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Abstract Peptide bond isomerases are involved in important physiological processes that
can be targeted in order to treat neurodegenerative disease, cancer, diseases of the immune
system, allergies, and many others. The folding helper enzyme class of Peptidyl-Prolyl-
cis/trans Isomerases (PPlases) contains the three enzyme families of cyclophilins (Cyps),
FK506 binding proteins (FKBPs), and parvulins (Pars). Although they are structurally
unrelated, all PPIases catalyze the cis/trans isomerization of the peptide bond preceding the
proline in a polypeptide chain. This process not only plays an important role in de novo
protein folding, but also in isomerization of native proteins. The native state isomerization
plays a role in physiological processes by influencing receptor ligand recognition or isomer-
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specific enzyme reaction or by regulating protein function by catalyzing the switch between
native isomers differing in their activity, e.g., ion channel regulation. Therefore elucidating
PPIase involvement in physiological processes and development of specific inhibitors will
be a suitable attempt to design therapies for fatal and deadly diseases.

Keywords Peptide bond isomerases - PPIases - FKBP - Cyclophilin - Parvulin

1
Introduction

In principle, the native conformation of a protein is determined by its amino
acid sequence since many isolated proteins can be denatured and refolded in
vitro in the absence of other cellular components. However, it is now clear
that assembly and folding of polypeptides in vivo involves helper proteins
that assist in protein folding. The spatiotemporal characteristics of the various
conformational states or folding states of a protein dictate important events in
cell life under normal and pathophysiological conditions. Physically, protein
folding is a complex process whereby a polypeptide chain can adopt a huge
number of conformations that may differ greatly from its native folding state,
but represent, as well, a transiently stable form of protein. These different
folding intermediates can be seen as a polypeptide chain on an energy land-
scape containing many energy minima. Obviously, the connection of different
energy minima requires folding pathways in order to allow adoption of the
native protein fold (Dobson et al. 1998). Notably, the same rules apply for de
novo protein folding and conformational changes in native proteins. There-
fore chain reshuffling by protein-protein and protein-ligand interactions, de
novo protein folding, and refolding of denatured proteins are based on similar
molecular principles (Tsai et al. 1999).

Protein-mediated folding assistance was found to exploit many biochemical
mechanisms resulting in different modes of action. It includes folding in cavi-
ties, enzymatically catalyzed folding and coupled chain holding-chain folding
cycles. The pathways of assisted folding play a key role in cell response to
physiological signals, and effectors of the helper proteins involved represent
a potential for therapeutic intervention for many human diseases. In the last
two decades, different families of folding helper proteins have been character-
ized that proved to be highly conserved during evolution. Among them, the
folding helper enzymes act catalytically to control the folding dynamics and
the products of folding. Both protein disulfide isomerases and peptide bond
cis/trans isomerases form the sole examples of folding helper enzymes known
to date. Particular attention is given to peptide bond cis/trans isomerases be-
cause peptide bond cis/trans isomerization plays an obligatory role for protein
folding, whereas disulfide bond formation does not.

Notably, most rotations about covalent bonds, events that dictate the progress
of the folding reaction, proved intrinsically to be very fast and do not need fur-
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ther rate acceleration by either external factors or intramolecular assistance.
Potentially, external influences on rotational rates could be mediated by a wide
variety of physical and chemical means, such as enzyme catalysis, catalysis by
low-molecular-mass compounds, heat, mechanical forces, and supportive mi-
croenvironments. Acid-base catalysis, torsional strain or proximity, and field
effects are major forces with the potential to act in intramolecular assistance
or enzyme catalysis. Among the folding helper enzymes only peptide bond
cis/trans isomerases are able to catalyze conformational interconversions in
unfolded, partially folded, and native states of proteins (Fischer and Aumuller
2003). In all cases, enzymatic rate enhancement requires a particular substrate
structure usually characterized by a combination of primary and secondary
binding sites. In fact, on the basis of accelerated bond rotation, peptide bond
cis/trans isomerases can be characterized as conformases. Currently known
enzymes show specificity for the peptide bond preceding either a proline
residue (prolyl peptide bond) or a variety of secondary amide peptide bonds.
These enzymes termed peptidyl prolyl cis/trans isomerases (PPIases) and the
secondary amide peptide bond cis/trans isomerases (APIases), can be divided
into subfamilies, some of which are characterized by their ability to recruit sec-
ondary binding sites of the substrate polypeptide chain for catalysis. Current
knowledge on PPlases goes back to first observations in 1984 (Fischer et al.
1984), whereas the discovery of APIases is a more recent event (Schiene-Fischer
et al. 2002).

