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cycle. Segregants inferred to be torl tor2 and to lack the
hybrid (His' Ade+ Leu-) arrested as single unbudded
cells, as expected. Thus, the TOR1-TOR2 hybrid had
TOR1 function (Figure 5). We could not assay the TOR2-
TOR1 hybrid for TOR1 function in this manner because
this hybrid has TOR2 function and the relevant segre-
gants therefore lack only TOR1 that does not prevent
growth.
To examine further the hybrids for TOR1 function,

we determined whether the hybrids could suppress the
slow growth phenotype of a torl mutant. The low copy
number (LEU2 CEN4) plasmids bearing the hybrid genes
or an intact TOR2 gene were transformed into torl strain
MH353-2b (torl::ADE2-6). As shown in Figure 6, the
TOR1-TOR2, TOR2-TOR1, and TOR2 genes could all
complement the torl mutation and suppress the slow
growth (small colony) phenotype. This suggested that
the TOR1-TOR2 hybrid had TOR1 function, as seen
previously, and that increased dosage of TOR2, either
as a TOR2-TOR1 hybrid or as intact TOR2, could also
provide TOR1 function. However, because intact TOR2
can provide TOR1 function in this assay and in a similar
assay with a torl tor2 strain, we are hesitant to conclude
that TOR2-TOR1 can indeed provide TOR1 function.
For reasons that we cannot yet explain, suppression of
the slow growth phenotype of a torl mutation with
plasmid-borne TOR2 or TOR2-TORI is not a sufficiently
sensitive assay to distinguish TOR1 function from TOR2
function. Thus, we were unable to determine with this
assay or the one described above whether the TOR2-
TOR1 hybrid has TOR1 function.
The above results (Figure 5) indicate that the carboxy-

terminal lipid kinase domains of TOR1 and TOR2 are
interchangeable and therefore functionally equivalent.
The lipid kinase domains of TOR1 and TOR2 have a
function, as strongly suggested by the consensus se-
quence, because lesions in these regions abolish TOR
activity (Figure 1) (Kunz et al., 1993). Because the amino-
terminal segment and/or upstream regions (promoter
and untranslated regions) of each hybrid determines
whether it behaves as TOR1 or TOR2, one or both of
these elements is not interchangeable and therefore not
functionally equivalent.

The TOR1-TOR2 and TOR2-TOR1 Hybrids Are
Targets of Rapamycin
Because TORI and TOR2 were originally identified by
mutations that confer resistance to rapamycin, a shared
function of the two proteins is presumably their ability
to interact directly with and to be inhibited by FKBP-
rapamycin. To probe further the structure and function
of the hybrids, we examined whether their activity was
rapamycin sensitive. torl tor2, TORI tor2, and torl TOR2
segregants of SH8 containing the plasmid-borne TOR2-
TORI gene and torl TOR2 segregants of SH8 expressing
the TOR1-TOR2 hybrid were sensitive to rapamycin
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Figure 6. Suppression of the torl slow growth phenotype by hybrid
TOR genes. Strains were incubated at 24°C for 60 h on YPD. (A)
MH353-2b/YCplacl 11 (torl TOR2). (B) MH272-lda/YCplacl 11
(TORI TOR2). (C) MH353-2b/pTORl-TOR2 (torl TOR2/TOR1-
TOR2). (D) MH353-2b/pTOR2-TOR1 (torl TOR2/TOR2-TOR1). (E)
MH353-2b/pJK4 (torl TOR2/TOR2).

(0.2 ,ug/ml). This sensitivity was indistinguishable from
that of a wild-type TORI TOR2 strain. Thus, the hybrids
were structurally and functionally intact as targets of
FKBP-rapamycin.

