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Large FK506-Binding Proteins Shape the Pharmacology of Rapamycin
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The immunosuppressant and anticancer drug rapamycin works by inducing inhibitory protein complexes with the kinase
mTOR, an important regulator of growth and proliferation. The obligatory accessory partner of rapamycin is believed to be
FK506-binding protein 12 (FKBP12). Here we show that rapamycin complexes of larger FKBP family members can tightly bind
to mTOR and potently inhibit its kinase activity. Cocrystal structures with FKBP51 and FKBP52 reveal the modified molecular
binding mode of these alternative ternary complexes in detail. In cellular model systems, FKBP12 can be functionally replaced by
larger FKBPs. When the rapamycin dosage is limiting, mTOR inhibition of S6K phosphorylation can be enhanced by FKBP51
overexpression in mammalian cells, whereas FKBP12 is dispensable. FKBP51 could also enable the rapamycin-induced hyper-
phosphorylation of Akt, which depended on higher FKBP levels than rapamycin-induced inhibition of S6K phosphorylation.
These insights provide a mechanistic rationale for preferential mTOR inhibition in specific cell or tissue types by engaging spe-

cific FKBP homologs.

he kinase mTOR (mammalian or mechanistic target of rapa-

mycin) integrates growth factor-dependent stimuli, amino
acid availability, and cellular energy levels to coordinate cell
growth and proliferation. This phosphatidylinositide 3-kinase
(PI3K)-related kinase is part of at least two distinct multiprotein
complexes (MTORC1 and mTORC2) that display different sub-
strate specificities, depending on the presence of the scaffolding
protein Raptor or Rictor. While Raptor recruits the mTORC1
substrates p70 S6 kinase and 4E-BP1, two key regulators of protein
translation, Rictor mediates the activation of Akt, a key “survival”
kinase that is hyperactive in many cancers. Altogether, the PI3K/
Akt/mTOR signaling pathway is crucial for the regulation of cell
cycle progression and protein metabolism (1, 2).

mTORCI can be specifically inhibited by rapamycin, a small
molecule originally isolated from the bacterium Streptomyces hy-
groscopicus (3). This compound is known to bind to FKBP12, and
the resulting complex specifically interacts with the FRB
(FK506-rapamycin binding) domain of mTOR, allosterically
inhibiting the kinase activity (4). Importantly, the phosphory-
lation of 4E-BP1 is only partially inhibited in many cell types,
while the critical T389 phosphorylation of p70 S6 kinase is totally
abolished (5). The FKBP12-rapamycin complex does not interact
with mTORC?2, and Akt kinase activation is not affected by acute
rapamycin treatment (6). However, mTORC2 assembly is rapa-
mycin sensitive in susceptible cell lines upon long-term treatment
(7), and this was shown to be responsible for the metabolic side
effects of rapamycin in vivo (8).

Rapamycin is an FDA-approved drug used after organ trans-
plantations that exerts its immunosuppressive action in humans
by modulating T, B, or dendritic cell responses (9). Rapamycin
and pharmacokinetically improved analogs thereof (called rapa-
logs) also inhibit the growth of certain cancer cell lines. These
compounds are approved or in clinical trials for the treatment of
various cancer types and have been shown to be especially effective
in advanced renal cell carcinoma (10). Rapamycin also prevents
pathological protein aggregation or accumulation in animal mod-
els of neurodegenerative disorders which was attributed in part to
its autophagy-promoting activity. Finally, rapamycin treatment
was shown to prolong the life spans of numerous organisms, in-
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cluding mice (11). Unfortunately, the clinical use of rapamycin is
generally restricted in the latter applications, as chronic rapamy-
cin treatment is associated with severe side effects (12).

Rapamycin does not exclusively interact with FKBP12 but
rather binds with high affinity to most members of the FK506-
binding protein (FKBP) family (13), resulting in the inhibition of
their peptidyl-prolyl cis-trans isomerase activity. For FKBP38, Bai
and colleagues reported direct inhibitory effects on mTOR (14)
but these results were challenged by others (15). Recently, the
larger FKBP51 protein was shown to function as a scaffold protein
to facilitate the dephosphorylation of Akt by the phosphatase
PHLPP (16).

At present, the pharmacological effects of rapamycin are al-
most exclusively interpreted and discussed in the context of a
complex with the prototypical protein FKBP12. Since many of the
14 known human FKBP family members can form tight com-
plexes with rapamycin (13), we set out to investigate whether the
pharmacology of rapamycin is indeed restricted to FKBP12.

MATERIALS AND METHODS

Plasmids and other materials. Plasmids pRK7-HA-S6K1-WT and pRK-
5-myc-Raptor were purchased from Addgene, Cambridge, MA (catalog
numbers 8984 and 1859) (17, 18). Plasmids for expression of pcDNA3-
FLAG-mTOR-WT and pcDNA3-FLAG-mTOR-S2035T were a kind gift
of Jie Chen (19).

pcDNA3 constructs for expression in mammalian cells were generated
with primer pairs 5'-CGGAATTCATGGACTACAAGGACGATGACGA
TAAGATGGGAGTGCAGGTGGAAACCATC-3' and 5'-GGCTCGAG
TCATTCCAGTTTTAGAAGCTCCACA-3" (FLAG_FKBP12), 5'-CGGA
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ATTCATGACTACTGATGAAGGTGC-3" and 5'-GCAGTCGACTCTCC
TTTGAAATCAAGGAGC-3' (FLAG_FKBP51), and 5-CCGAATTCAT
GACAGCCGAGGAGATG-3" and 5'-GTCGACTCATTCTCCCTTAAA
CTCAAACAACTC-3" (FLAG_FKBP52) (underlining indicates restriction
sites). For the expression of human FKBP12 in shFKBP12-SH-SY5Y cells,
silent mutations destroying the shFKBP12 recognition sequence were
generated by using 5'-CTACACCGGAATGCTGGAGGACGGCAAAAA
ATTTG-3" and 5 -CAAATTTTTTGCCGTCCTCCAGCATTCCGGTGT
AG-3" asprimers. The amplified cDNAs were cloned into the pcDNA3 vector
at the EcoRI and Xho or Xbal and Kpnl restriction sites.

