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The FRB Domain of mMTOR: NMR Solution Structure and Inhibitor Design
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ABSTRACT. The mammalian target of rapamycin (mTOR) is a protein that is intricately involved in signaling
pathways controlling cell growth. Rapamycin is a natural product that binds and inhibits mTOR function
by interacting with its FKBP-rapamycin-binding (FRB) domain. Here we report on the NMR solution
structure of FRB and on further studies aimed at the identification and characterization of novel ligands
that target the rapamycin binding pocket. The biological activity of the ligands, and that of rapamycin in
the absence of FKBP12, was investigated by assaying the kinase activity of mTOR. While we found that
rapamycin binds the FRB domain and inhibits the kinase activity of mTOR even in the absence of FKBP12
(in the low micromolar range), our most potent ligands bind to FRB with similar binding affinity but
inhibit the kinase activity of mTOR at much higher concentrations. However, we have also identified one
low-affinity compound that is also capable of inhibiting mTOR. Hence, we have identified compounds
that can directly mimic rapamycin or can dissociate the FRB binding from the inhibition of the catalytic
activity of mTOR. As such, these ligands could be useful in deciphering the complex regulation of mMTOR
in the cell and in validating the FRB domain as a possible target for the development of novel therapeutic
compounds.

The phosphatidylinositol 3-kinase-related kinase mTOR  mTOR has recently been of interest in cancer research
plays a critical role in cell growth regulationl)( In (20), and rapamycin is currently undergoing clinical trials
mammalian cells, mTOR participates in two protein com- for a variety of cancer treatment$1( 12).
plexes, one termed mTORC1, which is rapamycin-sensitive, Early evidence indicated that rapamycin binds mTOR at
and the other termed mTORC2, which is rapamycin- a region termed the FRB domain (FKBPd@&pamycin-
insensitive. Though many of the details by which each of binding), only after simultaneous interaction with the FKBP12
these mTOR-containing complexes regulate cell signaling protein. However, it has been found that rapamycin is able
have yet to be elucidated, several aspects of mMTORC1to bind FRB even in the absence of FKBP12, albeit with a

function are known, including its kinase activitg, (3), its lower affinity (13). Such an observation is not unexpected
function in sensing branched chain amino acid levéd)s (  on the basis of the examination of the X-ray crystal structure
and its activity as a regulator of translation initiatid €). of the FKBP12-rapamycir-FRB ternary complexi, 15).

Functional studies of the mTORC1 complex have been In this structure, it is obvious that while rapamycin has many
greatly facilitated by the use of the natural product rapamy- significant interactions with both protein partners, FKBP12
cin, a bacterially derived macrolide ester, which inhibits and FRB only make contact at a few locatiod$)( This
MTORC1 function through a poorly defined mechanism. In fact was key in the original hypothesis of how rapamycin
particular, rapamycin treatment of cells can lead to growth bound to mTOR and exerted its biological function, as it
arrest ), downregulation of protein synthesig8)( and was thought that FKBP12 was indispensable for the binding
upregulation of mMRNA degradatio®)( of rapamycin to FRB. In hindsight, a seed of doubt about
this notion is planted with a comparison of the geometry of
T Financial support was obtained thanks to NIH Grants CA052995 free rapamycin n solutiorl) to that Wh”e.bound t.o FRB.
(M.P. and G.G.C.) and CA102583 (M.P.). Such a comparison shows that rapamycin has virtually the
*FRB structures have been deposited in the Protein Data Bank assame 3D structure, whether it is bound to FRB. Therefore,
entry 2GAQ. it seems counterintuitive to expect that rapamycin alone could
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for Medical Research, 10901 N. Torrey Pines Rd., La Jolla, CA 92037. not bind t(_) FRB. One pOSSIbIIIty tha.t cannot be e).(CIUded’
Phone: (858) 646-3159. Fax: (858) 713-9925. E-mail: mpellecchia@ however, is that binding of rapamycin to FKBP12 induces

burnham.org. _ _ somehow a change in the charge distribution in the com-
® These authors contributed equally to this work. pound that results in an increased affinity of the FKBP12

