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Abstract We previously identified human CAP, a homolog of the yeast adenylyl cyclase-associated protein. 
Previous studies suggest that the N-terminal and C-terminal domains of CAP have distinct functions. We have explored 
the interactions of human CAP with various proteins. First, by performing yeast two-hybrid screens, we have identified 
peptides from several proteins that interact with the C-terminal and/or the N-terminal domains of human CAP. These 
peptides include regions derived from CAP and BAT3, a protein with unknown function. We have further shown that 
MBP fusions with these peptides can associate in vitro with the N-terminal or C-terminal domains of CAP fused to GST. 
Our observations indicate that CAP contains regions in both the N-terminal and C-terminal domains that are capable of 
interacting with each other or with themselves. Furthermore, we found that myc-epitope-tagged CAP coimmunoprecipi- 
tates with HA-epitope-tagged CAP from either yeast or mammalian cell extracts. Similar results demonstrate that human 
CAP can also interact with human CAP2. We also show that human CAP interacts with actin, both by the yeast 
two-hybrid test and by coimmunoprecipitation of epitope-tagged CAP from yeast or mammalian cell extracts. This 
interaction requires the C-terminal domain of CAP, but not the N-terminal domain. Thus CAP appears to be capable of 
interacting in vivo with other CAP molecules, CAPZ, and actin. We also show that actin co-immunoprecipitates with 
HA-CAP2 from mammalian cell extracts. o 1996 wiley-Liss, Inc. 
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CAP was first identified as a protein that is 
associated with adenylyl cyclase in the budding 
yeast Saccharomyces cerevisiae [Field et al., 
19883. The gene encoding CAP was cloned and 
found to be allelic with mutations, supC and 
SRV2, that suppress the activated RAS2ua119 
mutation [Field et al., 1990; Fedor-Chaiken et 
al., 19901. Although CAP is required for the 
hyperactivation of adenylyl cyclase by RAS2"'19 
in vivo, purified RAS is capable of activating 
adenylyl cyclase in crude membrane extracts 
derived from cells lacking CAP [Wang et al., 
19921. Deletion analysis has revealed that CAP 
has at least two distinct functional domains: the 
N-terminal domain is required for RAS2va119 re- 
sponsiveness of adenylyl cyclase, while the C-ter- 
minal domain is required for proper nutritional 
responses and cytoskeletal structure [Gerst et 
al., 1991; Vojtek et al., 19911. Deletion of the 
C-terminal domain leads to several phenotypes 
including nutritional and temperature sen- 
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sitivity, slow growth, abnormal cell morphology, 
random budding, and abnormal actin filament 
formation. Many of these phenotypes are also 
seen in conditional actin mutants or in yeasts 
that are deficient in profilin [Novick and Bot- 
stein, 1985; Haarer et al., 19901. Also, overex- 
pression of profilin suppresses these phenotypes 
in cap- strains, although the normal budding 
pattern is only partially restored Wojtek et al., 
19911. Overexpression of SNC1, a yeast homo- 
log of the synaptobrevin family of synaptic 
vesicle-associated membrane proteins, also sup- 
presses these phenotypes, but only in strains 
carrying the RAS2uaz19 allele [Gerst et al., 19921. 
The region separating the N-terminal and C-ter- 
minal domains of CAP consists of a proline-rich 
sequence that may represent another functional 
domain, although no phenotype has been ob- 
served in yeast lacking this domain. The func- 
tional relationships among the different do- 
mains of CAP are not understood. 

CAP-related genes have been identified in the 
fission yeast Schizosaccharomyces pombe 
[Kawamukai et al., 19921, Chlorohydra viridis- 
sima [Fenger et al., 19941, and mammals 
[Matviw et al., 1992; Vojtek and Cooper, 1993; 
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Zelicof et al., 1993; Yu et al., 19941. Our previ- 
ous studies suggest that at least some of the 
functional properties of CAP have been con- 
served between yeast and mammals [Matviw et 
al., 1992; Yu et al., 19941. To further explore the 
function of mammalian CAP we sought to deter- 
mine what proteins interact with CAP. 

MATERIALS AND METHODS 
Yeast Strains and Genetic Analysis 

The yeast strains L40 (MATa his3 trpl leu2 
ade2 LYS2::lexA-HIS3 URA3::lexA-1ac.Z) 
Wojtek et al., 1993; Hollenberg et al., 19951 and 
SP1 (MATa leu2 his3 ura3 trpl ade8 canl)  
[Kataoka et al., 19841 have been previously de- 
scribed. Yeast genetic and molecular biology tech- 
niques (i.e., growth, transformation, segrega- 
tion analysis, etc.) were performed as described 
[Rose et al., 19901. 

