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ABSTRACT Several disciplines, including chemical ecol-
ogy, seek to understand the molecular basis of information
transfer in biological systems, and general molecular strate-
gies are beginning to emerge. Often these strategies are
discovered by a careful analysis of natural products and their
biological effects. Cyclosporin A, FK506, and rapamycin are
produced by soil microorganisms and are being used or
considered as clinical immunosuppressive agents. They inter-
rupt the cytoplasmic portion of T-cell signaling by forming a
complex with a binding protein-FKBP12 in the case of
FK506 and rapamycin and cyclophilin A (CyPA) in the case of
cyclsp.riu A (CsA). This complex in turn inhibits a protein
target, and the best understood target is calcineurin, which is
inhibited by FK506-FKBP12 and CyPA-CsA. Mutational and
structural studies help define how FK506-FKBP12 interacts
with calcineurin, and the results of these studies are summa-
rized. The existence of strong FK506-FKBP12 binding sug-
gests that FK506 is mimicking some natural ligand for
FKBP12. Synthetic and structural studies to probe this mim-
icry are also described.

Cytoplasmic Signal Transduction and Chemical Ecology

Extracellular molecules can influence intracellular processes,
and whether we refer to this as signal transduction or chemical
ecology depends on context. For example, the conjugation of
two cells of the bacterial species Streptomyces faecalis induced
by an "aggregation substance" on the surface of one and a
"binding substance" on the surface of the other is a textbook
example of microbial chemical ecology (1). The activation of
a resting helper T cell through the stimulation of a receptor on
its surface by an antigen on the surface of another cell has
become one of the best studied examples of signal transduction
(2, 3). In both cases a recognition between complementary
elements on the surfaces of two different cells generates the
potential for altered cellular function. Many other examples
attest to the fundamental similarity between chemical ecology
and signal transduction. (i) When an external molecule stim-
ulates the IgE receptor on the surface of a mast cell, an
intracellular signal leads to the release of histamine in a
process referred to as degranulation (2). (ii) When a male
gamete cell of the water mold Allomyces detects the sesquit-
erpene diol sirenin, it responds by swimming along the sirenin
concentration gradient to find the female source (1). Mast-cell
degranulation is usually studied as an example of signal
transduction andAllomyces navigation as an example of chem-
ical ecology, but in both cases an external molecule dramati-
cally affects cellular function. Our goal in studying any of these
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processes is the same: a molecule-by-molecule accounting of
information transfer in biological systems.
While the prospect of analyzing every possible biological

signal is daunting, the recognition that nature tends to use the
same basic mechanism in a variety of guises makes the task less
formidable. The repeated use of a common pathway is nicely
illustrated by the immunosuppressive agents FK506, rapamy-
cin, and cyclosporin. Their ability to disrupt signaling in T cells
leads to immunosuppressive activity, but the same molecules
that disrupt signals in T cells also prevent the degranulation of
mast cells and inhibit the proliferation ofyeast (2, 4). We could
equally well call them antifungal, insecticidal, antiinflamma-
tory, antiallergic, or antiretroviral as well as immunosuppres-
sive agents (2, 4).
Another connection between cellular signal transduction

and chemical ecology is the essential role played by natural
products-secondary metabolites with no known role in the
internal economy of the producing organism (5). Cyclosporin
A (CsA), FK506, and rapamycin are all microbial natural
products that are probably synthesized to chemically defend
their producing organism (5). Studying these natural products
as microbial chemical warfare agents would unarguably qualify
as chemical ecology. However, the similarity of signaling
pathways allows us to use these same natural products as
probes of cellular signaling or as important chemotherapeutic
agents in human disease.
The rest of this paper will focus on the factors affecting one

step in one signaling pathway in resting helper T cells. The
inquiry may appear overly specialized, but the strategy nature
employs, using a small natural product to link two much larger
proteins, has only recently been appreciated. Now that we
recognize the strategy, we can expect to see it again.

Signal Transduction in T Cells and the Role of Natural
Products

The signal to activate a resting helper T cell can be divided into
three parts: the extracellular recognition of an antigen by the
membrane-spanning T-cell receptor (TCR), the cytoplasmic
signal transduction cascade that transmits the recognition
information to the nucleus, and the activation of genes in the
nucleus (3, 6). The TCR recognizes the foreign antigen, a
processed peptide held in the cleft of the major histocompat-
ibility complex (MHC) protein on the surface of the antigen-
presenting cell (7, 8). Some additional interactions between
T-cell surface proteins such as CD4 or CD8 with the MHC
protein are needed to start the signal on its way to the nucleus.
The progression of the signal from the interior portion of the

