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Adeno-associated virus encodes four nonstructural proteins, which are known as Rep78, Rep68, Rep52, and
Rep40. Expression of these nonstructural proteins affects cell growth and gene expression through processes
that have not yet been characterized. Using a yeast two-hybrid screen, we have demonstrated that a stable
interaction occurs between the viral proteins Rep78 and Rep52 and the putative protein kinase PrKX, which
is encoded on the X chromosome. The stability and specificity of the Rep-PrKX interaction were confirmed by
coimmunoprecipitation of complexes assembled in vitro and in vivo. Overexpressed PrKX, which was purified
from cos cells, was shown to phosphorylate a synthetic protein kinase A (PKA) substrate. However, this activity
was dramatically inhibited by stoichiometric amounts of Rep52 and weakly inhibited with Rep68, which lacks
the carboxy-terminal sequence contained in Rep52. Similarly, a stable interaction was observed with Rep78,
which also contains the carboxy-terminal sequence of Rep52. A stable interaction and inhibition were also
observed between Rep52 and the catalytic subunit of PKA. By using surface plasmon resonance and kinetic
studies, Kis of approximately 300 and 167 nM were calculated for Rep52 with PKA and with PrKX, respectively.
Thus, Rep52 but not Rep68 can significantly inhibit the trans- and autophosphorylation activities of these
kinases. The biological effects of Rep78-specific inhibition of PKA-responsive genes are illustrated by the
reduction of steady-state levels of cyclic AMP-responsive-element-binding protein and cyclin A protein.

Infection with the human dependovirus adeno-associated
virus type 2 (AAV) has been reported to inhibit cell prolifer-
ation rates (52) and to induce growth arrest (14), cell death
(38), and tumor suppression (15–17). Some of these effects
have been attributed to the viral nonstructural Rep proteins,
which are central to the regulation of AAV DNA replication
and transcription (2, 18, 36, 44, 46). Two of the Rep proteins
(Rep68 and Rep78) have been associated with the preferential
integration of AAV genomes into a region of the long or q arm
of human chromosome 19 (27–29, 48). Rep68 and Rep78 are
transcribed from the promoter at map unit 5 (p5) and are
produced from spliced and unspliced mRNAs, respectively
(see Fig. 1). In vitro assays have demonstrated helicase activ-
ities as well as site- and strand-specific nicking activities for
these proteins (22, 41, 42, 50). DNA binding and nicking ac-
tivities have been shown to require the binding of the Rep
proteins to tandem repeats of a GAGY motif present in the
inverted terminal repeat (ITR) structures at the ends of the
viral genome (5). Two additional Rep proteins are produced
from an internal promoter in the Rep open reading frame
(ORF) at map unit 19 and are referred to by their apparent
molecular masses, i.e., Rep52 and Rep40. While these two
proteins lack the DNA binding ability of Rep68 and Rep78,
they have recently been shown to possess ATP-dependent he-
licase activity (39).

In addition to their role in the life cycle of AAV, Rep
expression results in a characteristic phenotype. Overexpres-
sion of Rep68 and Rep78 has been shown to either negatively

or positively affect transcription of heterologous promoters, to
inhibit cellular transformation by papillomavirus or by adeno-
virus E1a plus an activated ras oncogene (15–17, 19, 24, 30, 31,
51), and to inhibit progression through the cell cycle (14, 52).
Recent data have demonstrated that infection with AAV can
affect cell growth by inhibiting phosphorylation of the pRB
protein family as well as by stimulating expression of the reg-
ulatory protein of the cyclin-dependent protein kinase
p21WAF1 (14). While some of these activities may be mediated
by the direct interaction of Rep with DNA, other effects may
result from interactions with cellular regulatory proteins. Fur-
thermore, the AAV p19-promoted protein Rep52, which does
not bind the ITR, has also been shown to inhibit expression of
heterologous promoters. This observation suggests that Rep52
may affect cellular gene expression through interactions with
cellular proteins (19, 31).

One technique used to examine protein-protein interaction
is the yeast two-hybrid system. The results presented here
demonstrate a strong interaction of Rep52 and Rep78 but not
Rep68D with a protein kinase A (PKA)-type kinase, which is
referred to as PKX1 (or PrKX). PrKX is located on the human
X chromosome at Xp22.3. This novel protein kinase has wide-
spread expression, with the highest levels of expression in fetal
and adult brain, kidney, and lung tissue as detected by North-
ern blot analysis (25).

Based on surface plasmon resonance (SPR) and enzyme
kinetics, our data show that Rep52 associates with PrKX and
inhibits kinase activity. The catalytic subunit of PKA was sim-
ilarly inhibited by Rep52. While the physiological role of PrKX
remains to be elucidated, Rep-mediated inhibition of PKA
alone or both PKA and PrKX may explain some of the effects
of Rep expression on cell growth and cell cycle progression.
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MATERIALS AND METHODS