The TORl-1 and TOR2-1 Mutations Alter the Same
Potential PKC Site in Each Protein's
Lipid Kinase Domain
To identify the position of the TORI-i mutation, a
TOR2-TORI hybrid similar to the one described above
was constructed with TORI-i DNA. The TOR2-TORI-
1 hybrid conferred rapamycin resistance, unlike the
wild-type TOR2-TORI hybrid, indicating that the TORI-
I lesion was promoter-distal to the BamHI site (Figure
2) used for construction of the hybrids. To map further
the TORi-i mutation, deletion variants and subclones
of TORi-i (Figure 1A) were assayed for their ability to
transfer the TORi-i lesion to a wild-type chromosomal
TORI allele by in vivo recombination. Haploid strain
JK9-3d transformed with plasmid-borne fragments of
TORi-i were incubated on YPD medium containing ra-
pamycin and examined for papillation of rapamycin-
resistant colonies. The appearance of rapamycin-resis-
tant colonies at high frequency indicated that the plas-
mid-borne TORi-I fragment being tested contained the
lesion and was able to regenerate an intact TORi-i al-
lele. This papillation assay placed the TORI-i mutation
within - 1 kb of the BamHI site. Nucleotide sequence
of the 1-kb region promoter-distal to the BamHI site
revealed a C to A transversion changing serine1972 in
the TOR1 lipid kinase domain to arginine (Figures 2
and 7). Serine,972 is followed by an arginine and is
therefore possibly phosphorylated by PKC. Mammalian
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Figure 7. Alteration of the same potential PKC site in the lipid kinase
domain of TOR1 (TORi-1) or TOR2 (TOR2-1) confers rapamycin
resistance. PKC reacts preferentially with serine followed by lysine
or arginine in the +1 or +2 position (Kishimoto et al., 1985; Woodgett
et al., 1986).

PKC reacts preferentially with serine followed by lysine
or arginine in the +1 or +2 position (Kishimoto et al.,
1985; Woodgett et al., 1986), and mammalian-like PKC
isozymes have been described in yeast (Levin et al.,
1990; Simon et al., 1991; Riedel et al., 1993).
Because the potential PKC site altered in TORl-1 is

also present at the corresponding position in the TOR2
lipid kinase domain (serine,975-arginine) (Figures 3 and
7), we examined whether this site is also altered in the
rapamycin resistance-conferring TOR2-1 allele (Heitman
et al., 1991a). The sequence of the relevant region of
the previously cloned TOR2-1 allele (Kunz et al., 1993)
was determined, and the PKC site was indeed found to
be mutated. The TOR2-1 allele contains a G to T trans-
version in the middle position of codon 1975, changing
serine,975 to isoleucine. Thus, the TORI-i and TOR2-1
mutations eliminate the same serine in the respective
protein's lipid kinase domain; both serines may be
phosphorylated by PKC. Interestingly, the TORs and
PKCs (mammalian a, ,B and y isozymes) both have a
CaLB domain, suggesting that both are translocated to
a membrane in a Ca2+-dependent manner.
We examined whether the TORs are in the same

pathway as PKC1, a yeast homologue of the Ca2+-de-
pendent isozymes of mammalian PKC (Levin et al.,
1990). Because loss of PKC1 results in a cell lysis defect
that is suppressed by osmotic stabilizing agents (Levin
et al., 1992), we first examined whether 1 M sorbitol
has any effect on growth of a wild-type strain and TOR
mutant strains in the presence and absence of rapa-
mycin. One molar sorbitol had no effect on the sensi-
tivity of a wild-type strain (JK9-3d) or on the resistance
of TORl-i (Ri), TOR2-1 (R17), andfprl (JH3-3b) strains
to rapamycin (0.2 jig/ml). The lethality of a TOR2 dis-
ruption was likewise not affected by 1 M sorbitol; TORI
tor2 (JK350-3a) and torl tor2 (JK350-2a) strains con-
taining plasmid-borne TOR2 under control of the GALl
promoter (pJK5) (Kunz et al., 1993) failed to grow on
glucose media with or without 1 M sorbitol. Growth of

a TORI disruption strain (MH349-3d) was also unal-
tered by 1 M sorbitol. We next examined whether PKC1
disruption or overexpression confers rapamycin resis-
tance. PKCl disruption strain DL164 (Levin et al., 1990)
grown in the presence of 1 M sorbitol was sensi-
tive to rapamycin. Strain DL164 containing plasmid-
borne PKC1 under control of the GALl promoter
(pBM743[PKC1]) was also sensitive to rapamycin in the
presence of galactose. Thus, PKC1 does not appear to
act on TOR1 or TOR2 nor to have a role in a rapamycin
sensitive pathway. The TORs may be targets of other
more recently described but not yet cloned mammalian-
like, Ca2"-dependent PKCs (Simon et al., 1991; Riedel
et al., 1993).

