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complexes interfere with distinct signalling pathways'*. FKBP12—
rapamy'cin inhibits progression through theGl phase of the cell
cycle in osteosarcoma’, liver’ and T cells*” as well as in yeast®,
and interferes with mitogenic signalling pathways that are involved
in G1 progression’"'", namely with activation of the protein p70°™"
(refs 5, 11-13) and cyclin-dependentkinases’'*'*. Here weisolate
a mammalian FKBP-rapamycin-associated protein (FRAP) whose
binding to structural variants of rapamycin complexed to FKBP12
correlates with the ability of these ligands to inhibit cell-cycle
progression. Peptide sequences from purified bovine FRAP were
used to isolate a human cDNA clonethat is highly related to the
DRRI/TORI and DRR2/TOR2gene products from Saccharo-
myces cerevisiae™'”"*, Although it has not been previously demon-
strated that either of the DRR/TOR gene products can bind the 

THE structurally related natural products rapamycin and FK506
bind to the sameintracellular receptor, FKBP12, yet the resulting
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FIG, 1 Identification of FRAP protein in three mammalian cell lines. a,
GFK alone or individual GFK-ligand complexes were added to MG-63
cell lysates (2 x 10” cells per condition)to a final concentration of either
500 nM or 2.5 pM and the mixtures incubated for 10 minat4 C. Fusion
protein complexes were recovered by glutathione-affinity chromato-
graphy, and the proteins detected by silver staining after 5% SOS—
PAGE. Because of compression, FRAP is not resolved by 12.5% SDS-
PAGE,so both 5%and 12.5%gels are shown. The amount of FRAP that
was retained by affinity chromatography saturated at concentrations of
GFK-Rap greater than 500 nM in these experiments and in others using
concentrations of GFK-Rap ranging fram 100 nM to SuM (data not
shown). b, GFK alone or individual GFK-ligand complexes were added
to a final concentration of 500 nM to lysates prepared from either
2 10° Jurkat T lymphocytes or 10° rat basophilic leukaemia (RBL)cells
per condition. Lysates were treated as in a. FABP12, but not FABP13 or
FKBP25 (ref. 23) is able to mediate the actions of rapamycin in S.
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FKBP-rapamycin complex directly'™'’, these yeast genes have
been genetically linked to a rapamycin-sensitive pathway and are
thought to encodelipid kinases'”=",
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cerevisiae. In addition, we found that YFK188 (ref. 24), an FABP12 null
strain, could be complemented with GFK (P. K. Martin, B. Gladstone,
G. Weiss, D. T. Hung, S.L.S., in preparation). Thus the GST appendage
of the fusion protein does not preclude binding of the biologically rel-
evant target to the GFK-rapamycin complex in yeast.
METHODS. MG-63,Jurkat and RBLcells were grown in media containing
10% FBS and lysed at 4 °C in PINT buffer (150 mM NaCl, 50 mM Tris-
HCl, pH 7.5. 2mM EDTA, 2mM EGTA, 25 mM NaF, 100 pM NasVO.,
25 mM 2-glycerophosphate, 0.2 mM PMSF, 1 ug mi-* leupeptin, 1 pe
mi * pepstatin A and 2 mM DTT) containing 0.5%Triton X-100. Lysates
wereclarified by centrifugation at 25,000g, and the Triton X-100 in the
supernatant was diluted to 0.33% by adding 0.5 vol PINT buffer. GFK
prebound to stoichiometric quantities of FA506, keto- iso- or unmodified
fapamycin was added to lysates as described. Each condition was then
passed through a 250-u! glutathione-Sepharose column, which was
washed with PINT buffer containing 0.5 M NaCl and 0.3%Triton X-100,
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FIG. 2 Purification of FRAP from bovine brain and cDNA cloning of
human FRAP. a, Fivefold-enriched bovine FRAP (S-column eluate; see
below) was conditioned with [100 nM), glutathione-S-transferase-
FKBP12 fusion protein (GFK), GFK-FK506 or GFA-Rap. Complexes with
fusion proteins were recovered by glutathione-affinity chromatography
and detected as described in Fig 1 legend. We also found FRAP in
bovineliver and thymus.b, Predicted translational product of the human
FRAP cDNA clone. Bovine FRAP peptide sequences aligned to human
FRAPare indicated by underlined segments. in the reading frame shown
translational stop codons were not encountered upstream ofthe initiat-
ing methionine, c, Northern biot analysis of human tissue, Jurkat T cell
and MG-63 cell poly (A)' RNA. The Jurkat/MG-63 and multiple tissue
Northern blots (Clontech) were hybridized with **P-labelled probes
derived from the 182 bp PCR fragment and the 5.5 kb clone (text),
respectively, Hybridization to human fj-actin probe is shown as an inter-
nal control for loading.
METHODS. Bovine FRAP waspurified by grinding 900 g of bovine brain
in blender with 1 litre of PIP (0.3% Triton X-100, 50 mM sodium phos-
phate, pH 7.2, 2 mM EDTA, 2 mM EGTA, 25 mM NaF, 100 uM Nas VO,
25 mM 2-glycerophosphate, 1mM PMSF, 1g mi! leupeptin, 1 ug
mi! pepstatin A, 1 mM benzamidine and 2 mM DTT). The homogenate
was centrifuged at 25,000g and the supernatant(20gtotal
protein) was loaded onto a 1 litre S-Sepharose (Pharmacia)
column, The column was then washed with PIP and eluted
with PINP (PIP with 1M NaCl). GFA-rapamycin was added
to the pooled eluate to a final concentration of 100 nM
and recovered by glutathione-affinity chromatography. FRAP
was resolved by SDS-PAGE and transferred to PVDF, Fol-
lowing digestion with trypsin or endoproteinase Lys-C
(Boehringer Mannheim) bFRAP peptides were micro-
sequenced". The Jurkat T cell cDNAlibrary (Stratagene)
was constructed through random and oligo dT priming a
of cytoplasmic oligo dT purified RNA (ref. 25). cDNA ala
screening, Jurkat and MG-63 RNA isolation and northern
blotting and were performed by procedures similar to those aa kb
previously described**. A 182 bp fragment was amplified
from a human brain stem library (Stratagene) and labelled
by incorporation of *°P-dCTPin the courseof reamplification 24k
by PCR. The sequences were analysed using BLAST(ref.
26) and the University of Wisconsin GCG (ref. 27) software.
The human FRAP cDNA sequence has been submitted to
Genbank.