Plasmids and yeast transformation. The Gal4 DNA binding domain (BD)-
Rep fusion expression plasmid (bait plasmid) was constructed by ligating the
NcoI/XhoI fragment of the AAV Rep ORF into the NdeI/SalI sites of the
pAS1-CYH2 plasmid (kindly provided by Stephen Elledge) via an NdeI/NcoI
linker. The random-primed HeLa cell cDNA library was obtained from Clone-
tech Laboratories. Yeast (Saccharomyces cerevisiae Y1090) were transformed
with the Yeastmaker kit (Clonetech Laboratories) according to the manufactur-
er’s instructions. The plasmid pGem Rep52 (pSR378) contains AAV nucleotides
989 to 2187 (containing the Rep52 ORF) in plasmid pGEM-3Z (Promega). The
maltose-binding protein (MBP)-Rep fusion proteins MBP-Rep52, MBP-Rep68,
and MBP-LacZ were purified as previously described (3). The cDNA for PrKX
was isolated from a random-primed HeLa cell cDNA library. Several indepen-
dent clones were isolated and sequenced. The longest clone contained bases 450
to 1880 of the cDNA originally reported (25) (GenBank accession no. X85545).
This cDNA has a valine-to-alanine substitution at position 42, compared to the
original isolate. A full-length clone was constructed (SVPrKX) by using synthetic
oligonucleotides which incorporated an amino-terminal poly-His tag (MGSSH-
HHHHHSSG) for affinity purification. The final construct was produced by
ligation into the StuI and HindIII sites of pSV-Sport (BRL). This plasmid was
introduced into cos cells by electroporation as previously described (5). A glu-
tathione S-transferase (GST)-PrKX fusion protein was produced with the ESP
yeast expression system in Schizosaccharomyces pombe (Stratagene). An SmaI/
HindIII fragment was isolated from SVPrKX and cloned into the StuI/HindIII
sites of the HTb shuttle vector (BRL); a BamHI/HindIII fragment was then
isolated, and the HindIII site was filled in with the Escherichia coli DNA poly-
merase Klenow fragment. This fragment was then cloned into the BamHI/SmaI
sites of ESP. Recombinant protein was produced following the manufacturer’s
instructions (Stratagene).

Rep68 and Rep78 expression plasmids were created by cloning the Rep68 and
Rep78 ORFs into the expression plasmid Cb6 (37). Rep68 and Rep78 ORFs
were generated by PCR amplification with Pfu DNA polymerase (Stratagene),
with BglII restriction sites added to the coding primer and XhoI sites added to the
noncoding primer. The sequence was confirmed by dye terminator sequencing
reactions on an automated sequencer (ABI 373a).

Purification of PrKX from cos cells. cos cells (2 3 108) were electroporated
with pSVPrKX as previously described (4). The medium was changed 24 h
postelectroporation, and the cells were scraped from the tissue culture plates 12
to 24 h later (36 to 48 h postelectroporation). The detached cells were rinsed
once with cold phosphate-buffered saline (PBS), and the cells were pelleted and
resuspended in 10 ml of 13 binding buffer (BB) (20 mM Tris-HCl [pH 7.9], 500
M NaCl containing 5 mM imidazole) (Novagen). The cells were lysed by the
addition of 10 ml of 13 binding buffer containing 2% Nonidet P-40 (NP-40) and
incubated on ice for 5 min. Following sonication (23 10-s pulses), the lysate was
centrifuged for 5 min at 12,000 3 g, and the supernatant was removed. The pellet
was resuspended in 10 ml of BB containing 1% NP-40 and 5 mM imidazole,
sonicated, and centrifuged for 20 min at 12,000 3 g. Finally, the supernatant was
applied to a 0.5-ml column of charged nickel resin (Novagen) and washed
sequentially with (i) 40 ml of BB with 1% NP-40, (ii) 10 ml of 25 mM imidazole
BB–1% NP-40, (iii) 10 ml of 25 mM imidazole BB containing 1 mM fresh cyclic
AMP (cAMP) and 1% NP-40, (iv) 20 ml of 25 mM imidazole BB, (v) 20 ml of
40 mM imidazole BB, and (vi) 10 ml of 60 mM imidazole BB buffer with 1%
NP-40. The remaining adsorbed protein was eluted with 150 mM imidazole wash
buffer. The peak protein fractions, as determined by Coomassie staining of
sodium dodecyl sulfate (SDS)-polyacrylamide gels, were pooled and dialyzed
against 0.25% NP-40–20% glycerol–1 mM dithiothreitol (DTT)–20 mM Tris-
HCl (pH 8) or 20 mM 3-(N-morpholino)propanesulfonic acid–150 mM NaCl–1
mM DTT–0.005% surfactant P20 (pH 7.0; Biacore buffer B).

Coimmunoprecipitation. 35S-labeled proteins were produced with a coupled
transcription-translation reaction (TNT system; Promega Corp.) following the
manufacturer’s instructions. Glutathione-Sepharose beads (Pharmacia) were
washed three times in GST-BB (PBS [pH 7.2], 1 mg of bovine serum albumin
[BSA] per ml, 0.5% NP-40). Radiolabeled proteins were first diluted in GST-BB
and centrifuged at 10,000 3 g for 2 min. The supernatant was transferred to a
fresh tube and recentrifuged with 60 ml of a 50% slurry (vol/vol) of glutathione
beads to remove proteins which bound to the glutathione beads alone. The
supernatant was then divided into two tubes, and one tube was supplemented
with 1 mg of purified yeast GST-PrKX and allowed to incubate for 1 h at 8°C.
Then, glutathione beads were added to all samples, and the samples were incu-
bated for an additional 30 min followed by three washes with GST-BB and three
washes with GST-BB without BSA. The pellet containing the beads was then
resuspended in SDS sample buffer and fractionated by electrophoresis on a
Tris-glycine polyacrylamide gel. The bacterial expression plasmid for PKA was
kindly provided by Susan S. Taylor (University of California, San Diego).