DISCUSSION

The TORI and TOR2 genes of S. cerevisiae were origi-
nally identified by mutations that render cells resistant
to the immunosuppressant rapamycin. Here we describe
the cloning and characterization of TORI. The predicted
TOR1 protein is 281 kDa (2470 amino acids) and 67%
identical to TOR2 (2474 amino acids). TOR1 and TOR2,
in turn, are homologous to the p110 catalytic subunit
of bovine PI 3-kinase and the yeast VPS34 PI 3-kinase
(Herman and Emr, 1990; Hiles et al., 1992; Kunz et al.,
1993). All four proteins contain a carboxy-terminal lipid
kinase motif. TOR1, TOR2, and pllO contain a CaLB
domain (Clark et al., 1991; Stephens et al., 1993). Dis-
ruptions of TORI and TOR2 indicate that either TOR1
or TOR2 is required for progression through the Gl
phase of the cell cycle (Kunz et al., 1993).

Four observations suggest that TOR1 and TOR2 have
a common function. First, TORI and TOR2 disruptions
are synergistic. Second, both proteins are targets of ra-
pamycin. Third, the two proteins are highly homolo-
gous, particularly in the carboxy-terminal lipid kinase
domain. Fourth, as observed earlier, specific rapamycin
resistance-conferring alleles of TORI and TOR2 do not
complement each other (nonallelic noncomplementa-
tion) (Heitman et al., 1991a). Other observations suggest
that the common function of TOR1 and TOR2 is a sim-
ilar, cell cycle-related, rapamycin-sensitive PI kinase
activity. First, both a TORI TOR2 double disruption and
exposure to rapamycin cause cells to arrest in the G1
phase of the cell cycle. Second, TOR1 and TOR2 are
homologous to PI kinases, enzymes frequently impli-
cated in control of the cell cycle. Third, the lipid kinase
domains of TOR1 and TOR2 are interchangeable and
therefore functionally equivalent. Lastly, mutations that
make TOR1 and TOR2 resistant to rapamycin alter a
site in the lipid kinase domain of each protein. Thus,
the TORs appear to be similar PI kinases, possibly PI
3-kinases, that may signal the cell to transit through G1.

It remains to be determined what type of cell cycle-
related PI kinase TOR1 and TOR2 may be. Although
some of the early studies on the physiological role of
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different phosphorylated phosphoinositides in yeast are
difficult to interpret because they predate the discovery
of PI 3-kinase (Whitman et al., 1988; Auger et al., 1989a),
several observations have implicated PI 3-kinase, PI 4-
kinase, and PI 5-kinase in the control of the yeast cell
cycle. Activation of a sterol auxotroph by addition of
ergosterol coincides with an increase in PI-4-P (Dahl et
al., 1987). Activation of Gl-arrested yeast cells by ad-
dition of glucose correlates with an increase in the levels
of PI-4-P and PI-3-P (Hawkins et al., 1993). The syn-
thesis of DAG and IP3 (via PI-4-P) is not stimulated by
glucose (Schomerus and Kiintzel, 1992), but the break-
down of PI-4,5-P2 to DAG and IP3 has been shown to
be required for proliferation of yeast cells (Uno et al.,
1988). The lack of detectable PI-3-P in the vacuolar
sorting mutant vps34 does not preclude the existence of
a cell cycle-related PI 3-kinase (Schu et al., 1993). PI 3-
kinases other than VPS34 may occur in much lower
abundance than VPS34 or may be activated only in
response to a specific signal. Furthermore, a cell cycle-
related PI 3-kinase may have a product other than PI-
3-P such that the absence of PI-3-P would not be rel-
evant when considering the cell cycle. Hawkins et al.
(1993) have detected a molecule in yeast similar to PI-
3,4-P2. Three previously identified PI 4-kinases do not
necessarily preclude the existence of two more such ki-
nases either (Buxeda et al., 1991; Flanagan and Thorner,
1992; Nickels et al., 1992). Efforts to determine what
type of PI kinase the TORs might be have so far been
inconclusive.
Although similar, the two TORs are also different be-