DNA Manipulation and Analysis 

Procedures used for DNA manipulation and 
analysis (i.e., purification, restriction site map- 
ping, electrophoresis, transformation, etc.) have 
been previously described [Sambrook et al., 
19891. The DNA sequence of both strands of 
sequenced clones was determined by a modified 
dideoxy chain-termination method [Sanger et 
al., 19771, using the Taq DyeDeoxy Terminator 
Cycle Sequencing Kit (Applied BioSystems, Fos- 
ter City, CAI. PCR reactions were performed as 
described [Matviw et al., 19921. 

Plasmids 

pCGH, used to construct and express HA- 
epitope-tagged proteins in NIH 3T3 cells, was 
constructed by inserting the coding sequence for 
the HA-epitope (MYPYDVPDYASLGGPM- 
STLD) [Field et al., 19881 into the XbaI site of 
the mammalian expression vector pCG [Tanaka 
and Herr, 19901. pCIM, used to construct and 
express myc-epitope-tagged proteins in NIH 3T3 
cells, was constructed by inserting the coding 
sequence for three tandem myc-epitopes 
(MEQKLISEEDLGEQKLISEEDLLEQKLI- 
SEEDLAA) [Evan et al., 19851 into the Nhel- 
EcoRI sites of the mammalian expression vector 
pCI (Promega Corp., Madison, WI). pAD4H, used 
to construct and express HA-epitope-tagged pro- 
teins in s. cerevisiae, was constructed by replac- 
ing the 0.4 kb SphI-SalI fragment from pAD4A 
[Ballester et al., 19891 with the 0.4 kb SphI-SalI 
fragment from pAD5 [Kawamukai et al., 19921. 

pUAD6 used to construct and express myc- 
epitope-tagged proteins in S. cerevisiae, was 
kindly provided by Dr. Roymarie Ballester. 
pGEX-KG was used to  construct and express 
GST fusion proteins [Guan and Dixon, 19911. 
pGEX-NCAP encodes GST fused to the N-ter- 
minal domain of CAP (residues 1-228). pGEX- 
CCAP encodes GST fused to the C-terminal 
domain of CAP (residues 253-475). pMAL-c2 
(New England Biolabs, Beverly, MA) was used 
to construct and express MBP fusion proteins. 
pMAL-Y1,2,3 was constructed by insertingcDNA 
fragments from pVP16-Y172,3 into pMAL-c2. 
pMALT, which expresses MBP, was constructed 
by removing the small Not I fragment from 
pMAL-Y1. The yeast two-hybrid expression vec- 
tor pBTM116 contains the LexA coding se- 
quence under the control of the ADHl pro- 
moter, the 2 p,m origin of replication, and the 
TRPl gene [Bartel et al., 19931. Plasmids that 
express LexA fusion proteins were generated by 
inserting DNA fragments into the polylinker of 
pBTM116 located 3’ to the LexA coding se- 
quence. The yeast two-hybrid expression vector 
pVP16 contains the coding sequence of a nuclear 
localized VP16 acidic activation domain under 
the control of the ADHl promoter, the 2 pm 
origin of replication, and the LEU2 gene Wojtek 
et al., 1993; Hollenberg et al., 19951. Plasmids 
that express VP16 fusion proteins were gener- 
ated by inserting DNA fragments in the 
polylinker of pVP16. 

Yeast Two-Hybrid Screen 

The cDNA library used for the yeast two- 
hybrid screens contains short (400-700 bp) 
cDNA fragments constructed from 9.5 day mouse 
embryos and inserted into pVP16 Wojtek et al., 
1993; Hollenberg et al., 19951. The S. cerevisiae 
strain L40 containing either pLexA-CCAP or 
pLexA-NCAP was transformed with the mouse 
embryo cDNA library using a high-efficiency 
transformation procedure [Schiestl and Gietz, 
1989; Hill et al., 1991; Vojtek et al., 19931 to 
obtain an estimated lo7 primary transformants 
for each screen. These transformants were grown 
in synthetic medium (YC-Trp-Ura-Leu-Lys) for 
16 hr at  30°C to obtain efficient expression of the 
HIS3 reporter gene. The transformants were 
then plated on selective synthetic plates (Yc-Trp- 
His-Ura-Leu-Lys) to  select for cells that express 
HISS. The plates were incubated for 3-5 days, 
and colonies were picked and tested for P-galac- 
tosidase activity by a filter assay [Breeden and 
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Nasmyth, 19851. Segregation analysis of 
His+LacZ+ colonies yielded colonies that were 
dependent on the pLexA fusion plasmid for their 
His+LacZ+ phenotype. The pW16 fusion plas- 
mids were isolated from plasmid-dependent colo- 
nies, retransformed into L40 containing the 
pLexA fusion plasmid, and the assays for HIS3 
and P-galactosidase activity were repeated. 