Extensive studies of PPlases have provided reasonable knowledge of the
mechanisms determining the relationship between prolyl isomerization in
proteins and cell signaling.

It was shown that PPIases not only increase the rate of the slow kinetic
phases in the refolding of denatured proteins, but also accelerate efficiently the
interconversion between native state isomers of proteins. Regardless of their
sequential context, the cis and trans prolyl bond isomers in unstructured, par-
tially structured, or even native proteins exhibit energetic differences, which
tend to be small, thus leading to comparable levels of isomers in solution.

Given that one isomer is not reactive, coupling of this equilibrium to a fast
subsequent reaction step must cause a transient discrimination of an isomer
in the overall reaction (isomer-specificity, Fig. 1a). Isomer-specific reactivity
differences have been demonstrated in many bioreactions, including enzyme
catalyzed phosphate transfer, proteolysis, protein folding, and receptor/ligand
recognition (Fischer and Aumuller 2003). In addition, peptide bond stiffness,
which is reduced under PPlase catalysis, may be a reactivity determining
molecular parameter in polypeptides (Fig. 1b). Furthermore, the switch-like
character of peptide bond cis/trans isomerization allows for chemomechanical
coupling in proteins (Fig. 1¢c) (Fischer 1994; Tchaicheeyan 2004).

In the years following the discovery of the PPIase in pig kidney, cyclophilins,
FK506-binding proteins, and parvulins have been characterized, which now
collectively form the enzyme class of PPIases (EC 5.2.1.8.). Prolyl bonds usually
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Fig. 1Ta-d Biochemical mechanisms underlying the physiological role of peptidyl prolyl
bond cis/trans isomerizations of proteins. a Proteins (dark gray) capable of isomer-specific
recognition of a polypeptide ligand (gray). An extreme manifestation of isomer specificity
is seen if one prolyl isomer releases free binding energy (left), while the other isomer is
not able to do so (right). Examples have been found in protein folding, enzyme catalysis,
and receptor/ligand interactions. b Local control of chain flexibility in the context of the
rigid polypeptide backbone. A decrease in energy barrier to rotation of a prolyl bond has
the conformational consequence of promoting nearly unconstrained motion of adjacent
covalent bonds similar to those present in alkanes. This process might play a role in protein
folding. ¢ Mechanical force generator for structural distortion. The cis/trans isomerization
of a single peptidyl-prolyl bond may confer to global structural rearrangements changing
the relative positions of a moving domain (circle) to a static domain (rectangle). This
process is thought to play a role in allosteric regulation of proteins. In addition, peptidyl
prolyl bond cis/trans isomerization addresses, on the submolecular level, a broad spectrum
of actomyosin’s functional characteristics (Tchaicheeyan 2004). d One-bond folding energy
trap is important in conferring protein metastability. The native protein adopts cis/trans
isomerism of prolyl bonds, which must lead to conformational polymorphism. Assuming
that protein molecules populate the N, state, the higher energy implies kinetic instability.
Conversion to the stable folding state may proceed very slowly for prolyl isomers

confer uncoupling of a bond rotation from the framework movement of the
backbone and side chains by virtue of an exceptionally high torsion barrier. As
a result, the time scale of the uncatalyzed interconversion between the prolyl
cis/trans isomers ranges from several hundred milliseconds to a few hours
under physiological conditions.
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The singularity of prolyl bonds in peptide chains results from the N-
alkylated amino acid proline forming an imidic peptide bond at its N-terminus.
This property is exceptional since all other gene-coded amino acids form sec-
ondary amide peptide bonds. In both types of peptide bond, the nitrogen atom
is able to delocalize its lone electron pair over the whole functional group.
This results in a planar framework of electronic organization and the conse-
quent partial double-bond character of the C-N bond, restricting the energy
minima in peptide bond torsion. The free energy dependence of the peptide
bond cis/trans isomerization in a chain fragment indicates just two minimum-
energy states: the geometric isomers cis and trans. Both isomers are separated
by the above-mentioned rotational barrier corresponding to the perpendicular
high-energy intermediate state of rotation. While three-dimensional protein
structures achieved by X-ray crystallography reveal prolyl bonds that adopt
a conformational homogeneous state, either cis or trans conformation, solu-
tion NMR spectroscopy reveals a more complex picture. Many native proteins
show limited conformational polymorphism, termed native state isomeriza-
tion (Fig. 1d). These conformational states are mainly caused by the structural
properties of a particular proline residue in the polypeptide chain. Protein
conformational polymorphism often indicates the existence of peptide bond
cis/trans isomers of different biological activity (Andreotti 2003).

