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Probing Immunosuppressant Action with a
Nonnatural Immunophilin Ligand

BAarRBARA E. BIERER, PATRICIA K. SOMERS, THOMAS ]. WANDLESS,
STEVEN J. BURAKOFF, STUART L. SCHREIBER*

The immunosuppressants FK506 and rapamycin bind to the same immunophilin,
FK506 binding protein (FKBP), and inhibit distinct signal transduction pathways in T
lymphocytes. A nonnatural immunophilin ligand, 506BD, which contains only the
common structural elements of FK506 and rapamycin, was synthesized and found to
be a high-affinity ligand of FKBP and a potent inhibitor of FKBP rotamase activity.
Whereas 506BD does not interfere with T cell activation, it does block the immuno-
suppressive effects of both FK506 and rapamycin. Thus, the common immunophilin
binding element of these immunosuppressants, which is responsible for rotamase
inhibition, is fused to different effector elements, resulting in the inhibition of different
signaling pathways. Inhibition of rotamase activity is an insufficient requirement for

mediating these effects.

N ADDITION TO THEIR THERAPEUTIC
potential, the immunosuppressive
agents cyclosporine A (CsA), FK506,
and rapamycin are useful probes of the T cell
activation process (Fig. 1) (1-4). CsA and
FK506 inhibit a T cell receptor (TCR)—
mediated signal transduction pathway that
results in the transcription of early T cell
activation genes, including interleukin-2
(IL-2). Despite the structural similarity to
FK506, rapamycin has no effect on the
production of IL-2, yet potently inhibits the
response of the T cell to activation through
the IL-2 receptor (2). Although they specifi-
cally inhibit different T cell activation
events, rapamycin and FK506 have also
been shown to inhibit each other’s actions
(3, 4).
These three immunosuppressants bind to
proteins termed immunophilins with high
affinity. CsA (Kyg = 30 nM) is bound by
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human cyclophilin (5), and both FK506
(Kg = 0.4 nM) and rapamycin (Kgq = 0.2
nM) are bound by human FK506 binding
protein (FKBP) (4, 6, 7). Although unrelat-
ed in amino acid sequence (&), cyclophilins
and FKBPs catalyze the interconversion of
the cis- and trans-rotamers of the peptidyl-
prolyl amide bond of peptide and protein
substrates. These rotamase enzymes are in-
hibited by their respective immunosuppres-
sant ligands; FK506 and rapamycin do not
inhibit cyclophilin and CsA does not inhibit
FKBP (6-8).

The ability of FK506 and rapamycin to
inhibit each other’s actions suggests a role
for either a single immunophilin or separate
immunophilins that share a common recep-
tor site (hereafter referred to as the “com-
mon receptor site”) in mediating the actions
of these drugs (4). Rapamycin and FK506
appear to be mimics of a leucyl-prolyl twist-
ed amide bond (9, 10), and may therefore
mimic the action of an endogenous ligand
that contains a peptidyl (perhaps leucyl)-
prolyl dipeptide fragment as a structural
motif for the recognition of an immunophi-
lin regulatory site (the “common receptor
site”). We explored the hypothesis that
FK506 and rapamycin are comprised of a

common immunophilin binding element
that is fused to distinct effector elements that
determine the T cell activation signaling
pathway with which the drug will interferc.

We designed a molecule, termed 506BD,
to adopt a geometry similar to that of the
putative immunophilin binding domain
found in FK506 (Fig. 1). To emulate the
conformation of the cis-rotamer of FK506
[observed in the solid state by x-ray diffrac-
tometry (11)], a scaffolding element was
installed to limit the conformational free-
dom of 506BD. 506BD lacks the putative
effector elements of both rapamycin and
FK506. Therefore, 506BD should not ex-
hibit the T cell inhibitory properties that are
characteristic of either FK506 or rapamycin,
yet, by virtue of its anticipated immunophi-
lin binding properties, 506BD should inhib-
it the actions of both FK506 and rapamycin.

