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Chemistry and Biology of the Immunophilins 
and Their Immunosuppressive Ligands 

Cyclosporin A, FK506, and rapamycin are inhibitors of 
specific signal transduction pathways that lead to T lym- 
phocyte activation. These immunosuppressive agents bind 
with high aflinity to cytoplasmic receptors termed immu- 
nophilins (immunosuppressant binding proteins). Studies 
in this area have focused on the structural basis for the 
molecular recognition of immunosuppressants by immu- 
nophilins and the biological consequences of their inter- 
actions. Dehing the biological roles of this emerging 
family of receptors and their ligands may illuminate the 
process of protein tra£Ecking in cells and the mechanisms 
of signal transmission through the cytoplasm. 

R ESEARCH DURING THE PAST DECADE HAS CONTRIBUTED 

significantly to our knowledge of T lymphocyte function. 
The identification and functional analysis of T cell surface 

receptors ( 1 )  and nuclear transcription factors (2) have made these 
components of the signal transduction apparatus among the best 
understood in biology. This understanding is largely due to the use 
of probe reagents, such as monoclonal antibodies and radiolabeled 
nucleic acids, that have been developed for the study of surface and 
nuclear phenomena, respectively. However, the mechanisms for the 
transduction of signals through the cytoplasm, the "black box" of 
the signal transduction pathway, remain mysterious. 

A family of natural products has emerged as probe reagents for 
cytoplasrlnic signaling mechanisms in the T lymphocyte. These small 

The author is a professor of Chemistry, Harvard University, Cambridge, MA 02138. 

molecules are immunosuppressants that appear to exert their inhib- 
itory actions distal to early membrane-associated events and proxi- 
mal to nuclear processes. Studies on a family of immunosuppressant 
binding proteins, the immunophilins, have attempted to identify the 
structural requirements for h igh-af i ty  interactions between imrnu- 
nophilins and their immunosuppressive ligands and the biological 
consequences of the formation of immunophilin-ligand complexes. 
Although there is much to explore in this avenue of research, some 
general principles associated with the intermediary events of signal 
processing are emerging. 

The Immunosuppressants 
Cyclosporin A (CsA), an inhibitor of T cell activation, is currently 

the favored therapeutic agent for prevention of graft rejection after 
organ and bone marrow transplantation, and it has been credited 
with initiating a revolution in clinical transplantation (3-5). The 
recently discovered compound FK506 inhibits T cell activation by 
mechanisms that are similar to those of CsA, but FK506 is 10 to 100 
times as potent (6 ) .  FK506 has performed remarkably well in initial 
human clinical transplantation trials (7, 8 ) ,  despite reports of toxic 
effects in animals (6) .  Rapamycin inhibits T cell activation at 
concentrations comparable- to .those of the structurally related 
FK506, yet with mechanisms that are strikingly different from those 
mediated by FK506, and thus CsA (9). Only CsA, FK506, and 
rapamycin have been used for the identification of members of the 
immunophilin class. A nonnatural ligand, 506BD ( l o ) ,  and analogs 
of CsA (11-13) have also provided insights into the inhibitory 
mechanisms of immuno~u~~ressants.  M & I ~  recently discovered 
immunosuppressive agents (14) with undefined mechanisms, such as 
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discodermolide (15) and deoxyspergualin (16), promise to reveal 
new facets of cytoplasmic signaling mechanisms (17) (Fig. 1). 

constant Ki = 0.2 nM) (29). 
Although cyclophilin and FKBP are the only well-characterized 

immunophilins, other members of this family are known to exist and 

The Immunophilins 
The predominant CsA-binding protein in T lymphocytes is the 

soluble, cytosolic receptor cyclophilin (18, 19). Cyclophilin is an 
abundant and ubiquitous protein that is found in both prokaryotic 
and eukaryotic organisms. The major isoform of human cyclophilin 
has a mass of 17,737 daltons and an isoelectric point (PI) of 9.3. 
Two groups have independently reported that cyclophilin is identi- 
cal to peptidyl-prolyl isomerase (20, 21), an enzyme that catalyzes 
the interconversion of the cis- and trans-rotamers of the peptidyl- 
prolyl arnide bond of peptide and protein substrates, and this 
rotamase activity is potently inhibited by CsA. 