Il . .
Riveﬁ?ﬁi”}gggg‘f’ss' Wyeth Research, 401 N. Middletown Rd., Pearl rapamycin complex for FRB. Tp provide adc_iitional insights

1 Abbreviations: mTOR, mammalian target of rapamycin; FRB, into the role of the FRB domain in modulating the various
FKBP—rapamycin-binding; FKBP, FK506-binding protein; HSQC, activities of mTOR, we sought to identify novel small
heteronuclear single-quantum coherence spectroscopy; NOESY, nUCIeaFnolecuIes that directly target the FRB domain. Structural

Overhauser effect spectroscopy; TOCSY, total correlation spectroscopy; . i L . .
rmsd’ root-mean_sguare de\?éﬂon’ 1D’ one_dimensionaﬁ ZD’ tW(F))Y and funCtIOI’]a| StUdIeS Of the FRB doma'n N SO|utIOI’1 and n

dimensional; 3D, three-dimensional. complex with these compounds are discussed.
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FRB Solution Structure and Binding Studies

Our studies resulted in novel molecular tools that can be

used to further investigate the role of mTOR in the cell and
to validate the FRB domain as a target for possible novel
drug design.

MATERIALS AND METHODS

Expression and Purification of Recombinant FRBe
basic procedure for the expression of FRB from Luria Broth

Biochemistry, Vol. 45, No. 34, 2006.0295

Virtual Docking Molecular models were built using Sybyl
6.9 (TRIPOS) and energy-minimized by using the routine
MAXIMIN. Initial docking studies with a subset (30 000
compounds) of the Chembridge (San Diego) DiverSet
collection (50 000 compounds) were performed with FlexX
(17) as implemented in Sybyl 6.9 by using the 3D structure
of FRB in complex with a rapamycin and FKBP115. For
each compound, 10 solutions were generated and compounds

(LB) and its subsequent purification has been describedwere ranked according to CSCOREB) which included drug

previously (L4). However, recombinant FRB is expressed
in both soluble and insoluble forms in a ratio of ap-
proximately 3:7. To optimize the yield of FRB, especially
for isotopically enriched samples, purification involved
refolding of the insoluble fraction. First, the pellets containing

the insoluble inclusion bodies were washed three times in

alkaline buffer (NaHC@Na,COs, pH 10) followed by
centrifugation (16 000 rpm in an SS-34 rotor) for 30 min.
Following washing steps, the inclusion bodies were solubi-
lized in 6 M guanidine-HCI (Gdn-HCI) in PBS by adding
approximately 10 mL of buffer per liter of cell culture. Prior
to performing the refolding, we centrifuged and filtered (0.45
um) the solution to remove insoluble material.

Refolding was accomplished by a combination of rapid
dilution and dialysis. First, the denatured GSHRB protein
was added dropwise to a refolding buffer containing arginine
(300 mM), phosphate (20 mM), NaCl (500 mM), DTT (1
mM), and sucrose (10%) at neutral pH. The GFRB
protein was added at a rate of approximately 0.5 mL/min
under constant stirring at 4C, to a volume of refolding
buffer (approximately 300 mL) for 2630 mL of GST
FRB solution. The mixture was stirred overnight for at least
16 h followed by centrifugation to remove precipitated
material. Concentration using an Amicon stirred cell was

score (9), chemscoreZ0), and Gold score2l) functions.
After visual inspection and calculation of intermolecular
hydrogen bonds, a total of 56 compounds were selected for
experimental verification by NMR as we have recently
described 22).