Protein Analysis 

Yeast expressing epitope-tagged proteins were 
grown to an  0.D.600 = 1.0, washed in H20,  and 
resuspended in 200 mM Tris, pH 7.4, 10 mM 
MgCI2, 1 mM DTT, 10% glycerol, 1 mM PMSF, 
and leupeptin 1 pg/ml. Cells were broken by 
vortexing with glass beads, and the resulting 
extract was spun at 14,000 rpm in an Eppendorf 
centrifuge for 5 min to remove cell debris. Epi- 
tope-tagged proteins were transiently expressed 
in NIH 3T3 cells by electroporation of the appro- 
priate plasmids [Chu et al., 1987; Baum et al., 
19941. After 24-48 hr  the cells were briefly 
sonicated in extraction buffer (150 mM NaC1, 
1% NP-40, 50 mM Tris, pH 8.0) (400 bl/plate) 
and spun at 10,000 rpm for 5 min in an Eppen- 
dorf centrifuge to remove cell debris. Protein 
concentrations of the soluble extracts were deter- 
mined using reagents from Bio-Rad Laborato- 
ries (Richmond, CAI. Antibody preparation, im- 
munoprecipitations, and Western blot analysis 
were performed as previously described [Harlow 
and Lane, 19881. For immunoprecipitations, pro- 
tein extracts were precleared with protein A 
Sepharose 4B (Pharmacia Biotech, Uppsala, 
Sweden) and then incubated with 12CA5 anti- 
body in extraction buffer for 1 hr at 4°C. Protein 
A Sepharose was added to the antibody-antigen 
complex and incubated for 30 min at 4°C. The 
beads were washed four times with extraction 
buffer and resuspended in sample buffer. 

In Vitro Binding Assays 

Six micrograms of GST, GST-NCAP, or GST- 
CCAP was incubated with 50 pl glutathione- 
agarose beads (Sigma Chemical, St. Louis, MO) 
at 4°C for 2 hr. After sedimentation, the beads 
were incubated with 3% dry milk overnight to 
block nonspecific binding sites. The beads were 
washed with 200 mM NaC1,l mM EDTA, 1 mM 
DTT, 20 mM Tris, pH 7.4. Seven point five 
micrograms of MBP or MBP fusions were incu- 
bated with the GST-fusion-glutathione-agarose 
beads in 60 mM NaC1, 6 mM MgC12, 1 mM 
EDTA, 1 mM DTT, 0.005% NP40, 10% glycerol, 

1.25% dry milk, 20 mM Tris, pH 7.4, at 4°C for 2 
hr. The beads were washed four times with 80 
mM NaC1, 6 mM MgCI2, 1 mM EDTA, 1 mM 
DTT, 0.01% NP40, 10% glycerol, 20 mM Tris, 
pH 7.4. The beads were then boiled in sample 
buffer and analyzed by Western blot analysis. 

RESULTS 
Yeast Two-Hybrid Screen 

We used a yeast two-hybrid system to identify 
proteins that interact with the different do- 
mains of human CAP. We first constructed yeast 
expression vectors that express LexA fused to 
these domains, and then we screened for W 1 6  
fusion proteins, encoded by a mouse embryo 
cDNA library, that interact with the LexA-CAP 
fusion proteins (see Materials and Methods). We 
isolated and characterized 14 clones from a 
screen for W 1 6  fusion proteins that interact 
with the C-terminal domain of CAP fused to 
LexA. Twelve of these clones encode overlapping 
regions derived from the N-terminal domain of 
the mouse CAP homolog. The smallest of these 
clones defines a minimal region of the N-termi- 
nal domain (residues 3-63) that is capable of 
interacting with the C-terminal domain of CAP. 
The other two clones overlap and they encode 
peptides with 90% identity to a region of human 
BAT3 (residues 246-360, 246-420), a protein 
with unknown function [Banerji et al., 19901. 

