly
inhibited by the Rep78/K340H mutant indicates that different
regions of Rep78 may be required for regulation of ps versus
P19

The two Rep78 constructs containing mutations in the
methionine codon (M-225) revealed different effects on rep
mRNA accumulation (Fig. 7A). The Rep78/M225d! mutant
had reduced ability to inhibit ps and p,, mRNA accumulation
compared with the wild-type Rep78. Although it is not clear in
Fig. 7, Rep78/M225dl was not totally incapable of inhibiting
the RNA accumulation. A titration experiment with pNTC3 or
pNTC3ori — and increasing amounts of this mutant indicated a
weak dose-dependent inhibition of both ps and p;, mRNA
levels (data not shown for pNTC3; Fig. 8A for pNTC3ori —). In
contrast, Rep78/M225G lowered both ps and p;, mRNA levels
comparably to wild-type Rep78. Similar results were observed
when the same mutations (M225d/ and M225G) were intro-
duced into Rep68 (Fig. 7A).

The transcript levels from the HIV-LTR did not appear to
be affected by the Rep proteins produced from these comple-
menting plasmids, since the amounts of the chimeric rep
transcripts were even. The p;, transcript levels from these



2954 KYOSTIO ET AL.

A. pNTC3ori- +

Rep78 Rep78/ Rep78
K340H M2254d/

R ]

1

Repam

FEsCgaulinr ¢

0 bl L. & —LTRrep

?t pHIV
" B —P1s

] pNTC3ori-

—tubulin

L B L

o> ? & i ! I \ b \ N N
pNTC3ori-
R
B . pNTC41am +
f. Rep78 Rep78/ Rep78/ |
3 K340H M225d/
] =

R -e S8 8™ _p . pNTCalam
' e - . B LTRrep

” pHIV
i : ; E B Do

— tubulin

T NN oS
pNTC41am
AR EEEEREN

FIG. 8. The effect of deleting upstream AAV DNA sequences on
the regulation of AAV ps and p,, expression by the wild-type and
mutant Rep78 proteins. The template plasmids containing amber
mutations (Fig. 2A) were pNTC3ori— (lacking approximately 120
nucleotides from each ITR) or pNTC4lam (lacking nucleotides 1 to
814 of the AAV sequence). Six micrograms of plasmid pNTC3ori —
(A) or pNTC4lam (B) was cotransfected with plasmids producing
Repam (6.0 pg of pHIVrepam) or increasing amounts (0.6, 3.0, and 6.0
ng) of wild-type Rep78 (pSK1), Rep78/K340H (pHIVrepNTP), or
Rep78/M225dl (pSK3). The cytoplasmic RNA was isolated after 48 h
and analyzed by RNA blotting. The RNA blots were hybridized with
the 3?P-labeled, 1.5-kb PstI fragment of pNTC3 (shown in Fig. 4) or
with a tubulin DNA probe. The transcripts produced from the various
promoters (ps, pPjo» and LTRrep) and plasmids (pNTC3ori—,
pNTC41am, and pHIV) are indicated on the right. Template plasmid
(PNTC3ori — and pNTC41am) uptake was measured as described in
the legend to Fig. 3.

constructs behaved differently, depending on whether p,q
mRNA was produced from various Rep78 or Rep68 con-
structs. In the case of Rep78 constructs, the p,, levels from the
cotransfected, complementing plasmids mimicked the p,q lev-
els from pNTC3, as was described previously for Fig. 5A and
6B. In contrast, the p,, transcript levels from different Rep68
constructs were consistently slightly higher, as was also visible
in previous analyses (Fig. 5 and 6).

The M225dl and M225G mutations in Rep78 and Rep68
prevent the expression of Rep52 and Rep40 proteins from the
respective pHIV-LTR plasmids (8, 35). Our finding that Rep78
and Rep68 containing the M225G mutations still clearly
inhibited ps expression supports our earlier conclusion that
Rep52 and Rep40 have little effect on the regulation of ps
expression.

Western analysis of total cell proteins showed that mutant
proteins of the expected size were produced (Fig. 7B). While
the levels of the different Rep68 proteins produced were
equivalent, the levels of Rep78/K340H and Rep78/M225d!
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were higher than the wild-type Rep78 and Rep78/M225G
protein levels. Although the wild-type Rep78 and Rep78/
M225G proteins appeared to be unstable in total cell lysates,
they have been shown previously to be clearly detectable in the
nuclear fraction (Fig. 5B [35]). The lack of p,, repression by
Rep78/K340H also resulted in the production of both Rep52
and Rep40 from the pHIV construct. The M225d! mutation
which deleted the endogenous p4 initiation methionine for
Rep52 and Rep40 resulted in the production of proteins that
were approximately 10 kDa smaller than the wild-type p,o
proteins from both mutant Rep78 and Rep68 constructs.
These correspond to the sizes expected for Rep proteins if the
next methionine codon (amino acid 274 of Rep78) downstream
from the codon for M-225 were used for initiating translation.
However, we cannot exclude the possibility that the smaller
proteins resulted from the degradation of the mutant proteins.