NMR SpectroscopyAll NMR spectra were acquired on
either a 500 or 600 MHz Bruker Avance spectrometer
equipped with a Bruker TXI probe. All 1BH experiments
were carried out with samples containing unlabeled FRB at
a concentration of 0.05 mM. Typical acquisition parameters
included an/2 pulse of 10us, 16K acquisition points, a
sweep width of 14 ppm, a recycle delay of 1.5 s, and water
suppression based on the Watergate sequé8eRor the
2D H—1N HSQC @4) experiments, typical experimental
parameters included 9 and 38 /2 pulses fotH and®N,
respectively, 2K and 128 acquisition points in the direct and
indirect dimensions, respectively, sweep widths of 11 and
30 ppm in the direct and indirect dimensions, respectively,
and a recycle delay of 1 s. For experiments using the selective
Gly/Ser-labeled FRB, reduced sweep widths of 10 and 16
ppm were used folH and*®N, respectively, with 64 indirect
acquisition points. 3D'*N-filtered NOESY and TOCSY
experiments were typically carried out with 1K, 40, and 160
acquisition points in the three dimensions (indir& on

used to reduce the volume to less than 50 mL. To remove F2), with NOESY mixing times of 75150 ms and TOCSY

those components that are not desirable for NMR spectros-spin-lock times of 56-80 ms. For the triple-resonance
copy (Gdn-HClI, arginine, sucrose, and excess salt), extensiveexperiments, typical’C, experimental parameters included
dialysis against PBS and DTT was carried out. Precipitated a 12us z/2 pulse, 80 indirect acquisition points, and a sweep

material was removed by centrifugation and filtration.

width of 80 ppm with thé3C carrier placed at approximately

The resulting supernatant (and the original lysis superna-45 ppm.

tant) was purified by standard GST affinity chromatography

Spectra for resonance assignments [HNQ@B)(3D *°N-

using a GE-Amersham 5 mL GSTrap column connected to resolvedH—H NOESY-HSQC 26), 3D *N-resolvedH—

an AKTA-Prime purification system. Elution was accom-
plished with 10 mM reduced glutathione, and the eluted
GST—-FRB protein was subjected to thrombin cleavage by
adding approximately 5 mg of thrombin to the GSHRB
protein and dialyzing the mixture agairs L of PBS and
DTT for 24—48 h at 4°C. An additional 2-3 mg of thrombin
was added after cleavage had proceeded for2l6h to
improve the yield of cleaved FRB to approximately 60%.

H TOCSY-HSQC 27), and 2D*H—H NOESY (8)] were
recorded at 10C.

Structure Calculations and AnalysiBistance constraints
for structure calculations were obtained from two NOESY
experiments: a 3D°N-resolvedH—'H NOESY-HSQC
spectrum (100 ms mixing time) and a 2Bl—*H NOESY
spectrum (100 ms mixing time). NOE cross-peaks were
manually integrated with XEASY29). DYANA (30) was

Pure FRB was isolated from the cleavage mixture by passingused to transfer NOE intensities into upper distance limits

the cleavage reaction mixture through a S-100 gel filtration
column pre-equilibrated with PBS and DTT, indicating a
monomeric species.

For uniform®N labeling, 0.5 g ofSNH,CI was used per
liter of medium. Uniformly doubly labeledfN and**C) FRB
was produced using 0.5 g 8NH,Cl and 2 g of [*C]glucose
per liter of medium. A selectiveliN]glycine/serine (Gly/

(an inverse sixth-power peak volumdistance relationship
and an inverse fourth-power function were used for the
backbone and side chains, respectively). Angle constraints
were also generated with DYANA by using thee€hemical
shift. Structure calculations were initiated from 100 random
conformers. The 20 structures with the lowest DYANA target
function were further refined by means of energy minimiza-

Ser) FRB sample was prepared by using individual amino tion using the Gromos96 implementation of Swiss-Pdb

acids instead of5NH4CI. All amino acids were used at

Viewer (31). Structures were analyzed with MOLMOBZ)

concentrations of 100 mg/L of medium, and the labeling was and PROCHECK-NMR 3).

accomplished usingJN]Gly. The serine labeling is a result
of scrambling from Gly during protein biosynthesis.