We also isolated and characterized 24 clones 
from a screen for W 1 6  fusion proteins that 
interact with the N-terminal domain of CAP 
fused to L e d .  Interestingly, one of these clones 
also encodes a region of BAT3 that overlaps with 
the two clones described above. Four other clones 
identified by this screen encode peptides derived 
from the N-terminal or C-terminal domains of 
CAP. We further found that W 1 6  fusions with 
the BAT3, N-terminal CAP, or C-terminal CAP 
peptides encoded by these clones also interact 
with either the C-terminal domain of CAP or 
full-length CAP fused to LexA (Fig. 1A). In 
contrast, the W 1 6  fusions encoded by the other 
clones we identified from this screen failed to 
interact with either the C-terminal domain or 
full-length CAP, suggesting that the sites in the 
N-terminal domain of CAP that interact with 
these proteins are not available in the full- 
length CAP protein (data not shown). Thus, 
these interactions may not be biologically rel- 
evant and we have not further characterized 
these clones. None of the W 1 6  fusion proteins 
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Fig. 1. CAP interacts with different peptides. A: The yeast 
two-hybrid system was used to select clones from a VP16- 
mouse cDNA fusion library encoding proteins that interact with 
the N-terminal (LexA-NCAP) or C-terminal (LexA-CCAP) do- 
mains of CAP fused to LexA. The VP16 fusions were tested for 
their ability to  interact with LexA-LAMIN, LexA-NCAP, LexA- 
CCAP, or LexA-CAP by their ability to induce p-galactosidase 
activity in the yeast two-hybrid tester strain L40. Each patch 
represents an independent transformant containing plasmids 
expressing the indicated proteins. Y1 is 90% identical to  resi- 
dues 246-360 of human BAT3 (Cenbank accession number 
M33519), Y2 is identical to residues 309-460 of mouse CAP 
(Cenbank accession number L12367), Y3 is identical to  resi- 
dues 3-1 06 of mouse CAP. B: MBP fusions were tested for their 
abilities to interact in vitro with the N-terminal (CST-NCAP) or 
C-terminal (CST-CCAP) domains of CAP fused to CST. Lanes a: 
Six nanograms of MBP or the indicated MBP fusion. Seven point 
five micrograms of the indicated MBP fusion was incubated 
with glutathione beads bound to (lanes b) CST-NCAP, (lanes c) 
GST, or (lanes dj GST-CCAP (see Materials and Methods). Ten 
percent of the bound protein was analyzed by irnmunoblotting. 
MBP fusion proteins were detected using an MBP-specific 
polyclonal antibody (New England Biolabs). The GST, CST- 
NCAP, or CST-CCAP were detected using a GST-specific mono- 
clonal antibody (Santa Cruz Biotech., Santa Cruz, CA). Antibod- 
ies were detected using the ECL chemiluminescent kit 
(Amersham, Arlington Heights, IL). 

interact with Led-Lamin, which was used as a 
negative control. 

To further explore the interactions of the 
different domains of CAP with each other and 
with the BAT3-derived peptide, we performed in 
vitro binding assays using GST and MBP fusion 
proteins that were purified from bacteria ex- 
pressing these proteins (Fig. 1B). Our results 
demonstrate that MBP fusions with the pep- 
tides derived from the N-terminal or C-terminal 
domains of CAP or BAT3 can interact with 
either the N-terminal or C-terminal domains of 
CAP fused to GST. Thus, CAP contains two 
distinct sequences that are capable of interact- 
ing with each other, or with the BATS-derived 
peptide. The interactions between the different 
domains of CAP suggest that intermolecular 
and/or intramolecular interactions may occur 
between full-length CAP proteins. 

CAP Interacts With CAP and CAP2 

We next examined whether full-length CAP 
molecules can interact with each other in vivo. 
We found by the yeast two-hybrid test that 
VP16-CAP interacts with LexA-CAP (Fig. 2A). 
To further examine these interactions we con- 
structed yeast and mammalian expression vec- 
tors that express either HA-epitope or myc- 
epitope-tagged CAP proteins. Using these 
vectors, we showed that myc-CAP co-immuno- 
precipitates with HA-tagged CAP, or the N-ter- 
minal or C-terminal domains of CAP, from ex- 
tracts derived from yeast that express these 
epitope-tagged proteins, but not from extracts 
derived from control cells that express either 
HA-CAP or myc-CAP alone (Fig. 2B). We found 
similar results using extracts from NIH 3T3 
cells that transiently express myc-CAP and/or 
HA-CAP (Fig. 2C). 

We further examined whether CAP could in- 
teract with human CAP2. Our results using the 
yeast two-hybrid test indicate that LexA-CAP2 
interacts with VP16-CAP (Fig. 3A). Further- 
more, we demonstrated that myc-CAP2 coimmu- 
noprecipitates with HA-CAP from extracts de- 
rived from NIH 3T3 cells that transiently express 
these proteins (Fig. 3B). Thus, CAP is capable of 
interacting with other CAP molecules, or with 
CAP2, in vivo. 

