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Sindbis Virus: An Efficient, Broad Host Range Vector
for Gene Expression in Animal Cells

CHENG XIONG, ROBIN LEvVIS, PING SHEN, SONDRA SCHLESINGER,
CHARLES M. Ricg, HENRY V. HUANG*

Sindbis virus, an enveloped virus with a single-stranded RNA genome, was engineered
to express a bacterial protein, chloramphenicol acetyltransferase (CAT), in cultured
insect, avian, and mammalian cells. The vectors were self-replicating and gene
expression was efficient and rapid; up to 10® CAT polypeptides were produced per
infected cell in 16 to 20 hours. CAT expression could be made temperature-sensitive
by means of a derivative that incorporated a temperature-sensitive mutation in viral
RNA synthesis. Vector genomic RNAs were packaged into infectious particles when
Sindbis helper virus was used to supply virion structural proteins. The vector RNAs
were stable to at least seven cycles of infection. The expression of CAT increased about
10%-fold, despite a 10'°-fold dilution during the passaging. Sindbis virus vectors
should prove useful for expressing large quantities of gene products in a variety of

animal cells.

HE GENOME OF SINDBIS VIRUS, AN

alphavirus, consists of a single-

stranded RNA molécule that is
11703 nucleotides (nt) in length (1, 2). It is
capped at the 5’ terminus and polyadenylat-
ed at the 3’ terminus. As the genomic RNA
is infectious and serves as mRNA it is
considered to have (+) polarity. The 5’ two-
thirds of the genomic RNA is translated
early during infection to produce the non-
structural proteins required for RNA repli-
cation and transcription; the 3' end of the
molecule encodes the structural proteins
that are expressed at high levels throughout
the infection cycle. Replication proceeds by
the synthesis of a full-length (—) strand with
the genomic RNA as template. The (—)
strand then serves as template for the synthe-
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sis of new genomic RNA molecules. The
three structural proteins are not translated
from the genomic RNA, but are expressed
via transcription of the (—) strand at an
internal site, called the junction region, to
produce a capped and polyadenylated sub-
genomic mRNA of 4100 nt that is colinear
with the 3'-terminal one third of the
genome. The subgenomic mRNA does not
serve as a template for RNA synthesis nor is
it packaged irito mature virions. Translation
of the subgenomic mRNA produces a poly-
protein that is cleaved co- and posttransla-
tionally by a combiriation of viral and host-
encoded proteases to produce the capsid
protein and the two envelope glycoproteins.
The capsid protein complexes with the ge-
nomic RNA to form intracellular icosahe-
dral nucleocapsids. These interact with the
cytoplasmic domains of the transmembrane
envelope proteins, resulting in the budding
of virus at the plasma membrane.

Three features of Sindbis virus suggest
that it might be a useful vector for the
expression of foreign genes. First, Sindbis
virus has a wide host range; it is naturally
transmitted by mosquitos to vertebrate
hosts, usually a bird or a mammal (3). In the
laboratory it infects cultured mammalian,
avian, reptilian, amphibian, and some insect
(mosquito and Drosophila) cells (4). Sec-
ond, Sindbis virus gene expression occurs in
the cytoplasm of the host cell, and is rapid
and efficient. Duiring the 8 to 12 hours of a
typical infection at 37°C, some 107 to 108
molecules of viral structural proteins are
synthesized by each infected cell. Thus a
Sindbis virus vector might be useful for
production of large amounts of gene prod-
ucts. Third, temperature-sensitive mutations
in RNA synthesis are available (5) that may
be used to modulate the expression of for-
eign genes by simply shifting cultures to the
nonpermissive temperature at various times
after infection.