Abbreviations: CsA, cyclosporin A; CyP, cyclophilin; FKBP, FK506-
binding protein; IL-2, interleukin 2; MHC, major histocompatibility
complex; NF-AT, nuclear factor for activated T cells; PPIase, pepti-
dylprolyl isomerase; TCR, T-cell receptor.
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TCR to the nucleus is called the cytoplasmic signal transduc-
tion cascade-a series of steps that are imperfectly understood
(6). Ultimately, the signal results in the expression of a gene
and the production of a gene product. The interleukin 2 (IL-2)
gene is activated when the nuclear factor of activated T cells
(NF-AT) binds to the IL-2 promoter region (9, 10).
Some parts of the signal process can be studied more easily

than others. Much has been learned about the membrane-
associated events involving MHC and TCR as well as events in
the nucleus involving NF-AT and IL-2, but the cytoplasmic
series of steps is less well defined. The study of cytoplasmic
signal transduction, as well as a number of other biological
processes, has progressed only to the extent that highly specific
cell-permeant agents are available to inhibit or otherwise
modify normal biological processes (11, 12). By far the most
fruitful source of such agents is the realm of natural products.
Natural products represent a library of tremendous chemical
diversity and proven biological utility for-at the risk of
tautology-only those natural products that convey some
survival benefit are likely to have survived (5). Our under-
standing of the inhibition of the cytoplasmic signal transduc-
tion cascade of T cells originated in the discovery of three
natural products: CsA, FK506, and rapamycin (Fig. 1).
The discovery and utilization of CsA by Sandoz initiated a

series of important advances in understanding and controlling
immunosuppression (4, 13). Since 1983 this hydrophobic pep-
tide has been widely used in clinical transplantation, and its
introduction led to a remarkable increase in survival rates of
transplanted livers and hearts (4). CsA (Fig. 1) is produced by
a variety of fungi imperfecti, notably Tolypocladium inflatum
(formerly Trichoderma polysporum) isolated in Norway (13).
FK506 (Fig. 1) was discovered in a directed screening program
at the Fujisawa Pharmaceutical Company in 1987 (14). It is
produced by Streptomyces tsukubaensis, a species discovered in
a soil sample from Tsukuba, Japan (15). While its biological
effects are essentially identical to those of CsA, the two

MeO Me

Meo,,, 0
H4 HOi

Me,,,

Me

OH 9 0

M OMe
Me Me 'OH

structures are chemically quite different (Fig. 1). Rapamycin
(Fig. 1) was first described in 1975 as an antifungal agent
(15-17). It was isolated from Streptomyces hygroscopicus from
Easter Island, and the name rapamycin comes from Rapa Nui,
the native name for Easter Island. All three agents have a
variety of biological effects, but early studies showed that they
interfere with a cytosolic signaling step and thus could be used
to probe the cytoplasmic signal transduction pathway.

Immunophilins and Their Complexes

The inhibitory natural products were used to identify their
cellular targets, and in each case a highly specific binding
protein was identified.
* A cytosolic binding protein for CsA was first isolated in

1984 and named cyclophilin, later cyclophilin A (CyPA), in
reference to its high affinity for CsA (18). CyPA is a basic,
abundant protein with a mass of 18 kDa, and it is found in a
variety of tissues. The first clue to its function came in 1989
when two independent groups isolated the enzyme that cat-
alyzes peptidyl proline isomerization/peptidylprolyl cis-trans
isomerase (EC 5.2.1.8; PPIase), in protein chains and (re)dis-
covered CyPA (19, 20). CyPA is a potent PPIase, and its
enzymatic activity is strongly inhibited by CsA.
* The cellular target of FK506 was identified by two inde-

pendent groups in 1989 and named FKBP, later FKBP12, for
the FK506-binding protein with a mass of 12 kDa (21, 22).
FKBP12 is also a potent PPIase, and FK506 strongly inhibits
its activity (Ki = 0.4 nM).
* Rapamycin also appears to have a major cytoplasmic

target, FKBP12 (21-23). Rapamycin binds to FKBP12 and
inhibits its PPIase activity slightly better than does FK506 (Ki
= 0.2 nM). FK506 and rapamycin compete for the same
binding site in FKBP12.

Immunophilin is the generic term for a binding protein for
an immunosuppressive agent, and all currently known immu-

FK506 Rapamycin

Cyclosporin A [CsA]
FIG. 1. Structures of CsA, FK506, and rapamycin.
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nophilins belong to the cyclophilin or FKBP families. The two
families of immunophilins-like the small molecules they
bind-don't have any readily apparent relationship. FKBP12
and CyPA have no sequence similarity, CsA does not inhibit
FKBP12, and FK506 does not inhibit CyPA.

