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The 2017 Albert Lasker Basic Medical Research 
Award, announced September 6, recognizes 
Michael N. Hall of the University of Basel for his 
discovery of the target of rapamycin (TOR), a 
nutrient-sensing enzyme that regulates cell and 
organismal growth in nearly all eukaryotic spe-
cies. Because of its ability to inhibit cell growth, 
the natural product rapamycin has captivated 
scientists and clinicians for more than 40 years.

Rapamycin (i.e., sirolimus) was identified in 
the early 1970s as a macrolide compound with 
antifungal properties. It is produced by a bacte-
rium, Streptomyces hygroscopicus, that was cultured 
from a soil sample isolated on Rapa Nui, better 
known as Easter Island.1 Interest in rapamycin 
intensified when it was discovered to attenuate 
the proliferation of mammalian cells, including 
cancer and immune cells. The suppression of 
T-cell activation by rapamycin, as well as its simi-
larity to another streptomyces-derived immuno-
suppressive macrolide, FK506 (also known as 
tacrolimus), led to the first insights into its mode 
of action.2 Rapamycin and FK506 were both found 
to bind to and inhibit a peptidyl-prolyl isomerase 
called FK506-binding protein (FKBP12) through 
moieties common to the two molecules (Fig. 1A). 
Although the suppression of T-cell activation by 
rapamycin and FK506 was found to be depen-
dent on their binding to FKBP12, it was unclear 
why rapamycin and FK506 had distinct effects 
on T-cell signaling and could antagonize each 
other’s actions. The dissection of these proper-
ties by Stuart L. Schreiber and others led to the 
hypothesis that it was an FKBP12–rapamycin 
protein–drug complex that elicited the growth-
suppressive biologic response through an un-
known target,2 launching a race for the discovery 
of the target of rapamycin. The striking evolu-
tionary conservation of the mechanism of action 
of rapamycin would prove instrumental.

Shortly after establishing his laboratory while 

Figure 1. The Rap on Rapamycin.

The immunosuppressive compounds rapamycin (sirolimus) and FK506 
 (tacrolimus) have a common chemical moiety that binds to the FKBP12 
protein (Panel A). To inhibit target of rapamycin (TOR) proteins (Panel B), 
rapamycin must first bind to FKBP12, with the protein–drug complex then 
binding to the FKBP–rapamycin binding (FRB) domain on TOR. Other con-
served domains in TOR proteins include a long stretch of tandem HEAT 
(Huntingtin, EF3A, PP2A, TOR) repeats, a FAT (FRAP, ATM, TRRAP) domain, 
and a phosphoinositide 3-kinase–related kinase domain (kinase). Rapamy-
cin specifically inhibits mechanistic TOR (mTOR) within mTOR complex 1 
(mTORC1).
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an assistant professor in Basel, Michael Hall and 
his colleagues undertook a genetic screen for 
rapamycin-resistant mutants in the budding yeast 
Saccharomyces cerevisiae; rapamycin blocks cell-cycle 
entry in S. cerevisiae. This property of rapamycin 
allowed Hall to identify 18 rapamycin-resistant 
yeast mutants that were capable of forming colo-
nies on culture plates containing rapamycin.3

Fifteen of these mutants had an “etiologic” vari-

ant in the yeast orthologue of FKBP12 (the yeast 
gene is called FPR1). Genetic crosses revealed 
that the other three mutants were not allelic 
with (i.e., did not have mutations in) FPR1. In fact, 
each of these three mutant strains carried a mu-
tation in one of two distinct genes, which were 
then named TOR1 and TOR2. The mutant amino 
acids of FPR1 that conferred rapamycin resistance 
were conserved (i.e., were also found) in human 

Figure 2. Many Paths Lead to mTORC1.