Plasmids for the expression of enhanced green fluorescent protein
(EGFP)-FKBP and glutathione S-transferase (GST)-FRB domain fusion
proteins were generated by using an EGFP-specific pair of primers (5'-G
GCGCCATGGTGAGCAAGGGCGAGGA-3' and 5'-CCATGGCCTTGT
ACAGCTCGTCCATGCCGAG-3") with the vector pEGFP-N1 (Clontech
Laboratories Inc., Mountain View, CA) as the template. All EGFP ¢cDNAs
including EGFP-4E-BP1 ¢cDNA were amplified and cloned into pProEx-
Hta vectors at the KasI and Ncol or EcoRI and Xhol restriction sites. The
resulting modified vector, pProEx-Hta-His-EGFP, was used for the clon-
ing and expression of EGFP fusion proteins in Escherichia coli.

The expression plasmid for GST-FRB was generated by cloning cDNA
of the mTOR FRB domain (amino acids [aa] 2025 to 2114) into pGEX-
4T2 (Invitrogen, Carlsbad, CA). Plasmids for the expression of His-tagged
FKBPs in E. coli were prepared as described before (13). For expression in
mammalian cell lines, cDNA of FKBPs was cloned into pcDNA3 (Invit-
rogen), and for expression in yeast cells, it was cloned into pYX223 (In-
vitrogen).

All cell culture media (Dulbecco’s modified Eagle’s medium
[DMEM], Dulbecco’s phosphate-buffered saline [D-PBS], fetal bovine
serum [FBS], penicillin-streptomycin, and human insulin solution) were
purchased from Gibco-Invitrogen. All other chemicals were from Sigma-
Aldrich (Steinheim, Germany) or from Carl Roth (Karlsruhe, Germany).
F1706 was a kind gift from Astellas Pharma Inc. (Tokyo, Japan).

Antibodies against the hemagglutinin (HA) tag, the FLAG tag, and the
myc tag were purchased from Sigma-Aldrich, as were the corresponding
peptides for immunoprecipitate (IP) elution. Antibodies against FKBP12
were from Abcam (Cambridge, MA). Antibodies against FKBP51 and
FKBP52 were from Bethyl Laboratories (Montgomery, TX), while antibodies
against S6 kinase, pan-Akt, 4E-BP1, phospho-T389 S6K, phospho-S473 Akt,
and phospho-T37/46 4E-BP1 were from Cell Signaling (Beverly, MA).

ON TARGET plus small interfering RNA (siRNA) targeting FKBP12
and a nontargeting control were purchased from Dharmacon (Lafayette,
CO). Nickel-nitrilotriacetic acid agarose was from Qiagen (Hilden, Ger-
many), and rapamycin was from Cfm (Marktredwitz, Germany).

For yeast experiments, Saccharomyces cerevisiae strain BY4742 (acces-
sion no. Y12941; MATa his3A1 leu2A0 lys2A0 ura3A0 YNL135c:
kanMX4; deletion, YNL135¢) was obtained from EUROSCARF (Frank-
furt, Germany).

GST pulldown assay. FKBP51 FK1 or FKBP52 FK1 concentrations of
0.5, 1.0, and 1.5 uM were each combined with 1 uM GST-FRB and 1 pM
rapamycin (where indicated) in 100 pl PBS and incubated for 30 min at
room temperature. A 50-pl volume of glutathione resin (Miltenyi Bio-
tech, Bergisch Gladbach, Germany) was added, mixed well, and incubated
on a shaker for 10 min. The resin was collected, washed three times each
with 500 pl PBS, and finally boiled in 20 pl SDS sample buffer. The
supernatant was subjected to SDS-gel electrophoresis and analyzed by
Coomassie brilliant blue staining.

Cell culture, transfection, and stimulation. HEK293 and HelLa cells
were maintained in DMEM supplemented with 10% FBS and a 1% anti-
biotic (penicillin and streptomycin) solution. For transfection, cells were
plated in six-well plates and subjected to the Lipofectamine 2000 or Lipo-
fectamine LTX transfection procedure as recommended by the manufac-
turer (Invitrogen). For siRNA transfection, standard protocols provided
by Dharmacon (Thermo Fisher Scientific, Lafayette, CO) were used to-
gether with the transfection reagent DharmaFECT1.
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After 24 h, the medium was changed to starvation medium (DMEM
without supplementation). After another 16 h, cells were stimulated by
the addition of DMEM supplemented with FBS and 100 nM insulin for 60
min. Rapamycin or other compounds were added where indicated.

Cell lysis and immunoprecipitation. After stimulation, cells were
washed twice with Tris-buffered saline (TBS) and lysed in lysis buffer {40
mM HEPES (pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophos-
phate, 10 mM glycerophosphate, 0.5 mM orthovanadate, 50 mM NaF,
0.3% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate (CHAPS) or 1% (vol/vol) Triton X-100, 1% (vol/vol) protease
inhibitor mix (Sigma-Aldrich)} by shakingat 1,000 rpm at 4°C for 20 min.
After 20 min of centrifugation at 14.000 rpm and 4°C, the supernatant was
collected and total protein was determined by Bradford assay (Bio-Rad,
Munich, Germany). The mTOR activity and phosphorylation status of
downstream targets were assessed as described with the appropriate phos-
pho-specific antibodies (20).

Cell lysates were combined with FLAG affinity resin (Sigma-Aldrich)
and incubated under mild agitation for 2 h at 4°C. Beads were pelleted and
washed four times with lysis buffer. Finally, beads were directly boiled
after the addition of an equal amount of SDS sample buffer for 5 min.
Extracts were subjected to SDS-PAGE and immunoblotting.