The isopropyl substituent of 506BD was
included to introduce a conformational con-
straint, involving the avoidance of a
—gauche/+gauche (syn-pentane) local con-
formation, that is present in FK506. The
trans-enoate spacer was chosen to fix the
distance of the attachment sites in the same
geometry observed in the solid-state confor-
mation of FK506. We also synthesized a
truncated 506BD that lacked the cyclohexyl
moiety (des CyH-506BD) to assess its role.

An efficient synthetic pathway was devel-
oped that provided 506BD in useful quanti-
ties and in a stereochemically homogeneous
form (Fig. 2). The asymmetric synthesis
began with the six-carbon chain 1, which
had previously been prepared from mannitol
in four steps (12). The pyranose 2 was
obtained as a mixture of anomers from 1 in
four steps; only the major B-anomer is
shown. Stereoselective introduction of the
allylic methoxyl group in 3 followed subjec-
tion of 2 to a one-pot reduction-Grignard
addition sequence (13), whereas the benzy-
loxy bearing stercocenter in 4 was intro-
duced by a stereoselective ketone reduction
(14). After ring opening and homologation
of 4 into 5, the three dioxolane stereocenters
of 6 were produced in a stercospecific fash-
ion by an asymmetric osmylation reactior
(15) and then acetal protection. The cou-
pling partner 8 was prepared by metalation
and hydroxyalkylation of the vinyl bromide
7, which we have reported carlier in the
course of a total synthesis of FK506 (16).
The coupling of 6 and 8 was achieved by
amide bond formation, while macrocycliza-
tion of the resultant 9 was accomplished by
an intramolecular Horner-Emmons reaction
(17) that produced 10 as a single E-olefin
diastereomer. Following selective deprotec-
tion of the cyclic acetal and oxidation of the
resultant diol to a diketone, a final deprotec-
tion reaction resulted in a transannular hem-
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iketalization to afford the target system.
506BD was isolated with the seven-mem-
bered hemiketol isomer in a 2:1 ratio. Al-
though these compounds did not intercon-
vert in CDCIl; and could be separated by
high-performance liquid chromatography
(HPLC), they underwent a more facile
equilibration in polar solvents, including
H,0. In a related series of transformations,
targets lacking the appended trisubstituted
olefin and cyclohexyl moieties (des CyH-
506BD) and the macroring were also pre-
pared.

The analysis of the solution conformation
of 506BD was undertaken by 'H NMR
methods. The cis-rotamer (>8:1) predomi-

nates by comparison of the chemical shifts of
the hydrogens adjacent to nitrogen on the
pipecolinyl rings of 506BD and the corre-
sponding hydrogens of the major cis- and
minor trans-rotamers (3:1 ratio in CDCI3)
of FK506. The similarity in conformation of
the pyranose rings and neighboring appen-
dages in FK506 and 506BD was evident
upon comparison of the vicinal coupling
constants (Fig. 3). These data suggest that
the solution conformation of 506BD is sim-
ilar to that anticipated by application of the
previously described design principles.
Equilibrium binding and rotamase inhibi-
tion studies with human recombinant FKBP
(8) demonstrated a high-affinity interaction

FK506 (x-ray)

Rapamycin (x-ray)

FK506/506BD overlay

Fig. 1. Structural analysis of immunophilin ligands. Chemical structures for FK506, rapamycin, and
506BD are shown. Three-dimensional structures for FK506 and rapamycin were obtained from solid-
state x-ray crystal structures, whercas the three-dimensional representation of 506BD is derived from
the crystal structure of FK506. The trans-enoate scaffolding element of 506BD is shown superimposed
on the crystal structure of FK506, demonstrating how the two anchor points of the FK506 binding

domain are fixed in three-dimensional space.
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of 506BD with this immunophilin. In a
competition binding assay (5), 506BD
could effectively displace (Kg =20 nM)
[’H]dihydro-FK506 from FKBP. 506BD
inhibited the rotamase activity of FKBP
with K; = 5 nM (Fig. 3C). By comparison
to the binding (Kg = 1.8 pM) and inhibi-
tion (K; = 0.3 pM) of des CvH-506BD, the
cyclohexyl containing appendage of 506BD,
and thus presumably of FK506 and of rapa-
mycin, contributes significantly to the bind-
ing to FKBP. 506BD also bound to FKBP
with higher affinity than a closely related
acyclic analogue of 506BD (18), mdlcatmg
the i importance of the macroring constraint.
As expected, 506BD had no measurable
affinity to the CsA binding immunophilin
cvclophilin.

