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FIG. 5. Western analysis of mutant CAP proteins. The expres-

sion of mutant CAP proteins was demonstrated by Western analy-
sis. Whole-cell extracts (125 p.g of protein per lane) from SKN37
cells transformed with full-length CAP (pADH-CAP), with deletion
mutants of CAP (pADH-CAPA1, -A4, -A6, -A7, -A12, and -A15; see

Fig. 4), or with a yeast expression vector (YEp13M4) as a control
were electrophoresed on a 10% polyacrylamide gel and blotted as

described in Materials and Methods. Blots were subsequently
incubated with polyclonal antisera (1:200) raised against E. coli-
expressed full-length CAP and were probed with 1251I-protein A. The
migration of prestained molecular weight markers is shown on the
left.

C-terminal region of CAP as small as 237 amino acids
appears to be sufficient for restoring the wild-type pheno-
types (Fig. 4). In contrast, expression of the N-terminal
region of CAP, even when including the middle proline-rich
region, had no effect on the cap mutant phenotypes of this
strain. Thus, the C-terminal domain is required for suppres-

sion of these cap mutant phenotypes and appears sufficient
by itself. In addition, cells expressing the C-terminal domain
of CAP were also resistant to valine and 3AT toxicity, while
cells expressing the N-terminal domain alone remained
sensitive (Fig. 1 and data not shown). Thus, the toxicity of
valine and 3AT, temperature sensitivity, sensitivity to star-
vation, and sensitivity to rich media are all associated with
the function of the carboxy-terminal region of CAP.
To explore the effects of deletions in CAP on the response

of cells to activated RAS, we introduced the CAP mutants
into strain SKN37, which expresses the activated RAS2Val-l9
gene. CAPWt strains are sensitive to both heat shock and
nitrogen starvation when they express the RAS2Val-19 gene
(25, 30). SKN37, however, is not heat shock sensitive yet
remains sensitive to nitrogen deprivation and displays the
other defects typically seen in cap mutant strains. The
sensitivity to nitrogen deprivation seen in cap mutant
RAS2val`l9 cells probably results from the disruption of CAP
and not from penetrance of the activated RAS2 allele.
Consistent with this idea and with the results described
above, the introduction into SKN37 of mutants expressing
only the C-terminal domain of CAP restored the ability to
grow in rich medium, survive nitrogen deprivation, and grow
at 37°C. However, these mutant CAP genes did not restore
heat shock sensitivity to SKN37 and thus do not confer
penetrance of the activated RAS2Val-l9 allele. In contrast,
expression of as little as the first 192 amino acids of CAP was
sufficient to render SKN37 cells sensitive to heat shock.
Even small deletions of the N-terminal portion of CAP

destroy its ability to render SKN37 cells sensitive to acti-
vated RAS (Fig. 4). Suppression of glycogen accumulation,
another phenotype of activated RAS (14, 28), also requires
expression of the CAP N-terminal domain (data not shown).
Therefore, the N-terminal domain, comprising amino acids 1
through 192, appears both necessary and sufficient for the
expression of the phenotypes associated with activated
RAS.

Similar conclusions about the N-terminal domain of CAP
can also be inferred from our experiments with the caps"Pc
RAS2Val-l9 strain TKR1-2LS. Experiments with this strain
(Fig. 4) further demonstrate that the N-terminal domain of
CAP, when expressed separately, has a dominant effect over
the mutant allele.

Cells expressing mutant CAP proteins containing com-
plete N-terminal and C-terminal domains, but entirely lack-
ing the middle portion of the gene, behave like CAPWt cells
in our assays. Hence the proline-rich region does not appear
to be essential for the functions that we have assayed.
We further note that expression of the C-terminal domain

of CAP in CAPWt RAS2Val-19 cells was unable to reverse
either the heat shock or nitrogen starvation phenotype (data
not shown). In addition, the N-terminal domain of CAP did
not render a CAPWt RASWt strain heat shock sensitive (data
not shown). Thus, the truncated CAP proteins do not appear
to have dominant interfering effects in CAPWt cells.