In vitro binding and kinase assays. The fluorescence resonance en-
ergy transfer (FRET)-based FRB domain-binding assay and the mTOR
activity assay (LanthaScreen TR-FRET assay; Invitrogen) were performed
as recommended by the manufacturer. Kinase assays with mTORCI1 were
performed as described previously (21). Briefly, myc-Raptor was tran-
siently expressed in HEK293 cells. Transfected cells were starved over-
nightin DMEM, followed by 40 min in PBS, and stimulated with DMEM—
10% FBS for 60 min. After lysis in CHAPS-containing buffer, myc affinity
beads were added to the lysate and the IP mixture was incubated for 2 h
under agitation. Beads were collected and washed five times with lysis
buffer. Beads were extracted with myc-peptide in TBS. IP eluate was di-
rectly added to recombinant EGFP—4E-BP1 or immunoprecipitated in-
active HA-S6K in kinase buffer (20 mM Tris HCI [pH 7.4], 10 mM MgClL,,
0.2 mM ATP). After 30 min of incubation at 37°C, the reaction was
stopped by the addition of SDS sample buffer and boiling for 5 min.
Finally, the samples were analyzed by SDS-PAGE and immunoblotting.

Yeast cell culture. Yeast cells were maintained in selective medium
(containing 0.5% [wt/vol] ammonium sulfate, 0.17% [wt/vol] yeast ni-
trogen base, 2% [wt/vol] glucose, 20 mg/liter uracil, 20 mg/liter L-histi-
dine, 50 mg/liter L-lysine, 60 mg/liter L-leucine) or on selective plates
(medium plus 1% [wt/vol] agar). Transfection of pYX242-FKBP expres-
sion plasmids was performed in accordance with a standard transforma-
tion protocol (22). Positive clones were identified by using selective plates
lacking L-histidine. For the yeast dilution assays, yeast cells were grown in
liquid selective medium lacking r-histidine and supplemented with 0.2%
galactose to induce FKBP expression. Cultures at an optical density at 600
nm (ODy,) of 0.5 were serially diluted 1 to 10 in sterile water, and 4 pl of
each dilution was spotted onto SGal-His plates (synthetic defined yeast
medium with 0.2% galactose lacking L-histidine) supplemented with the
indicated final concentration of rapamycin. The plates were incubated for
3 to 4 days at 30°C. For growth curves, yeast was grown in 96-well plates at
30°Cin 100 pl of medium. ODy,, was measured every 180 min in a Tecan
reader.

Crystal structure determination. The complexes were crystallized by
the vapor diffusion method at 291 K. The FKBP51 FK1-rapamycin-FRB
domain complex was crystallized with either 25% polyethylene glycol
3350-0.1 M NaCl-0.1 M HEPES-NaOH (pH 7.5) or 0.1 M citric acid (pH
3.5)-2 M (NH,),SO, (low pH) as a precipitant. For the FKBP52 FK1-
rapamycin-FRB domain complex, 0.1 M Bis-Tris (pH 6.5)-1.95 M
(NH,),SO, was used. The latter two conditions are from the Hampton
Research Index screen. Diffraction data were collected at 100 K and a
0.98-A wavelength at European Synchrotron Radiation Facility beamline
ID29. For data processing and evaluation, the CCP4i software suite (23)
was used. Data integration was done with MOSFLM (24), data reduction
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was carried out by SCALA (25), and molecular replacement was per-
formed with Molrep with the crystal structure of the ternary complex
FKBP12-C15-(R)-methylthienyl rapamycin—-FRB domain (PDB entry
3FAP) as the initial model (26). Model bias was reduced by autobuilding
with ArpWarp (27). The models were completed manually with Coot (28)
and refined with Refmac (29). The final models have plausible stereo-
chemistry with more than 92% of the residues in the most favored region
of the Ramachandran plot.

Cellular Akt pS473 HTRF and mTOR pS2448 HTRF assays. The
commercially available HTRF phospho-Akt (Ser473) and mTOR phos-
pho-(52448) cell-based assays (Cisbio, Codolet, France) were used in ac-
cordance with the manufacturer’s reccommendations. Briefly, wild-type
SH-SY5Y, FKBP12 knockdown SH-SY5Y (30), or HeLa cells were grown
in 96-well plates, starved for 24 h, and stimulated with 10% FBS in the
presence of the indicated rapamycin or torin-1 concentrations for 60 min.
Cells were lysed in 50 pl of assay lysis buffer, and 16 pl of the lysate was
transferred to a white 384-well plate. After the addition of both 2 pl of
d2-labeled anti-Akt or d2-labeled anti-mTOR antibody and K-labeled
anti-phospho-Akt or K-labeled anti-phospho-mTOR antibody to each
well, the mixtures were incubated at room temperature for 4 h or over-
night. With a Tecan GENios Pro reader, emission levels at 620 and 665 nm
were determined. FRET efficiency was assessed by calculation of emission
ratios (665 nm/620 nm). For rapamycin competition experiments, wild-
type SH-SY5Y and HeLa cells were treated with FKBP inhibitors for 60
min in addition to the above-described rapamycin treatment, followed by
cell lysis and assay readout as described above.

RESULTS

Numerous FKBP-rapamycin complexes bind and inhibit
mTOR. To assess whether other FKBP-rapamycin complexes
could bind to mTOR as well, we first performed pulldown assays
with the purified FRB domain of mTOR and the FK1 domains of
FKBP51 and FKBP52. Both FKBP homologs bound specifically to
the FRB domain in the presence but not in the absence of rapa-
mycin (Fig. 1A). To characterize such alternative complexes in
more detail, we used a FRET-based protein-protein dimerization
assay. All of the EGFP-FKBPs tested displayed tight binding to
the GST-FRB domain in a clearly rapamycin-dependent manner
(Table 1; see Fig. S1 in the supplemental material). The 50% effec-
tive concentrations (ECs,s) ranged from 3.8 nM for FKBP12 to
25.5 nM for FKBP52. Identical results were observed for the full-
length proteins and for the FK1 domains of the larger FKBP52
protein and FKBP52, confirming that the additional domains do
not influence the interaction with the FRB domain. The value
obtained for FKBP12 is in good accordance with previously pub-
lished data (31).