Since both known targets of the immunosuppressive drugs
are PPIases and all known PPIases are immunophilins (24), the
hypothesis that PPIase activity is involved in signal transduc-
tion and that inhibition of PPIase activity is the convergent
step in immunosuppression seemed plausible. However, other
studies show that the PPIase hypothesis is not tenable (6). The
main lines of contradictory evidence are that (i) relatively low
levels of drug are required for immunosuppression-drug
levels at which only a fraction of the PPIase activity was
eliminated; (ii) synthetic analogs of both FK506 and CsA are
potent PPIase inhibitors but have no immunosuppressive
activity; (iii) while both FK506 and rapamycin bind the same
protein, FKBP12, they affect different stages of the T-cell
cycle-only FK506 inhibits the activation step leading to IL-2
production, and (iv) the yeast Saccharomyces cerevisiae, nor-
mally sensitive to FK506 and CsA, remains viable and insen-
sitive to either drug when FKBP or CyPA is knocked out
chemically or genetically (25, 26).

In the currently accepted model, the complex of the immu-
nosuppressive agent with its cognate protein inhibits cytoplas-
mic signal transduction (6). FK506, CsA, and rapamycin form
complexes with immunophilins, and these complexes possess
immunosuppressive activity through their ability to interact
with another target. The FKBP12-FK506 and the CyPA-CsA
complexes have the same target, the abundant serine-
threonine phosphatase calcineurin, and thus have essentially
identical biological effects (27, 28). Calcineurin is inhibited by
FKBP12-FK506 and CyPA-CsA at nanomolar concentra-
tions, but the individual components show no inhibitory
activity. Thus the natural product adds a new function to its
binding protein, and how this acquired function works in
atomic detail has attracted several groups of investigators.
FKBP12-rapamycin interacts with a protein called FRAP,
which is not as well characterized as calcineurin (29).

Structural Studies on Immunophilin-Immunosuppressant
Complexes

Both NMR and x-ray studies have been done on free FKBP12,
CyPA, and a variety of complexes (30). These studies have

been reviewed recently, and the remainder of this paper will
focus on relatively recent work in the FKBP area (30). Un-
fortunately, there are no structural studies on the FKBP12-
FK506-calcineurin or CyPA-CsA-calcineurin complexes, so
our understanding of the interactions is indirect and incom-
plete. Nevertheless, the outline, if not the complete details, of
an answer is apparent.
Both NMR and x-ray structural studies on FKBP12 and its

complexes show that the protein folds as a five-stranded
j3-sheet wrapped around a short a-helix with an overall shape
resembling an ice cream cone (Fig. 2 Left) (31-35). The ligands
bind in a hydrophobic cavity between the helix and sheet in a
pocket flanked by three loop regions. The protein core is
composed exclusively of hydrophobic residues, many of which
are highly conserved among FKBPs from different organisms.
Although the protein is relatively small, it contains many
structural motifs: 3-sheet, a-helix, 310-helix, and an assortment
of turns. The region where FK506 and FKBP12 form a
composite binding surface for calcineurin is of greatest inter-
est. The composite binding surface is the surface that interacts
with calcineurin, and it must contain elements of both FK506
and FKBP12, since changes in either one can lead to complexes
that do not bind to calcineurin. The loop regions near the
binding pocket are of special interest: the 40s loop formed by
a bulge in the fifth }3-strand and the 80s loop between the
second and third B3-strands (36).
The high-resolution x-ray structure of the FKBP12-FK506

complex shows half of FK506's solvent-accessible surface area
buried in FKBP12; the other half of the ligand is exposed.
Thus, FK506 has two domains: the binding domain that
interacts with FKBP12 and the effector domain that can
interact with a second protein. Formation of the complex
appears to have structural consequences for FKBP12. Solution
NMR studies of free FKBP12 have been reported, and these
studies contain valuable insights into the protein's dynamic
behavior (refs. 31,32,37-40; S. W. Michnick, M. K. Rosen, M.
Karplus and S. L. Schreiber, unpublished data). Free FKBP12
has restricted motion for the hydrophobic core, whereas
several residues in the 40s and 80s loops display higher
mobility. When FK506 binds to FKBP12, both the 40s and 80s
loops have well-defined structures, and a picture has emerged
in which the 40s and 80s loops are relatively flexible in free
FKBP12 but take on a structure when FK506 is bound (36).
Several studies have shown that the structure ofFKBP12 shows
few if any changes that depend on the bound ligand (41). Thus,