The enzyme class of PPlases presently comprises three enzyme families
that represent structurally and functionally distinct proteins. Enzyme families
were named according to the affinity of prototypic enzymes for the immuno-
suppressive drugs cyclosporin A (CsA) and FK506, cyclophilins (Cyps), and
FK506-binding proteins (FKBPs). “Immunophilin” is a term that collectively
comprises members of both enzyme families. The parvulin family of PPIases
has not been reported thus far to exhibit affinity for these immunosuppressive
drugs. Heat shock proteins of the hsp70 family comprise the first examples of
APIases (Schiene-Fischer et al. 2002).

Numerous biochemical investigations have led to the elucidation of four
different modes of action, some of which were shown to represent auxiliary
features of PPIases in cells (Fischer and Aumuller 2003). However, rate accelera-
tion of prolyl isomerization plays a central role in their physiological function.
Consequently, these enzymes may contribute to de novo protein folding as
well as polypeptide chain rearrangements in native proteins. Logically, PPI-
ases involved in de novo protein folding must show distinct characteristics as
compared to enzymes involved in the interconversion between native states
of proteins. To effectively perform this broad range of tasks, PPIase families,
in particular FKBPs and cyclophilins, consist of many individual members of
different molecular masses that encompass one or more PPIase domains com-
plemented with other functional polypeptide segments (Galat 2004a, 2004b).
In addition, PPIase activity might be controlled by accessory cellular factors,
such as second messengers or interacting proteins. Such molecular charac-
teristics are expected to contribute to the regulatory function of the PPIase,
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a situation reminiscent of the regulation of protein kinases and protein phos-
phatases.

Among the plethora of human PPlases, several members seem to be specifi-
cally involved in the interconversion of native protein conformers, which differ
in their biological activity. However, it is reasonable to assume functional re-
dundancy among paralogous PPIases. It should also be noted that complete
depletion of the catalytic activity in human cells, which may be possible for
lower eukaryotes, proved to be difficult (Dolinski et al. 1997; Wang et al. 2001).

Functional analyses of PPlases in cells, performed with PPlase variants,
attenuated in their catalytic activity, protein knock-down by genetic means,
or small cell-permeable inhibitors, allowed unequivocal identification of many
signaling pathways that are based on catalyzed prolyl isomerization. Conse-
quently, specific inhibition of PPIases might cause pathway blockade, which
can have beneficial effects in pathologically altered cells, tissues and organs,
by interfering with catalyzed folding processes.

However, it remains a challenge to identify differential inhibitors for the
individual members of the PPIase families.

2
Cyclophilins

Members of this PPIase family are ubiquitously expressed throughout the hu-
man organism (Fischer and Aumuller 2003; Galat 2004a). In their catalytic do-
main, cyclophilins share high sequence similarity to the prototypic cyclophilin
18 (Cyp18, CypA), which has a molecular mass of 18 kDa. The immunosup-
pressive drug cyclosporine A (CsA) represents a tight-binding inhibitor for
the PPIase activity of most human cyclophilins. For many human cyclophilins,
additional polypeptide segments complete the full-length proteins. They were
found to belocated N-terminally and C-terminally to the catalytic core domain.
Functionally, the extra domains and segments are coupled with intracellular
targeting, RNA recognition, tetratricopeptide repeat (TPR)-mediated protein-
protein interactions and macro-complex assembly of Ran-binding proteins.