In Vitro Kinase Actiity Assay The details of this particular
assay have been described previousBd).( Following
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resuspension of the cells in lysis buffer [50 mM Tris-HCI
(pH 7.4), 100 mM NacCl, 50 mMB-glycerophosphate, 10%

Table 1: Structural Statistics for FRB Conformers

glycerol (w/v), 0.02% Tween 20 (w/v), 1 mM EDTA, 10 O8I0 i iance limits 793
ug/mL aprotinin, Jug/mL pepstatin A, 1q.g/mL leupeptin, no. of dihedral angle constraints 123

2 mM phenylmethanesulfonyl fluoride, 20 nM microcystin- residual target function #& 2.56+ 0.66
LR, and 25 mM NaF] and sonication, mTOR was immu- no. of rESid;’\a' NOE violations 0.2 A 2
noprecipitated using 2g of anti-mTOR antibody per 500 eng'rgfg:t’g/fngl) 0.39+0.04
ug of total protein from the cell lysate. Following incubation total —4124+ 84
for 1 h at 4°C, a slurry of 50% protein A Sepharose was van der Waals —2477+ 62
added, followed by incubation for 30 min at & and electrostatic —3221+73
centrifugation to isolate the immunoprecipitated mTOR. This atob”;fkgz';‘év'gfo;gﬂﬁ‘) 0.68
protein was washed with lysis buffer, a high-salt buffer, and heavy atoms 1.39

finally a kinase assay buffer prior to being used in the assay. 20nly residues encompassing secondary structure elements (i.e.,

The mTOR substrate used here, a GST-tagged version ofy023-2039, 2044-2059, 2078-2090, and 20942113) were used for
p70S6K (GSTFp70S6K), was expressed and purified as rmsd calculations.

described previously3d). The immune complex kinase
reaction was carried out by first resuspending the immuno-
precipitated mTOR in a kinase reaction buffer [10 mM
?OEOZE(EV/(\%H g7ly40)er50? mll\él I\rﬁ\ﬁ ||32Cr2ln W;%B/circr)rp])&osgp%t ,e, The root-mean-square deviation (rmsd) calculated for the
followed by addition of lug of substrate. The reaction was secondar_y structure elements is reporte_d in Table 1. The
initiated by adding 1Q:Ci of [y-32P]ATP per reaction, and qvgrall high precision of _the structures is reduped by the
ATP to a concentration of 10M. Reaction mixtures were '"T"ted qumber qf constraints _used for some readges in the
incubated for 20 min at 30C, and the reactions were third helix for which problems in the resonance assignments

; tered (i.e., amino acids L26E2080 and
guenched with an equal volume 0k2SDS-PAGE sample W€ éncoun '
buffer. Visualization of the results of the kinase assays was Y/2084~Y2088). The rmsd values for backbone and heavy

accomplished by SDSPAGE on a gradient gel (6 to 15%), atoms are in fact 0.53 and 1.22 A, respectively, if residqes
followed by electrophoretic transfer to an Immobilon-P :;]Rrggﬁgg;ﬁmeéduﬂ?% _St(rjqctur(cajs \r/]vere72r2)%l/yzes Vr:'th
membrane. The substrate-containing portion of the membrane’ '~ =~ ° d:/d I?n trllne Ir%acfgt fatlvgtre i Feg(i)or? o; tie
was exposed to X-ray film for autoradiography. Ramachandran map, 25.5% fall within the allowed regions,
RESULTS AND DISCUSSION and only 0.5% is in the disallowed regions.

y g

NMR Solution Structure of the FRB Domain of mTOR The NMR conformer with the fewest constraint violations

The process of resonance assignment was carried out at 1¢Structure number 1) was used to compare the solution and
°C due to the sample instability at higher temperatures. X-ray structures of FRB in its unbound form [PDB entry

Starting from the previously published backbone resonance TAUE (36)] and FRB in complex with rapamycin and
assignments for this protein at 26 (13), we identified side  FKBP12 [PDB entry 1FPAX4)] (Figure 1C). The pairwise
chain protons by comparing 3BN-resolvedH—H NOESY- rmsd values on the backbone of the secondary structure

HSQC @6) and 3DN-resolvedH—H TOCSY-HSQC 27) elements, as identified in the average NMR structure
spectra. The acquisition of spectra at lower temperatures(esidues W2023F2039, V2044-E2059, L2078 K2090,

allowed us to assign additional resonances with respect to@Nd V2094-S2112), are 1.50 and 1.51 A between the

the one previously reported for the same protein construct Solution and crystal structures of the unbound and bound

(13). Very recently, the complete resonance assignments atio'ms of FRB, respectively (Figure 1C). If residues L2665
25 °C for the FRB domain of mTOR have been reported, D2077 are included in the calculations, the rmsd values are

but the authors used a protein construct (longer amino acid 1.81 and 1.82 A, respectively. These residues form distorted

sequence and His tag) different from the one used in our helical turns at the beginning of helx3 in both crystal
studies 85). structures, while they are disordered in the NMR structure.