cause neither TOR can completely compensate for the
loss of the other; disruptions of TORI and TOR2 indi-
vidually confer different growth defects. The two TORs
could be different qualitatively or quantitatively. How-
ever, we believe the difference must, at least in part, be
qualitative because even increased dosage of TOR1
cannot compensate for loss of TOR2; the TORI gene
on a high copy number plasmid cannot rescue a tor2
mutant. Furthermore, TORI and TOR2 mRNA levels
are similar and constant throughout the cell cycle
(Schneider and Hall, unpublished data). Qualitative dif-
ferences between TOR1 and TOR2 could be, for ex-
ample, differences in regulation (posttranscriptional) or
cellular localization. Alternatively, either or both pro-
teins could have a function unrelated to the proteins'
presumed PI kinase activity. Because the regions of
TORI and TOR2 other than that encoding the lipid ki-
nase domain are not interchangeable, we anticipate that
these regions are responsible for the functional differ-
ence(s) between TOR1 and TOR2.
The finding that the rapamycin resistance-conferring

TORi-i and TOR2-1 mutations alter the same potential
PKC site in each protein's lipid kinase domain (Figure
7) has interesting implications with regard to rapamycin
action and PI kinase function. Assuming the mutated
serine,972 and serine,975 are indeed phosphorylated and

loss of the phosphoserine is responsible for rapamycin
resistance, two models can be envisaged for drug action.
First, the FKBP-rapamycin complex could inhibit a
phosphoserine phosphatase that normally activates
TOR by removal of the phosphate from serine1972 in
TOR1 and from serine1975 in TOR2. This is similar to
the action of the FKBP-FK506 complex in inhibiting the
serine/threonine phosphatase calcineurin in yeast and
mammalian cells (Liu et al., 1991; Foor et al., 1992;
Schreiber, 1992); FK506 is a structural analogue of ra-
pamycin and is also an immunosuppressant. Inherent
in this model is that TOR activity (presumably PI kinase
activity) is negatively regulated by serine phosphory-
lation, as previously observed for mammalian PI 3-ki-
nase (Carpenter et al., 1993). However, because TORI-
1 or TOR2-1 does not confer a growth defect, TOR is
also regulated in some other manner, or a constitutively
active TOR does not have a deleterious effect on the
cell cycle. According to the second model, FKBP-rapa-
mycin inhibits TOR by binding directly and specifically
to the phosphoserine residues in TOR1 and TOR2. This
would be analogous to the specific binding of SH2 do-
mains to phosphotyrosine residues in receptor protein-
tyrosine kinases (Pawson and Schlessinger, 1993).
FKBP-rapamycin may competitively inhibit TOR by
preventing the binding of a yet-to-be identified activator
molecule that normally binds the TOR phosphoserines.
Alternatively, FKBP-rapamycin does not mimic another
molecule but simply inhibits TOR noncompetitively.
Although we do not yet know whether TOR1 or TOR2
are indeed phosphorylated, both mammalian PI 3-ki-
nase and the yeast PI 3-kinase VPS34 appear to be reg-
ulated by phosphorylation. Mammalian PI 3-kinase is
serine/threonine and tyrosine phosphorylated. Serine
phosphorylation by a tightly associated serine/threo-
nine kinase negatively regulates mammalian PI 3-kinase
activity in vitro, and tyrosine phosphorylation likely
mediates regulatory interactions with other proteins
(Cantley et al., 1991; Carpenter et al., 1993; Kavanaugh
et al., 1993; Reif et al., 1993; Stephens et al., 1993).
VPS34 is activated by the associated serine/threonine
kinase VPS15 (Stack et al., 1993). Should serine1972 of
TOR1 and serine1975 of TOR2 not be phosphorylated,
the simplest model for rapamycin action is that FKBP-
rapamycin binds directly to TOR and these serines are
important for such an interaction.
Why should yeast have two similar but not identical

PI kinases? The yeast cell cycle is activated in response
to different and simultaneous environmental cues. Un-
less nutrients are available and a critical cell size has
been attained, a cell remains arrested in Gl. Each of
these different signals could be relayed through a dif-
ferent PI kinase. Different PI kinases could thus be re-
quired to act in concert for optimal production of a sec-
ond messenger needed to activate the cell cycle.
Although we can only speculate as to the answer to the
above question, it is worth noting that there are, also
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for unknown reasons, two forms of both the p85 reg-
ulatory subunit and the p110 catalytic subunit of PI 3-
kinase in mammalian cells (Carpenter et al., 1990; Otsu
et al., 1991; Hiles et al., 1992; Reif et al., 1993).
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