Shortly after this discovery, the predominant FK506-binding 
protein in calf thymus, human spleen, and the T cell line Jurkat, 
termed FKBP, was isolated and characterized in two laboratories 
(22, 23). Like cyclophilin, FKBP was shown to have rotamase 
activity toward a peptide substrate. FK506 inhibits the rotamase 
activity of FKBP, but not of cyclophilin; likewise, CsA does not 
inhibit the rotamase activity of FKBP. The cloning (24, 25) and 
overexpression (24) of human recombinant FKBP and the cloning 
of an FKBP from Neurospora crassa (26) revealed that, despite their 
common enzymatic properties, FKBP and cyclophilin have dissim- 
ilar sequences. Human FKBP has a mass of 11,819 daltons and, like 
cyclophilin, is a basic (PI = 8.9) (22, 24), cytosolic protein (27). A 
prokaryotic organism, Neisseria meningitidis, was found to have an 
open reading frame that encodes an FKBP-like protein (24). More 
recently, FKBP was shown to be the predominant rapamycin- 
binding protein in yeast, calf thymus, and human T cells (Jurkat) 
(28). Rapamycin (dissociation constant K, = 0.2 nM) has an even 
higher affinity for FKBP than does FK506 (K, = 0.4 nM), and is 
also a potent inhibitor of FKBP's rotamase activity (inhibition 

CsA 506BD 

M e 0  

OMe 

FK506 Rapamycin 

Discodermolide Deoxyspergualin 

Fig. 1. Probe reagents of intracefiular signaling pathways. (A) Recently 
investigated immunophilin ligands. (B) Immunosuppressive agents with 
unknown mechanisms of T cell inhibition. (Me, methyl.) 

are currently being investigated. For exampie, a CsA-binding phos- 
phoprotein of relative molecular mass (M,) 45,000 has been detect- 
ed in Jurkat cells (30), and phosphoproteins of M, 60,000 and 
80,000 from this same cell line bind to both FK506 and rapamycin 
(28). The ninaA gene of Drosophila (31, 32) and a second cyclo- 
philin-related gene in Saccharomyces cerevisiae (33) encode proteins 
that show high homology to cyclophilin. Several low molecular 
weight, basic proteins that are retained on CsA, FK506, or rapa- 
mycin affinity matrices have also been noted (22, 28). Partial 
sequence determination of FK506- and rapamycin-binding immu- 
nophilins of M, 30,000 and M, 13,000 has revealed that these 
molecules, together with FKBP, are members of a previously 
unknown family of immunophilins (34). Questions concerning the 
biological relevance, the rotamase activity, and the affinity to the 
cognate ligands of these low-abundance immunophilins should soon 
be answered. 

Although the exact cellular concentrations of FKBP and cyclo- 
philin are not known, both are abundant. Saturation binding in the 
cytosol of Jurkat cells was reported to occur at > 5  nM ditritio- 
FK506 (27). As FKBP is the predominant cytosolic receptor for 
drug, this measurement is largely accounted for by FKBP, and thus 
the cytoplasmic concentration of FKBP may approach 5 nM. The 
high-affinity FKBP ligands FK506 and rapamycin, however, inhibit 
T cell proliferation atsubnanomolar concentrations (median inhibi- 
tion concentration IC,, -0.5 nM) (29, 35). Therefore, inhibition of 
the rotamase activity of FKBP is very likely an insufficient require- 
ment for mediating the actions of these drugs in T lympho~ytes, 
because only a small fraction of the enzyme would be inhibited at 
effective drug concentrations. This point has been confirmed by 
mechanistic studies of FK506 and rapamycin (see below); likewise, 
investigations of CsA analogs support a similar conclusion regarding 
the rotamase activity of cyclophilin (22). 