2.1
Immunosuppression

Low-molecular-mass inhibitors of cyclophilins are utilized in prevention of
allograft rejection in transplantation medicine, for treatment of autoimmune
diseases, and for prophylaxis of graft-versus-host diseases (Arai and Vogelsang
2000; Gremese and Ferraccioli 2004). Prior binding of CsA derivatives to Cyp18
is one requirement for inhibition of T cell activation after antigenic stimulation
and immunosuppressive activity (Fischer et al. 1989; Takahashi et al. 1989).
A causal relationship between inhibition of the Cyp18 PPlase activity and T
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cell replication does not exist (Navia 1996; Schreier et al. 1993). Instead, the
protein phosphatase calcineurin appears to be involved in Ca?*-dependent
signal transduction pathways in, among others, T cells and mast cells. Cyp18
and FKBP12 probably mediate the immunosuppressive actions of CsA and
FK506, respectively, by a gain-of-function effect of the immunosuppressive
drug/immunophilin complex with and inhibiting the protein phosphatase ac-
tivity of calcineurin (Friedman and Weissman 1991; Liu et al. 1991). Mecha-
nistically, Cyp18 forms a binding platform for CsA, with a portion of the drug
molecule remaining presented to calcineurin by the resulting complex. Prob-
ably the most important reason for the occurrence of gain-of-function effects
is alteration in macrocyclic conformation of CsA when bound to its presen-
ter PPIase. Downregulation of the NF-AT, NF«B, and the c-jun N-terminal
kinase (JNK) signaling pathways that determine expression of IL-2 and other
cytokines is thought to play a key role in conferring susceptibility to CsA
and FK506 effects on the growth of T cells involved in cellular immune re-
sponse (Vogel et al. 2001). It has been reported that continuous treatment of
transplant patients with CsA induces numerous side effects such as hyperten-
sion, encephalopathy, malignancy, neurotoxicity, hyperglycemia and chronic
nephropathy. The most prominent CsA side effects are nephrotoxicity and ox-
idative stress causing a block in muscle differentiation that is mediated by ROS
generation (Hong et al. 2002). In addition, CsA application causes nephrotox-
icity by initiation of vacuolization and fatty change in tubular epithelial and
endothelial cells, inhibition of cell growth, detachment, and cell death in a time-
and dose-dependent manner (Ryffel et al. 1988). Besides its ability to interfere
with calcineurin-mediated signaling, cyclosporins inhibit PPIase activity of
many cellular cyclophilins in drug-treated patients. A variety of physiological
processes exist where cyclophilins were shown to be involved (Bennett et al.
1998; Waldmeier et al. 2002, 2003; Wei et al. 2004; Yurchenko et al. 2002). Thus,
inhibition of the PPIase activity of cyclophilins may be associated with the oc-
currence of adverse effects in long-term treatment with cyclosporins. In fact,
calcineurin-independent pathways affect peripheral T cell deletion induced
by either superantigens or anti-TCR aff mAb, and allergy-induced by super-
antigens, and this may be relevant to the development of immune tolerance
(Prudhomme et al. 1995).

To add to the puzzle, the estimation of calcineurin activity in CsA-treated
renal transplant patients raised doubts about the direct relationship between
calcineurin inhibition and immunosuppression. In circulating lymphocytes of
the immunosuppressed patients, calcineurin activity is only partially reduced
(50%-85% of the control) (Batiuk et al. 1995). The calcineurin fraction resis-
tant to inhibition is even larger for FK506 administration in several tissues.
The serum CsA level can approximately predict clinical parameters of im-
munosuppression in individuals but is poorly correlated with the calcineurin
activity of lymphocytes. It was hypothesized that partial calcineurin inhibition
might account for both the immunosuppression and the immunocompetence
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of CsA-treated patients (Batiuk et al. 1997). Sanglifehrin macrolides, which are
structurally distinct from cyclosporins, offer a new approach for preventing
clonal T cell expansion via tight binding to cyclophilins. Sanglifehrin A blocks
T cell proliferation in response to IL-2 by inhibiting the appearance of activity
in the cell cycle kinase cyclinE-Cdk2 (Zhang et al. 2001). Interestingly, a Cyp18-
sanglifehrin complex does not inhibit the protein phosphatase calcineurin but
is completely inactive in PPIase assays (Zenke et al. 2001). Sanglifehrin A was
shown to inhibit mitochondrial cyclophilin, and is thus an inactivating agent
of the mitochondrial permeability transition pore, which is highly involved
in the promotion of apoptosis and necrosis (Clarke et al. 2002). In addition,
Sanglifehrin A interferes with the differentiation of dendric cells and promotes
endocytosis of antigens (Steinschulte et al. 2003; Woltman et al. 2004).

Cyp18 can influence T cell activation on its own utilizing a pathway that
does not require the application of cyclosporins. Knock-down of Cypl8 in
mice promotes development of allergic diseases with elevated IgE and tissue
infiltration by mast cells and eosinophils, which is driven by CD4(+) T helper
type II (Th2) cytokines (Colgan et al. 2004). Cyp18 inhibits the interleukin-2
tyrosine kinase (Itk) that is a nonreceptor kinase, promoting T cell activation
(Brazin et al. 2002; Mallis et al. 2002). Mechanistically, the PPIase interacts
with the Src homology 2 (SH2) domain of the kinase known to control the
activity of the neighboring catalytic domain. This interaction mediates a native
state prolyl isomerization, causing a conformational change in the structure
of Itk. Consequently, Cypl8 catalytically accelerates switching between the
active and the inactive isomer of Itk. This process prevents T cell activation by
cellular factors acting downstream of the Itk. Application of CsA prevents the
interaction of Cyp18 and Itk.

2.2
Viral Infections

Cyp18 plays an important functional role in virus replication among the host
cell proteins of human immunodeficiency virus type-1 (HIV-1) virions because
it enhances viral infectivity (Luban et al. 1993). Other folding helper enzymes
are also found in complex with viral proteins (Brenner and Wainberg 1999).
Virions released from infected cells show a ratio of ten copies of p2482¢ to one
copy of Cyp18, which is a unique feature among the virions of retroviruses
(Thali et al. 1994). The results of some studies underscore the importance of
the Cyp18 population of the target cell vs Cyp18 packaged in virions (Ikeda
et al. 2004). During early phases of replication, Cyp18 was found to associate
with proline-rich segments of both the retroviral capsid protein p248® and the
viral protein R (Vpr) (Zander et al. 2003).