Effects of deletions of AAV sequences in cis on ps and p,,
mRNA levels. Plasmids pNTC3ori — and pNTC41am (Fig. 2A)
were used as templates to determine the effects of sequences
upstream from the ps and p,, promoters on the regulation of
ps and p,, expression by wild-type and mutant Rep78 proteins.
pNTC3ori— or pNTC4lam was transfected into 293 cells
together with increasing amounts of plasmids encoding the
wild-type and mutant Rep78 proteins (Rep78/K340H and
Rep78/M225dl) (Fig. 8).

The lack of ITR sequences (AAV nucleotides 1 to 120) in
pNTC3ori — did not alter the regulation of ps or p,o mRNA
levels by any of the Rep78 proteins tested (Fig. 8A). Both the
wild-type and mutant Rep78 proteins in trans regulated the ps
and p,, transcript levels from the pNTC3o0ri — template simi-
larly to the pNTC3 template (Fig. 7A). The inability of the
NTP mutant (Rep78/K340H) to down-regulate p,, mRNA
levels is clear, although a slight decrease of p,, transcript levels
was seen at the highest level of the mutant protein. Also visible
in Fig. 8 is the decreased ability of Rep78/M225d! to inhibit
both ps and p;o mRNA accumulation. The p,, expression from
the complementing pHIV plasmids (encoding Rep78/K340H
and Rep78/M225dl) consistently mimicked the p,, expression
from the cotransfected pNTC3. In summary, an intact ITR is
not required for the inhibition of ps or p,, transcript levels by
Rep78.

The results with the pNTC41lam construct which lacks the
ITR and ps promoter region (AAV nucleotides 1 to 814)
revealed three features (Fig. 8B). First, because no ps tran-
scripts are produced from pNTC4lam, the dose-dependent
negative regulation of p,, transcripts by Rep78 was more
evident than that in Fig. 8A. Second, the levels of p;, mRNA
from pNTC41lam in the presence of Rep78/K340H remained
unchanged and there was no dose-dependent inhibition as seen
with pNTC3ori —. Third, similarly to ps transcripts (Fig. 8A),
the ability of Rep78/M225d! to down-regulate p,, transcript
levels was decreased. As was described above, the weaker
negative regulation of p,, expression by the mutant Rep
proteins was also seen from the p,, promoter in the cotrans-
fected HIV-LTR plasmids.

The abilities of the other wild-type Rep proteins, Rep68,
Rep52, and Rep40 to inhibit p,, mRNA accumulation from
pNTC41am were also tested (Fig. 9). Rep68 caused a stronger
inhibition than Rep78, similar to results in Fig. 5. The smaller
Rep proteins affected pNTC4lam p,, expression less than
Rep68 but were approximately as efficient as Rep78, as was
already described for Fig. 5. This indicates that negative
regulation of p,, expression by Rep proteins is possible in the
absence of the upstream ps promoter.
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FIG. 9. Quantitation of p,4 transcript levels from templates pNTC3
and pNTC41am which either contain or lack the upstream ps promoter
region. The values for pNTC3 are those obtained for the quantitation
of transcript levels indicated in Fig. 5C. Values for p,, transcript levels
from pNTC4lam were measured from two independent transfection
experiments using 6 pg of pNTC41am and 6 pg of constructs produc-
ing Repam (pHIVrepam), Rep78 (pSK1), Rep68 (pSK9), Rep52
(pSK12), or Rep40 (pSK13). The p,, transcripts were quantitated by
cutting and counting in a liquid scintillation counter and normalized by
template DNA uptake measured by slot blot. Values are expressed as
the p, transcripts/template uptake ratio as a percentage of the control
(pPNTC3 or pNTC41lam plus pBR322).

DISCUSSION

We have shown here that AAV Rep proteins, Rep78 and
Rep68, translated from the ps transcripts, efficiently down-
regulate the mRNA levels from both the AAV ps and p;o
promoters. This conclusion is based on the following results.
First, the mutant AAV genomes (pNTC3, pNTC3ori—, and
pNTC4lam) containing amber mutations in the rep gene
accumulated higher levels of ps; and p,, transcripts in the
cytoplasm of human 293 cells than the wild-type genome
(pNTC244). Second, the complementation of the AAV ge-
nomes containing amber mutations in the rep gene (pNTC3,
pNTC3ori —, and pNTC41am) with Rep78 or Rep68 in trans
restored the down-regulation of ps and p,, mRNA to wild-type
levels. This confirms that the increase in ps and p,, transcript
levels from the amber constructs was due to the absence of the
wild-type Rep proteins. The reduced ps or p,, levels with some
of the Rep proteins were not due to limiting amounts of
template, since the template (pNTC3, pNTC3ori—, or
pNTC41am) uptake into the nucleus was consistent, as mea-
sured by slot blots. The production of a correct-size Rep
protein was also confirmed by immunoblots.