As it is technically difficult to engineer
RNA molecules, a cDNA clone of the Sind-
bis virus genome was placed immediately
downstream of a promoter for phage SP6
DNA-dependent RNA polymerase, such
that transcription in vitro with SP6 RNA
polymerase produced infectious RNA tran-
scripts (6). This approach has been used to
map the cis-acting sequences required for
replication and packaging of deletion-rear-
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Fig. 1. Time course of CAT expression by
TSCAT in chick embryo fibroblasts at 37°C, and
by TSCAT-ts-6 at 30° with or without shifting to
incubation at 40°C. The time course of CAT
expression by TSCAT at 37° (@) in a repre-
sentative experiment is shown. In an independent
experiment parallel cultures were transfected with
TSCAT-ts-6 at time 0. One set of cultures was
maintained at 30° and sampled at the indicated
times (M). At 0 or 8 (A), 12 (O), 16 (¢) and 20
(O hours after transfection, plates from another
set of cultures were shifted to and incubated at
40°C until 24 hours after transfection. Half of
cach cell extract was assayed for CAT activity, and
the percent of chloramphenicol converted to acet-
ylated chloramphenicol (Ac-Cm) is graphed.
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Fig. 2. Nuclease S1 analysis of TRCAT and
TSCAT RNA labeled in vivo (6-8). Lane 1,
molecular mass standards. Lanes 2 and 5, in vitro
transcripts, labeled with *H-UTP, of TSCAT and
TRCAT respectively, hybridized to the respective
cDNA clones, and treated with S1 nuclease.
Lanes 3 and 4, intracellular RNA, labeled in vivo
with *H-uridine, of TSCAT and TRCAT respec-
tively, hybridized to the respective cDNA clones,
and treated with S1 nuclease.

rangement mutants of Sindbis virus (7), and
then to adapt them for the expression of the
bacterial chloramphenicol acetyltransferase
(CAT) gene (8). The same approach was
used to engineer tobacco mosaic virus and
brome mosaic virus to express CAT in plant
cells (9).

We replaced the structural protein—en-
coding region in cDNA clones of Sindbis
virus with the bacterial CAT gene. One
clone (TSCAT) retains 117 nt downstream
of the initiation site for the viral subgenomic
mRNA. TSCAT was constructed from the
cDNA clone Toto 1000 (6) to give an in-
frame fusion of 23 codons of the capsid
protein, plus 17 codons of polylinker and 5’
untranslated sequences of the CAT gene,
followed by the CAT coding sequences. The
other clone (TRCAT) was derived from
Toto 1002 (6), and retains only 14 nt
downstream of the initiation site for the
viral subgenomic mRNA, such that the first
initiation codon is that of the CAT gene.
The sequences replaced are nt 7715 through
11087 of Toto 1000 in TSCAT and nt 7612
through 11087 of Toto 1002 in TRCAT;
nucleotide positions are as described (1).
Both TSCAT and TRCAT retain 616 nucle-
otides, plus the poly(A) sequence, of the 3’
end of the Sindbis genome. The genome
sizes of TSCAT and TRCAT are 9066 nt
and 8969 nt, respectively.

The clones were transcribed in vitro with
SP6 DNA-dependent RNA polymerase and
the transcripts were transfected into chicken
embryo fibroblasts by the DEAE-dextran
method (6-8, 10). About 10° cells (0.1% of
a semi-confluent monolayer) can be trans-
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fected by means of this method (6). For each
clone, CAT activity (8, 11) was first detect-
able at 4 hours after transfection, increasing
to a plateau by 16 to 20 hours at 37°C (Fig.
1). Expression of CAT also occurred upon
transfecting TRCAT or TSCAT transcripts
into mosquito (Aedes albopictus C7-10), Dro-
sophila (Schneider 1), quail (QT-6), hamster
(BHK), and human (SW13) cell lines.

A derivative of TSCAT (TSCAT-ts-6)
was made that carries a mutation that ren-
ders RNA synthesis temperature sensitive
(5). When chick embryo fibroblasts were
transfected with TSCAT-ts-6, CAT expres-
sion occurred at 30°C, but not at 40°C. The
rapid cessation of RNA synthesis due to the
ts-6 mutation can be used to modulate the
level of gene expression by the Sindbis vec-
tor. At various times after transfection with
TSCAT-ts-6, cultures of chick embryo fibro-
blasts at 30° were shifted up to and main-
tained at 40°C. As expected, early shifts to
the nonpermissive temperature gave lower
subsequent CAT expression (Fig. 1). If the
shift up was relatively late, however, the
levels of CAT expression exceeded that at
30°C. Since RNA synthesis is rapidly
blocked upon shift up, the results suggest
that the CAT mRNA is relatively stable, and
is translated more efficiently at 40°C.

The replication of TSCAT and TRCAT
was confirmed by S1 nuclease analysis of
viral RNA labeled in vivo in the presence of
actinomycin D to inhibit host RNA tran-
scription (12) (Fig. 2). In each case, two
protected RNA species were found, one that
corresponds to the genome, and comigrates
with the respective in vitro transcripts, and a
smaller species that corresponds exactly to
the sizes expected of the respective subgeno-
mic mRNA. The presence of the subgeno-
mic RNA suggests that it is the message for
CAT protein synthesis.