Molecular Recognition by the Immunophilins 
The rotamase activity of these immunophilins and the ability of 

their immunosuppressive ligands to act as rotamase inhibitors 
provide an opportunity for exploration of the molecular basis for the 
high-affinityinteractiohs that exist between them. Initial mechanistic 
studies of cyclophilin led to the suggestion that catalysis of the 
interconversion of cis- and trans-rotamers of a peptide substrate is 
achieved by the formation of a covalent bond to the carbonyl of the 
peptidyl-prolyl amide with a cysteine-derived thiol (36). Loss of 
amide resonance would be expected to lower the activation barrier 
to rotation about the amide G N  bond. Site-directed mutagenesis of 
human recombinant cyclophilin allowed the systematic replacement 
of all four cysteine residues in cyclophilin with alanine. Because all 
four mutants enzymes were fully active in the rotamase and binding 
assays, cysteine was ruled out as a participating residue in catalysis 
(37). 

Additional mechanistic studies with both cyclophilin (38) and 
FKBP (39) strongly suggest that these enzymes catalyze rotamer 
interconversion by noncovalent stabilization of the twisted amide 
transition state for the noncatalyzed isomerization. The amide 
functionality exhibits a strong preference for a planar geometry, 
wherein the nitrogen lone pair is in conjugation with the carbonyl 
IT-cloud. The energy cost of the twisted amide structure (Fig. 2A) is 
15 to 20 kcal (40). The structural basis for cyclophilin and FKBP's 
ability to stabilize this transition-state structure must await further 
structural analyses of rotamase-peptide (or inhibitor) complexes. 
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Fig. 2. (A) Model of the transition state structure of a twisted peptidyl-prolyl 
amide bond that is stabilized by the rotamase enzymes cyclophilin and 
FKBP. (B) Substructure of FK506 and (C) CsA (both from x-ray) that is 
proposed to mimic the twisted amide bond of a peptide substrate. (D) 
Substructure of FK506 (R = OMe) and rapamycin (R = H) proposed to 
mimic a twisted leucyl-prolyl amide bond of a peptide substrate. (E) 
Leucyl-prolyl fragment indicating structural similarities to immunosuppres- 
sant substructures. 

However, the unusual structure of the irnmunophilin ligands and 
preliminary structural investigations of the immunophilin-ligand 
complex suggest a basis for their rotamase inhibitory properties. The 
total synthesis of a 13C-labeled FK506 (41) provided a reagent to 
carry out 13C nuclear magnetic resonance (NMR) studies of the 
FK506-FKBP complex (42). It was suggested that the ketone 
carbonyl adjacent to the homoprolyl amide bond of FK506 (Fig. 
2B) and rapamycin is a mimic of the amide carbonyl of a peptide 
substrate. Thus, FK506 and rapamycin are transition-state analogs 
in that their ground-state geometry is similar to the transition-state 
structure of a peptide substrate (Fig. 2, A and B). Also, the side 
chain of the unusual amino acid N-methyl-butenylthreonine 
(MeBmt) of CsA, which is known to be essential for high-affinity 
binding of CsA to cyclophilin (1 1, 12), has structural similarity (Fig. 
2C) to the aforementioned transition-state structure (Fig. 2A). This 
side chain may be a different type of surrogate for the twisted amide 
structure. In this regard, the a-branched hydroxyethylene substruc- 
ture of CsA is reminiscent of the hydroxyethylene amide isostere 
found in aspartyl protease inhibitors such as pepstatin. 

The analogy of the a-keto-homoprolyl grouping in FK506 and 
rapamycin to a twisted-amide bond of a peptide substrate was 
extended (39). A substrate containing a leucyl-prolyl dipeptide was 
found to be optimal for FKBP (39, 43). The structural similarities of 
FK506 and rapamycin to a twisted leucyl-arnide bond (Fig. 2, D 
and E) suggest these agents may be transition-state analogs of a 
leucyl-(twisted aide)-prolyl peptide substrate for FKBP. 