The mechanism of the negative regulation observed in our
studies remains to be determined. Thus, whether the changes
in the steady-state levels of mRNA resulted from a change at
the level of transcript synthesis or message stability is not clear.
The negative regulation of ps and p,, expression by Rep
proteins has been detected previously in HeLa cells by Beaton
et al. (3). In their studies, cotransfection of a wild-type AAV
genome producing Rep protein(s) decreased CAT activity
from ps (AAV nucleotides 144 to 310) or p,, (814 to 964)
promoters fused to the cat gene, implying that the regulation
occurred at transcriptional level. Our preliminary data (not
shown) also suggest that the inhibition of ps levels in 293 cells
is mediated at the level of transcription initiation, since regions
downstream of the transcript initiation site are not necessary
for the negative regulation. Furthermore, it has recently been
shown by gel shift and DNasel protection analysis that purified
Rep68 binds between the ps TATA box and the transcription
initiation site (36), indicating that Rep proteins can interact
with AAV DNA in regions which are important for the control
of transcription. In our studies, the specificity of negative
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regulation by Rep proteins for AAV promoters was supported
by the fact that the levels of rep transcripts produced from a
heterologous promoter (HIV-LTR) were subject to little or no
change by the Rep proteins. All the wild-type Rep proteins
produced in this study have previously been shown to be
present in the nucleus, as would be expected for proteins
involved in transcription regulation (1, 29, 35). Although Rep
Bsam was underrepresented in the nuclear fraction, all the
mutant Rep proteins could also be detected in the nucleus
because of either the presence of a putative nuclear localiza-
tion sequence or the small size of the protein (35, 51). Lastly,
the negative regulation of ps and p,, transcript levels is not
restricted to 293 cells, since the phenomenon has been previ-
ously detected in uninfected HeLa cells (3). Thus, the negative
regulation by the Rep proteins does not appear to require the
presence of adenovirus Ela and E1b proteins expressed in 293
cells (15).

Our results indicate that control of ps versus p,, expression
by Rep proteins can be separated and thus may occur by
different mechanisms. First, as also shown by Beaton et al. (3)
in HeLa cells, the negative regulation of p,4 in 293 cells did not
require the presence of the ps promoter, since the deletion of
the AAV nucleotides 1 to 814 (which includes the ps pro-
moter) did not abolish the ability of Rep78 or Rep68 to
decrease p,, expression. Second, the Rep78/K340H protein in
trans still efficiently down-regulated p5 transcript levels but was
greatly reduced in its ability to decrease the transcript levels
from the p,, promoter (Fig. 7A and 8A). These results indicate
that ps and p,, transcript levels can be regulated indepen-
dently. However, simultaneous control of both ps and p,4 by
the Rep proteins in vivo may enhance the negative effect. In
the presence of the upstream ps promoter, we observed a weak
dose-dependent inhibition of p,, expression by the NTP mu-
tant (Rep78/K340H) while in the pNTC41am construct lacking
the ps promoter, there was no visible inhibition by the increas-
ing amounts of the NTP mutant. Furthermore, there was a
slight decrease in the abilities of the wild-type Rep proteins,
especially Rep68, to regulate p;, mRNA in the absence of the
upstream ps region (Fig. 9). This may also explain why the p,,
mRNA levels from Rep68 HIV-LTR constructs lacking the ps
promoter region were consistently higher than those from the
P1o promoter in the cotransfected pNTC3 template containing
the upstream ps promoter.

The inability of the NTP-mutant Rep protein (K340H) to
negatively regulate the p,, promoter indicates another func-
tional importance of the putative NTP binding site. A mutant
AAV genome containing this K340H mutation is also domi-
nant-negative for replication (9) and the Rep78/K340H pro-
tein is dominant-negative for in vitro AAV terminal resolution
(33). Furthermore, the K340H mutation abolishes the ability of
Rep78 to inhibit HIV-1 replication (1, 38). Previous reports of
studies using a different Rep-NTP mutant (T3411, N342Y)
have indicated that the activation of AAV p,, and p,, promot-
ers in the presence of adenovirus is also dependent on the
wild-type NTP binding site (31). However, it still remains to be
seen whether the putative NTP binding site actually binds
NTP.