We used two structural variants of rapamycin, 16-keto-
rapamycin (S. D, Meyer and §.L.S., manuscript in preparation)
and 25,26-iso-rapamycin*', to identify any biologically relevant
targets of the FKBP-rapamycin complex. Both variants bind
tightly to human FKBP12, as shown by their ability to inhibit
rolamase activity of the recombinant protein (A; values were
0.2nM for rapamycin’, 2nM for keto-rapamycin, and 0.1 nM
for iso-rapamycin). But the variants are about two orders of
magnitudeless potent than rapamycin in preventing the progres-
sion through Gl of MG-63 human osteosarcoma cells. The
values of IC.) (half-maximal inhibitory concentration) estimated
from dose-response curves are 0.1 nM. 7.5 nM and 50 nM for
rapamycin, keto- and iso-rapamycin, respectively. Thus the com-
plexes of iso- and keto-rapamycin with FKBP1I2 should bind to
NATURE + VOL 369 - 30 JUNE 1994
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the FKBP12-rapamycin target less effectively than FKBP12-
rapamycinitself.

A fusion protein of glutathione-S-transferase with FKBP12
(GFK) was used to identify candidates for the biologically
relevant targets of FKBP12 rapamycin. MG-63 cells were lysed
by detergent and complexes of GFK- rapamycin, GFK-FK506
or GFK alone were added individually to clarified lysate at a
final concentration of 500 nM or 2.5 4M (Fig. la), A protein of
approximate relative molecular mass 220,000 (A4,~220K) was
detected in the GFK-rapamycin sample by SDS-PAGE and
silver staining (Fig. la, lane 3). This FKBP-rapamycin-assoc-
iated protein (FRAP) was not retained with GFK-FK506 or
GFK alone(Fig. la, lanes | and 2). No other rapamycin-specific
proteins were detected by silver staining (Fig. la) or by a similar
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affinity purification procedure using lysates from [*°S] methio-
nine-labelled cells (data not shown). The GFK-ketorapamycin
and GFK-isorapamycin complexes bound FRAPlesseffectively
than GFK-rapamyein; at concentrations of 500 nM, the keto-
and iso- complexes were unable to retain the 220K protein (Fig.
la, lanes 4, 5), whereas at higher concentrations of the complexes
(2.5 uM) detectable quantities of FRAP were retained (Fig. la,
lanes 4,5). This is consistent with the finding that these com-
pounds are still strong cell-cycle inhibitors, albeit less potent
than rapamycin itself. Thus, the binding of GFK-ligand com-
plexes to FRAP correlates with the ability of the ligands to
impede G1 progression in MG-63cells. FRAP wasalso detected
in Jurkat T-lymphocyte cells and rat basophilic leukaemiacells
(Fig. 15), two mammalian cell lines that are also sensitive to
rapamycin®**, No other rapamycin-specific bands were observed
in cach case.