Consequently, blocking the host cell Cyp18-provirus interaction by cy-
clophilin inhibitors, such as immunosuppressive and nonimmunosuppressive
CsA derivatives or reducing the cellular concentration of Cyp18 by antisense
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U7 snRNAs and siRNAs targeting Cyp18 was beneficial for limiting the virus
load (Bartz et al. 1995; Liu et al. 2004; Thali et al. 1994). Indeed, previous analy-
ses already suggested the beneficial effect of CsA treatment on the progression
of disease and outcome of AIDS-related mortality (Huss et al. 1995). In another
study, CsA restored normal CD4(+) T cell levels, both in terms of percentage
and absolute numbers in AIDS patients (Rizzardi et al. 2002).

Recent data show that three isoforms of Cyp18 assemble with HIV-1 particles
(Misumi et al. 2002). One of the three isoforms was found outside of the viral
membrane. It was suggested that this Cyp18 isoform might play a role in the
attachment of the virons to the surface of the target cell. It has been discussed
that Cyp18 mediates HIV-1 attachment to a cell by targeting heparans on the
cellular surface (Saphire et al. 1999). This observation is supported by data from
groups investigating the role of Cyp18 and Cyp23 in response to inflammation
(Yurchenko et al. 2002).

The two remaining isoforms were isolated as components of the viral mem-
brane. They most likely play a role in the regulation of the HIV-1 p248%
conformation (Misumi et al. 2002). They are included in the viral membrane
as a result of interactions with Gag polyprotein when the virion is assembled
and released from the host cell (Franke et al. 1994). Cypl8 binds p248% at
three distinct sites. One is located in the N-terminal part of the protein around
Glyso-Progy (Gamble et al. 1996; Howard et al. 2003) (Fig. 2). The interaction
at this site certainly influences virion packaging.

In the C-terminal part of p245%8, the other two interaction sites are at Gly; 56-
Projs7 and Gly;23-Pros4 and may play a role in destabilizing the capsid cone
(Endrich etal. 1999). Viruses assembled in cells with low Cyp18 concentrations
are less infectious than particles assembled at high Cyp18 concentrations (Liu
et al. 2004).

Another aspect of the Cyp18-p248% interaction is the Cyp18-mediated eva-
sion of the antiviral action of a human restriction factor that targets p248
soon after virus entry into the cell. This situation is revealed in owl monkey
cells where restriction is released by capsid mutants or CsA that disrupt capsid
interaction with Cyp18. The structures of viral capsid proteins largely deter-
mines restriction (Perron et al. 2004). It was suggested that HIV-1 co-opted
Cyp18 to counteract restriction factors and that this adaptation can confer
sensitivity to restriction in unnatural hosts (Towers et al. 2003). A chimerical
protein containing a restriction factor and Cyp18 expressed in owl monkey was
shown to account for postentry restriction of HIV-1 and block HIV-1 infection
when transferred to otherwise infectable human or rat cells (Sayah et al. 2004).

Cyp18-catalyzed prolyl isomerization has been detected in capsid-derived
oligopeptides and the N-terminal fragment of HIV-1 capsid at the Gly89-Pro90
site (Bosco et al. 2002). On the other hand, a Vpr-Cyp18 fusion protein variant,
which lacks PPIase activity, rescues HIV-1 replication in a trans complemen-
tation assay (Saphire et al. 2002).
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Fig.2 Representation of the three-dimensional structure of the Cyp18/HIV-1 capsid complex
(Howard et al. 2003). The prototypic cyclophilin folds a B-barrel structure containing eight
antiparallel B-sheets and two amphipatic a-helices depicted in red. The PPIase-active site of
Cyp18 is assembled by the amino acid side chains of R55, F60, Q63, F113, W121, and H126
(orange). The active site of Cyp18 binds to P90 and its preceding glycine residue (green)
within the exposed loop of the capsid protein, displayed in blue

Interestingly, application of CsA and a nonimmunosuppressive CsA derivate
to virus-infected quiescent cells preloaded with anti-CD25 immunotoxin di-
minishes virus production and thus suppress infectivity (Borvak et al. 1996).