The Rep68 and Rep78 proteins require multiple functional
domains for efficient inhibition of ps and p,¢ transcript levels.
On the basis of our results with the carboxyl-terminal deletion
mutants and the reduced ability of Rep52 and Rep40 to
decrease ps and p,, expression, we conclude that a large region
(amino acids 1 to 522) of the protein is required for maximal
negative regulation. Similar requirements for multiple regions
of the Rep protein have been demonstrated for other Rep
functions (30, 31, 35, 51). Rep68 and some of the COOH-
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terminal truncation mutants of Rep78 had increased abilities
to down-regulate ps mRNA accumulation. It is not clear
whether some of the features of the COOH-terminal region of
Rep78 missing in Rep68, such as two putative zinc fingers and
10 of a total of 12 cysteines, or greater production or stability
of the Rep68 is responsible for this differential effect. The
site-specific mutants also showed some interesting features.
The ability of the Rep78/K340H mutant to decrease ps mRNA
levels indicated that the putative NTP binding site is not
required for this function. The Rep mutant containing a
deletion at the codon for amino acid 225 (M225dl) showed
decreased efficiency to lower both ps and p; mRNA accumu-
lation. The fact that a deletion rather than a substitution of the
methionine residue affected the mutant Rep protein’s ability to
regulate ps expression suggests that the methionine itself is not
important but rather its deletion may have altered the overall
protein conformation. The AAV genome containing this mu-
tation (M225d/) is also unable to replicate (8), and the mutant
Rep78 protein produced from this genome binds weakly to the
AAV terminal hairpin (35).

The physiological significance of the negative regulation of
ps and p,, is not clear. There are several stages of the AAV life
cycle during which inhibition of rep gene expression might be
advantageous, and it is possible that repression occurs through
more than one mechanism. In the absence of helper virus,
AAV establishes a latent infection by integrating into host
chromosomal DNA, probably as a result of conditions unable
to support AAV replication (5, 27, 50). Only very low levels of
AAYV gene expression have been detected in latently infected
human cells by Northern analysis (27, 49). This silent stage may
be due to binding of cellular repressors, such as YY1, which
are known to repress ps expression in the absence of helper
virus (40). However, integrated heterologous genes can be
efficiently expressed from the AAV ps promoter in the absence
of rep genes (12, 13). Furthermore, several integration sites for
AAY have been localized to CpG-rich regions of chromosomal
DNA which are suggestive of transcriptionally active sites (21,
43). This suggests an additional safety mechanism in which low
levels of AAV Rep proteins actively reduce transcription from
their own promoters during latency. This may aid in maintain-
ing the latent stage and would decrease the synthesis of
structural and nonstructural AAV proteins and thus minimize
the activation of host immune defenses. Likewise, suppression
of Rep protein levels would reduce the known inhibitory
effects of Rep proteins on heterologous genes and on cellular
proliferation and thus ensure the replication of the provirus
with the cellular DNA (20, 23).

The Rep proteins appear to have multiple properties in gene
regulation during the AAV life cycle. In the presence of helper
virus, where replication of AAV occurs, AAV ps, P;o, and p,g
promoters are activated by the Rep proteins (24, 30). However,
analysis of the AAV transcript levels during replication has
shown very low levels of p,, and ps transcripts (5 to 10%)
compared with that of p,, (24). It is possible that the AAV
promoters are differentially regulated at various times after
infection. Under these conditions, the putative trans-activating
and repressing properties of Rep proteins on ps and p;o
expression could be important for production of appropriate
levels of Rep proteins in order to control AAV gene expression
precisely. Several regulatory proteins from herpesviruses (e.g.,
human cytomegalovirus IE2 protein) have the ability both to
activate and to repress their own expression at various times
during the virus life cycle and, consequently, strongly autoregu-
late their own expression to maintain proper levels of the
regulatory proteins (10, 37). The mechanism for the seemingly
opposite functions for the herpesvirus proteins appears to
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depend on the presence of other viral and host proteins (10).
It would not be surprising if AAV Rep proteins could also
respond to changing environmental conditions such as the
presence of helper virus, various hosts, or phases of the host
cell cycle.

In summary, we have shown that AAV Rep68 and Rep78
proteins are able to inhibit efficiently ps and p,, transcript
levels under nonpermissive conditions. This ability may be
important to down-regulate AAV transcription from the inte-
grated AAV provirus stage, when the flanking genomic envi-
ronment might otherwise enhance AAV gene expression. We
are currently studying the mechanism of ps promoter repres-
sion by Rep proteins and hope that these studies will further
clarify the regulation of AAV gene expression and its physio-
logical significance in the AAYV life cycle.
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