To quantitate CAT production in trans-
fected chick cells, parallel plates of chick
embryo fibroblasts were transfected with the
in vitro transcripts and incubated at 37° for
24 hours. Cells from one set of plates were
harvested to measure the total CAT enzy-
matic activity produced by transfected cells;
the other set was processed by an immuno-
fluorescence assay for CAT to determine the
number of transfected cells (13). Each
TRCAT-transfected cell produced, on aver-
age, about 1 x 10® CAT polypeptides (mo-
lecular mass of 25,700 daltons), and each
TSCAT-transfected cell produced about
2 x 107 CAT polypeptides. The amount of
CAT made by TRCAT corresponds to 3%
of the total cell protein (14), and is compara-
ble to the level of expression of structural
proteins by Sindbis virus itself. For compari-
son, the levels of gene expression by DNA
virus vectors derived from vaccinia virus,
cytomegalovirus, and baculovirus are
5 x 10° to 2 x 107 CAT polypeptides, up
to 10° B-galactosidase molecules, and from
10 to 10™ polypeptides per cell, respective-
ly (14).

One concern with the use of RNA viruses
as gene expression vectors is their high
mutation rates (15). Stability of the CAT-
expressing clones was assayed in multiple
cycles of infection. TRCAT and TSCAT
have their structural genes replaced by the
CAT gene, and thus cannot synthesize struc-
tural proteins needed to produce infectious
particles. However, when the transfected
cells were also infected with Sindbis virus,
infectious particles containing the vector
RNAs were produced. CAT activity was
readily detectable when 0.25% to 0.5% of
the total media (2 ml), from cell monolayers
transfected with TSCAT or TRCAT and
coinfected with Sindbis virus was used to
infect new monolayers (16) (Table 1).

Table 1. Amplification of TRCAT by passaging in the presence of Sindbis helper virus (16).

CAT

Passage Inzﬂ;l:m activity an'lc‘f:i:;, lltny + Dilution§  Amplificationi|
(Ut
transfection, no virus 1.1 x 103
1 transfection, + virusY 5.4 X 107 1
2 5 6.7 x 1073 12 4.0 x 10% 5.0 x 10°
3 5 5.1x107* 94 1.6 x 10° 1.5 x 107
4 5 12x1073 217 6.4 x 107 1.4 x 10'°
5 5 1.9 x 1073 343 2.6 x 10'° 8.8 x 10"
6 10 34x1073 624 5.1 x 10*2 3.2 x 10%*
7 10 52x1073 967 1.0 x 10" 9.9 x 10V
*From a total volume of 2 ml of media harvested from the previous e.  1Total CAT activity recovered at 12

hours posttransfection from the infected monolayers at cach passage. Dilutions of each cell extract were assayed for
CAT activity, and the dilution givin§ an activity in the linear range of the assay was used to calculate the total activity

recovered. One U of CAT is

activity = CAT activity at each passage/CAT activi

as the amount of CAT that acctxlata 1 pmol of chloramphenicol per minute at
37°C. One U of CAT corresponds to 8 ug CAT protein, or 6 X 10'* CAT trimers (11).

ty at passage 1.

$Net increase in CAT
§Net dilution of media from passage

1. WIThe amplification is the net dilution of the media multiplied by the net increase in CAT activity at that
passe:ic. 9Sindbis virus was added at a multiplicity of infection of 0.5 at the time of transfection. The yield of virus
at each passage was 5 X 10° to 1.2 x 10'® plaque-forming units, resulting in a multiplicity of infection of 6 to 30 for

the subsequent passage.
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TRCAT was stable for at least seven pas-
sages (10"-fold dilution of the media from
the first passage), as judged by the expres-
sion of CAT and by analysis of the intracel-
lular viral RNAs. Compared to the transfect-
ed cells at the first passage, the monolayer at
the seventh passage gave about 1000-fold
more CAT expression, and correspondingly
about 1000-fold more cells were labeled
with antibodies to CAT (anti-CAT). Thus
the net amplification of CAT activity was
about 10™-fold during seven passages (Ta-
ble 1). TRCAT was both stable to passaging
and efficiently amplified in the presence of
Sindbis virus. Similarly, TSCAT could ex-
press CAT for at least six passages in the
presence of Sindbis virus.