The Biological Function of Immunophilins 
The complex series of events that comprises the T cell activation 

cascade transpires over several days (2). CsA, FK506, and rapamycin 
act within the first hours of the process (Fig. 3). Stimulation of the 
T cell receptor (TCR) by foreign antigen presented by a major 
histocompatibility (MHC) molecule on the surface of an antigen- 

presenting cell results in the activation of a TCR signal transmission 
pathway.-The signal is transduced through the ~ytoplasm by an 
unknown mechanism and results in the activation of specific nuclear 
transcription factors, such as nuclear factor of activated T cells 
(NF-AT). These nuclear factors help to regulate the transcription of 
T cell activation genes, such as the gene of the lymphokine inter- 
leukin-2 (IL-2). Translation of the resultant message is followed by 
secretion of IL-2. CsA and FK506 are potent inhibitors of the 
TCR-mediated signal transduction pathway, as evidenced by their 
ability to inhibit the transcription of early T cell activation genes 
(44). CsA (45) and FK506 (29, 46), but not rapamycin, inhibit the 
binding of NF-AT to the IL-2 enhancer and inhibit transcriptional 
activation by NF-AT. CsA and FK506 also inhibit transcription 
mediated by AP-3 and Oct-1, and partially inhibit transcription 
mediated by NF-KB (45, 46). Another illustration involves the use of 
T cell hybridomas that undergo a suicidal event called apoptosis 
after stimulation of the TCR-CD3 complex. CsA and FK506, but 
not rapamycin, are potent inhibitors of apoptosis induced by an 
antibody to the TCR-CD3 complex (29). 

T cell activation involves not only IL-2 secretion but also expres- 
sion of the lymphokine receptor IL-2R on the surface of the cell. 
After the binding of IL-2 to IL-2R, a lymphokine receptor (LKR) 
signal transmission pathway is activated. Transduction of this signal 
again proceeds by an unknown mechanism through the cytoplasm 
and into the nucleus, where a different set of genes is transcribed. 
Whereas rapamycin, despite its structural similarity to FK506, has 
no effect on the production of IL-2, it potently inhibits the response 
of the T cell to IL-2 (29, 35, 47). Rapamycin thus appears to inhibit 
a later LKR-associated signaling pathway (Fig. 3). Because both 
rapamycin and FK506 are potent inhibitors of the rotamase activity 
of FKBP and inhibit distinct signaling pathways, these results 
support the suggestion that the inhibition of rotamase activity of 
FKBP is an insufficient requirement for mediating the actions of 
FK506 and rapamycin (10, 29). 

In addition to their ability to inhibit different T cell activation 
events, rapamycin and FK506, but not CsA, have been shown to be 
mutually inhibitory in a variety of functional assays (29, 47). These 
results suggest a role for either a single immunophilin or separate 
immunophilins that share a common receptor site in mediating the 
actions of FK506 and rapamycin. Furthermore, rapamycin can 
distinguish the biological actions of FK506 and CsA, because it has 
no effect on the actions of CsA. 

The mutual inhibition of FK506 and rapamycin was shown to be 
subject to a buffering action by FKBP (29). A concentration 10 to 
100 times the effective drug concentration (IC,, - 0.5 nM) of 

(1) TCR signal 

rapamycin a 
cell proliferation 

Fig. 3. Early events of the T cell activation cascade and the sites of inhibitory 
action by CsA, FK506, and rapamycin. 
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Fig. 4. Schematic illustrating the relative abundance of receptor and ligands. 
The abundant FKBP, which may have a cellular function as a foldase, is 
converted to an inhibitory complex on binding of the drug and buffers the 
actions of the antagonist. 

either agent is required for inhibition of the actions of the other (29, 
47). Thus, the abundant (-5 nM) uncomplexed immunophilin 
sequesters the antagonist. Only after the excess binding sites are 
occupied does the concentration of the antagonizing agent rise 
sufficiently to displace the drug effectively from its biological 
receptor. These findings also implicate the immunophilin-drug com- 
plex as the inhibitor of T cell activation. Although a role for FKBP as 
the mediator of the biological actions of rapamycin and FK506 has 
not been shown. the b a e r  effect of FKBP evident in the studies of 
reciprocal inhibition should also be operative with competing cellular 
receptors for these drugs. The low-abundance immunophilins must 
overcome the high abundance of FKBP and its high f i t y  for drug 
in order to compete effectively for binding (Fig. 4). 