In vivo coimmunoprecipitations were done by electroporating cos cells with
the indicated plasmids as described above. At 36 h postelectroporation, the
plates were rinsed with cold PBS and lysed by adding 3 ml of lysis buffer (PBS
[pH 7.4], 0.5% NP-40, complete protease inhibitors [Boehringer Mannheim])
and rocking in the cold for 30 min. The plates were then scraped and rinsed with
1 ml of lysis buffer followed by centrifugation for 15 min. The supernatant was
then transferred to a fresh tube, and the pellet was resuspended in lysis buffer

supplemented with an additional 0.5% NP-40 and briefly sonicated. Following
microcentrifugation, the supernatant was removed and pooled with the super-
natant from the previous centrifugation. The lysates were then cleared by adding
1 mg of normal rabbit immunoglobulin G (Santa Cruz Biotechnology) and pro-
tein A beads followed by centrifugation. This step was repeated with protein A
beads alone. Approximately 1 ml of the lysate was recentrifuged in an Eppendorf
tube, and 3 mg of anti-His antibody (Santa Cruz Biotechnology) was incubated
with the lysate for 1 h on a rotating platform. A 20-ml aliquot of protein A beads
(Santa Cruz Biotechnology) was then added, and the incubation was continued
for an additional 5 h. Following this incubation, the beads were pelleted and
washed three times with lysis buffer and then resuspended in SDS sample buffer.
Western blots were prepared by electrophoresis of the precipitated protein
samples on SDS-10% polyacrylamide gels, followed by transfer to nitrocellulose
membranes and probing with an anti-Rep antibody (303.9; American Research
Products).

SPR. Binding experiments between immobilized PrKX or PKA and Rep52 and
Rep68 were performed on a BIAcore 2000 system (BIAcore AB) in 20 mM
morpholinepropanesulfonic acid (MOPS)–150 mM KCl–1 mM DTT–0.005%
surfactant P20 (BIAcore AB no. BR1000-54) (pH 7.0; buffer B). A GST-specific
sensor surface was created by immobilizing an aGST antibody (BIAcore GST
capture kit) on carboxymethyl (CM) 5 sensor chips (research grade). A total of
6,000 response units (RU) of the antibody was coupled with a standard amine
coupling reaction via N-hydroxysuccinimide/N-ethyl-N7-(3-diethylaminopropyl)
carbodiimide (NHS/EDC) according to the instructions of the manufacturer
(BIAcore). A total of 1,000 RU corresponds to 1 ng of protein per mm2 bound
to the CM surface. Both PrKX overexpressed and purified from S. pombe and the
catalytic subunit of PKA overexpressed and purified from E. coli were immobi-
lized as GST-fusion proteins. A 5-mg/ml solution of each protein was injected
over the aGST surface with a flow rate of 5 ml/min, resulting in 480 to 600 RU
bound to the GST antibody. With a baseline drift of 2 to 3 RU/min, this surface
was stable enough for binding of Rep with a flow rate of 30 ml/min. After each
binding event, the surface was regenerated with 10 mM glycine (pH 2.2), remov-
ing the PrKX-Rep or PKA-Rep complex from the antibody surface, followed by
a novel coupling of GST-PrKX or GST-PKA. To obtain association and disso-
ciation rate constants and to calculate apparent Kds, the interactions between
GST-PrKX or GST-PKA and the Rep proteins were measured by injecting Rep
at a concentration ranging from 150 to 1,400 nM in buffer B. In the association
phase, the interactions were monitored for 4 min. The dissociation phase was
then monitored for 6 min. To correct for unspecific binding, blank runs were
performed on a surface with the same amount of antibody immobilized and this
value was subtracted. To prevent nonspecific binding to the CM surface, runs
were performed in the presence of 1 mg of CM dextran (Fluka) per ml. Kinetic
constants were calculated by global fit analysis employing BIAevaluation 3.0
software. A single set of rate constants was used to fit association and dissocia-
tion rate constants simultaneously at different concentrations.

Kinase assay. Kinase reactions were typically carried out under conditions that
consisted of 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 200 mM ATP
supplemented with [g-32P]ATP to a final specific activity of 200 mCi/mmol, with
incubation at 30°C. Peptide substrates were purchased from New England Bio-
labs and used at a final concentration of 200 mM. For kinetic determinations,
25-ml reaction mixtures were started by the addition of 100 ng (2.6 pmol) of
purified PrKX, and 3-ml samples were removed at 1-min intervals (starting at
30 s) for 5 min. Samples were spotted onto 25-cm P81 filters (Whatman) and
then washed four times for 3 min with 75 mM phosphoric acid. The washed filters
were then dried under a heat lamp, and the bound radioactivity was measured by
liquid scintillation counting. The kinase activity of PKA was measured in a
similar manner, except that 10 nM (0.25 pmol) purified PKA was used.

Western blots. Whole-cell lysates were prepared from electroporated cos cells
at 36 h postelectroporation. The cells were washed in PBS and lysed in 13 SDS
sample buffer, and the DNA was sheared with a Qiashredder column (Qiagen).
Equal loading of protein was determined by Coomassie staining of polyacryl-
amide gels with serial dilutions of the samples. Western blots were prepared by
electrophoresis of equivalent amounts of the protein samples on 10% Tris-
glycine gels (Novex) and transferred to a polyvinylidene difluoride membrane.
The following antibodies were used according to the suppliers’ instructions: Rep
(303.9; American Research Products), cAMP-responsive-element-binding pro-
tein (CREB; Calbiochem), cyclin A (H-432; Santa Cruz Biotechnology), and
actin (C11; Santa Cruz Biotechnology).