CAP and CAP2 Interact With Actin 

Previous results using the yeast two-hybrid 
test have suggested that yeast CAP interacts 
with yeast actin [Amberg et al., 1995; Freeman 
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Fig. 2. CAP interacts with CAP. A: VP16 and VP16 fusions with 
the N-terminal (residues 1-228; VP16-NCAP) or C-terminal 
(residues 254-475; VP16-CCAP) domains of human CAP were 
tested for their abilities to interact with LexA fusions with the 
N-terminal (LexA-NCAP), C-terminal (LexA-CCAP), or full- 
length CAP (LexA-CAP) sequences by their abilities to induce 
p-galactosidase activity in the yeast two-hybrid tester strain 
L40. Each patch represents an independent yeast transformant 
expressing the indicated proteins. Yeast patches were stained 
for p-galactosidase activity [Breeden and Nasmyth, 19851. B: 
An HA-specific monoclonal antibody 12CA5 (anti-HA) [Field et 
al., 19881 or a myc-specific monoclonal antibody 9E10 (anti- 
myc) [Evan et al., 19851 were used to probe Western blots of (a) 
extracts from yeast expressing myc-CAP alone, (b) myc-CAP 

et al., 19951. We sought to determine if these 
interactions have been conserved in mammals. 
Our results, using the yeast two-hybrid test, 
show that mammalian y actin fused to VP16 can 
interact with a LexA-CAP fusion (Fig. 4A). Fur- 
thermore, we demonstrated that endogenous 
actin co-immunoprecipitates with CAP or the 
C-terminal domain of CAP, but not with the 
N-terminal domain of CAP, from extracts de- 
rived from either yeast or NIH 3T3 cells that 
express these HA-epitope-tagged proteins (Fig. 
4B). Thus, an interaction between actin and 
human CAP can occur in yeast and mammalian 
cells, and this interaction requires the C-termi- 
nal domain, but not the N-terminal domain, of 
CAP. We also found that actin coimmunoprecipi- 
tates with HA-CAP2 from mammalian cell ex- 
tracts (Fig. 4B). 

DISCUSSION 

We have identified vP16 fusions with several 
peptides, derived from various proteins, that 
interact with the C-terminal and/or N-terminal 

and HA-CAP, (c) myc-CAP and HA-NCAP, or (d) myc-CAP and 
HA-CCAP, (e) 12CA5 immunoprecipitates of extracts from yeast 
expressing HA-CAP alone, (0 myc-CAP alone, (g) HA-CAP and 
myc-CAP, (h) HA-NCAP and myc-CAP, or ( i )  HA-CCAP and 
myc-CAP. C: 12CA5 (anti-HA) or 9E10 (anti-myc) were used to 
probe Western blots of (a) extracts from NIH 3T3 cells that 
transiently express HA-CAP alone, (b) HA-CAP and myc-CAP, or 
(c) myc-CAP alone, (d) 12CA5 immunoprecipitates of extracts 
from NIH 3T3 cells expressing HA-CAP alone, (e) HA-CAP and 
myc-CAP, or (0 myc-CAP alone. Antibodies which bound to the 
filters were detected using the ECL chemiluminescent kit (Amer- 
sham). The band present in all 12CA5 immunoprecipitates 
represents the heavy chain of 12CA5. 

domains of human CAP. However, only peptides 
derived from CAP or BAT3 are capable of inter- 
acting with the full-length CAP protein. Interest- 
ingly, these peptides are capable of interacting 
with either the C-terminal or N-terminal do- 
mains of CAP, indicating that there are at least 
two similar binding sites in CAP. The interac- 
tion of full-length CAP with other CAP mol- 
ecules indicates that CAP forms multimeric com- 
plexes in vivo. Our observation that both the 
N-terminal and C-terminal domains of CAP can 
interact with each other or with themselves 
further suggests that CAP may form large poly- 
mers. However, this may not occur since the 
interaction sites in the N-terminal domain may 
be unavailable in the full-length CAP protein, as 
appears to be the case for other peptides that we 
identified. Also, the formation of dimers may 
result in steric hindrance that precludes the 
association of additional CAP molecules. These 
possibilities remain to be fully explored. 