FIG. 2. (Left) Diagram of the FKBP12-FK506 complex. The protein is shown by the ribbon convention and FK506 is shown as a ball-and-stick
model. The 3-strand numbering referred to in the text is from bottom to top. (Right) Diagram of the FKBP13-FK506 complex. The disulfide bridge
is shown as a yellow zigzag line. The N terminus of the protein is disordered and is not shown.
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the x-ray structure of the FKBP12-rapamycin complex shows
no significant protein conformational changes-a conclusion
reinforced by a subsequent studies (42, 43).
A detailed analysis of FKBP13, another member of the

FKBP family, has led to important insights into the composite
binding surface (44). FKBP13 was described by Schreiber's
group in 1991 and used as the basis for an intriguing set of
mutational studies (45-47). FKBP12 and FKBP13 are remark-
ably similar (43% amino acid identity), and the 92-amino acid
C-terminal sequence of FKBP13 has 46 identical and 20
related residues when compared with FKBP12 (45). The two
proteins show exact identity for all amino acids lining the
FK506-binding pocket. However, embedded in this overall
similarity are differences that result in a composite binding
surface for FKBP13-FK506 that interacts only weakly with
calcineurin (Ki = 1500 nM vs. 7.9 nM for FKBP12-FK506)
(45). A series of chimeric FKBPs identified the 80s loop as the
most important protein region for interaction with calcineurin.
A chimeric protein with the 80s loop of FKBP13 replacing the
corresponding residues of FKBP12 weakly inhibits calcineurin
(Ki = 580 nM) (47). The complementary chimeric protein, in
which the 80s loop of FKBP12 replaces the corresponding
residues of FKBP13, is an effective calcineurin inhibitor (Ki =
27 nM) (47). Additional mutational studies patterned on the
FKBP13 sequence point to the tip of the 80s loop as the key
structural feature (46). The change of only two residues,
proline rather than glycine at position 89 and lysine rather than
isoleucine at position 90, in FKBP13 confers calcineurin-
binding activity (Ki = 13 nM) (46).

Mutational studies on the 40s loop gave different, but no less
interesting, results. The complete substitution of the 40s loop
of FKBP12 by that of FKBP13 does not abolish activity; the
resulting chimeric FKBP inhibits calcineurin (Ki = 19 nM)
(47). In this chimeric protein, residue 42 is glutamine. How-
ever, the single amino acid change Arg-42 to glutamine in
FKBP12 diminishes calcineurin inhibition by 2 orders of
magnitude. A recently completed x-ray analysis of the
FKBP13-FK506 complex adds a detailed structural under-
standing to these mutational results (44).

Fig. 2 Right shows the overall structure of the FKBP13-
FK506 complex, and a more detailed view comparing
FKBP12-FK506 with FKBP13-FK506 is given in Fig. 3. In
FKBP12, Ile-90 contributes to a hydrophobic groove created
by Phe-36 and the hemiketal ring of FK506 (Fig. 3). In the
structure of the FKBP13-FK506 complex, a lysine projects out
from the 80s loop, covers this groove, and disrupts the
hydrophobic pocket.
The structural analysis of the 40s loop is more complex.

There are only minor differences at residues 38 and 43-45, but
from residue 39 to residue 42 the FKBP13 backbone is
displaced by up to 2 A from that of FKBP12. How can the
extensive modifications of the chimeric FKBP result in a
calcineurin-inhibiting complex, while the single mutation at
Arg-42 results in a noninhibitory complex? The available data
simply don't define a unique model (12). In one model Arg-42
makes a crucial contact with calcineurin. When this contact is
lost, binding is diminished. A second model assumes that
Arg-42 does not make a contact with calcineurin; it forms part
of an Arg-Asp-Tyr triad that keeps the 40s loop from inter-
fering with calcineurin binding. The single Arg-42 mutation
allows the 40s loop to interfere with binding whereas the
wholesale change of residues provides a different organiza-
tional motif. The different organizational motif could include
bound waters, conformational restriction from Pro-41, and an
interaction between Leu-40 and His-25.
While not all the details of the composite binding surface of

the FKBP12-FK506 complex are known, the general way in
which FK506 adapts FKBP12 to form such a surface is
becoming clear.

FK506 and Peptidomimicry

The discovery of FKBP12 as an abundant cytosolic protein
found in a wide variety of cells suggests that it has an important
role. What is that role and what is the natural ligand for
FKBP12? We are exploring an approach to this teleological
question based on the assumption that FK506 mimics an
endogenous, probably peptidyl, substance (48).