The FRB solution structure was calculated with DYANA From these comparisons, it appears evident that the 3D fold
(30) by using a set of 723 distance constraints (181 of the solution and c_rystal structures of F_RB is very similar
intraresidue, 198 short-range, 194 medium-range, and 1502 well as the_packlng of the helices. Differences be_tween
long-range). In addition, 56 H-bond constraints (28 upper the NMR solution and X-ray structures can be found in the
and 28 lower distance limits), derived from+#D exchange intrinsic d|sordergd regions su.ch as the loops wh|ch connect
experiments, were included in the calculation as well as 123 the helices and in the N-terminal region of heti8.
angle constraints. Starting from 100 randomly generated The surface around the rapamycin binding pocket also
structures, we chose 19 conformers which better satisfiedappears to be very similar in the NMR and X-ray structures.
the experimental constraints [i.e., lower values of the target However, as expected, side chains in the rapamycin binding
function (Table 1)] as being representative of the FRB pocket are not well-defined in the NMR structure. Therefore,
solution structure and further analyzed them (Figure 1A). We decided to use the X-ray structure of FRB and the
In the average NMR structure, as generated with MOLMOL, resonance assignments for this domain to identify and
four a-helical segments can be identified1[ W2023- characterize the binding of potential rapamycin mimics.
F2039; a2, V2044-E2059; a3, L2078-K2090; anda4, Identification of Neel FRB Ligands As a means of
V2094—K2113) (Figure 1B). In analogy with the previously identifying potential small molecule ligands that bind FRB

reported crystal structures of FRB5], the four helices pack
together forming a four-helix bundle (Figure 1A,B).
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Ficure 1: Solution structure of FRB. (A) Superposition of the backbone atoms of FRB structures. (B) One representative conformer of the
NMR ensemble. (C) Comparison of the FRB solution structure (one representative conformer) (blue) and the crystal structure (PDB entry
1AUE) (red).

in the same location as rapamycin, in silico virtual screening A
was carried out using FlexXLy) as implemented in Sybyl

(TRIPOS, Inc.). This process consisted of an initial round

whereby 30 000 compounds (Chembridge, Inc., San Diego,

CA) were docked. From these results, a second round

evaluated several hundred of the highest-scoring compounds

to determine those that realistically fit in the FRB binding [*H ppm] 1.0 08 06 0.4
pocket with minimal molecular distortion. This resulted in B

a final group of 56 compounds that could conceivably bind
FRB (see Materials and Methods). As the chemical shifts
arising from NMR-active nuclei in a protein are largely
influenced by the structure and chemical environment of the
protein, the observation of spectral changes would provide
definitive evidence of ligand binding{). In particular, we
used initially the'H NMR aliphatic region of the protein
spectrum which is not normally populated by resonances
from organic molecules. In fact, in our experience, small C
molecules, even when containing aliphatic chains, do not
exhibit resonances below 1 ppm in their # WNMR spectra.

In any case, eventual overlap (in the0.7 ppm region)
between protein and compound resonances would be easily
identified by measuring 1BH spectra of the compounds.
The advantage of this simple assay is that relatively low

concentrations of unlabeled protein and relatively short Fisure 2: 1D *H NMR-based ligand screening. Panel A displays
measuring times are needed for a primary screen, Whenportions of the aliphatic regions from representative HDNMR

compared with those of traditional 2EN—'H HSQC-based  spectra of 5M FRB at 10°C in the absence (black) and presence
screens. The latter could subsequently be used as a secondarjted) of a ligand that does not bind FRB. Panel B displays similar

confirmatory assay and for chemical shift mapping studies. portions of the aliphatic regions from 14 NMR spectra of 50