We have previously found that CAP and CAP2 
are expressed at  different levels in different adult 
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Fig. 3. CAP interacts with CAP2. A: VP16 or VP16 fused to 
human CAP were tested for their abilities to  interact with 
LexA-CAP2 or LexA-lamin fusions by the yeast two-hybrid test. 
B: 12CA5 (anti-HA) or 9E10 (anti-myc) were used to probe 
Western blots of (a) extracts from NIH 3T3 cells that transiently 
express HA-CAP alone, (b) HA-CAP and myc-CAP2, or (c) 
myc-CAP2 alone, (d) 12CA5 immunoprecipitates of extracts 
from NIH 3T3 cells expressing HA-CAP alone, (e)  HA-CAP and 
myc-CAP2, or (0 myc-CAP2 alone. 

rat tissues, suggesting that they may have dis- 
tinct roles [Swiston et al., 19951. However, CAP 
and CAP2 are both present in many tissues. Our 
observations indicate that CAP and CAP2 can 
form a complex in vivo, suggesting that the 
formation of such complexes may regulate the 
roles of these proteins. 

The functional significance of the interaction 
between CAP and the BAT3-derived peptide will 
require further investigation. There is no signifi- 
cant homology between BAT3 and any known 
protein sequence, and essentially nothing is 
known about the function of BAT3. However, 
there is a polyproline sequence in the middle of 
both BAT3 and CAP that suggests a structural 
and functional similarity. Also, BAT3 tran- 
scripts are present in a variety of adult rat 
tissues, but are found at very high levels in 
testis [Wang and Liew, 19941. CAP is also ubiq- 
uitously expressed, but is found at high levels in 
testis, spleen, and lung Wojtek and Cooper, 1993; 
Zelicof et al., 1993; Swiston et al., 19951. Of the 
proteins we identified from our two-hybrid 
screen, the BAT3 peptide exhibits the strongest 
interaction with CAP in vitro. Furthermore, it is 
the only one we identified, other than CAP- 
derived peptides or actin, that can interact with 
the full-length CAP protein. Thus, this interac- 

Fig. 4. CAP interacts with actin. A: VP16 and VP16 fusions 
with mammalian y actin (VP16-ACTIN) were tested for their 
abilities to interact with LexA-CAP or Led-LAMIN by their 
ability to  induce p-galactosidase activity in the yeast two-hybrid 
tester strain L40. B: 12CA5 (anti-HA) or anti-actin monoclonal 
antibody (Boehringer Mannheim, Mannheim, Germany) were 
used to probe Western blots of (a) 12CA5 immunoprecipitates 
of extracts from yeast expressing HA-CCAP, (b) HA-NCAP, or 
(c) HA-CAP, (d) 12CA5 immunoprecipitates of extracts from 
NIH 3T3 cells expressing HA-CCAP, (e)  HA-NCAP, (0 HA-CAP, 
(g) control vector (pCGH) alone, (h) HA-CAP2, or (i) 100 ng 
purified chicken skeletal muscle actin. 

tion may reflect a biologically significant relation- 
ship between these proteins. 

Surprisingly, we did not identify clones encod- 
ing actin in our yeast two-hybrid screens. This 
may reflect the fact that the interaction between 
CAP and actin is relatively weak by the yeast 
two-hybrid test as compared with the interac- 
tions between CAP and the peptides we identi- 
fied. The interaction of CAP with actin was 
suggested on the basis of previous genetic stud- 
ies of yeast CAP [Vojtek et al., 1991; Amberg et 
al., 19951, and on the copurification of porcine 
CAP with actin [Gieselman and Mann, 19921. 
The genetic studies indicate that yeast CAP is 
required for normal actin filament formation. 
More recent biochemical studies show that yeast 
CAP interacts with monomeric actin and prevents 
it from polymerizing in vitro [Freeman et al., 
19951. Since the identity between yeast and 
mammalian CAP proteins is only about 35%, 
the functional conservation of these proteins 
remains uncertain. Our observations demon- 
strate that human CAP and CAP2 also interact 
with actin; thus they support our previous stud- 
ies suggesting that the functional properties of 
the C-terminal domains of CAP proteins have 
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been conserved between yeast and mammals 
[Matviw et al., 1992; Yu et al., 19941. In yeast, 
CAP appears to  be involved in both the regula- 
tion of adenylyl cyclase and actin filament forma- 
tion. Thus, it may play a critical role in linking 
events of signal transduction and cytoskeletal 
reorganization. Perhaps mammalian CAP has a 
similar dual role. 