To address the possible inhibitory activity of large FKBPs on
the kinase activity of mTOR, an in vitro kinase assay was per-
formed. This assay determines the activity of a heterologously ex-
pressed, truncated mTOR protein by assessing the phosphoryla-
tion of the mTOR substrate 4E-BP1. The data show that all of the
FKBPs examined exert a potent inhibitory effect on mTOR kinase
activity at low nanomolar rapamycin concentrations (Table 1; see
Fig. S2 in the supplemental material). For FKBP12, FKBP51, and
FKBP52, 50% inhibitory concentrations (IC5,s) below 2 nM were
measured, which is well below the clinically achieved concentra-
tions of rapamycin (around 6 nM [32]).

To mimic cellular conditions more closely, we next performed
an in vitro kinase assay with the intact mTOR complex 1. As a
readout, we determined the phosphorylation status of 4E-BP1 and
S6 kinase at the sites that directly reflect mTOR activity. In the
presence of rapamycin FKBP12, FKBP51 and FKBP52 abolished
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FIG 1 Large FKBPs bind to the FRB domain of mTOR and inhibit its kinase
activity in vitro. (A) Rapamycin dependence of the interaction of FKBP51 and
FKBP52 with the FRB domain of mTOR. The binding of the isolated FK1
domains of FKBP51 and FKBP52 to the FRB domain was tested in a GST
pulldown assay. FKBP51 FK1 and FKBP52 FKI1 at 0.5, 1.0, and 1.5 wM were
incubated with a 1 uM concentration of the GST-FRB domain on GST beads
in the absence (lanes 3 and 9) or presence of 1 WM rapamycin (lanes 4 to 6 and
10 to 12). After washing, matrix-bound proteins were analyzed by SDS-PAGE.
Lane 1 is the GST-FRB domain and FKBP52 FK1 at 1.5 uM each. Lanes 2 and
8 are controls for unspecific binding of 1.5 wM FKBP51 FK1 or FKBP52 FK1 in
the absence of the GST-FRB domain. Lane 7 is a molecular size standard. (B)
mTORCI kinase activity is inhibited by large FKBPs in vitro. Kinase assays
were performed by incubating immunoprecipitated mTORC1 with EGFP—
4E-BP1 or HA-S6 kinase at 37°C in the presence or absence of 500 nM FKBP,
500 nM rapamycin (R), or 100 nM torin-1 (T). After 30 min, the samples were
boiled and 4E-BP1 phospho-T37/46 and S6 kinase phospho-T389 signal in-
tensities were assessed by Western blotting (top), quantified, and normalized
to those of a sample treated with mTORCI only (bottom). Results for FKBPs
are displayed as standard deviations from the mean.
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S6 kinase and 4E-BP1 phosphorylation to the same extent as the
ATP-competitive mTOR inhibitor torin-1 (33) (Fig. 1B). Thus,
the large FKBP homologs can functionally substitute for FKBP12
with regard to mTOR inhibition in vitro.

Crystal structures of alternative ternary complexes. The
available apo structures of the larger FKBPs revealed substantial
deviations in the 80s loop, the main direct interface between
FKBP12 and the FRB domain. This indicated potential clashes for
larger FKBPs in putative ternary complexes that could preclude
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TABLE 1 Ternary-complex formation and inhibition of mTOR by
FKBP homologs

Protein EC5™” (nM) IC5,™° (nM)
FKBP12 3.8 + 0.6 0.69 = 0.17
FKBP12.6 5.6 = 0.9 4.79 * 1.76
FKBP13 6.7+ 1.6 2.48 = 0.82
FKBP25 43+09 2.61 +0.57
FKBP51 25+ 6.7 1.95 * 0.36
FKBP52 255+ 5.8 1.68 = 0.51
FKBP51 FK1 105+ 1.8

FKBP52 FK1 262 = 5.6

@ The values shown are means and standard deviations.

b ECqys for ternary GST-FRB/rapamycin/EGFP-FKBP complex formation are shown
(see Fig. S1 in the supplemental material).

©ICsys for inhibition of the kinase activity of purified, truncated mTOR by different
FKBP-rapamycin complexes are shown (see Fig. S2 in the supplemental material).

larger FKB-rapamycin complexes from efficiently engaging the
FRB domain (26). To clarify the molecular basis of ternary com-
plexes for larger FKBPs, we solved the cocrystal structures of the
FKBP51 and FKBP52 FK1 domains with rapamycin and the FRB
domain of mTOR at resolutions of 1.45 and 1.8 A, respectively (see
Table S1 in the supplemental material). The overall architecture of
the complexes was very similar to that of the known FKBP12-con-
taining complex (Fig. 2A) (26). The macrocyclic compound rapamy-
cin was located in the center of the complex, interacting with the FK1
and FRB domains through distinct, separate segments.

Direct interactions between the larger FKBPs and the FRB do-
main were surprisingly sparse. Similar to FKBP12, most of the
direct contacts were formed by the 40s and 80s loops of the FKBPs
with the a4 helix of the FRB domain. Unlike FKBP12, however,
only minor contacts were observed between the a1-a.2 loop of the
FRB domain and FKBP52, and none were observed with FKBP51.
In the FKBP12 complex, most contacts with the FRB domain were
formed by the 80sloop (T85to191) (26). These contact areas were
substantially reduced in the FKBP52 complex (A116, P119, and
P120 contact R2042 and V2094 of the FRB domain) and almost
eliminated in FKBP51 (P120-V2094 and A116-R2042 contacts).
In contrast, FKBP51 formed several additional contacts between
its 40s loop (R73, E75 to V78) and the C terminus of a4 of the FRB
domain (D2102, Y2105, H2106, and R2109), including three
novel hydrogen bonds. The §78-Y2105 hydrogen bond was also
observed in the complex with FKBP52. In summary, the main
protein-protein interface with the FRB domain was shifted from
the 80s loop in FKBP12 to the 40s loop in FKBP51, while FKBP52
formed fewer direct contacts through both its 40s and 80s loops
(Fig. 2B and C).