RESULTS

In order to identify cellular proteins which interact with the
Rep proteins of AAV, a yeast two-hybrid screen was per-
formed. Initial constructs fusing the Rep78 ORF with the Gal4
DNA BD vector (12) appeared to be unstable in yeast and also
autoactivated expression of His and LacZ reporter genes.
Therefore, fragments of the Rep ORF were cloned into the
BD vector and tested for autoactivation. One Rep fragment
(amino acids 100 to 621) did not autoactivate expression of the
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marker genes and was subsequently used to screen a random-
primed HeLa cell cDNA library. This fragment is referred to as
the bait (Fig. 1). Transformants (.107) were screened, and 50
were scored as His and LacZ positive. Of these 50 clones, 4
were represented more than once, with 1 clone isolated eight
times. A search of GenBank identified the clone as coding for
the protein kinase X 1 (PrKX) (25) (GenBank accession no.
X85545). Multiple cDNAs were sequenced and found to differ
at amino acid 42 from the original PrKX cDNA (Val-to-Ala
substitution). While there were no available functional data for
the gene product, previous sequence homology analysis indi-
cated that it had strong homology to PKA-type kinases isolated
from invertebrates (25).

The specificity of the interaction between Rep and PrKX
was confirmed with the yeast two-hybrid system. Plasmids en-
coding the activation domain-PrKX fusion (AD-PrKX) or BD-
Rep fusion were transformed into yeast that contained either
empty Gal4 AD, empty BD vectors, or both fusion proteins.
While growth was detected on plates lacking leucine and tryp-
tophan (2LT) (Fig. 2, plate 1, colonies 1, 2, and 3), growth was
visible on selective media only if both fusion plasmids were
present (Fig. 2, plate 2, colony 3), confirming that activation of
the reporter genes resulted from at least transient interaction
between the Rep and PrKX moieties.

To corroborate the results of the yeast genetic screen, in
vitro coimmunoprecipitation experiments were performed.
Rep52, Rep68, luciferase, or a randomly selected library clone
were transcribed and translated with [35S]methionine in rabbit
reticulocyte lysates (Promega) (Fig. 3, lanes 1 to 4). The three
bands observed in the in vitro translation of Rep52 result from
internal initiation of translation, and all contain a common
carboxy terminus (data not shown). No precipitation of the
four proteins translated in reticulocyte lysate supplemented
with glutathione-Sepharose beads alone was observed (Fig. 3,
lanes 5 to 8). However, all three Rep52-derived polypeptides

were precipitated with glutathione beads in the presence of
GST-PrKX fusion protein produced in yeast (Fig. 3, lane 9). A
weak interaction between PrKX and Rep68D may account for
the relatively small amount of Rep68D recovered (Fig. 3, lane
10). No 35S-labeled protein was precipitated with GST-PrKX
and luciferase or the random library clone (Fig. 3, lanes 11 and
12).

SPR was used to quantify the interaction between Rep and
PrKX with immobilized GST-PrKX. The association and dis-
sociation of MBPRep68D and MBPRep52 were monitored at
a buffer flow rate of 30 ml/min. Both proteins were shown to be
greater that 90% pure according to Coomassie-stained SDS-

FIG. 1. Rep functional domains. Within the Rep gene, two promoters, which
are located at map units 5 and 19, direct the expression of four proteins, Rep78
and Rep68 and Rep52 and Rep40, respectively. Two proteins are produced from
each promoter, one of which is spliced (Rep68 and Rep40) and one of which is
unspliced (Rep78 and Rep52). Within the Rep ORF, several functional domains
have been identified and are indicated at the top. These include the DNA DB,
terminal resolution site (Y), NTP binding pocket (NTP), helicase domain (HD),
nuclear localization domain (NLS), zinc finger (Zn), and splice sites, with their
relative amino acid positions indicated below. The four Rep proteins as well as
the portion of Rep used as bait in the yeast two-hybrid screen are indicated.

FIG. 2. Yeast two-hybrid screen. Yeast strain Y1090 was transformed with
either the BD-Rep fusion plus empty AD plasmids (colony 1), AD-PrKX fusion
plus empty BD plasmids (colony 2), or BD-Rep plus AD-PrKX (colony 3) and
then streaked onto a plate lacking leucine and tryptophan (2LT) (left plate) or
a selective plate lacking histidine, tryptophan, and leucine (2HTL) supple-
mented with 3-aminotriazole (3AT) (right plate). While all clones grew under
nonselective conditions (left plate), only yeast which had been transformed with
both the Rep and PrKX fusion grew under selective conditions (right plate,
colony 3).

FIG. 3. In vitro coimmunoprecipitation. Rabbit reticulocyte lysates pro-
grammed with Rep52 (lanes 1, 5, and 9) Rep68D (lanes 2, 6, and 10) luciferase
(lanes 3, 7, and 11), or a random library clone (1c) (lanes 4, 8, and 12) were
incubated in the presence of glutathione beads alone (lanes 5 to 8) or were
supplemented with a GST-PrKX fusion protein (lanes 9 to 12). The bound
protein was then precipitated and separated on a polyacrylamide gel. As a
control, total protein in the programmed reticulocyte lysates was also analyzed
(lanes 1 to 4). The products of the in vitro translations of Rep68 and Rep52 are
indicated by the upper and lower arrows, respectively, on the left.
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polyacrylamide gels. Both Rep proteins showed some unspe-
cific binding which could be subtracted by using a control GST
surface. A binding constant was calculated from the respective
rate constants and protein concentrations. The interaction be-
tween Rep68D and PrKX had a Kd approximately sixfold
higher than that of the interaction between Rep52 and PrKX
(Table 1). This difference was mainly due to the combined
effect of a threefold lower association rate constant and a
twofold lower dissociation rate constant. The difference in
relative binding affinities measured by SPR agrees with the
immunoprecipitation data, which show a weaker interaction of
PrKX with Rep68D compared to that with Rep52.

Rep68D contains an amino-terminal sequence absent in
Rep52 and lacks the carboxy-terminal sequence of Rep52,
which is spliced out (Fig. 1). To distinguish whether the car-
boxy terminus is important in the interaction with PrKX, the
association and dissociation rates of MBPRep78, which con-
tains the same carboxy terminus as MBPRep52, and the amino
terminus of MBPRep68D were measured by SPR. Values sim-
ilar to those obtained with MBPRep52 were obtained (Table
1), confirming the importance of the carboxy terminus of Rep
in the interaction with PrKX.