In addition to data showing the importance of Cyp18 for HIV-1 replication,
there is evidence that the cyclophilins are utilized by other viruses, as well. Be-
cause CsA dose-dependently inhibits herpes simplex virus production in rest-
ing monkey kidney cells, the involvement of cyclophilins in virus replication is
obvious (Vahlne etal. 1992). A considerable variation in CsA sensitivity of repli-
cation has been obtained for serologically distinct types of vesicular stomatitis
virus (VSV) in baby hamster kidney cells (Bose et al. 2003). Overexpression of
a catalytically inactive Cyp18 variant parallels the CsA effects. It was shown that
Cyp18 interacts with the nucleocapsid protein and is incorporated into VSV
particles. These data imply that the processes that Cyp18 mediates in the VSV
life cycle differ from its function in HIV-1. A calcineurin-independent effect of
CsA has been reported for the replication of the hepatitis C virus and data from
bone marrow transplantation patients and nontransplant patient populations
confirm that CsA inhibits HCV replication (Pollard 2004; Watashi et al. 2003).
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2.3
Parasitic Infections

CsA is an antiparasitic drug for many different parasitic infections whose
mode of action might involve both parasite and host cell cyclophilins. Re-
sponse to CsA treatment has already been observed for malaria, leishmaniasis,
trypanosomiasis, schistosomiasis, and filariasis (Bell et al. 1996). In fact, Bru-
gia malayi is resistant to the antiparasitic activity of cyclosporin A (CsA),
in accordance with the relatively low CsA affinity of parasitic cyclophilins
(Ellis et al. 2000). On the other hand, the antihelmintic action of different
cyclosporins against Hymenolepis microstoma does not correspond with the
degree of cyclophilin binding and implies that a parasite surface component
is the drug target (McLauchlan et al. 2000). Typically, survival to infection
with Trypanosoma cruzi was 50% higher for CsA-treated mice than in non-
treated animals (Calabrese et al. 2000). Immunosuppression and antimalarial
activity of cyclosporin derivatives does not correlate in parasites. Therefore
calcineurin is not involved in cyclosporin-sensitive pathogenesis (Bell et al.
1996). This study investigates whether complexing of CsA with parasite Cyp
may account for its antihelmintic action.

24
Malignancies

Using differential display techniques, cDNA microarrays and proteome projects
frequently revealed upregulation of Cypl8 in various types of cancer cells
(Campa et al. 2003; Grzmil et al. 2004; Lim et al. 2002; Rey et al. 1999). The mi-
tochondrial Cyp22 is specifically upregulated in human tumors of the breast,
ovary, and uterus (Schubert and Grimm 2004). Among the cyclophilins, Cyp40
is unique for its ability to sequester heat shock proteins and its involvement in
the control of mitogenic signaling mediated by glucocorticoids (Renoir et al.
1995; Ward et al. 1999). Consequently, deletion of the Cyp40 gene promotes
breast tumor progressioninlate developmental phases (Ward etal. 2001). Treat-
ment of breast cancer cells with estradiol increases steady state concentrations
of Cyp40 mRNA through both transcriptional and post-transcriptional mech-
anisms (Kumar et al. 2001). The function of Cyp40 in the steroid hormone
receptor complex seems to be related to the role of FKBP51 and FKBP52 in that
the unactivated receptor complex is stabilized, and assistance is provided for
subcellular translocation processes upon steroid binding. In addition, Cyp40
seems required to form the functional peroxisome proliferator-activated recep-
tor alpha (PPAR«) as well. This complex might play a role in the development of
liver cancer after chronic exposure to peroxisome proliferators, including cer-
tain industrial and pharmaceutical chemicals, and in mitogenic or apoptotic
regulation of growing tumors (Miller et al. 2000).
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Both Cyp40 and FKBPs have been found in complex with Hsp90 and p53
via their tetratricopeptide repeat (TPR) domains and dynein with their PPIase
domains. This heterocomplex forms a functional link between the PPIases and
p53 transport into the nucleus in colon carcinoma cells (Galigniana et al. 2004).

A Cyp18 isoform sharing about 84% sequence identity with Cyp18 were
identified to be encoded in the q21-23 region of chromosome 1, which has
been recognized as being extensively transcribed during the development of
metastases inliver, breast,and bladder cancer (Meza-Zepeda et al. 2002; Nilsson
et al. 2004). The gene product was designated chromosome one amplified
sequence 2 (COAS2), but has not yet been characterized enzymatically.

Immunosuppressive drugs could promote tumor progression due to cal-
cineurin inhibition, but immune response-independent mechanisms have also
been suggested (London et al. 1995; Van de Vrie et al. 1997). In contrast,
rapamycin, another immunosuppressive agent acting through a calcineurin/
cyclophilin-independent mechanism, exhibits potent anti-tumor activity. It
was shown that CsA could induce cancer cell-typical phenotypic changes in
normal cells. The host immune defense does not account for this effect. The
CsA-mediated enhancement of tumor growth in immunodeficient SCID-beige
mice can be prevented by simultaneous treatment with mAb directed against
transforming growths factor-p (TGF-88) (Hojo et al. 1999).