Invoking the immunophilin-drug complex as the biological effec- 
tor addresses the issue of how the ubiquitous cyclophilin and FKBP 
could be involved in T cell activation: One ~dssibilitv is that these 
proteins have a more general function, perhaps assisting in protein 
folding in vivo by acting as foldases. Only when the immunophilin 
combines with its immunosuppressive ligand does it inhibit T cell 
activation. The cellular immunophilin receptor (possibly FKBP), 
bound to either FK506 or rapamycin, may interact with different 
molecules in distinct pathwaysof T cell acti;ation. According to this 
hypothesis, the specificity of the factors associated with different 
signaling pathways is determined by the precise geometry of the 
immunophilin-drug complex. Evidence has been presented (48) that 
the cyclophilin-CsA complex, and not CsA, is the agent responsible 
for the toxic actions of CsA in two lower eukaryotes. CsA-sensitive 
strains of N. crassa and S. cerevisiae were grown in the presence of 
CsA. Analysis of the CsA-resistant mutant strains that resulted 
revealed that either they no longer produced cyclophilin or, if they 
did, the cyclophilin of the mutant strains did not bind CsA (48). 

The common biological receptor site implied by the mutual 
inhibition of FK506 and rapamycin suggests that the immunophilin 
may present multiple ligands to cytoplasmic components of signal 
transmission pathways. The ability of a single immunophilin to 
present two immunosuppressive ligands to effectors associated with 
two distinct pathways raises the possibility that immunophilins may 
function as general presenting molecules, by analogy to the way that 
M H C  molecules present a large number of peptides to the polymor- 
phic TCRs. If endogenous immunophilin ligands exist that function 
similarly to the immunosuppressive natural products, then the 
immune system may have used the molecular recognition associated 
with rotamase catalysis for the purpose of modulating T cell 
activation. 

In the case of FK506 and rapamycin, the leucyl-(twisted a i d e ) -  
prolyl peptidomimetic fragment shared by these drugs constitutes 
the structural element largely responsible for binding to FKBP. This 
common immunophilin binding domain is then fused to distinct 
effector elements that, after presentation by the immunophilin, 
determine the signaling pathway with which the drug will interfere 
(Fig. 5, A and B). This view of FK506 and rapamycin as dual 
domain agents was tested with an FKBP ligand designed to contain 

effector 
element 

Fig. 5. Domainal analyses of FKBP ligands. (A) FK506 and (B) rapamycin 
binding domain and effector elements (shaded). (C) Structure of FK506 
(x-ray) with enolate spacer drawn to illustrate scaffolding effect. (D) Removal 
of the outer loop of structure (C) results in 506BD, a high-anity (Ki = 5 
nM) ligand to FKBP. 

the putative FKBP-binding domain of FK506 and rapamycin in the 
conformation found in the solid state of FK506 (Fig. 5C) (10). The 
resultant molecule, 506BD, was found to bind with high affinity (K, 
= 20 nM) and to inhibit the rotamase activity (K, = 5 nM) of FKBP 
potently (Fig. 5D). Because 506BD lacks the putative effector 
elements of either FK506 or rapamycin, it was not expected to 
inhibit either the TCR or LKR signaling pathways associated with 
T cell activation. Indeed, 506BD does not inhibit T cell activation 
by either mechanism, even at high concentrations. However, this 
immunophilin ligand inhibits the actions of both FK506 and 
rapamycin at concentrations that would be anticipated given the 
relative affinity of these agents to FKBP and the buffer effect (10). In 
addition to illustrating that the inhibition of the rotamase activity of 
FKBP is an insufficient requirement for mediating the actions of 
FK506 and rapamycin, these studies support the view that these 
immunosuppressants are composed of two domains, one important 
for binding to immunophilin (binding element) and one essential 
for biological action (effector element). 