The rapid amplification of TRCAT dur-
ing passaging makes possible the production
of large amounts of gene products with
relatively few passages. For example, if the
entire sample instead of a small portion had
been used for each subsequent passage,
about 0.6 mg of CAT could have been
produced during passage 3, increasing to
about 0.6 g by passage 4, and to over 300 g
by passage 5. The stability of TRCAT and
its ability to be amplified are thus more than
adequate for large scale production of gene
products.

Although these Sindbis vectors are quite
stable, it is still advantageous to minimize
the number of passages. One way of accom-
plishing this is to maximize the number of
infectious particles produced per cell. Given
the icosahedal structure of Sindbis virus
(17), the size of the genome may affect the
packaging efficiency. The TRCAT genomes
(76% of the size of the Sindbis genome)
could be packaged into infectious particles
with structural proteins provided by conin-
fecting Sindbis virus, since the CAT activity
obtained in the subsequent infection was
undiminished if the media were pretreated
with ribonuclease A (18). By comparing the
CAT activity obtained for consecutive pas-
sages, we estimate that from about 300 to as
many as 5000 infectious TRCAT particles
were produced per cell under these condi-
tions; much of the variability is attributable
to the varying number of Sindbis helper
virions that coinfect each TRCAT-infected
cell, since they can compete with (as well as
help) TRCAT in replication and packaging.
In comparison, about 10* infectious virus
particles were produced per cell by Sindbis
virus infection under similar conditions. If
the competition due to coinfecting Sindbis
virus is taken into account, this implies that
TRCAT is packaged with an efficiency of at
least 10% that of Sindbis virus. Even smaller
genomes, 72 to 73% of the size of the
Sindbis genome, are packageable; deriva-
tives of TRCAT and TSCAT, called
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TRCAT62 (8421 nt) and TSCAT62 (8518
nt), were made that retain only 62 nucleo-
tides rather than 616 nt of the Sindbis 3’
terminus. Cells transfected with these RNAs
expressed CAT, and the RNAs were pack-
aged into infectious particles. Thus Sindbis
virus can package RNA molecules of a range
of sizes. The exact dependence of packaging
efficiency on the genome size remains to be
determined. However, if Sindbis genome-
sized RNA proves to be packaged more
efficiently, the size of Sindbis clones contain-
ing small foreign inserts can be increased
quite easily by retaining more of the 3’
region of the Sindbis structural genes.

The cloning capacity of Sindbis vectors
depends on how much of the structural
region can be replaced while retaining effi-
cient gene expression and packaging.
TRCAT retains only 14 nt and 616 nt of 5’
and 3’ termini of the subgenomic mRNA.
The cloning capacity of a self-replicating and
packageable vector is therefore at least 3475
nt, sufficient to encode a polypeptide of 127
kD. The results with TRCAT62 suggest
that the cloning capacity is as much as 4029
nt (corresponding to a 148-kD polypep-
tide). Even larger cloning capacities may be
possible if transfected cells are to be studied
directly, without the need for packaging to
generate infectious particles.

At present, the Sindbis vectors can pro-
duce 10" molecules of a gene product, with
about 1000 cells transfected. Passaging in
the presence of helper virus can be used to
enhance the yields. The analysis of the for-
eign gene product can be relatively simple,
since actinomycin D may be used to inhibit
host transcription and infection with Sind-
bis virus inhibits host protein synthesis. The
vectors are therefore suitable for analytical
scale studies of, for example, post-transla-
tional modifications of a given protein in a
variety of cell types from a number of animal
species. Furthermore, the ability to modu-
late gene expression can be useful, for exam-
ple, to study the in vivo effects of regulatory
proteins needed at specific concentrations in
the cell. For large-scale production, it would
be ideal to develop “suicide” vectors, that do
not produce infectious particles during the
final production stage. The Sindbis vectors
are suitable for this as they lack structural
protein genes and any free RNA genomes
are unlikely to survive the usual protein
purification procedures. One approach
would be to use helper virus with multiple
temperature-sensitive mutations in the
structural genes to inhibit packaging during
the production step. The alternative and
general approach is to develop virus-free
packaging systems to provide the structural
proteins, analogous to the helper cell lines
developed for retrovirus vectors (19).

10.

11.

12.

13.

14.

REFERENCES AND NOTES

. E. G. Strauss, C. M. Rice, J. H. Strauss, Virology
133, 92 (1984).