The stability of the Rep-PrKX complex under more physi-
ological conditions was examined by in vivo coimmunoprecipi-
tation experiments. cos cells were transfected with a His-
tagged PrKX expression plasmid and either Rep68 or Rep78
expression plasmid. Whole-cell lysates were prepared from the
transfected cells immunoprecipitated with a His-tag-specific
antibody. Proteins which coimmunoprecipitate with the His-
PrKX were then separated on polyacrylamide gels and probed
for Rep by Western blotting with a Rep-specific antibody (Fig.
4). As a control, cos cells were also transfected with His-tagged
Rep78 or His-tagged Rep68 alone and precipitated with the
His-tag-specific antibody as described above. Western blots of
immunoprecipitated, His-tagged, Rep78- and Rep68-trans-
fected cell lysates showed bands of the appropriate sizes for
His-Rep68 or His-Rep78 (Fig. 4, lanes 3 and 4). No Rep
protein was detected in the immunoprecipitated lysate pre-
pared from cells transfected with non-His-tagged Rep78 or
Rep68 or cells transfected with His-tagged PrKX alone (Fig. 4,
lanes 1, 2, and 5, respectively). However, a Rep78-specific band
was detected in lysates cotransfected with His-PrKX and
Rep78, but no Rep band was detected when His-PrKX was
cotransfected with Rep68 (Fig. 4, lanes 6 and 7). The slight
difference in the mobilities of the Rep78 band in lanes 3 and 6
is the result of the His tag on the Rep78 protein in the positive
control in lane 3. Thus, the stable interaction observed in vitro
between Rep78 and PrKX can also be detected in vivo.

Comparison of the PrKX sequence with the crystal structure
of the PKA catalytic subunit indicates that the catalytic site is

conserved (26). An alignment of the amino acid sequence of
PKA and PrKX shows conservation of residues important
within the serine-threonine protein kinase family (Fig. 5). Fur-
thermore, the residues important for the interaction with a
synthetic substrate for the PKA-type kinases, the heptapeptide
Kemptide (LRRASLG), are conserved. The target serine in
Kemptide is referred to as the P site (43). The residues impor-
tant for recognition by the PKA catalytic subunit are located at
position P(2)3, which interacts with PKA residues D328 and
E127; position P(2)2, which interacts with PKA residues E170
and E230; and the PKA residues L198, P202, and L205, form-
ing a hydrophobic pocket for the P(1)1 residue. All of these
residues are conserved between PKA and PrKX, except for
one conservative exchange (D to E) at amino acids 328 and 333
in PKA and PrKX, respectively (Fig. 5). The conservation of
these residues suggests that PrKX may function as a protein
kinase.

While a high level of expression of PrKX was achieved in
bacteria, the majority of the protein was insoluble and inactive
(data not shown). Activity was not restored by either a urea
denaturation-renaturation procedure or expression as a fusion
protein with the MBP. Expression of His-tagged PrKX in
transformed African green monkey kidney cells (cos) and sub-

FIG. 4. In vivo coimmunoprecipitation. Whole-cell lysates were prepared
from transfected cells, and the proteins complexed with PrKX were precipitated
with an antibody to the poly-His tag fused to the amino terminus of PrKX. cos
cells were transfected with a His-tagged PrKX expression plasmid only (lane 5)
or were cotransfected with either Rep78 or Rep68 (lanes 6 and 7). As a control,
cos cells were also transfected with either His-tagged Rep78 or Rep68 or un-
tagged Rep78 or Rep68 and also precipitated (lanes 3, 4, 1, and 2, respectively).
The complexes were then separated on polyacrylamide gels and probed for Rep
by Western blotting with a Rep-specific antibody. Rep78 but not Rep68 was
precipitated only when transfected with His-tagged PrKX (lanes 6 and 7, respec-
tively).

TABLE 1. Association and dissociation ratesa

Complex
Result by BIAcore Result by kinetic studies

Ka (M21s21) Kd (s21) KD (nM) IC50 (nM) Ki (nM)

PrKX–MBP-Rep52 2.4 3 104 6 3 3 102 9 3 1023 6 8 3 1025 385 210 90
PrKX–MBP-Rep68D 8.2 3 103 6 2 3 102 1.8 3 1022 6 2 3 1023 2,100 ND ND
PrKX–MBP-Rep78 1.5 3 104 6 2 3 102 1 3 1022 6 1.2 3 1024 680 ND ND
PKA–MBP-Rep52 6.5 3 103 6 0.98 3 102 1.95 3 1023 6 2 3 1025 320 340 330 6 189
PKA–MBP-Rep68D NSBb NSBb NDc NDc NDc

a Association rate constants (Ka), dissociation rates (Kd), and binding constants (KD) were determined by SPR. IC50s were determined by in vitro kinase assays as
described in Materials and Methods. Ki, IC50/(1 1 [ligand/Kd]). Standard errors are given as standard deviations. ND, not determined.

b NSB, no specific binding detected.
c Because no specific binding was detected, value could not be determined.
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sequent purification by nickel affinity chromatography yielded
a soluble and catalytically active protein of approximately 42
kDa. The eluted PrKX fractions were estimated by Coomassie
staining to be greater than 90% free of contaminating proteins
(Fig. 6A, lane 5). Western blot analysis with an antibody di-
rected at the His tag further confirmed the identity of this
purified protein, as well as its absence in control cells electro-
porated with pUC19 (Fig. 6B). The highest level of kinase
activity, as measured in a Kemptide phosphorylation assay, was
observed in the peak protein elution fractions. In contrast, no
phosphorylation activity of a casein kinase II substrate at a
similar concentration was observed in these fractions, and
Western blot analysis of the affinity-purified PrKX with anti-
bodies against PKAa was negative (data not shown). A control
lysate from cos cells transfected with pUC19, which was passed
over the nickel affinity column and eluted in the same manner
as that for the PrKX-transfected cos cells, showed no phos-
phorylation of Kemptide over background levels (data not
shown).