Future Prospects 
The presence of cyclophilin and FKBP in many organisms 

suggests that these enzymes may have some general cellular func- 
tion. The recent discoveries of proteins that assist in protein folding, 
unfolding, and translocation in vivo provide precedent for a similar 
function for rotamase enzymes (49). A role for an Escherichia coli 
cyclophilin in the secretory pathway was suggested after the discov- 
ery that it was localized in the periplasm (50). Similarly, the 
demonstration that an N. crassa FKBP catalyzed protein folding and 
the identification of mitochondrial forms of N. crassa cyclophilin 
and FKBP led to the suggestion that these immunophilins assist in 
the refolding of proteins that have traversed a biological membrane 
(26). The identification and characterization of new immunophilins 
will increase our understanding of these molecules. The structures of 
immunophilins and their drug complexes may prove illuminating, in 
regard to both enzyme mechanism and cell signaling inhibition. 

Many questions remain unanswered concerning the mechanisms 
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of inhibition of T cell activation by these immunosuppressants and 
the role of their cytoplasmic binding proteins. To this end, an 
assessment of the relevance of individual immunophilins, such as 
cyclophilin, FKBP, and the low-abundance immunophilins, and 
their drug complexes, as well as the identification of their target 
factor or factors is under way. In the cases of CsA and FK506, it has 
been suggested that a component of the transcriptional apparatus 
that regulates IL-2 transcription is the target of the immunophilin- 
drug (CsA or FK506) complexes (24). These drugs potently inhibit 
the transcriptional activity of NF-AT but only partially inhibit its 
DNA binding activity (29). Thus, the target factor or factors may 
interact with NF-AT [and perhaps Oct-1, AP-3, and NF-KB (pleio- 
tropism) (51)] and enhance their transcriptional activation proper- 
ties. The requirement for protein synthesis before IL-2 gene tran- 
scription (52, 53) suggests that translation of a protein, perhaps an 
as yet unidentified activating factor, occurs before transcription of 
the IL-2 gene. This cytoplasmic activity (translation) is a potential 
site of action for the immunophilin-drug complex, which may act as 
a cytoplasmic anchoring protein (54). This putative activating factor 
may be a cellular analog of the herpes virus protein VP16, which is 
believed to bind to Oct-1 (a transcription factor also sensitive to 
drug) and thereby complete the formation of a preinitiation complex 
at the transcription start site (55). 

Although research on these immunosuppressants has focused on 
T lymphocytes, the nephrotoxic properties (8), hepatotrophic effects 
(56), ability to inhibit apoptosis (29) and exocytosis (57), and 
actions in lower eukaryotes (48) of these agents indicate an alternate 
function in other cell types. It is possible that in each of these studies 
the immunophilin ligand is involved in the inhibition of protein 
trafficking. The varying effects of drug may be due to differences in 
the immunophilins found in different sources, or perhaps more 
likely, due to the interactions of the same inhibitory complexes with 
different protein targets. It is also important to identify potential 
endogenous ligands, possibly small-molecular regulatory agents, 
that these drugs may emulate. 

The research outlined in this article illustrates an approach to the 
study of cellular, particularly cytoplasmic, phenomena. In this 
approach, modern techniques in chemistry and biology are melded 
so that the interactions of natural and synthetic ligands with their 
cellular receptors can be explored. Small molecules are used as 
probes, first for identification and isolation of relevant proteins in a 
system of interest and then for the development of a detailed 
understanding of the system through studies of structure and 
function. Such a chain of events has been initiated by a family of 
immunosuppressants, and other natural products might be useful as 
probes for a diverse set of events that includes protein trafficking and 
cytoskeletal dynamics. Although there is still much to be learned 
about cytoplasmic signaling mechanisms with use of immunophilin 
and immunosuppressant probes, the prospects for fundamental 
insights appear promising. 
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