Interestingly, shape complementarity (S¢) at the contact inter-
face between the FRB domain and FKBP51 and FKBP52 was
higher (S values of 0.675 and 0.697, respectively) than with
FKBP12 (S value 0f 0.423). These values are, however, lower than
those typically seen in constitutive complexes (e.g., hemoglobin
Sc value of 0.74) (34). In addition, numerous well-ordered water
molecules were resolved at the interface between the FRB domain
and FKBP51 in the 1.45-A resolution structure, suggesting that
this extended hydrogen bond network might contribute substan-
tially to complex stability (Fig. 2C).

Alternative functional ternary complexes are formed in eu-
karyotic cells. To study the pharmacological relevance of alterna-
tive FKBP-rapamycin complexes in eukaryotic cells, we first em-
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ployed a yeast model lacking the endogenous FKBP12 homolog
Fprlp, the only cytoplasmic yeast FKBP (35). This yeast strain is
insensitive to rapamycin. In this strain, we overexpressed human
FKBPs to evaluate their ability to reconstitute sensitivity (Fig. 3A).
The overexpression of both the human FKBP51 and FKBP52 FK1
domains reduced cell growth in the presence of rapamycin, but the
sensitivity was less pronounced than that obtained by the overex-
pression of human FKBP12. However, full-length FKBP52 re-
stored rapamycin sensitivity to the same extent as FKBP12. The
ability of FKBP51 FK1 domain to restore the inhibition of yeast
proliferation by rapamycin was also observed in growth curve
assays (see Fig. S3 in the supplemental material). Full-length
FKBP51 could not be assessed in this growth assay since it was
toxic alone and substantially repressed yeast proliferation even in
the absence of rapamycin.

We next analyzed mammalian cells for a rapamycin-mediated
interaction of mTOR and FKBPs. In coimmunoprecipitation ex-
periments with overexpressed mTOR, endogenous FKBP12,
FKBP51, and FKBP52 were clearly coprecipitated in the presence
of rapamycin, while the related FKBP ligand FK506 had no effect
(Fig. 3B). Furthermore, rapamycin failed to induce an interaction
of FKBPs with S2035T mutant mTOR, which is compromised in
the binding of rapamycin (36). Rapamycin also mediated an in-
teraction of FKBP12 and FKBP51 with the mTORCI-specific
component Raptor (Fig. 3C).

FKBP51 can contribute to the effects of rapamycin. We next
investigated the contributions of individual FKBPs to the func-
tional effects of rapamycin in human cells. To test whether the
prototypical FKBP12 protein is required for rapamycin function,
we knocked down endogenous FKBP12 levels by at least 90% (Fig.
4A). We then treated these cells with increasing rapamycin con-
centrations and used T389 phosphorylation of S6K as a readout of
cellular mTORCI activity. For both FKBP12 knockdown and
mock-treated control cells, a clear dose-dependent reduction of
the phospho-T389 signal was observed, with partial inhibition at
1.5 nM and complete inhibition at 3 nM for both cell types, indi-
cating functional redundancy of FKBP12.

In order to probe the role of FKBP51 in rapamycin pharma-
cology, we overexpressed human FKBP51 and tested its influence
at subeffective concentrations of rapamycin. In mock-transfected
cells, S6K phosphorylation was unchanged at 0.25 nM rapamycin.
While overexpression of FKBP12 only minimally facilitated the
inhibition of S6K phosphorylation at this low concentration of
rapamycin, similar overexpression of FKBP51 clearly enhanced
the inhibitory effect of 0.25 nM rapamycin (Fig. 4B).

To further explore the role of FKBP12 in the pharmacology of
rapamycin, we referred to FKBP12-depleted SH-SY5Y neuroblas-
toma cells (30). In these cells, S6K(T389) phosphorylation was
slightly increased under basal conditions (Fig. 4C), similar to that
in transiently FKBP12-depleted HeLa cells (Fig. 4A) and consis-
tent with observations in conditional FKBP12 knockout mice
(37). Basal Akt phosphorylation was also increased in the FKBP12
knockdown SH-SY5Y cells, suggesting that the whole Akt-mTOR-
S6K pathway was activated by FKBP12 reduction. Importantly,
rapamycin reduced S6K(T389) phosphorylation in the FKBP12
knockdown SH-SY5Y cells with an IC;, of 2 to 4 nM, similar to
that in wild-type SH-SY5Y cells (Fig. 4C).