Kinetic analysis of PrKX phosphorylation of Kemptide in-
dicates a rate of incorporation of 0.2 U/mg of protein (1 U 5
1 mmol of 32P incorporation/min). Addition of 19 pmol of
MBPRep52 dramatically inhibited PrKX (2.6 pmol) kinase
activity (Fig. 7A). However, MBPRep52 heated for 10 min at
65°C prior to addition resulted in a lack of inhibition (Fig. 7A),
indicating that the native protein was responsible for the inhi-
bition. This inhibition appeared to be specific, since no inhibi-
tion of CKII could be detected in a similar assay (data not
shown). Titration of MBPRep52 showed a strong interaction
between MBPRep52 and PrKX (Fig. 7B), with a 50% inhibi-
tion concentration (IC50) of 200 nM. At the concentrations
tested, only weak inhibition of PrKX kinase activity was ob-
served with MBP-Rep68D.

The data presented above demonstrate that Rep52 is able to
inhibit PrKX phosphorylation of the synthetic substrate Kemp-
tide. The effect of Rep52 on PrKX autophosphorylation activ-
ity was determined by incubation of PrKX with [g-32P]ATP
and MgCl2 alone or in the presence of either MBP-Rep52 or
MBP-Rep68D, followed by separation on a polyacrylamide gel.
Incubation of PrKX alone showed autophosphorylation, which
has been reported for other PKA-type kinases (1) (Fig. 7C,
lane 1). However, addition of an equimolar amount of MB-
PRep52 inhibited greater than 90% of the autophosphoryla-

tion activity (Fig. 7C, lane 4). Autophosphorylation was de-
tected when the ratio of Rep52 to PrKX was decreased. In
contrast, only minor inhibition of autophosphorylation was
detected with MBPRep68D at the same concentrations (Fig.
7C, lane 8).

Previous research has demonstrated that the physiological
inhibitors of PKA exert their influence by binding as
pseudosubstrates within the catalytic core domain. This core
catalytic region is conserved between PrKX and PKA. The
interaction between MBPRep52 or MBPRep68D with PKA
was measured by SPR and was found to be similar to that of
MBPRep52 or MBPRep68D with PrKX, i.e., MBPRep52
bound to PKA with higher affinity than MBP-Rep68D (Fig.
8A). GST-PKA was immobilized via an anti-GST antibody,
and the association and dissociation rates of MBPRep68D and
MBPRep52 were monitored at a buffer flow rate of 30 ml/min.
MBPRep52 again had a Kd of approximately 320 nM (Table 1).
MBPRep68D showed only unspecific interaction with PKA,
and a Kd value could not be determined at the concentrations
used. As in the case of PrKX, the addition of MBPRep52 to a
phosphorylation assay mixture containing PKA resulted in in-
hibition of the PKA kinase activity (Fig. 8B). Only minimal
inhibition was observed when MBPRep68D was added to the
reaction mixture. Kis of approximately 190 and 330 nM (6189
nM) could be calculated for Rep52 with either PrKX or PKA,
respectively.

The genetic and biochemical data demonstrate a stable in-
teraction between Rep52 or Rep78 and PrKX and only a weak
interaction with Rep68, which lacks the carboxy-terminal se-
quence of Rep52 and Rep78. In order to examine the inhibi-
tory effects of Rep52 and Rep78 on the expression of genes
which are responsive to PKA phosphorylation activity, cos cells
were transfected with either Rep78 or Rep68 expression plas-
mids or pUC19 and whole-cell lysates were prepared. These
lysates were analyzed by Western blotting for changes in the
expression of cAMP-responsive genes. Western blots probed

FIG. 5. Comparison of PKA and PrKX; sequence alignment between the
human catalytic subunit of PKA alpha (Swiss-Prot accession no. P17612) and
PrKX (human PKX1 Swiss-Prot accession no. P51817) with the program
CLUSTAL (pcgene). Asterisks, identical amino acids; ellipses, conserved amino
acids; boldface, amino acids conserved within protein kinases; underlining, func-
tional residues identified within PKA as previously identified (11a, 43a).

FIG. 6. Purification of PrKX. cos cells were transfected with pSVPrKX, and
His-tagged PrKX was isolated as described in Materials and Methods. Bacterially
expressed His-PrKX (lane 2) and total protein from either pUC19 (lane 3)- or
SVPrKX (lane 4)-electroporated cos cells was separated by SDS-polyacrylamide
gel electrophoresis and compared with nickel affinity-purified cos His-PrKX
(lanes 5). Duplicate gels were either stained with Coomassie brilliant blue (A) or
Western blotted and probed with an antibody directed against the His tag (B).
The eluted 42-kDa protein was found to be greater than 90% pure and was found
only in the SVPrKX-electroporated cells when probed with the anti-His tag
antibody.
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with Rep-specific antibodies demonstrated expression of Rep68
and Rep78 (Fig. 9A).

