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coven lakes and ponds on the arctic tandea with Trigaknit Moumain in the
background, Notth Slope, Alaska, These aguatic ecosysiems are continuously
releasing carbon dioxide 10 the atmosphere. Much of the carbon originates in
serrestrial cavironments, and accounting, for this release substantally lowers the
estinnate of the worldwide avatic sink for atmosphetic carban dioxide, Sce page 298,
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Chemistry and Biology of the ]Immmmpﬁnhm

and Their ITmmunosappressiv

StUuArT L. SCHREIBER

Cyclosporin A, FK506, and rapamycin are inhibitors of
speeifie signal eransduction pathways that lead to T lym-
phocyte activation. These immunosuppressive agents bind
with hiph ailinity to cytoplasmic receptors termed immu-
nophiling (immunosuppressant binding proteins). Studics
iin this avea have [oevsed on the structural basis for the
molecular recognition of immunosuppressants by inmmu-
nophilins and the biological consequences of their inter-

aciions. Dchnmp the biological roles of this emerging
family of veceptors and their ligands may illuminate the
process of protein trafficking in cells and the mechanisms
of sipnal transmission through the cytoplasm.

ESEARCH DURING THE PAST DECADLE HAS CONTRIBUTED
significantly t our knowledge of ‘T lymphoeyre function.
The identification and functional analysis of T cell surface
receprors {13 and nuclear transcription factors (2) have made these
components of the signal transduction apparatus among the best
understood i biology. This naderstandiog is Tagely due w il use
of probe reagenis, such as monuclonal sntbodies and vadiolabeled
nucleic acids, that have been developed for the study of surdace and
nuclear phenomena, respectively, However, the mechanisims for the

tansducdon of signals through the cytoplasm, the “black bhox™ of

the signal iransduction pathway, remain myseerious.
A family of natural products bas emerged as probe veagents for
lylc:pln.smir: sighaling mechanisms in the T lymphocyte. These small

The author is 4 pmlumr of Cheinistry, H:«zvmi University, Cambridge, .\l'\ N2ia8.
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molecales are immunaosuppressants thae appear w exert their inhib-
itory actions distal 10 carly membrane-associated events and proxi-
mal to nuclear processes, Studies on a family of immunosuppressant
binding proteins, the immunophiling, have attempted to identify the
strietural vequirements for high-aflinity interactions beoween immu-
nophilins and their immunosuppressive Tigands and the binlogical
consequences of the formation of immunophilin-ligand complexes.
Althougly there is much to explore in this avenue of research, some
general principles associated with the intermediary cvenis of sigeal
processing are cnerging.

The Immunosuppressants

Cyclosparin A (CsA), an inhibitor of T ccll activation, is cucrently
the favored therapeutic agent for prevention of graft rejection afer
organ and bone marrow fransplantation, and it has been credited
with initiating a revolution in chnical transplantation (3--3). The
recenidy discovered compound FIC506 inhibits T cell activation by
mechanisms that are similar to those of CsA, bt FIE06 s 1010 100
times as potent (6). FIKSU0 has perdormed remarkably well in initial
Luntan ¢hnteal transplantation wials (7, 83, despite reports of toxic
effects in animals (6). Rapamycin inhibuts T cell activation ar
coneentrations cotuparable to those of the strucrurally relaed
FEB06, ver with mechanisms that ave strikingly different from those
mediated by FREO0A, and thus CsA (9). Qaly CsA, FK506, and
rapamycin have been used for the identification of membets of the
immunophifin class, A nomnatural Hgand, 50681 {10), and analops
of CsA (113} have also provided insights into the inhibitory
mechanisms of immunosuppressants, Many recently  discovered
immunosuppressive agents {({4) with andefined meehanisms, such as
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discodermolide (15) and deosysperpuatin (16}, promise to reveal
new facets of cytoplasmic signaling mechanisms (17) (Fig. 1).

The Immunophiling

The predominant CsA-binding pratcin in T lymphoeytes is the
soluble, cytosolic recepror cyclophilin (18, 19). Cyclophilin is an
abundant and ubiquitous protein that is tound in both prokaryotic
and eukaryotic organisms. The major isoform of human cycophilin
has a mass of 17,737 daltons and an isocfeetric point (ph) of 9.3
Two groups have independently reported that cyclophilin is identi-
cal o peptidyl-prolyl isomerase (20, 27}, an enzyme that catalyzes
the mtcreonversion of the ¢fs- and frans-rotamers of the peptidyl-
prolyl amide bond of peptide and protein substrates, and this
rotantase activity is potently inhibited by CsA.