As an example of this simpl reenin r representa#M FRB at 10°C in the absence (black) and presence (red) of 100
s an example of this simple screening strategy, represe tauM rapamycin. Panels C displays portions of the aliphatic regions

tive *H SpeCtr_a of FRB_are shown in_ Figu_re 2. _Panel Alsa from the 1D'H NMR spectra of 5M FRB at 10°C in the absence
control showing a portion of théH aliphatic region of the  (plack) and presence (red) of the ligand BI-FRB19.

spectrum of 5quM FRB at 10°C in the absence (black)

and presence (red) of a molecule that does not bind FRB. Itspectra that were relatively uncluttered, FRB was also
is clear from this comparison that the two spectra are prepared with selective!iN]Gly and Ser labels. The Gly
effectively superimposable. Similar results are obtained with |abeling was a direct consequence of usif{JGly as the
any of a number of nonbinding molecules. The results in only source oftSN. The Ser labeling came indirectly from
the presence of 10@M rapamycin are shown in Figure 2B,  scrambling of the labeled Gly, a common result when
where the color coding is the same as in panel A. By using attempting selective Gly labeling. As it turned out, the
this simple screening technique, four compounds that con-presence of Ser peaks in the HSQC spectra did not interfere
sistently produced spectral changes indicative of binding to with the observed Gly peaks, and it helped in the backbone
FRB were identified (Figure 2C and Table 2). assignment because one Ser was initially unassigned.

As mentioned above, to assess the affinity and mode of A reference spectrum of FRB in the presence of rapamycin
binding of these compounds to FRB, ZBI—N HSQC is shown at the left in Figure 3, where the black cross-peaks
NMR spectra with!®N-labeled FRB were recorded in the are for apo-FRB and the blue ones are for FRB in the
absence and presence of the ligands, with rapamycin servingoresence of ligand (1:2 FRB/rapamycin ratio). There are
as a control. In addition, to provide FRBN—H HSQC clearly many major changes in the spectrum, as well as many

['H ppm] 1.0 0.8 06 0.4

BI-FRB19

['H ppr] 1.0 0.8 06 0.4
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Table 2: Chemical and Docked Structures for the FRB Binders

Kd
BI-FRB10
Ou.N;O
5
@ TN M
H)J\Q/ ) \©\f0
OH
BI-FRB19
\n/©\ Q= N+ 2
J\@ o 1M
NH N
\ / -
O_r‘\\
BI-FRB19b
2
pMm
100
uM
Ochlh 0/‘\._
O OH

peaks that remain unaffected by the presence of rapamycinfor the same cross-peaks as in the presence of rapamycin.

indicating specific binding. In addition, using the resonance

This is more clearly seen by overlaying the spectra of apo-

assignment, it can be determined that many of the peaks thaFRB (black) with that of FRB in the presence of rapamycin
have been affected are those that are in or near the known(blue) or in the presence of BI-FRB19 (red) (Figure 3, right
binding pocket. For example, it can be seen that the HSQC panel). Clearly, rapamycin and BI-FRB19 bind in the same
cross-peaks for residues G2040, S2035, A2034, F2039,location. Similar results are obtained upon addition of any

R2036, and L2031 are significantly affected by complex
formation. This agrees well with the X-ray crystal structure
(14, 15) which specifically identifies several contacts between
rapamycin and FRB, most of which involve the above-
mentioned residues.

Figure 3 (middle panel) shows similar data for the ligand
BI-FRB19 (Table 2). Again it is observed that there are many

of the ligands found to bind FRB listed in Table 2.
Subsequently, we performed NMR titrations of each ligand
using*H—1N HSQC spectra of FRB. Titrations were carried
out using samples of 10@M [**N]Gly-labeled FRB by
following the chemical shifts of G2040. The change in the
position of the G2040 cross-peak was monitored in both the
IH and®N dimensions, and the chemical shift changes were

specific changes in the FRB spectra, most of which occur calculated as a weighted average.§ of the changes as
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Ficure 3: Results of chemical shift mapping of FRB in the presence of rapamycin or the ligand BI-FRB19. Panel A displalys'2D
HSQC spectra of uniformly®N-labeled FRB (10@M) in the absence (black) and presence (blue) of 2@0rapamycin. Panel B displays
similar results in the presence of 20M BI-FRB19 (red). Panel C displays the spectra of FRB in the absence (black) and presence of

either rapamycin (blue) or BI-FRB19 (red).