The biological effects of 506BD were first
tested with a murine antigen-specific T cell
hybridoma (19, 20) that responds to stimu-
lation of its antigen receptor by producing
IL-2 (Fig. 4A). Incubation with FK506,
506BD, or a control nonstimulatory mono-
clonal antibody (MAb) to Thy 1 did not
induce the production of IL-2. Unlike 1 nM
FK506, 1 uM 506BD did not prevent IL-2
production upon stimulation with a MAb to
CD3 (anti-CD3), which triggers the TCR-
CD3 complex. However, 1 uM 506BD
largely reversed FK506-mediated inhibition
of IL-2 production.

TCR-CD3 mediated stimulation of the
hybridoma also results in activation-induced
cell death, or apoptosis, characterized by
DNA fragmentation to multimers of 180
base pairs (Fig. 4B). Incubation of the hy-
bridoma with anti-CD3 induced apoptosis;
the induction of apoptosis was prevented,
however, in the presence of 1 nM FK506.
While 2 uM 506BD alone did not effect
anti-CD3-mediated DNA fragmentation, it
effectively inhibited the ability of FK506 to
prevent apoptosis. CsA also prevents the
induction of apoptosis (21); however, 2 pM
506BD was unable to inhibit the effects of
CsA. Thus, the ability of 506BD to reverse
inhibition of IL-2 production and activa-
tion-induced cell death is specific for FK506
and, like rapamycin, distinguishes the bio-
logical actions of FK506 and CsA.

Proliferation of an IL-2 dependent mu-
rine T cell clone, CTLL-20 (22), stimulated
by exogenous IL-2 in the presence or ab-
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Fig. 2. Synthetic pathways to 506BD and des CyH-
506BD. Abbreviations: DIBAL-H, diisobutylaluminum
hvdride; L*, dihydroquinidine acetate; RCHO, 2,2-di-
methyl-3- (4-mcthovacnzvloxv)propanal DIPCDI, diiso-
propvlcarbodiimide; DDQ, 2,3-dichloro-5,6-dicvano-1,4-
benzoquinnone; BOP, benzotriazol-1- vloxv ms(dlmcthvl-
amino)-phosphonium hexaftuoro- -phosphate; NMM, 4-
methylmorpholine; DBU, 1,8-diazabicyclo[5.4.0]undec-
7-ene; TFAA, trifluoroacetic anhvdrldc TIPS, triisopro-
pvlsilvl; and TBS tert- butyldlmcthylsdvl
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sence of rapamycin and 506BD, was tested.
Rapamycin inhibited IL-2-induced prolif-
eration, whereas 506BD had no effect.
However, a 1000- to 2000-fold excess con-
centration of 506BD effectively reversed ra-

pamycin-induced inhibition of IL-2—depen-
dent proliferation (Fig. 4C).

Both FK506 and rapamycin inhibit stim-
ulation of T cell proliferation induced by
anti-CD3 MAD, albeit by different mecha-

A C
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0 * 5068D
2 : 9 Des-CyH 5068D
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Fig. 3. Conformational analysis of FK506 and 506BD. (A) Solution-state conformation of FK506
substructure based on '"H NMR spectroscopic characterization (500 MHz, CDCl,). (B) Conformation
of 506BD substructure based on '"H NMR spectroscopic analysis (500 MHz, CDCl;). Calculated
coupling constants obtained from MM2-minimized 506BD structure based originally on the FK506
crystal structure. Similarities to the local conformation of FK506 are highlighted. (C) 506BD and des
CyH-506BD inhibition of the rotamase activity of FKBP; data gathered with use of the modified assay
of Fischer (4, 8). Start and end points for the spectrophotometric analyses were chosen to minimize the
standard deviation in the rate constant over six half-lives. The reactions were run in duplicate for S06BD

and in triplicate for des CyH-506BD.