Shortly after this discovery, the predominant FK506-bindiag
protein in calf thymus, human spleen, and the T cell fine Jurkat,
termed FKBLP, was isolated and characterized in two laboratories
(22, 23). Like cycdophilin, FKBP was shown to have rotamase
activity toward a peptide substrate. FKS06 jnhibits the rotumase
activity of FXRBP, but not of cyclophilin; likewise, CsA does not
whibit the rotamase activity of FKBP. The cloning (24, 25) and
overexpression (24) of fuman recombinant FKRP and the cloning
of an FRKBY from Nearospora crassa (26) revealed that, despite thedr
common etzymatic propertics, FIKBE and cyelophilin have dissim-
ilar sequences. Human FEKBP has a mass of 11,819 dadtons wnd, like
cyclophitin, is a basic {pl = 8.9} (22, 24), cytosolic prowin (27). A
prokaryotic organism, Neisseria meningitidis, was found to have an
open reading frame that encodes ap FKBP-like protein (24). More
tecently, FKBP was shown to be the predominant rapanycin-
binding protein in yeast, calt thymus, and human T cells (Jurkat)
(28). Rapamyein (dissociation constam K, = 0.2 nM) has an even
hipgher affinity for FKBI? than does FKS06 (K = 0.4 n), and is
also a potent inhibitor of FKRIPs rotamase activity (inhibition

A
e
; ota
1 \O:GH
5068D
(o]
- H'P

o H
H H Ha 3 OMe
AA r; Ols /(\(\[\r‘
H Ma
Wy HuU H HER < on
oo Mo Ora fe e
FE06 Rapamycin
5]
f"\/‘ j. 1
sL t \L “’IM ”2” m«cmj“pm rr.ncu,‘l.u(u:):.m
i Oh OoohH,
Discodenaolida Deorysporguatin

Fig. 1. Probe reagents of intracellular signaling pathiways, (A) Recentdy
investigated immunophilin ligands. () Immunosuppeessive apgeats with
unknown mechanisms of 1 cell inlubition, (Me, methyl.)
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comstant K, = (1.2 nM) (29).

Although eyclophilin and FKBD are the only well-characterized
immunophilins, other members of this family are known o exist and
are cureently being investipared. For example, a GsA-hinding phos-
phoprotein of refative molecular mass (A,) 45,000 has been detect-
ed in Jurkar cells (30}, and phosphaproteins of M, 60,000 and
80,000 from this same cell line bind to both FI506 and rapamycin
(28). The nineAd gene of Drosophila (31, 32) and a second eyeln-
phitin-related gene in Saccharomyres cerevisiar (33} cncode proteing
that show high homology to cyclephilin, Several low molecutar
weight, basic proteins that are retained on CsA, FKS06, or rapa
mycin aflipity matrices have also been noted (22, 28). Partial
sequenee determination of FK&U6- and rapamycin-binding i
nophilins of A, 30,000 and M, 13,000 has revealed that these
molecules, together with FKBP, wre members of a previously
unknown family ef immunophiting (34}, Questions concerning sthe
biotogical relevance, the rotamase acrivity, and the afinity 10 the
cognate tigands of these fow-abundance immunaophilins should soon
be answered.

Although the exact cellular concentrations of FKBP and cyclo-
philin are not known, botls are abundant, Saturation binding in the
cytosol of furkat cells was reported to occur at =5 oM dititio-
FKS06 (27). As FKBE is the predominant cytosolic receptor for
drug, this measurcment is fargely accounted for by FIKBP, and thans
the eytoplasmic concentration of FKBP may approsch 5 nM. The
high-affinity FRBP ligands FK306 and rapamycin, however, inhibir
1" eedl |)m|il'uz"itiun at subnanomolar concentrations {median inhibi
tion concentration 1C,, ~-0.5 nM) (29, 13). Therefore, inhibition of
the rotanase activity of FKBE is very likely an insuflicieat recuire.
meni for mediating the actions of these drugs in 1 lymphocyies,
because only a small fraction of the enzyme would be fnhibited at
cffective drug concentrations. This point has been confirmed by
mwchanistic stidics of FKB06 and rapamycin (see below); likewise,
investigations of CsA anatogs support a similar conclusion regarding
the retamase activity of cyclophilin (12).

Molecular Recognition by the Immunophiling

The roramase activity of these immunophiling and the ability of
their Jimmunosuppressive ligands 1o act a5 rotannse nhibilons
provide an opportunity for expluration of the imolecubar basis for the
high-affinity interacrions that exist berween them, Initial mechanistic
studies of cyclophilin led to the suggestion that catalysis of 1he
interconversion of cis- and frans-rotamers of a peptide substrate is
achieved by the tormation of a covalent bond o the carbonyl of the
peptidyl-prolyl amide with a cysteine-derived thiol (36). Loss of
amide resonance would be expected to lower the actvation bauler
to rotation about the amide C ™ bond. Site-directed mutagenesis of
Tuaman recombinant cyclophilin allowed the systematic replacement
of all four cysteine residues in eyclophilin with alanine. Because all
four mutants cozymes were fully active in the rotamase and binding,
assays, cysteine was riled our as a participating residue in catalysis
(37

Additional mechanistic studies with both cyclophilin (48) amd
FKBP (39) strongly suggest that these cozymes catalyze soramer
interconversion by noncovalent stabifization of the twisted amide
transition state for the noncatalyzed  isomerization, The amide
funcrionalisy exhibits a strong prelerence for a planar geomety,
wherein the nitrogien tone pair is in conjugation with the carbonyl
ar-cloud. The energy cost of the twisted amide structure (Fig, 2A) i
15 to 20 keat (40, "Fhe structural basis for cyctophilin and FRBPs
ability 10 stabilize 1his transition-state structure must awaic furdhes
stiictural analyses of rotaoase-pepride (or inhibitory compleses.
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