A 166-kDa cyclophilin (NKTR), which harbors a N-terminal cyclophilin
domain followed by a long C-terminal extension, is an important determinant
of natural killer (NK) cells. A signaling pathway has been described that utilizes
this cyclophilin in MHC unrestricted killing of tumor cells (Giardina et al.
1995). This protein belongs to the large subfamily of SR cyclophilins thought
to be involved in cell cycle regulation (Dubourg et al. 2004).

Cyclosporin A and its nonimmunosuppressive derivative [3'-Keto-Bmt!]-
[Val?]-cyclosporin (PSC 833) has been shown to increase the sensitivity of
multidrug-resistant (MDR) cells to chemotherapeutic agents used in anti-
tumor treatment (Boesch et al. 1991). Labeling of the cyclosporin derivatives
demonstrated the binding to and blocking of the human MDR1 P-glycoprotein,
a transmembranous adenosine 5'-triphosphate binding cassette (ABC) trans-
porter (Loor et al. 2002).

25
Ischemia/Reperfusion Injury

Mitochondria play a major role in ischemic cell death in peripheral organs and
the central nervous system, because activation of the mitochondrial perme-
ability transition pore (mtPTP) causes apoptosis and necrosis in injured tissue
(Li et al. 2004). During pore opening, the mitochondrial inner membrane be-
comes freely permeable to solutes of less than 1.5 kDa. The mtPTP is a protein
complex consisting of a cyclophilin (Cyp22, CypD), the voltage-dependent an-
ion channel, members of the pro- and anti-apoptotic Bax/Bcl-2 protein family,
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and the adenine nucleotide (ADP/ATP) translocator. Calcium-triggered func-
tional switching of the mtPTP from a specific transporter to a nonspecific pore
is facilitated by the binding of Cyp22 to the adenine nucleotide (ADP/ATP)
translocator (probably on proline residue 61) (Halestrap and Brenner 2003).
Overexpression of Cyp22 had opposite effects on apoptosis and necrosis, ob-
taining suppression of apoptosis at high Cyp22 levels (Li et al. 2004; Schubert
and Grimm 2004).

On the other hand, permeability transition induced by calcium ions was
powerfully inhibited by CsA and nonimmunosuppressive CsA derivatives at
nanomolar concentrations, indicating a potential anti-apoptotic drug effect
due to inhibition of Cyp22 enzyme activity (Griffiths and Halestrap 1995;
Hansson et al. 2004). Consequently, studies suggest preservation of mitochon-
drial integrity in animal stroke models, in injured rat liver and heart as well
as neuroprotective effects of CsA in animal models (LeDucq et al. 1998; Wald-
meier et al. 2003; Yu et al. 2004). However, different cyclophilins are thought
to be involved in the beneficial CsA effects (Li et al. 2004).

Using the calcineurin-inactive drug sanglifehrin new light was shed on
Cyp22 function in the mtPTP complex (Clarke et al. 2002). Sanglifehrin in-
hibits mtPTP activation but not formation of an adenine nucleotide (ADP/ATP)
translocator-Cyp22 complex. Therefore, proteins assembling the mtPTP prob-
ably undergo structural changes catalyzed by Cyp22 that do not correlate with
complex formation but with the pore function. Despite similar Kj values for in-
hibition of the PPIase activity of Cyp22 in vitro, sanglifehrin binds more tightly
to mitochondria than CsA. The sigmoidal dose-response curves obtained for
the pore inhibition by sanglifehrin allowed assessment of pore complex compo-
sition and detection of cooperative interactions between the pore components
during opening.

2.6
Amyotrophic Lateral Sclerosis

Hyperactive, mutant Cu/Zn superoxide dismutase-1 (SOD), which can be linked
to familial amyotrophic lateral sclerosis (familial ALS), induces apoptosis of
neuronal cells in culture because of increase in reactive oxygen species (Lee
et al. 1999). Overexpressed wild type Cyp18, but not a PPIase-inactive Cyp18
variant, protected cells from death after hyperactive SOD variant expression.
This result indicates involvement of misfolding reactions of unknown client
proteins in the loss of motor neurons. Application of CsA enhanced neuronal
cell death. Silencing of SOD hyperactivity by RNAi protects against CsA effects.
Consequently, CsA was not shown to be beneficial in patients with allergic con-
tact dermatitis, multiple sclerosis, or amyotrophic lateral sclerosis (Faulds et al.
1993). It is somewhat surprising that CsA treatment is also able to attenuate
degeneration and cell death of injured neurons in mouse brain tissue (Karlsson
etal. 2004). Results showing that CsA in doses of (10.0 mgkg™!) can prevent ax-
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otomized neonatal motor neuron death are counter to the expectations drawn
from the SOD variant-based approach (Iwasaki et al. 2002). Interestingly, the
downregulation of another PPIase, the multidomain enzyme FKBP52, was also
found to be important for pathogenesis of ALS (Manabe et al. 2002).