FRAP purified from bovine brain (bFRAP) had a similar
specificity for GFK-ligand (Fig. 2a), Microsequencing of
bFRAP proteolytic fragments (298 amino acids in total, Fig.
2h) led to the design of a pair of degenerate oligonucleotides for
use in the polymerase chain reaction (PCR). A 182 bp PCR
product allowed for the isolation of overlapping clones from a
human Jurkat T cell AZAP I] cDNAlibrary, yielding 7.6 kb of
contiguous sequence. Using these cDNA sequences as probes, a
band migrating at approximately 8.5 kilobases was detected by
Northern blot analysis of oligo dT purified RNA isolated from
a variety of humantissues and cell lines (Fig. 2c). The human
cDNA sequence encodes an amino-acid open reading frame
(ORF) and aligns with 99%identity to the bFRAP peptides
(Fig. 25), As N-terminal peptide sequence from purified bovine
FRAPwasnot obtained, the initiating methionine shownin Fig.
26 is unconfirmed. The predicted molecular mass of this ORF
(~300K)is greater than that inferred by the mobility of FRAP
during SDS-PAGE(above).

Human FRAPis highly related to the DRR//TORI and
DRR2/TOR2 gene products. Overall it is 44% identical to
DRR1/TORI and 46%identical to DRR2/TOR2. The region
of greatest homology to DRR1I/TORI and DRR2/TOR2lies
in the C-terminal 660 amino acids of human FRAP (57%and
59%identical, respectively). In addition, this region has homo-
logy to several known phosphatidylinositol kinases (21% identity
on average), including mammalian phosphatidylinositol 3-
kinase'”'* (PI3K), a yeast PISK VPS34 (refs. 17 and 18) and
PIKI (ref. 20), These similarities indicate that FRAP mayalso
have phosphatidylinositol kinase activity.

Through the introduction of minute structural changes in
rapamycin, this study implicates FRAP as a mediator of G1 cell
cycle progression in mammalian cells, Identification of FRAP
as the target of FKBP12-rapamycin together with the earlier
demonstration of calcineurin as the target of FKBP12-FK506
(ref. 2) addresses a fascinating aspect of immunophilin research,
namely that the immunophilin FKBP12 can bind two distinct
natural products and thereby gain the ability to bind twodistinct
signalling molecules involved in cell cycle entry and progression.
Further biochemical characterization ofthis unique mammalian
protein should elucidate its role in propagating the mitogen-
initiated signals that lead to the activation of p70*** and cyclin-
Cdk complexes.
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Functional dissection

of the yeast Cyc8-Tup1
transcriptional
co-repressor complex

Dimitris Tzamarias & Kevin Struhi*

Department of Biological Chemistry and Molecular Pharmacology,
240 Longwood Avenue, Harvard Medical School, Boston,
Massachusetts 02115, USA

DNA-BINDING repressor proteins mediate regulation of yeast genes
bycell type (Mem1/a2 and al/a2), glucose (Migl) and oxygen
(Rox!) (refs 1-4 respectively). An unusual feature of all these
regulatory pathwaysis that transcriptional repression requires two
physically associated proteins” that do not bind DNA Cyc&(Ssn6)
and Tupl. The Cyc8-Tup1 complex has been proposed to be a co-
repressorthat is recruited to target promoters by pathway-specific
DNA-binding proteins®, but the specific functions of the individual
proteins are unknown. Here we show that when it is bound
upstream ofa functional promoter through the LexA DNA-binding
domain, Tup] represses transcription in the absence of Cyc8. De-
letion analysis indicates that Tupl contains at least two non-over-
lapping transcriptional repression regions with minimal primary
sequence similarity, and a separable Cyc8-interaction domain.
These Tupl domains, which do not include the f-transducin
motifs’, are necessary and partially sufficient for Top! function.
We suggest that Tupl performs the repression function of the
Cyc8-Tup! co-repressor complex, and that Cyc8 serves as a link
with the pathway-specific DNA-binding proteins.

It has been previously shown that Cyc8 can repress transcrip-
tion in a Tup!-dependent manner when bound upstream of the
intact CYC/ promoter through the heterologous LexA DNA-
binding domain®. Similarly, a LexA-Tup! hybrid protein confers
a 16-fold reduction of expression from a promoter containing
four LexA operators upstream of the CYC/ promoter (Table
1). LexA-Tup] and LexA-Cyc8 also repress expression of a
his3 gene containing a single LexA operator upstream of the Tz
TATAelement (Fig. 1a), suggesting that they can inhibit basal
transcription, Surprisingly, LexA-Tup] retains almost its entire
*To whom correspondence should be addressed.
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