Morphological abnormalities in cells expressing only the
C-terminal domain of CAP. We next examined the effects of
expressing the domains of CAP on the morphology of yeast
cells. We observe a wide range of cell sizes in growing
cultures of cap mutant cells (9). Many cap mutant cells are
extremely rounded and large. cap mutant strain SKN37 was
transformed with high-copy-number plasmids expressing
various domains of CAP. N-terminal portions of CAP that
were capable of restoring the sensitivity to cells to activated
RAS were not capable of restoring normal cell morphology
(data not shown). On the other hand, cultures of cells
expressing the C-terminal portion of CAP contained greater
numbers of morphologically normal cells. Even in such
cultures, however, morphologically abnormal cells are seen.
From these observations, we conclude that the morphologic
abnormality of cap mutant cells results from loss of the
C-terminal portion of CAP and can be at least partially
restored by expressing that region.
The incomplete suppression of morphologic abnormalities

seen in cap mutant cells expressing C-terminal portions of
CAP from high-copy-number plasmids may have been due to
plasmid instability. To circumvent the problems associated
with the instability of high-copy-number plasmids, we cre-
ated strain JG1. This strain expresses the C-terminal 237
amino acids of CAP (cap"*4) from an ADHI promoter inte-
grated at the CAP locus. Expression of the wild-type CAP
gene is completely ablated (see Materials and Methods). JG1
grows well in rich medium, but it is not heat shock sensitive
or sensitive to starvation even though it contains the
RAS2VaI-l9 allele. We have determined by Western blot
analysis that the level of expression of truncated CAP
protein in JG1 is comparable to the level of expression of
full-length CAP protein seen in wild-type cells (data not
shown). Expression of full-length CAP in JG1 restored the
phenotypes associated with activated RAS (data not shown).
When JG1 cells are in log phase in synthetic medium they are
similar in size to CAPWt RAS2val-19 cells, although they are

more round in shape. In contrast, cultures grown in rich
medium or in synthetic medium containing elevated concen-

trations of valine display the distinctly enlarged cells seen in
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FIG. 6. Effect of valine on the morphology of CAP"' and cap"4 strains. Strains TK161-R2V (RAS2val-19 CAP-) and JG1 (RAS2va-l9
ADHJ-cap"4) were seeded and grown in liquid culture with either synthetic medium lacking valine (SC) or synthetic medium containing 5 mM
valine (SC + Valine). Cultures in log-phase growth were harvested by centrifugation (5 min at 1,500 x g) and examined microscopically. See
text for details.

cultures of cap mutant strains (Fig. 6). Many of these cells
also appear to have enlarged vacuoles, a feature typical of
cap mutant cells. Thus, the constitutive expression of the
C-terminal domain of CAP does not fully compensate for the
morphological effects caused by disruption of the wild-type
allele.

DISCUSSION

RAS proteins are ubiquitous in evolution. Their function is
unknown except in S. cerevisiae. In that yeast, RAS regu-
lates adenylyl cyclase but probably has other functions as
well (31). While investigating the mechanism by which RAS
proteins stimulate adenylyl cyclase in S. cerevisiae, we
found a protein, which we have called CAP, that copurifies
with RAS-responsive adenylyl cyclase.
CAP appears to be a truly bifunctional protein, and each

function is associated with a separate protein domain. cap
mutant cells display two sets of seemingly unrelated pheno-
types. The first includes morphologic abnormality, temper-
ature sensitivity, sensitivity to nitrogen starvation (9), inabil-
ity to grow in rich medium, amino acid toxicity, and
sensitivity to metabolic block by 3AT (this report); the
second is a loss of cellular responsiveness to activated RAS
(9). The first set of phenotypes appears to correlate with loss
of expression of the C-terminal domain of CAP and is
restored to cap mutant cells by expression of that domain.
As we have demonstrated previously, the phenotypes of