. E. G. Strauss and J. H. Strauss, in The Togaviridae
and Flaviviridae, S. Schlesinger and M. J. Schlesinger,
Eds. (Plenum, New York, 1986), pp. 35-90.

. R. M. Taylor, H. S. Hurlbut, T. H. Work, J. R.

Kingston, T. E. Frothingham, Am. J. Trop. Med.

Hyg. 4, 844 (1955).

H. F. Clark, M. M. Cohen, P. D. Lunger, J. Natl.

Cancer Inst. 51, 645 (1973); G. Brun and N. Plus, in

The Genetics and Biology of Drosophila, M. Ashburner

and T. R. F. Wright, Eds. (Academic Press, New

York, 1980), vol. 2d, pp. 625-702; C. J. Leake, M.

G. R. Varma, M. Pudney, J. Gen. Virol. 35, 335

(1977); V. Stollar, in The Togaviruses, R. W. Schle-

singer, Ed. (Academic Press, New York, 1980), pp.

583-621.

. B. W. Burge and E. R. Pfefferkorn, Virology 30, 204
(1966); E. G. Strauss and J. H. Strauss, in The
Togaviruses, R. W. Schlesinger, Ed. (Academic
Press, New York, 1980), pp. 393—426. S. Kerinen
and L. Kidridnen, J. Virol. 32, 19 (1979); D. J.
Barton, S. G. Sawicki, D. L. Sawicki, ibid. 62, 3597
(1988). Y. S. Hahn, A. Grakoui, C. M. Rice, E.
Strauss, and J. Strauss cloned and identified the ts-6
mutation as a glycine to glutamate change at residue
153 of nsP4 (in preparation).

. C. M. Rice, R. Levis, J. H. Strauss, H. V. Huang, J.

Virol. 61, 3809 (1987).

. R. Levis, B. G. Weiss, M. Tsiang, H. Huang, S.

Schlesinger, Cell 44, 137 (1986).

. R. Levis, H. Huang, S. Schlesinger, Proc. Natl. Acad.

Sci. U.S.A. 84, 4811 (1987).

. N. Takamatsu, M. Ishikawa, T. Meshi, Y. Okada,

EMBO J. 6, 307 (1987); R. M. French, M. Janda,
P. Ahlquist, Science 231, 1294 (1986).

Conditions for in vitro transcription and transfec-
tion of cultured cells have been described (6-8). For
most of the experiments described here, 1 ug of
TSCAT or TRCAT transcripts was used to transfect
1 x 10° chick embryo fibroblasts.

W. V. Shaw, Methods Enzymol. 53, 737 (1975); C.
M. Gorman, L. E. Moffat, B. H. Howard, Mol. Cell.
Biol. 2, 1044 (1982). A. G. W. Leslie, P. C. E.
Moody, W. V. Shaw, Proc. Nat. Acad. Sci. U.S. A.
85, 4133 (1988).

The in vivo labeling of viral RNA, isolation of viral
RNAs, and S1 nuclease analysis of viral RNA have
been described (6-8). S1 nuclease analysis of
TSCAT and TRCAT viral RNA used the respective
c¢DNA clones as unlabeled probe.

Quantitation of the level of gene expression in
various systems has classically relied on the assay of
CAT enzyme activity produced. We measured CAT
enzyme activities (11) assuming 100% recovery of
CAT, and used the specific activity of CAT (11) to
convert enzyme activities to number of CAT poly-
peptides. We also assumed that the CAT fusion
protein made by TSCAT has the same specific
activity as CAT. For immunofluorescence labeling
of cells making CAT protein, the cells were fixed
with 4% freshly prepared paraformaldehyde in
phosphate-buffered saline (PBS) for 1 hour at 4°C.
The monolayers were washed and excess paraformal-
dehyde was neutralized with glycine (1 mg/ml) for
10 min. Cells were permeabilized with 0.5% Triton
X-100 in PBS, and nonspecific protein binding was
blocked with 2% bovine serum albumin and 2%
horse serum. Cells were then incubated for 1 hour at
room temperature with a 1:500 dilution of an
affinity-purified rabbit anti-CAT (5 Prime-3 Prime
Inc.). After washing, the cells were treated with a
1:100 dilution of a fluorescein-labeled goat anti-
rabbit IgG antibody (Bochringer Mannheim Bio-
chemicals).