Fig. 4. The inhibitory properties of immunophi-
lin ligands. (A) 506BD reversed FK506-mediated
inhibition of IL-2 production. The antigen-reac-
tive murine T cell hybridoma 16.CD2-15.20 (19,
20) (10° cells per well) was cultured in a 24-well
plate, in the absence or presence of a nonstimula-
tory MAb to Thy 1 or the activating MAb to
murine CD3 145-2C11 (25), in the absence or
presence of 1 nM FK506 or 506BD at the
indicated concentrations. At 20 hours, culture
supernatants were harvested and assayed for the
presence of IL-2 by their ability to support the
proliferation of an IL-2 dependent murine T cell
line, CTLL-20 (22), as described (4, 19). (B)
Whereas it has no effect alone, 506BD reversed
the FK506-, but not CsA-, mediated inhibition of
activation-induced cell death. Cells of the murine
hybridoma 16.CD2-15.20 were cultured as de-
scribed in (A). After 20 hours, DNA was extract-
ed and electrophoresed on a 2% agarose gel as
described (4, 21). Anti-CD3-stimulated cell death
resulted in fragmentation of DNA to characteris-
tic multimers of 180-base pair fragments. (C)
506BD reversed rapamycin-mediated inhibition
of IL-2—dependent proliferation of CTLL-20.
The IL-2—dependent T cell line CTLL-20
(5 x 10° cells per well) was cultured with human
recombinant IL-2 (20 U) in the absence or
presence of rapamycin or S06BD at the indicated
concentrations. Proliferation was assessed by the
incorporation of [*H]thymidine in a 6-hour pulse
after an 18-hour incubation as described (4).
Black bar, medium; striped bar, 1 pM 506BD;
gray bar, 2 puM 506BD. (D) 506BD effectively

rapamycin-, but not CsA-, mediated inhibition of proliferation of PBMC
stimulated with anti-CD3. Freshly isolated PBMC (10° cells per well) were
stimulated with either anti-CD3 (OKT3) at a 1:40,000 dilution of ascites
fluid in the presence of medium, 10 nM CsA, 0.5 nM FK506, 0.5 nM
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nisms (discussed above). To confirm that
506BD could reverse the inhibition of both
FK506 and rapamycin, we tested anti-
CD3-stimulated proliferation of human pe-
ripheral blood mononuclear cells (PBMC).
Whereas 1 .M 506BD alone did not inhibit
proliferation of PBMC or reverse the inhibi-
tion of proliferation mediated by CsA, it
prevented the inhibition mediated by either
0.5 nM FK506 or 0.5 nM rapamycin. In-
deed, when both FK506 and rapamycin
were added to culture, their inhibition of
proliferation was increased. This inhibition
was also reversed by the addition of 1 uM
506BD (Fig. 4D).

In each of these assays, a greater than 100-
fold excess of 506BD was required to inhibit
the actions of FK506 and rapamycin. This is
reminiscent of the mutual inhibition exhibit-
ed by FK506 and rapamycin (3, 4); in these
studies a greater than tenfold excess of one
drug is required to inhibit the actions of the
other. Our explanation of this phenomenon
(4) is based on the abundance of FKBP,
which is present at ~5 nM in the cytosol of
Jurkat cells (23). As these drugs completely
inhibit signal transmission pathways at 1
nM, the immunophilin-drug complex ap-
pears to be responsible for the inhibition.
The abundant immunophilin serves to buff-
er the ability of these immunophilin ligands
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reversed FK506- and

rapamycin, or both FK506 and rapamycin (0.5 nM each) in the absence or
presence of 1 M 506BD. Cells were cultured in triplicate and harvested at
72 hours after an 8-hour pulse with [*H]thymidine. Black bar, medium;
striped bar, 1 pM 506BD. Experiments were performed from two to four
times; a representative for each is shown (26).
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to reverse the inhibitory properties of the
immunosuppressants. In the studies report-
ed herein, the approximately tenfold lower
affinity of 506BD for FKBP, relative to
FK506 and rapamycin, results in antago-
nism at tenfold higher concentrations than
that required in the FK506/rapamycin an-
tagonism studies (24). The excess of FKBP
in the cell at effective drug concentrations
also provides independent evidence that the
inhibition of rotamase activity of FKBP is
not central to the biological actions of these
drugs.