temperature sensitivity, morphologic abnormality, and fail-
ure to grow in rich medium associated with loss of CAP
function are not reversed by overexpression of the yeast A
kinase or cyclic AMP phosphodiesterase gene (9). Thus, the
functions of the C-terminal domain of CAP do not appear to
be related to the one known target for RAS action, namely,
adenylyl cyclase. In contrast, loss of responsiveness to
activated RAS correlates with a loss of expression of the
N-terminal domain of CAP and can be restored to cap
mutant cells by expression of that domain. The phenotypes
associated with activated RAS are undoubtedly due, at least
in part, to its effects on adenylyl cyclase (25, 30). Cells that
contain the supC or srv2 allele of CAP are resistant to the
effects of RAS2Val-19 but show none of the other phenotypes
of cap cells (7, 9). We speculate that these alleles contain
mutations that alter the N-terminal domain of CAP but do
not alter the function of the C-terminal domain of CAP.
The two domains of CAP can function independently.

Nevertheless, the C-terminal domain does not appear to
function completely correctly in the absence of the N-termi-
nal domain. Indeed, strain JG1, which expresses only the
C-terminal domain of CAP, has a normal growth response to
nutrient extremes, but cultures of JG1 accumulate morpho-
logically abnormal cells upon prolonged growth in rich
medium. Our assays for CAP function may not be suffi-
ciently sensitive to detect important interactions between
the N-terminal and C-terminal domains. A low level of
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function of the C-terminal domain may be sufficient to allow
the cell to respond to nutrient stress through other regulatory
mechanisms. We have previously encountered redundant
regulatory controls in yeast cells. For example, cells without
regulatory control of their A kinase pathway lack the ability
to respond to some nutrient extremes, yet if the unregulated
A kinase activity is sufficiently attenuated by mutation, cells
regain this ability (5).

cap mutant cells are intolerant of either nitrogen depriva-
tion or an excess of amino acids. Cells deficient in the GCN
pathway are also sensitive to extremes in the availability of
amino acids (12). The growth of gcn4 strains may be inhib-
ited by the excess of some amino acids because feedback
inhibition decreases the synthesis of other amino acids. A
similar mechanism may be operant in cap mutant cells,
which are growth inhibited by the excess of amino acids such
as valine. However, despite the similarity in nutrient re-
sponses of gcn mutant and cap mutant strains, we can
observe no functional relationship between these pathways.
The GCN response in cap mutant cells appears to function
properly, and hence we must look elsewhere for an expla-
nation of its responses to amino acid imbalances. We do not
know, in fact, whether cap mutant cells even have a defect
in protein biosynthesis. It is possible, for example, that the
primary defect in cap mutant cells results in an inefficient
assembly of newly synthesized protein into new cellular
components.
CAP appears to fulfill two regulatory roles in nutrient

sensing in S. cerevisiae. Its N-terminal domain is required
for cellular responsiveness to activated RAS. RAS modu-
lates cellular responses to nutrient stress (14, 29). Cells with
constitutively activated RAS are unresponsive to nutrient
deprivation. They remain heat shock sensitive even when
growth is arrested and lose viability when starved. These
responses are probably mediated by the effects of RAS on
adenylyl cyclase (25, 30). We do not understand why the
presence of the N-terminal of CAP is needed for the normal
cellular responses to activated RAS, but we presume that
this CAP domain is required for the proper regulation of
adenylyl cyclase (9). Our present work demonstrates that the
C-terminal domain of CAP is required for another pathway
regulating responses to nutrient stresses. We presume that
the two regulatory pathways, which are both embedded in
the CAP protein, are in some way functionally linked. Many
possible models can be envisioned which incorporate RAS,
adenylyl cyclase, CAP, and possibly cytoskeletal compo-
nents into the growth-regulatory circuitry of the cell. Addi-
tional biochemical and genetic experiments are required to
develop a model.
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