Each TRCAT-infected cell produces approximarely
10® CAT polypeptides of 25,700 daltons, or 4 pg of
CAT. The protein content of chicken embryo fibro-
blasts is approximately 130 pg per cell (measured by
means of a protein assay kit (Bio-Rad) with bovine
serum albumin as standard). This corresponds to 31
ug of CAT per milligram of total protein. In
comparison, pBR328 in E. coli gives 34 pg of CAT
per milligram of total protein [T. J. Close and R. L.
Rodriguez, Gene 20, 305 (1982)]. Expression levels

SCIENCE, VOL. 243



for vaccinia virus, cytomegalovirus, and baculovirus
vectors arc from M. Mackett, G. L. Smith, B. Moss,
J. Virol. 49, 857 (1984); R. R. Spacte and E. .
Mocarski, Proc. Natl. Acad. Sci. U.S.A. 84, 7213
(1987); V. A. Luckow and M. D. Summers, Biotech-
nology 6, 47 (1988), respectively.

15. D. C. Reanny, Annu. Rev. Microbiol. 36, 47 (1982);
J. Holland et al., Science 215, 1577 (1982).

16. For the first passage, a semi-confluent monolayer
(1 x 10° cells) of chicken embryo fibroblasts was
transfected with 1 pg TRCAT transcripts by the
DEAE-dextran method (6-8), and coinfected at the
same time with Sindbis virus at a muldplicity of
infection of 0.5, in a total volume of 0.2 ml. After 1
hour at 37°C, 2 ml of fresh media was added and the

cultures were incubated for 12 hours. The media
was harvested for determination of virus yields and
for further passaging. The cells were harvested at the
same time, and were processed for CAT assays (11).
Subsequent passages were identical to the first,
except that the cells were not treated with DEAE-
dextran, but were infected with 5 .l (passages 2 to
5) or 10 ul (passages 6 to 7) of media (diluted with
0.2 ml PBS) from the grcvious passage. After 1 hour
at 37°C, 2 ml of fresh media was added, the cells
were incubated for 12 hours at 37°C, when the
media and cells were harvested.

17. S. D. Fuller, Cell 48, 923 (1987).

18. Similar amounts of CAT activities were obtained
when cells were infected with 10 pl of the media

from the first passage, or when 10 pl of the same
media was pretreated with ribonuclease A (0.25 mg/
ml) for 30 min at 37°C. In contrast, no CAT activity
was obtained if the in vitro transcripts were treated
with ribonuclease A before transfection.

19. R. Mann et al., Cell 33, 153 (1983).

20. We thank D. Berg for helpful comments on the text.
Supported by a Biomedical Research Support
Grant, grants AI24134, AIl11377, and AG05681
from the National Institutes of Health, a grant from
the Pew Mcemorial Trust, and the Monsanto/Wash-
ington University Biomedical Research Contract.
C.M.R.is a Pew Scholar in the Biomedical Sciences.

12 August 1988; accepted 5 December 1988

Role of Phosphatidylinositol Kinase in PDGF
Receptor Signal Transduction

SHAUN R. COUGHLIN, JAIME A. EscoBEDO, LEwis T. WILLIAMS

The molecules with which the platelet-derived growth factor (PDGF) receptor
interacts to elicit the biochemical reactions responsible for cell proliferation have not
been identified. Antisera directed against specific PDGF receptor peptides coprecipi-
tated a phosphatidylinositol (PI) kinase and the PDGF receptor. Inmmunoprecipitates
from PDGF-stimulated cells contained 10 to 50 times as much PI kinase as those from
unstimulated cells. Mutation of the PDGF receptor by deletion of its kinase insert
region resulted in a receptor markedly less effective than the wild type in eliciting cell
proliferation and defective in PDGF-stimulated PI kinase, but still capable of PDGF-
induced receptor autophosphorylation and phosphoinositide hydrolysis. These data
show that the PDGF receptor is physically associated with a PDGF-sensitive PI kinase
that is distinct from tyrosine kinase and is not required for PDGF-induced PI
hydrolysis. The finding that the mutant PDGF receptor missing the kinase insert
domain elicited known early biochemical responses to PDGF, but did not associate
with or regulate PI kinase, suggests a novel role for the receptor-associated PI kinase in