[N ppm] A
G2046
1064 ‘
‘ G2061
107- G2030
G2075 ’szo
108+

7.0
['H ppm]

8.0 7.5

300

200
[Ligand] (uM)

100

Ficure 4: Determination of the dissociation constant by NMR.
(A) 2D H—1N HSQC spectra for a titration ofN]Gly-labeled
FRB (100uM) with the ligand BI-FRB19b. Concentrations of the
ligand are as follows: 25 (green), 50 (orange), 75 (cyan), 100
(purple), 150 (dark green), 200 (purple), and 3N (red). (B)
Plot of the normalized changes in chemical shift for the G2040
residue from panel A as a function of ligand concentration.

{[6H? + J(*5N/5)?/2}°5. These data were normalized and

below). The structures arg} values of the strongest binding
ligands of the 56 that have been tested are shown in Table
2.

A comparison of théH—5N HSQC spectra acquired by
using a uniformly**N-labeled FRB sample in the presence
of different amounts of ligand (Supporting Information)
shows that other peaks together with that of G2040 are
significantly shifting. Analysis of these HSQC spectra and
chemical shift variation of additional peaks gig values
that are on the same order of magnitude as those reported.

Most of our ligands bind to FRB approximately as well
as rapamycin, in the absence of FKBP12.

Evaluating the Biological Actiity of FRB LigandsWhile
rapamycin action has been well characterized with in vivo
and in vitro assays where FKBP12 is present, the effect of
rapamycin in the absence of this protein is unclear. To
address the potential biological function of rapamycin in the
absence of FKBP12, we performed immune complex kinase
assays with anti-mTOR immunoprecipitates and a 6ST
p70S6 kinase fusion protein that contains a known mTOR
phosphorylation site, Thr3834). As previously described,
incubation of immunoprecipitates with rapamycin in the
presence of FKBP12 inhibits mTOR kinase activity in a
concentration-dependent manner (Figure 5A). Surprisingly,
incubation of immunoprecipitates with rapamycin alone also
inhibited mTOR kinase activity with a calculatedshvalue
of 2.8 uM (Figure 5B), which is in good agreement with
our K4 value determined by NMR as well as the previously
reported valuesl@). The kinase activity of a mTOR FRB
mutant that does not bind rapamycin (S2035W) was un-

plotted as the fraction of the maximum observed change affected by rapamycin, demonstrating that the effect of

(Omaxy Vversus the concentration of ligand added.

rapamycin alone still requires binding to the FRB domain

HSQC-based NMR titrations are routinely used to measure of mMTOR (data not shown). While we cannot formally rule

Kgq values 88). The results of such a titration for the ligand
BI-FRB19b are reported in Figure 4. Panel A displays the
Gly region of a series ofH—°N HSQC spectra of FRB as

a function of an increasing ligand concentration. In Panel B
is a plot of the fractional change ifag versus ligand
concentration. The results of a similar titration provid€ga
value of 2uM for rapamycin. This value compares well with
that recently reported in the literature of 26/ (13) and
with our kinase assay-determineds}@alue of 2.84M (see

out trace amounts of FKBP12 or another family member
coprecipitating with mTOR, two lines of evidence make this
a highly unlikely scenario. We have previously show88)(