The antiproliferative efficiency of rapamycin has been modest
for many cancer cell types (10), and this had been attributed in
part to the counterproductive repression of a negative feedback,
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FIG 2 Crystal structures of the complexes of FKBP51 and FKBP52 with rapamycin and mTOR. (A) Ribbon representation of the ternary minimal complexes of
FKBP12 (2FAP) and of the FK1 domains (aa 1 to 143) of FKBP51 and FKBP52 with rapamycin and the FRB domain of mTOR. The FKBP domains were
superimposed and are in red (FKBP12), pale blue (FKBP51 FK1), and yellow (FKBP52 FK1), respectively. The 40s and 80s loops, which directly contact the FRB
domain, are indicated. For clarity, only a single rapamycin molecule (dark blue sticks) and a single FRB domain (green ribbon) are shown. (B) Direct
protein-protein contacts in the ternary complexes of FKBP12 (left) and FKBP51 (right). The orientation is the same as in panel A. Interacting residues are shown
as sticks. van der Waals interactions are gray dashed lines, and hydrogen bonds are black lines. FRB domains and FKBPs are shown as backbone traces. (C)
Network of ordered water molecules at the FKBP-FRB domain interface. The proteins are shown as surface representations, and the water molecules are shown
asred spheres. Hydrogen bonds are indicated by dashed lines. Water molecules that directly mediate interactions between the FRB domain and FKBPs are circled.
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lacking FKBP12, was transformed with plasmids encoding human FKBP12, FKBP51 FK1, FKBP52 FKI1, or full-length FKBP52 under the control of the Gal
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and FKBP52 in a rapamycin-dependent manner. HEK293 cells were transfected with a FLAG-mTOR or FLAG-mTOR-S2035T expression plasmid. At 30 min
prior to lysis, rapamycin (Rap), FK506 (FK) (final concentration, 25 nM each), or the dimethyl sulfoxide vehicle (veh.) was added. The cell lysates were subjected
to immunoprecipitation with anti-FLAG antibody, and the eluates were analyzed by immunoblotting. (C) FKBP12 and FKBP51 interact with the mTORC1
component Raptor. HEK293 cells were transfected with myc-Raptor and FLAG-FKBPs, starved, and stimulated with FBS in the absence or presence of 20 nM
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induced by SG medium.
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FIG 4 Contributions of FKBPs to the cellular action of rapamycin. (A) Effect of rapamycin on S6K phosphorylation in FKBP12 knockdown HeLa cells. HeLa cells
were transfected with siRNA for FKBP12 or nontargeting controls, starved, and stimulated with 10% FBS—100 nM insulin for 60 min in the presence of 0 to 3 nM
rapamycin. Cells were lysed and analyzed by immunoblotting. FKBP25 probing served as an additional loading control. (B) Overexpression of FKBP12 or
FKBP51 has different effects on S6 kinase phosphorylation. HeLa cells were transfected with an FKBP12 or FKBP51 overexpression vector, starved for 16 h, and
stimulated with 10% FBS-100 nM insulin for 60 min in the absence or presence of 0.25 nM rapamycin. Thereafter, cells were lysed and subjected to SDS-PAGE
and Western blotting. The membrane was probed with antibodies against the indicated proteins or antigens. Unrelated lanes between mock-transfected controls
and FKBP12 and FKBP51 overexpression samples have been removed for clarity. (C) In FKBP12 knockdown cells, rapamycin-induced Akt hyperphosphoryla-
tion is blunted. Wild-type (wt) and FKBP12 knockdown neuroblastoma cells were starved for 24 h and stimulated with 10% FCS-100 nM insulin for 60 min in
the presence of 0 to 10 nM rapamycin. Cells were lysed and subjected to SDS-PAGE and immunoblotting. S6 kinase and Akt phosphorylation was assessed with
the appropriate phospho-specific antibodies. (D) FKBP12 is necessary for rapamycin-induced Akt hyperphosphorylation. Wild-type and FKBP12 knockdown
SH-SY5Y neuroblastoma cells were starved for 24 h and stimulated with 10% FCS—100 nM insulin for 60 min in the presence of 0 to 500 nM rapamycin or 100
nM torin-1. Cells were lysed, and Akt S473 phosphorylation was assessed with a phospho-antibody-based FRET assay. Mean values of two independent duplicates
are shown. Values were normalized to 1 for 0 nM rapamycin for each cell type. (E) FKBP51 can replace FKBP12 in enabling rapamycin (Rap)-induced Akt
hyperphosphorylation. FKBP12 knockdown SH-SY5Y cells were transfected with FKBP12, FKBP51, or a control plasmid and treated 24 h later with 10 nM
rapamycin or 100 nM torin-1 for 60 min. Cellular Akt S473 phosphorylation was determined with a homogeneous time-resolved FRET assay. Mean values of
three independent data points are shown. Results were normalized to those of dimethyl sulfoxide (DMSO)-treated controls (100%) for each transfection
condition. ***, P < 0.001; **, P < 0.01.

which increases signaling via the PI3K-Akt pathway. Surprisingly,
we observed a differential influence of rapamycin on Akt phos-
phorylation in the presence or absence of FKBP12. In wild-type
SH-SY5Y cells, rapamycin potently and dose dependently induced
Akt hyperphosphorylation whereas this effect was blunted in
FKBP12-depleted cells (Fig. 4C; see Fig. S4 in the supplemental
material). Even very high rapamycin concentrations did not in-
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duce Akt hyperphosphorylation in the FKBP12-depleted cells
(Fig. 4D). Reexpression of FKBP12 restored the inducibility of
Akt(S473) phosphorylation by rapamycin in these cells (Fig. 4E).
Importantly, FKBP51 was almost as efficient as FKBP12 in en-
abling rapamycin-induced Akt(S473) hyperphosphorylation,
suggesting that FKBP51 can functionally replace FKBP12. An en-
hancement of rapamycin-induced Akt(S473) hyperphosphoryla-
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100% phosphorylation, while torin-1 was defined as 0% phosphorylation. The values are presented as means = standard deviations. Two-way analysis of variance
and a priori testing were used for statistical analysis. Comparison with dimethyl sulfoxide treatment: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Comparison with

treatment with rapamycin alone: +++, P < 0.001; ++, P < 0.01; +, P < 0.05.

tion was also observed upon FKBP51 overexpression in HeLa cells
(see Fig. S5 in the supplemental material).

FKBP12 inhibition alone does not block the effects of rapa-
mycin. To further distinguish whether the effects of rapamycin
rely on binding to FKBPs in general or specifically on binding to
FKBP12, we used a panel of FKBP inhibitors. The inhibition of
mTOR autophosphorylation and rapamycin-induced Akt hyper-
phosphorylation was blocked or significantly reduced by the pan-
selective FKBP ligand FK506, which potently binds to all cytosolic
human FKBPs (Fig. 5) (13). FK1706, a nonimmunosuppressive
analog of FK506 (38) that tightly binds to FKBP12, as well as to
FKBP51 (K; = 50 nM) and to FKBP52 (K; = 20 nM) (13, 38),
likewise blocked the effects of rapamycin. Biricodar (39) and com-
pound 44 (40) are two structurally different substances that bind
to FKBP12 almost as tightly as FK506 and FK1706 but more
strongly discriminate against the larger FKBP51 and FKBP52 pro-
teins (>500-fold selectivity for FKBP12). In contrast to FK506 or
FK1706, neither of the FKBP12-specific inhibitors affected the
effects of rapamycin on mTOR autophosphorylation or Akt hy-
perphosphorylation, even at concentrations 3- to 10-fold higher
than those of FK506 and FK1706. Almost identical results were
obtained with SHSY-5Y neuroblastoma cells (Fig. 5A and B), as
well as with HeLa cells (Fig. 5C and D).