noprecipitates of PDGF-stimulated Balb/c
3T3 cells for PI kinase activity (Fig. 1). PI
kinase activity was specifically immunopreci-
pitated with antisera to peptides represent-
ing either extracellular (“77”) or intracellu-
lar (“88”) portions of the PDGF receptor
(Fig. 1). Immunoprecipitates from PDGF-
stimulated cultures contained 10 to 50 times
as much PI kinase activity as those from
unstimulated cultures. In parallel experi-
ments, the recovery of PDGF receptors in
immunoprecipitates of [*’S]methionine-la-
beled cultures was unaffected by PDGF
treatment (4, 5). The peptides to which the
receptor antisera were raised specifically
blocked precipitation of the receptor (4) and
coprecipitation of PDGF-sensitive PI kinase
(Fig. 1). These data show that a PI kinase is
physically associated with the PDGF recep-
tor. The increased recovery of PI kinase

the transmission of mitogenic signals.

HE BINDING OF PDGF TO ITS RE-

I ceptor rapidly activates the receptor’s
tyrosine kinase and elicits a number

of biochemical responses that culminate in
cell division. Although the mechanism by
which the PDGF receptor is coupled to
early responses is unknown, the receptor
must act by associating with and modifying
other effector molecules. Recently, Kaplan
and collegues (1) reported that stimulation
of intact cells with PDGF led to the appear-
ance of PI kinase activity in phosphotyrosine
immunoprecipitates, suggesting that either
the PI kinase is a substrate of PDGF-stimu-
lated tyrosine kinase or that it is physically
associated with the tyrosine-phosphorylated
PDGEF receptor. A PI kinase is known to
associate with v-src in Rous sarcoma virus—
transformed cells and with middle T—c-src
complex in polyoma-transformed cells (1,
2). Analysis of mutants suggested that the
ability of these oncogene products to asso-
ciate with PI kinase is required for trans-
forming activity (2, 3). For these reasons, we
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activity in immunoprecipitates from PDGF-
stimulated cultures suggests that activation
of the receptor by ligand either stimulates a
PI kinase already associated with the recep-
tor or causes the receptor to associate with a
PI kinase.

Receptor antisera coprecipitated the re-
ceptor with a PDGF-sensitive PI kinase

examined the ability of wild-type and mu-
tant PDGF receptors to physically associate
with and regulate PI kinase.

To test the hypothesis that a PI kinase
might be physically associated with the
PDGEF receptor, we assayed receptor immu-

Fig. 1. Phosphatidylinositol
kinase activity in PDGF re-
ceptor immunoprecipitates.

Antiserum: | 77 Ji 88 [ 77 ] 88 |

-l -
Confluent quiescent _cul- ’ I - ‘**, PIP
flarss of Balbc 3T3 ccls in Peptide:[ = [ 77 [ - [ [ 8 [ 77 ]
bated in the presence (+) or PDGF:[ - + - + - + -+ - + - + |

absence (—) of PDGF (10

ng/ml) for 15 min at 37°C. The cells were washed once with cold phosphate-buffered saline and then
lysed in situ with 50 mM NaCl, 20 mM wis HCl, pH 7.4, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 5 mM EDTA, 50 mM sodium fluoride, 20 mM sodium pyrophosphate,
and 1% Triton X-100 (RIPA) (18). The lysates were clarified by centrifugation and incubated for 2
hours at 4°C with receptor antiserum 77 or 88 at a 1:500 dilution in the presence or absence of the
peptide (50 pg/ml) to which each antiserum was raised, as indicated. Peptide 77 represents amino acid
residues 425 to 446 in the receptor’s extracellular domain, and peptide 88 represents amino acid
residues 738 to 760 in the cytoplasmic domain (4, 19). After an additional 20-min incubation at 4°C
with protein A—Sepharose, the immunoprecipitates were recovered by centrifugation and washed three
times with 1 ml of RIPA, then three times with 1 ml of 100 mM NaCl and 10 mM tris, pH 7.4. The
washed immunoprecipitates were resuspended in 100 pl of 20 mM Hepes, pH 7.2, 5§ mM MnCl,,
sonicated PI (0.2 mg/ml), with 10 nCi of [y-3?P]ATP as described (2, 3). The kinase reaction was
allowed to continue for 20 min at room temperature; incorporation of >?P into phosphatidylinositol-
monophosphate (PIP) was linear over this ime. Labeled phospholipids were extracted, separated by
thin-layer chromatography, and detected by autoradiography as previously described (2, 3). This
experiment is representative of three replicate experiments.
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