These studies demonstrate that inhibition
of the rotamase activity of FKBP is insuffi-
cient for mediating the biological effects of
cither FK506 or rapamycin. The ability to
dissect the structural elements involved in
FKBP binding by FK506 and rapamycin
from those elements that are essential for
their specific biological actions supports the
view of these drugs as dual-domain agents.
The effects of these drugs on separate T cell
activation pathways is probably the result of
a common mode of drug binding and subse-
quent interactions of the resultant complex-
es with different target molecules. The speci-
ficity of these latter interactions is deter-
mined by the precise geometry of the im-
munophilin/drug complexes, which in turn
is determined by the unique effector cle-
ments found on each of these immunosup-
pressants. These studies suggest that versa-
tile immunophilin binding modules can be
constructed that will allow attachment of
different effector cassettes in order to inhibit
different signal transduction pathways.

REFERENCES AND NOTES

L. B. M. J. Foxwell, P. C. Hiestand, R. Wenger, B.
Ryffel, Transplantation 46, 35S (1988).

2. F.]. Dumont, M. J. Staruch, S. L. Kooprak, M. R.
Mehino, N. H. Sigal, J. Immunol 144, 251 (1990).

3. F.J. Dumont ef al , 1bid., p. 1418.

4. B. E. Bicrer et al., Proc Natl Acad. Sa U.S A, 1n
prCSSA

5. R. E. Handschumacher, M. W Harding, J. Rice,
R. J. Drugge, D. W. Speicher, Saence 226, 544
(1984).

6. M W. Harding, A. Galat, D. E. Uehhng, S. L.
Schreiber, Nature 341, 758 (1989).

7. ].]. Siekierka, S. H. Y Hung, M. Poe, C. S. Lin, N.
H. Sigal, i1bid., p. 755.

8. R. F. Standaert, A Galat, G. L. Verdine, S. L.
Schreiber, ibid. 346, 671 (1990).

9. M K. Rosen, R. F. Standaert, A. Galat, M. Nakat-
suka, S. L. Schreiber, Science 248, 863 (1990).

10. M W Albers, C. T. Walsh, S. L. Schreiber, J Org.
Chem. 55, 4984 (1990).

11 H. Tanaka et al., ] Am Chem. Soc 109, 5031
(1987)

12. D. R. Wilhams and J. W. Benbow, J. Org Chem.
53, 4643 (1988).

13. S. D. Burke, D. N Deaton, R. J. Olsen, D. M.
Armistead, B. E. Blough, Tetrahedron Lett. 28, 3905
(1987).

14. T. Nakata ef al , ibid. 24, 2653 (1983).

15. S. G Hentges and K. B. Sharpless, | Am. Chem
Soc 102, 4263 (1980).

16. M Nakatsuka et al | 1hid. 112, 5583 (1990).

17. M. A. Blanechette et al , Tetrahedron Lett 25, 2183
(1984).

26 OCTOBER 1990

18. T. J. Wandless and S. L. Schreiber, unpublished
observations.

19. B. E. Bierer et al , Proc Natl Acad Sa US A 85,
1194 (1988).

20. B. E. Bicrer, A. Peterson, J. C. Gorga, S. H.
Herrmann, S. J. Burakoff, | Exp Med. 168, 1145
(1988).

21. Y. Shi, B. M. Sahai, D. R. Green, Nature 339, 625
(1989).

22. S. Gillis, M. M. Ferm, W. Ou, K. A. Smith, J.
Immunol 120, 2027 (1978).

23. J.J. Sickierka, M. ] Staruch, S. H. Y. Hung, N. H.
Sigal, 1hid 143, 1580 (1989).

24. We note that, since only the mutual inhibinon of
FK506 and rapamycin, and not the T cell activation
inhibition mediated by thesc agents, 1s subject to the
“buffer effect,” synergstic inhibition is observed
(Fig. 4D). Thus, FK506 and rapamycin may yet be

considered as a viable combination for therapeutic
applications.