DISCUSSION

Taken together, our results suggest an unexpected and substantial
contribution of larger FKBP homologs like FKBP51 in mediating
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the effect of rapamycin. Our biochemical studies unambiguously
show that tight, rapamycin-dependent binding of the FRB do-
main is possible for all of the FKBP family members tested and
that these alternative ternary complexes all potently inhibit
mTOR kinase activity. In mammalian cells, rapamycin induced
mTOR complexes with larger FKBPs. In yeast, FKBP52 could me-
diate the antiproliferative effect of rapamycin, while FKBP51 en-
hanced mTOR inhibition in HeLa cells. Inhibition of FKBP12
alone was not sufficient to block the effect of rapamycin. We thus
postulate that larger FKBPs contribute to the effects of rapamycin
in mammalian cells.

Throughout the literature, only FKBP12 is discussed as a rele-
vant target mediating the inhibitory effects of rapamycin on
mTOR, although there is little experimental evidence for this ex-
clusive role in mammals. In several fungi, knockout of the respec-
tive homolog of FKBP12 was shown to abolish sensitivity to rapa-
mycin (35, 41-43). However, the FKBP repertoire in these
organisms is much smaller than that in mammals and fungal
FKBP12 is the only well-established ortholog of human FKBPs
(44). Moreover, fungal FKBP12 is usually the only cytoplasmic
FKBP expressed, explaining the strict FKBP12 dependence of
rapamycin in these organisms.

For mammalian FKBPs, only for FKBP12.6, the closest ho-
molog of FKBP12, had ternary-complex formation with rapamy-
cin and the FRB domain been demonstrated (45). However, ex-
periments with FKBP12.6-deficient T cells clearly showed that
FKB12.6 can be redundant for the action of rapamycin (22). Re-
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cently, FKBP38 has been proposed as a player in mTOR inhibi-
tion, but this effect was largely rapamycin independent and might
be indirect (14). The rapamycin sensitivity of glioma cell lines was
shown to be affected by FKBP51 expression levels, but this was
attributed to the direct role of FKBP51 in NF-kB signaling, which
is inhibited by FKBP51 ligands (46). The rapamycin levels used in
the present work are very low and unlikely to saturate FKBP-
binding sites in cells. The rapamycin effects observed in our stud-
ies are thus unlikely to reflect direct effects on FKBPs.

Our results suggest that for the inhibition of S6K phosphory-
lation by rapamycin, very small amounts of FKBPs seem to be
sufficient. In our knockdown experiments a substantial reduction
of FKBP12 was achieved. We cannot fully exclude the possibility
that the inhibitory effect of rapamycin on S6K phosphorylation
was mediated by remaining amounts of FKBP12. However, our
results are in striking contrast to studies with FK506, where even
slight reductions in FKBP12 dramatically reduced the effect of
FK506 on the cellular phosphatase activity of calcineurin (47). The
results reported by Weiwad et al. were fully consistent with the
much higher efficacy of FKBP12 than other human FKBP ho-
mologs in biochemical calcineurin inhibition assays. Our bio-
chemical and cellular results suggest that the human FKBP system
is much more versatile in forming inhibitory FKBP-rapamycin-
mTOR complexes than in forming FKBP-FK506-calcineurin
complexes, for which FKBP12 is strongly preferred.

The model in which larger FKBP homologs can substitute for
FKBP12 in mediating the effect of rapamycin is further supported
by our FKBP inhibition studies, where the inhibition of all known
cytosolic FKBPs was necessary to block the effect of rapamycin,
while inhibition of FKBP12 alone was insufficient. The FKBP12-
selective inhibitors compound 44 and Biricodar are highly lipo-
philic substances, and several close analogs easily permeate cells.
The inability of these substances to block the effect of rapamycin is
therefore unlikely to be due to insufficient cell penetration.

The antiproliferative efficiency of rapamycin has been shown
to be disappointingly modest for several cancer cell types. This was
attributed in part to a counterproductive repression of a negative
feedback on Akt that increases the PI3K-Akt signaling pathway.
This feedback effect can be mediated either via Grb10 or S6 kinase
and the insulin receptor substrates (48, 49) or via a reduction of
PHLPP expression (50). Intriguingly, we show that hyperphos-
phorylation of Akt by rapamycin—in contrast to the inhibition of
S6K phosphorylation—seems to depend on the availability of
higher FKBP levels. Our reconstitution experiments clearly show
that both FKBP12 and the larger FKBP51 protein can mediate this
effect of rapamycin. The mechanisms of the different rapamycin
sensitivities of S6K phosphorylation and Akt hyperphosphoryla-
tion, depending on different FKBP levels, remain to be deter-
mined. In addition to the above-mentioned rapamycin-induced
feedback loops, possible alternative mechanisms are an altered
FKBP-rapamycin dependence of mTORCI (phosphorylating
S6K) and mTORC2 (phosphorylating Akt) or rapamycin-inde-
pendent effects of FKBP12 and FKBP51 on the Akt-mTOR-S6K
pathway.

Rapamycin inhibits the late phases of neuronal long-term po-
tentiation, which represent adaptive processes thought to underlie
learning and memory. This was reduced in FKBP12-deficient neu-
rons and interpreted as indicating that FKBP12 is necessary for the
action of rapamycin on mTOR (37). Our results suggest a dimin-
ished activating effect of rapamycin on the PI3K-Akt pathway in
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the absence of FKBP12 as an additional explanation for the func-
tional alterations in neurons lacking FKBP12.