The CREB protein is a transcription factor which requires
phosphorylation by PKA for activation. Furthermore, it has
been demonstrated that expression of this gene is also stimu-
lated by cAMP via cAMP-responsive elements (CRE) in its

promoter (34). Western blots probed with a CREB-specific
antibody show a 40 to 80% inhibition of expression in Rep78-
transfected cells compared to Rep68- or pUC-transfected cells
(Fig. 9B). Expression of cyclin A is also induced by cAMP via
PKA activation (7). Western blots probed with a cyclin A-spe-
cific antibody also showed a 40 to 80% inhibition in expression
in Rep78-transfected cell lysates compared to Rep68 or pUC-
transfected cells (Fig. 9C). In contrast to CREB and cyclin A
expression, the level of actin was unchanged in Rep78-trans-
fected cells (Fig. 9D).

DISCUSSION

Yeast two-hybrid screens have been used to identify a num-
ber of kinase-inhibitor interactions such as p21WAF1 and the
G1 cyclin-dependent kinase Cdk2 (12). The interaction of
Rep52 with PrKX was identified with a yeast two-hybrid screen
and confirmed biochemically by coimmunoprecipitations and
SPR. The difference in the binding behavior of Rep78-Rep52
and PrKX versus Rep68 and PrKX indicates that an interac-
tion domain may be located in the carboxy terminus that is
present in the Rep78 as well as in the Rep52 protein. These
data would imply a functional role for the carboxy terminus of
Rep78-Rep52, which is spliced out in the Rep68 and Rep40
proteins. To date, this region has not been associated with any
functional significance, although it contains a zinc finger motif
and a PVS motif similar to those of the adenovirus protein E1a
(47). The absence of these residues in Rep68-Rep40 further
suggests distinct functions for these proteins compared to
Rep78-Rep52. Furthermore, the only activity attributed to the
p19-derived polypeptides, Rep52 and Rep40, is that of a DNA
helicase (40). The interaction of Rep52 with PrKX demon-
strates an additional role for this protein.

Based on sequence homology to known protein kinases,
PrKX is a PKA-type kinase. This novel protein kinase encoded
on the human X chromosome is expressed in a variety of
tissues, with the highest level of expression in fetal and adult
brain, kidney, and lung tissue (25). PrKX expressed and puri-
fied from cos cells showed kinase activity with a synthetic
peptide substrate for PKA, Kemptide, with a specific activity of
0.2 U/mg. The specific activity of PrKX is lower than that of
PKA (5 U/mg). Addition of a sevenfold molar excess of Rep52
inhibited 90% of the PrKX activity. Gel filtration chromatog-
raphy (with a prepacked Superdex 200 3.2/30 column) indi-
cates that 50% of the protein in the MBPRep52 prepara-
tion elutes in the void volume of the column (data not shown).
This suggests that a significant portion of MBPRep52 may
form a high-molecular-weight aggregate which cannot interact
with PKA or PrKX. Thus, the estimate of the molar ratio of
MBPRep52 to PrKX required for inhibition in these studies
may be conservative.

Kinetic analysis of the inhibitory activity of MBPRep52 on
PrKX phosphotransferase activity shows an IC50 of 200 nM.
SPR determined a Kd of 375 nM, which is in agreement with
the IC50. In contrast, only weak interaction with another
AAV2-derived protein, Rep68D, was observed with minimal
inhibition of PrKX kinase activity. Similar results concerning
the inhibitory effects of Rep52 versus Rep68 were observed for
the autophosphorylation of PrKX.

PKA is also inhibited by Rep52 with a Kd close to the value
of PrKX (320 nM), suggesting a similar interaction mechanism.
However, the exact mechanism of the Rep-mediated inhibition
of PrKX and PKA is unclear. Known inhibitors of PKA, such
as the heat-stable protein kinase inhibitor PKI and the type I
regulatory subunit (RI), contain pseudosubstrate sites which
inhibit PKA activity. However, the type II regulatory subunit

FIG. 7. Inhibition of PrKX trans and autophosphorylation activity. (A) In-
cubation of purified cos His-PrKX with Kemptide and g-32P-labeled ATP
showed transfer of 32P to the Kemptide substrate. Addition of a 7-fold molar
excess of MBP-Rep52 inhibited greater than 90% of this kinase activity. Rep52
heated to 65°C for 10 min prior to addition did not inhibit kinase activity. (B) The
kinetics of inhibition of PrKX by MBP-Rep68D and MBP-LacZ were compared
with that for MBP-Rep52. Increasing amounts of each protein were added to the
kinase reaction mixture containing 2.6 pmol of His-PrKX protein each. The
resulting kinase activity was then compared with that of a control reaction
mixture containing only PrKX, and percent inhibition was determined. Similar
levels of PrKX activity were measured in the presence of either MBP-Rep68D or
MBP-LacZ. (C) Inhibition of autophosphorylation of PrKX, which was mea-
sured by incubation of 100 nM PrKX in the presence of [g-32P]ATP, results in
phosphorylation of the 42-kDa His-PrKX fusion protein, as indicated by the
arrow (lane 1). This activity is inhibited upon addition of fourfold molar excess
of MBP-Rep52 (lane 2). Twofold serial dilution of MBP-Rep52 (200, 100, and 50
nM) eventually restored some activity (lanes 3, 4, and 5). A similar titration of
MBP-Rep68D showed only slight inhibition at the highest concentrations tested
(lanes 6 to 9).
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(RII) contains a phosphorylation site but still inhibits with
subnanomolar binding constants (23). Sequence analysis of the
carboxy terminus of Rep identified one region which has ho-
mology to the pseudosubstrate consensus sequence (amino
acids 526 to 545). However, initial experiments with a peptide
of this region failed to inhibit PrKX activity (data not shown).

Furthermore, two additional PKA phosphorylation sites were
identified at amino acids 71 and 329 in the Rep ORF. While
the carboxy terminus appears to be important for inhibition, it
is not clear if it is sufficient or requires additional interaction
sites present in the region common to all four Rep proteins.