FK506 0FK50677.,~~.,H/A87
^W59"'P'-.~ ~. ,' '"Y"82'"'^:G/P89W59~ ~ ~ Y2>)G/P89

FIG. 3. A stereo view of the FKBP-FK506 binding region. The FKBP13 structure is shown with solid (yellow) lines, and the FKBP12 structure,
with dashed (blue) lines. FKBP12 numbering is used.
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FIG. 4. (A) Schematic of the original peptidomimetic analysis of
FK506. Note the hydrogen bonds to Ile-56 and Glu-54. (B) Schematic
of a putative peptidyl ligand binding to FKBP12, based onA. Note the
difference in stereochemistry for R and R'. (C) Structure of the cyclic
peptide-FK506 hybrids and their inhibitory constants for FKBP12
PPIase inhibition.

The possibility that FK506 and rapamycin (Fig. 1) mimic
peptide ligands for or substrates ofFKBP12 is suggested by the
structural similarity between the pyranose ring, a-keto amide,
and the homoprolyl fragments of FK506 on one hand and the
optimal Leu-Pro and Val-Pro substrates for PPIase activity on
the other (12). The peptide analogy is amplified by a pair of
hydrogen bonds between FKBP12 and FK506 (Fig. 4A) re-
vealed in the high-resolution x-ray analysis (33, 41). This
peptidomimetic analysis of FK506 leaves a stereochemical
puzzle, the stereochemistry of the substituent at C-26, which
has the nonnatural configuration compared with the natural
peptide (note R in Fig. 4A and R' in Fig. 4B).
We recently completed a high-resolution x-ray diffraction

analysis of an FK506-peptide hybrid bound to FKBP12 (48).
The hybrid ligands were developed around the a-keto ho-
moprolyl moiety found in FK506-an element that appears

A

B

to N-terminus,

6

.

Tyr82
H

from 3-5 N to a helix
E54 0 I1s

FIG. 5. (A) Schematic of the revised peptidomimetic analysis of
FK506. (B) Model of a peptide bound to FKBP12.

crucial for tight binding. The adjoining amino acids were
optimized to give maximum binding, and finally the variable-
length tethers were added (Fig. 4C). A 210-nm binder was
selected for careful structural analysis. The resulting structure
shows that many features first identified in FKBP12-FK506
persist in this hybrid structure (48). The homoprolyl ring is the
most deeply buried and the tether is on the outside of the
protein. The structure also has two hydrogen bonds between
the homoprolyl C=O and Ile-56 and the main-chain 0=0 of
Glu-54 and the lysine NH of the hybrid ligand. The dipeptide
fragment of the hybrid ligand binds to FKBP12 by forming a
short, two-stranded antiparallel sheet. If the structures of
FKBP12-FK506 and FKBP12-hybrid are superimposed, a
previously unappreciated feature becomes clear. The trisub-
stituted double bond of FK506, which was earlier considered
to be the "side-chain" substituent (R in Fig. 4A), has an
orientation and shape similar to the isoleucine amide of the
hybrid. The atoms of the macrocyclic ring of FK506, which
were earlier considered to be "main chain," closely follow the
path of the isoleucine side chain of the hybrid. The structure
suggests that the trisubstituted double bond of FK506 is an
amide surrogate and its ring atoms mimic an amino acid side
chain (Fig. 5). Reversing the roles of these two groups in
FK506 resolves the stereochemical puzzle, since the stereo-
chemistry at C-26 now corresponds to the natural stereochem-
istry of an amino acid.
The structure affords other insights into the possible binding

of peptides to FKBP12. The phenolic hydrogen of Tyr-82
forms a hydrogen bond with the amide carbonyl of the
dicarbonyl unit in FKS06 (Fig. 5A). In the hybrid structure, the
phenolic hydrogen forms a hydrogen bond with the C=O of
the isoleucine fragment (Fig. SB), an arrangement that would
not have been possible for FK506. An intramolecular hydro-
gen bond from the linker carbonyl and the isoleucine NH
suggests that peptides bind to FKBP12 with a (3-turn (Fig. SB),
a conclusion independently reached by a theoretical analysis of
the PPIase mechanism (49).

Broader Perspective

The desire to understand the molecular basis of information
transfer in biological systems unifies many seemingly disparate
disciplines, and strategies discovered in one discipline are
likely to be relevant to all. The use of the natural products CsA,
FK506 and rapamycin has greatly enhanced understanding of
cytoplasmic signal transduction in T cells, but more impor-
tantly they have sketched an initial picture of how a small
molecule can simultaneously interact with two large mole-
cules. Chemical ecology has benefited from this conceptual
framework, as demonstrated by the recent suggestion that
pheromones mediate the interaction of a pheromone-binding
protein with another protein target (50). We can expect
additional examples.
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