Structural arguments against the involvement of larger FKBPs
have been raised on the basis of the comparison of the rapamycin
complexes of FKBP13 and FKBP25 with the ternary-complex
structures of FKBP12 (26). Notably, the 80s loop conformation, as
observed in the apo structures of the larger FKBPs, would indeed
clash with the FRB domain in a rigid FKBP12-like binding mode.
Our crystal structures show that (i) the contact areas adapt effi-
ciently, avoiding potential clashes and instead forming compen-
satory novel contacts (e.g., via the 40s loop for FKBP51), and that
(ii) many FKBP-FRB domain interactions are indirect, mediated
by an dense but presumably dynamic water network at the inter-
face.

The energetics of the FKBP12-FRB domain interactions are
poorly understood. Protein-protein interactions must add at least
20 kJ/mol to the binding energy of the ternary-complex formation
compared to the interactions of rapamycin alone (rapamycin
alone is a very weak FRB domain binder [26 wM]) (31), whereas
the rapamycin-FKBP complexes are strong FRB domain binders
(about 10 nM [Table 1]) yet they engage in only limited direct
protein-protein contacts. The numerous well-ordered bridging
water molecules that were resolved in our high-resolution struc-
ture likely contribute substantially to the stability of the FKBP-
rapamycin-FRB domain complex, thus providing a plausible ex-
planation for this conundrum.

Mechanistically, rapamycin is thought to inhibit mTOR by al-
losterically restraining the access of substrates (e.g., S6K) to the
kinase active site or by interfering with the mTOR complex’s in-
tegrity (51) or assembly (7). The biochemical details of the mech-
anism of actions of rapamycin are, however, far from clear. Nota-
bly, the activity of mTORC1 toward some, but not all,
downstream targets has been shown to be rapamycin resistant,
often in a cell context-dependent manner (reviewed in reference
5). Likewise, mMTORC?2 integrity has been shown to be sensitive to
long-term rapamycin treatment only in some cell types (7). Im-
portantly, the substrate bias of rapamycin has emerged recently as
a key factor responsible for the limited efficacy of rapamycin in
cancer or for its metabolic side effects (52). The cellular factors
involved in partial rapamycin resistance have yet to be identified.

The identity of specific FKBP homologs in rapamycin-mTOR
complexes will be functionally important when they add novel
functionalities to the ternary complexes. For example, the matu-
ration of mTOR complexes has been shown to depend on the
Hsp90 machinery (53) and to be sensitive to rapamycin treatment
in certain cell types (7). In this context, FKBP51- or FKBP52-
rapamycin complexes, which are cochaperones of Hsp90, could be
more effective than the smaller single-domain homolog FKBP12.
In summary, our results suggest that the customary focus on
FKBP12-rapamycin is too narrow and that additional FKBP-rapa-
mycin-mTOR complexes must be considered for a comprehen-
sive understanding of rapamycin function.

Most FKBP family members bind to rapamycin with compa-
rably high affinities (13). Consequently, a mixture of different
FKBPs will bind to rapamycin when the compound is adminis-
tered. Since all of the FKBP-rapamycin complexes tested have the
biochemical potential to engage mTOR, the importance of spe-
cific FKBP-rapamycin-mTOR complexes might rather depend on
the cell type and state. FKBP13 and FKBP25 are probably not
involved in mTOR inhibition in vivo, since they are located mainly
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in the endoplasmic reticulum (54) and the nucleus (55), respec-
tively, and thus are physically separated from mTOR. For the cy-
tosolic FKBPs, the contributions of the particular FKBP homologs
might be largely dictated by their relative cellular abundance.
Baughman et al. characterized the tissue distribution and cellular
concentration of FKBP51 and directly compared it to FKBP12
(56). They found that FKBP51 was more abundant in 11 of 17
tissues, with an up-to-12-fold molar excess in the liver. Further-
more, mRNA quantification suggests that FKBP51 is highly over-
expressed, especially in adipocytes and in skeletal muscle cells,
compared to median expression (57). These tissues are extremely
important for the metabolic (side) effects of rapamycin, and
FKBP51 might be the most relevant FKBP subtype for the inhibi-
tion of mTOR by rapamycin in these tissues.

Besides immunomodulation, rapamycin treatment has been
suggested for several other applications, including type II diabetes,
neurodegenerative diseases (2), or even life span extension (58),
but the prolonged systemic use of rapamycin is hampered by un-
acceptable side effects (12). For these applications, tissue-selective
mTOR inhibition would be very advantageous. Our results sug-
gest a mechanistic rationale for how tissue- or cell type-biased
mTOR inhibition might be realized, namely, by engaging specific
FKBP homologs dominating the FKBP pool in the desired cell
types. This could be accomplished by blocking undesired FKBPs
with nonimmunosuppressive, FKBP-subselective FKBP ligands
such as Biricodar or compound 44, which leave other FKBPs like
FKBP51 or FKBP52 as the mediators of rapamycin’s action. A
more direct way would be tailoring of rapalogs for the desired
FKBP homologs. Such FKBP subtype-selective rapamycin analogs
can be expected to be active primarily in those cells where their
cognate FKBP is highly expressed, e.g., liver cells, skeletal muscle
cells, or adipocytes in the case of FKBP51 (56, 57). Conversely,
rapalogs devoid of FKBP51 binding might be less active in these
than in other tissues. While the development of such analogs rep-
resents a substantial synthetic challenge, our FKBP51- or
FKBP52-rapamycin-FRB domain crystal structures provide a first
starting point to support a rational drug design, e.g., by exploiting
differential conformations in the 40s or 80s loop (39, 40).

Taken together, our results call for expansion of the customary
focus on FKBP12-rapamycin and for consideration of additional
FKBP-rapamycin-mTOR complexes to comprehensively under-
stand and optimally exploit the action of rapamycin.
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