ACKNOWLEDGMENTS 

We thank Drs. Anne Vojtek and Stan Hollen- 
berg for providing the two-hybrid yeast vectors, 
cDNA library, and yeast strains used in this 
study. We also thank Drs. Roymarie Ballester, 
Michael Wigler, Masafumi Tanaka, and Sean 
Egan for providing various plasmids used in this 
study. This work was supported by grants from 
the Alberta Heritage Foundation for Medical 
Research, the Alberta Cancer Board, and the 
Medical Research Council of Canada. Andrew 
Hubberstey and Gang Yu contributed equally to 
this paper. 

REFERENCES 

Amberg DC, Basart E, Botstein D (1995): Defining protein 
interactions with yeast actin in vivo. Struct Biol2:28-35. 

Ballester R, Michaeli T, Ferguson K, Xu HP, McCormick F, 
Wigler M (1989): Genetic analysis of mammalian GAP 
expressed in yeast. Cell 59:681-686. 

Banerji J ,  Sands J, Strominger JL, Spies T (1990): A gene 
pair from the human major histocompatibility complex 
encodes large proline-rich proteins with multiple repeated 
motifs and a single ubiquitin-like domain. Proc Natl Acad 
Sci USA 87:2374-2378. 

Bartel PL, Chien C, Sternglanz R, Fields S (1993): Using the 
two-hybrid system to detect protein-protein interactions. 
In Hartley DA (ed): “Cellular Interactions in Develop- 
ment: A Practical Approach.” Oxford: IRL Press, pp 153- 
179. 

Baum C, Forster P, Hegewisch-Becker S, Harbers K (1994): 
An optimized electroporation protocol applicable to a wide 
range of cell lines. Biotech 17:1058-1062. 

Breeden L, Nasmyth K (1985): Regulation of the yeast HO 
gene. Cold Spring Harbor Symposium Quantitative Biol- 
ogy 50:643-650. 

Chu G, Hayakawa H, Berg P (1987): Electroporation for the 
efficient transfection of mammalian cells with DNA. 
Nucleic Acids Res 15:1311-1326. 

Evan GI, Lewis GK, Ramsay G, Bishop JM (1985): Isolation 
of monoclonal antibodies specific for human c-myc proto- 
oncogene product. Mol Cell Biol5:3610-3616. 

Fedor-Chaiken M, Deschenes FLJ, Broach JR (1990): SRV2, 
a gene required for RAS activation of adenylate cyclase in 
yeast. Cell 61:329-340. 

Fenger U, Hofmann M, Galliot B, Schaller HC (1994): The 
role of the CAMP pathway in mediating the effect of head 
activator on nerve-cell determination and differentiation 
in hydra. Mech Dev 47:115-125. 

Field J, Nikawa J, Broek D, MacDonald B, Rodgers L, 
Wilson IA, Lerner RA, Wigler M (1988): Purification of a 

RAS-responsive adenylyl cyclase complex from Saccharo- 
myces cereuisiae by use of an epitope addition method. Mol 
Cell Biol8:2159-2165. 

Field J ,  Vojtek A, Ballester R, Bolger G, Colicelli J, Ferguson 
K, Gerst J, Kataoka T, Michaeli T, Powers S ,  Riggs M, 
Rodgers L, Wieland I, Wheland B, Wigler M (1990): Clon- 
ing and characterization of CAP, the S. cereuisiae gene 
encoding the 70 kd adenylyl cyclase-associated protein. 
Cell 6 1: 3 19-327. 

Freeman NL, Chen Z, Horenstein J, Weber A, Field J 
(1995): An actin monomer binding activity localizes to the 
carboxyl-terminal half of the Saccharomyces cereuisiae 
cyclase-associated protein. J Biol Chem 270:5680-5685. 

Gerst JE, Ferguson K, Vojtek A, Wigler M, Field J (1991): 
CAP is a bifunctional component of the Saccharomyces 
cereuisiae adenylyl cyclase complex. Mol Cell Biol 11:1248- 
1257. 

Gerst JE, Rodgers L, Riggs M, Wigler M (1992): SNCI, a 
yeast homolog of the synaptic vesicle-associated mem- 
brane proteinisynaptobrevin gene family: Genetic interac- 
tions with the RAS and CAP genes. Proc Natl Acad Sci 
USA 89:4338-4342. 

Gieselmann R, Mann K (1992): ASP-56, a new actin seques- 
tering protein from pig platelets with homology to CAP, 
an adenylate cyclase-associated protein from yeast. FEBS 
Lett 298:149-153. 

Guan KL, Dixon J E  (1991): Eukaryotic proteins expressed 
in Escherichia coli: An improved thrombin cleavage and 
purification procedure of fusion proteins with glutathione 
S-transferase. Anal Biochem 192:262-267. 