that in pulldown experiments using a GSFKBP12 fusion
protein, binding of mMTOR to FKBP12 in the absence of
rapamycin was undetectable. In contrast, interaction between
FKBP12 and mTOR was easily detected in the presence of
rapamycin. In addition, both the Hall and Sabatini groups
(40, 41) demonstrated similar results in co-immunoprecipi-
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Ficure 5: Inhibition of mTOR kinase activity. Panel A displays anti-mTOR immunoprecipitates that were incubated for 30 min with the
indicated concentrations of rapamycin in the absence or presencegoéflGST-FKBP12 protein. In the top row is the immune complex
kinase assay with anti-mTOR immunoprecipitates and the-§§DS6K protein as a substrate. Substrate phosphorylation was visualized
with a Phosphorimager. In the bottom row, the same filter was immunoblotted with an anti-mTOR antibody. Wortmanin, an irreversible
mTOR inhibitor (10u«M), was used as a positive control. Panel B is a quantitation of the in vitro kinase reactions with a Phosphorimager
and densitometry. Calculated dg3/alues are shown in the plot. Panel C displays the results of the kinase assay performed in the presence
of rapamycin and the FRB ligands BI-FRB10, BI-FRB16, and BI-FRB19.

tation experiments in which a transfected FKBP12 interacts of p70S6K phosphorylation, similar to that of rapamycin

with mTOR only in the presence of rapamycin. Therefore, alone, though in the presence of FRB19 the reduction was
the binding of rapamycin to mTOR in the absence of ~60%. While there are many possible explanations for such
FKBP12 has an appreciable biological activity and allows an observation, this result is consistent with this ligand being

for the possibility that any of the newly discovered FRB  aple to compete with rapamycin for the same binding site.
ligands may also exert similar inhibitory effects.

We tested three FRB ligands for their effect on mTOR

kinase activity (Figure 5C). The results with these new ... ; . Lo
ligands demonstrate some inhibition of MTOR kinase activity inhibiting mTOR kinase activity. One possibility is that these

but with activity that is at least 10-fold weaker than the !9ands are too small and that some particular part of the
binding data. The best-performing ligand, BI-FRB16, reduces "@Pamycin binding pocket must be bound for there to be
the level of phosphorylation of the GSP70S6K fusion  appreciable inhibition. Another possibility is that the bulkier

protein by ~50% at 100uM. Conversely, the strongest rapamycin structure may block the binding of an allosteric
binder, BI-FRB19, has no noticeable effect at all on p70S6K modulator of mTOR function, whereas the smaller molecules

phosphorylation at 10QM. may bind in the pocket but fail to effectively block the
Possible competition between the ligands and rapamycin binding of the modulator. These data therefore demonstrate

was also tested by first exposing mTOR immunoprecipitates that the small molecule binders we have identified uncouple

to the ligand, followed by treatment with rapamycin prior FRB binding from inhibition of the catalytic domain of

to the immune complex kinase assay (data not shown). InmTOR and may therefore prove to be useful in deciphering

all three cases, there was a significant reduction in the levelthe function and complex regulation of mTOR in the cell.

Therefore, although these new ligands bind to the FRB
domain, they appear to be substantially ineffective at
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CONCLUSIONS 8.

We report here on the NMR resonance assignments and
complete structure determination of the FRB domain of
mTOR. By using NMR-based methods and in vitro kinase

activity assays, we have demonstrated that rapamycin is able 10.

to bind its final target, the FRB domain, even in the absence
of its in vivo binding partner, FKBP12, and that it still
inhibits the kinase activity of mTOR with an igvalue that

is comparable with its dissociation constant to the FRB
domain. In addition, we have identified several novel FRB
ligands by a combination of virtual screening and NMR
spectroscopy. The binding affinities of these ligands have
been determined by NMR spectroscopy, and an initial
investigation demonstrated that the most potent ligands (BI-
FRB10 and BI-FRB19) could not significantly inhibit the

[any

[any

phosphorylation of the mTOR substrate p70S6K, albeit they 14

bind to FRB with an affinity similar to that of rapamycin in
the absence of FKBP12. One compound, BI-FRB16, is 15
capable of both binding to FRB and inhibiting the kinase

activity of mTOR, although at higher concentrations. While

the molecular bases for the inhibition of the kinase activity

by rapamycin remain unclear, each of the proposed FRB
ligands may serve as a scaffold for future inhibitor develop- 17
ment, as well as providing additional tools to aid in

elucidating the complex cellular signaling pathways where
mTOR is involved.
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