The protein complex mTORC1 is a convergence point for multiple signaling pathways that control cell growth and proliferation. These 
pathways sense the presence or absence of growth factors, hormones, and cytokines through cell-surface receptors, including receptor 
tyrosine kinases (e.g., INSR and EGFR) and G-protein–coupled receptors (GPCRs), or intracellular nutrients and energy (e.g., amino 
 acids and ATP). Within the upstream signaling network are many oncogenes (orange) and tumor suppressors (pink) that are frequently 
mutated in sporadic cancers or that are associated with a variety of genetic overgrowth, tumor, and epilepsy syndromes (white boxes) 
characterized by elevated mTORC1 activation. The core essential components of mTORC1 and mTOR complex 2 (mTORC2) are shown.
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FKBP12 and engaged the shared regions of the 
FK506 and rapamycin compounds, but the loss 
of FPR1 did not affect the growth of yeast, 
which supported the idea that FKBP12 binding 
is required for the action of rapamycin but is not 
the biologic target that affects cell proliferation; 
we now know these targets are the TOR1 and 
TOR2 proteins in yeast and their orthologues in 
other species.

The identification and sequencing of the 
TOR1 and TOR2 genes by Hall and colleagues4 
and independently by George Livi and colleagues5 
revealed that the genes are highly homologous 
to one another and encode large proteins with 
similarity to a class of lipid kinases, called phos-
phoinositide 3-kinases (PI3Ks), that had been dis-
covered a few years earlier. Independent studies 
from three groups, including Schreiber and col-
leagues,6 David M. Sabatini and colleagues (work-
ing in Solomon Snyder’s laboratory),7 and Robert 
T. Abraham and colleagues,8 closely followed, in 
which the FKBP12–rapamycin complex was used 
to biochemically purify target proteins from 
mammalian cells. These studies each yielded the 
same mammalian protein, which has a high 
degree of sequence similarity to yeast TOR1 and 
TOR2; it was dubbed the mammalian (later 
changed to mechanistic) target of rapamycin 
(mTOR). Importantly, Hall’s rapamycin-resistant 
TOR mutants had point mutations that affect-
ed a highly conserved residue in the FKBP12–
rapamycin binding (FRB) domain of the TOR 
protein; this residue is required for engaging 
rapamycin (Fig. 1B). Despite their homology to 
PI3K, TOR proteins are now established to be 
serine–threonine protein kinases, with an expand-
ing number of downstream substrates. Whereas 
metazoans typically have just one TOR protein, 
the serendipitous existence of TOR1 and TOR2 
in yeast, which have both overlapping and TOR2-
specific functions, facilitated recognition by the 
Hall laboratory that there were two functionally 
and physically distinct TOR complexes (TORC1 
and TORC2), with only TORC1 being sensitive to 
rapamycin. This is a conserved feature, with 
mTOR being the core component of orthologous 
complexes in all mammalian cells.

Since their groundbreaking discovery, the TOR 
proteins, which have orthologues in all four 
eukaryotic kingdoms, have been the subject of 
thousands of studies that have revealed the cen-
tral role of the proteins in relaying growth signals 
from both nutrients and endocrine factors to 

cellular processes underlying cell growth and 
proliferation. The unraveling of a vast signaling 
network that converges on the rapamycin-sensi-
tive TOR complex, mTORC1, has shown that it is 
intimately tied to physiological and pathologic 
processes in humans (Fig. 2).

The approved uses and ongoing testing of 
mTOR inhibitors in the clinic reflect an increas-
ingly sophisticated understanding of this net-
work, which is made up of many components 
that are known to be dysfunctional in genetic 
tumor and overgrowth syndromes, neurologic 
disorders, and sporadic cancers. Pleiotropic dis-
eases such as tuberous sclerosis complex, which 
is caused by mutations affecting a key negative 
regulator of mTORC1, the TSC protein complex, 
illustrate the breadth of manifestations that can 
result from uncontrolled mTORC1 signaling, in-
cluding widespread tumors, epilepsy, and autism. 
Finally, there is great interest in targeting mTOR 
to combat aging and age-related diseases, because 
mTORC1 inhibition with rapamycin or through 
dietary restriction has been found to prolong the 
lifespan of organisms from yeast to mice.
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