Haarer BK, Lillie SH, Adams AE, Magdolen V, Bandlow W, 
Brown SS (1990): Purification of profilin from Saccharo- 
myces cereuisiae and analysis of profilin-deficient cells. J 
Cell Biol 110:105-114. 

Harlow E, Lane D (1988): “Antibodies, A Laboratory 
Manual.” Cold Spring Harbor, New York: Cold Spring 
Harbor Laboratory Press. 

Hill J, Donald KA, Griffiths DE (1991): DMSO-enhanced 
whole cell yeast transformation. (Published erratum ap- 
pears in Nucleic Acids Res 19:6688.) Nucleic Acids Res 
19:5791. 

Hollenberg SM, Sternglanz R, Cheng PF, Weintraub H 
(1995): Identification of a new family of tissue-specific 
basic helix-loop-helix proteins with a two-hybrid system. 
Mol Cell Biol 15:3813-3822. 

Kataoka T, Powers S ,  McGill C, Fasano 0, Strathern J, 
Broach J, Wigler M (1984): Genetic analysis of yeast 
RASl and RAS2 genes. Cell 37:437-445. 

Kawamukai M, Gerst J ,  Field J, Riggs M, Rodgers L, Wigler 
M, Young D (1992): Genetic and biochemical analysis of 
the adenylyl cyclase-associated protein, cap, in Schizosuc- 
charomyces pombe. Mol Biol Cell 3: 167-180. 

Matviw H, Yu G, Young D (1992): Identification of a human 
cDNA encoding a protein that is structurally and function- 
ally related to the yeast adenylyl cyclase-associated CAP 
proteins. Mol Cell Biol 12:5033-5040. 

Novick P, Botstein D (1985): Phenotypic analysis of tempera- 
ture-sensitive yeast actin mutants. Cell 40:405416. 

Rose MD, Winston F, Hieter P (1990): “Methods in Yeast 
Genetics, A Laboratory Course Manual.” Cold Spring 
Harbor, New York: Cold Spring Harbor Laboratory Press. 

Sambrook J ,  Fritsch EF, Maniatis T (1989): “Molecular 
Cloning, A Laboratory Manual.” Cold Spring Harbor, 
New York: Cold Spring Harbor Laboratory Press. 



466 Hubberstey et al. 

Sanger F, Nicklen S, Coulson AR (1977): DNA sequencing 
with chain-terminating inhibitors. Proc Natl Acad Sci 
USA 74:5463-5467. 

Schiestl RH, Gietz RD (1989): High efficiency transforma- 
tion of intact yeast cells using single stranded nucleic 
acids as a carrier. Curr Genet 16:339-346. 

Swiston J ,  Hubberstey A, Yu G, YoungD (1995): Differential 
expression of CAP and CAP2 in adult rat tissues. Gene 

Tanaka M, Herr W (1990): Differential transcriptional acti- 
vation by Oct-1 and Oct-2: Interdependent activation do- 
mains induce Oct-2 phosphorylation. Cell 60:375-386. 

Vojtek AB, Cooper JA (1993): Identification and character- 
ization of a cDNA encoding mouse CAP: A homolog of the 
yeast adenylyl cyclase associated protein. J Cell Sci 105: 
777-785. 

Vojtek A, Haarer B, Field J ,  Gerst J, Pollard TD, Brown S, 
Wigler M (1991): Evidence for a functional link between 

165~273-277. 

profilin and CAP in the yeast S. cereuisiae. Cell 66:497- 
505. 

Vojtek AB, Hollenberg SM, Cooper JA (1993): Mammalian 
Ras interacts directly with the serineithreonine kinase 
Raf. Cell 74:205-214. 

Wang R, Liew CC (1994): The human BAT3 ortholog in 
rodents is predominantly and developmentally expressed 
in testis. Mol Cell Biochem 136:49-57. 

Wang J ,  Suzuki N, Kataoka T (1992): The 70-kilodalton 
adenylyl cyclase-associated protein is not essential for 
interaction of Saccharomyces cereuisiae adenylyl cyclase 
with RAS proteins. Mol Cell Biol12:4937-4945. 

Yu G, Swiston J, Young D (1994): Comparison of human 
CAP and CAP2, homologs of the yeast adenylyl cyclase- 
associated proteins. J Cell Sci 107:1671-1678. 

Zelicof A, Gatica J, Gerst JE  (1993): Molecular cloning and 
characterization of a rat homolog of CAP, the adenylyl 
cyclase-associated protein from Saccharomyces cereui- 
siae. J Biol Chem 268:13448-13453. 