25. C.Leoetal , Proc Natl Acad Sa US A 84,1374
(1987).

26. We thank the National Institute of General Medical
Sciences (GM-38627 awarded to S.L S.), the Na-
tional Cancer Institute (PO1-CA-39542 awarded to
S.J.B.), and the Dyson Foundation for generous
support of this rescarch. Fellowships awarded to
B.E.B. (McDonncll Scholar Award from the James
S. McDonnell Foundation and Chnictan-Scientist
Award from the American Heart Association),
P.K.S. (American Cancer Society), and T.JW
(NSF predoctoral  fellowship) are  gratefully ac-
knowledged. Technical assistance from R F. Stan-
dacrt and M. W. Albers 1s appreciated.

18 July 1990; accepted 13 September 1990

Detection of bcr-abl Fusion in Chronic Myelogeneous
Leukemia by in Situ Hybridization

D. C. TkacHUK, C. A. WESTBROOK, M. ANDREEFF, T. A. DONLON,
M. L. CLeARY, K. SURYANARAYAN, M. HOMGE, A. REDNER,

J. Gray, D. PINKEL

Chronic myelogeneous leukemia (CML) is genetically characterized by fusion of the bcr
and abl genes on chromosomes 22 and 9, respectively. In most cases, the fusion
involves a reciprocal translocation t(9;22)(q34;q11), which produces the cytogeneti-
cally distinctive Philadelphia chromosome (Ph'). Fusion can be detected by Southern
(DNA) analysis or by in vitro amplification of the messenger RNA from the fusion
gene with polymerase chain reaction (PCR). These techniques are sensitive but cannot
be applied to single cells. Two-color fluorescence in situ hybridization (FISH) was
used with probes from portions of the bcr and abl genes to detect the bcr-abl fusion in
individual blood and bone marrow cells from six patients. The fusion event was
detected in all samples analyzed, of which three were cytogenetically Ph'-negative. One
of the Phl-ncgativc samples was also PCR-negative. This approach is fast and sensitive,
and provides potential for determining the frequency of the abnormality in different

cell lineages.

USION OF THE PROTO-ONCOGENE

abl from the long arm of chromo-

some 9 with the ber gene of chromo-
some 22 is a consistent finding in CML (1-
3). This genetic change leads to formation
of a ber-abl transcript that is translated to
form a 210-kD protein present in virtually
all cases of CML (4-6). This fusion can be
detected by Southern analysis for ber rear-
rangements (7-9) or by in vitro amplifica-
tion (PCR) of a complementary DNA
(cDNA) transcript copied from CML
mRNA (10-16). In approximately 95% of
cases the fusion gene results from a recipro-
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cal translocation involving chromosomes 9
and 22, producing a cytogenetically distinct
small acrocentric chromosome called Ph'
(17-22). In the remaining cascs the genetic
rearrangement is morc complex, and the
involvement of the ber and abl regions of
chromosomes 9 and 22 may not be apparent
during analysis of banded metaphasc chro-
mosomes. Southern, PCR, and banding
analysis provide complementary but incom-
plete information on CML. They do not
permit a genetic analysis on a cell by cell
basis in a format in which the results can be
related to cell phenotype as judged by mor-
phology or other markers. Thus, assessment
of the distribution of the CML genotype
among cells of different lineages and maturi-
ty is not possible.

We describe here the use of two-color
fluorescence in situ hybridization (FISH)
for detection of the bcr-abl fusion in meta-
phase and interphase cells. The ber-abl fusion
status can be determined rapidly for each cell
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