The cAMP signal transduction pathway and the cAMP-de-
pendent PKA have been studied extensively and have been
shown to play a central role in cell growth and development (6,
35). While PrKX bears homology to the catalytic core region of
PKA (26), the role of this kinase in the cell remains unclear;
however, it is capable of activating PKA-sensitive pathways in
vivo (unpublished observations). The activity of PKA is regu-
lated by the regulatory subunits RI and RII. In the absence of
cAMP, these subunits bind to the catalytic subunit with sub-
nanomolar affinity and inhibit kinase activity (13). However, in
the presence of cAMP, the inactive holoenzyme complex dis-
sociates and the free catalytic subunit is then able to enter the
nucleus. Nuclear targets include the CREB/ATF family of
transcription factors, which induce expression of genes con-
taining CRE, thus affecting transcriptional activity. Since the
Rep proteins of AAV are predominantly found in the nucleus
(21), inhibition of this signal transduction pathway could ex-
plain some of the global effects of Rep on gene expression,
namely, the inhibition of gene expression from promoters
which do not have identified Rep binding sites and the inhibi-
tion of gene expression by the P19 Rep proteins which do not
bind DNA.

In addition to the regulatory subunits, PKI has been shown
to be a potent inhibitor of PKA (45). Microinjection of labeled
PKI indicates a nuclear localization, while injections of the
catalytic subunit indicate free diffusion between the cytoplasm
and the nucleus (9). In contrast, the regulatory subunits are
unable to cross the nuclear membrane and further serve to
anchor the C subunit in the cytoplasm or via specific A-kinase
anchoring proteins (AKAPs) to specific organelles (10). Fur-
thermore, PKI has been reported to actively transport PKA
from the nucleus to the cytoplasm (8).

FIG. 8. Interaction of MBP-Rep52 and MBP-Rep68 with immobilized GST-PKA and inhibition. (A) A total of 500 to 600 RU of GST-PrKX was immobilized via
an anti-GST antibody to a CM5 chip. MBP-Rep52 (upper panel) and MBP-Rep68 (lower panel) at the concentrations indicated were injected for 240 s (association
phase). After the injection was stopped, the dissociation rate was monitored for 300 s (dissociation phase). (B) GST-PKA (10 nM) was inhibited with Rep52 (checkered
bars) and Rep68 (open bars) by using the concentrations indicated. Mean values with standard deviations of several different experiments are shown. The inhibitions
were determined by the radioactive kinase assay in duplicate. Three time points for each Rep concentration were assayed.

FIG. 9. Effect of Rep68 and Rep78 on cellular protein expression. Whole-
cell lysate was prepared from cos cells transfected with either Rep68 or Rep78
expression vector or pUC as a control. Equal loading of protein was measured by
Coomassie staining of duplicate gels. Western blots were probed with antibodies
to Rep, CREB, or cyclin A (A, B, and C). As an additional control, the blots were
also probed with actin (D). Horseradish peroxidase-conjugated secondary anti-
bodies were used and detected by chemiluminescence. Changes in expression
were determined by laser densitometry of the films and are reported relative to
the level of expression observed in Rep68 or pUC.
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PrKX has the greatest similarity (62.4% identity in the cat-
alytic core region) to the DC2 kinase of Drosophila melano-
gaster, which behaves as a PKA catalytic subunit in vitro (33).
In contrast, PrKX has only 53.2% identity with the human C
subunit of PKA. This degree of homology is much lower than
the degree of similarity of the different human PKA catalytic
subunit isoforms (90.5% identity), suggesting a distinct role for
PrKX. Genetic analysis of Drosophila indicates that deletion of
DC2 is not lethal, and animals lacking DC2 appear to develop
normally. However, DC2 kinase cannot substitute efficiently
for the DC0 kinase, the major Drosophila PKA catalytic sub-
unit. While DC2 was shown to be regulated by the RI subunit
and cAMP (33), studies are under way to investigate the mech-
anism of PrKX regulation (54).

The initial purpose of the yeast two-hybrid screen was to
identify proteins which interact with Rep and thus explain
some of the in vivo effects resulting from overexpression of the
Rep ORF or from AAV infection. Although the mechanism of
Rep-mediated inhibition of cell growth has not been estab-
lished, the direct involvement of Rep in cell cycle regulatory
processes may provide the basis for this phenomenon. Re-
cently, infection of primary human fibroblasts with wild-type
AAV2 has been shown to inhibit phosphorylation of the Rb
family of proteins and to upregulate the kinase inhibitor
p21WAF1 (14). Increased intracellular levels of cAMP have also
been shown to result in either phosphorylation or dephosphor-
ylation of Rb, depending on the cell type, as well as to affect
the levels of p27KIP inhibitor. The net effect is that infection
with AAV can inhibit cells from progressing through S phase.

Inhibition of PKA by PKI plays a central role in the induc-
tion of mitosis (32), and the expression and intracellular local-
ization of PKI are cell cycle regulated (49). Furthermore, the
expression of several proteins involved in cellular regulation,
i.e., cyclin A (53), a cell cycle-regulated histone (H4) (11), or
proliferating-cell nuclear antigen (PCNA) (20) is regulated via
CRE in their promoters and is sensitive to the phosphorylation
state of the CREB proteins. While the exact role of PrKX and
its response to cAMP is not known, PrKX, as a PKA-type
kinase, might have similar or modulatory effects on gene ex-
pression and cell growth. Thus, the observed effects of infec-
tion with AAV2 or overexpression of Rep proteins on cell
growth might be explained by the inhibition of PKA and PrKX
by the nonstructural AAV2 proteins Rep52 and Rep78.
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