2.7
Inflammation

Dependent on its concentration level, prototypic Cyp18 acts as proinflamma-
tory molecule in many diseases. The protein mediates endothelial cell prolif-
eration, migration, invasive capacity, and tubulogenesis at low concentrations.
Opposite effects have been observed at high Cyp18 concentrations (Kim et al.
2004). Increased concentrations of Cypl8 are found in the blood stream of
patients with inflammatory diseases. Cyp18 acts chemotactically to leukocytes
that are found in increased levels, as well (Xu et al. 1992). Cyp18 and the highly
homologous Cyp23 are also found in high concentrations in the serum of pa-
tients with rheumatic arthritis and sepsis (Billich et al. 1997; Tegeder et al.
1997). The chemotactic action of PPIases depends on the free accessibility of
the active site of the cyclophilins, because application of PPIase inhibitors can
completely suppress the effect. Most likely, the cyclophilins are exocytosed to
the plasma during inflammation and act as a chemotaxis factor. Once in the
blood stream, the cyclophilins might bind with high affinity to heparin sul-
fate proteoglycans and thus induce chemotaxis for neutrophils and T cells (De
Ceuninck et al. 2003).

Upon stimulation of arterial endothelia cells by lipopolysaccharides, Cyp18
is expressed and secreted (Coppinger et al. 2004; Kim et al. 2004). Smooth
muscle cellsand macrophages show similar effects in response to stimulation by
lipopolysaccharides and oxidative stress, suggesting a role in the pathogenesis
of inflammatory diseases, such as arteriosclerosis (Jin et al. 2000, 2004).

Heat and chronic hypoxia mediate overexpression of Cypl8 up to three-
fold in myogenic cells (Andreeva et al. 1997). Furthermore, it was found that
hypoxic cardiac muscle cells overexpress the cell surface receptor CD147, con-
sidered to be the Cyp18 receptor (Seko et al. 2004). Cyp18 signaling via CD147
involves the Cyp18 active site that probably binds to the Pro;go-Gly;s; moiety
of CD147 (Yurchenko et al. 2002). CD147 signaling culminates in ERK acti-
vation. PPlase-inactive Cyp18 mutants failed to initiate the signaling cascade.
Cyp23 is able to promote CD147 signaling, as well (Yurchenko et al. 2001).
However, the mechanism by which cyclophilins protect cells against oxidative
stress remains to be discovered. After chemical modifications, the systemically
active cyclosporin A can be converted to a drug that after topical application
is beneficial in cutaneous inflammation (Rothbard et al. 2000).

Characteristic features of asthma are allergic bronchial inflammation and
airway hyperresponsiveness, with increased numbers of eosinophils and ac-
tivated T cells in the airways. The efficacy and the pharmacological profile
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of cyclosporin A treatment in patients with chronic severe asthma argues for
T cell involvement, but a direct effect on the pro-inflammatory function of cy-
clophilins can also be assumed (Kon and Kay 1999). For the allergen-induced
late asthmatic reaction, inhibitory effects on eosinophil-associated cytokines
and chemokines have been discussed. The beneficial effect of CsA may also be
the result of a reduced accumulation of eosinophils (Khan et al. 2000). Blocking
the chemotactic action of Cyp18 might contribute to the latter effect.

2.8
Allergy

FK506, CsA, and CsA derivatives attenuate IgE-mediated histamine release
from human basophils according to their relative immunosuppressive potency
(Sperr et al. 1997). Exposure of cyclophilins, which form a pan-allergen family,
to sensitized individuals could lead to the release of anaphylactogenic medi-
ators due to cross-linking of IgE bound to the high-affinity surface protein
Fc(e)RI (Fluckiger et al. 2002). FK506 effects on Fc(¢)RI-mediated exocyto-
sis of preformed mediators directly correlates with the amount of calcineurin
B subunits in the cytosol of mast cells and basophils (Hultsch et al. 1998a,
1998b). Prototypic cyclophilins of carrots, birch, A. fumigatus, E. granulosus,
and basidiospores belong to the allergens that share a high degree of sequence
identity with the corresponding human protein. In fact, serum of individuals
sensitized against mold proteins shows autoreactivity against human Cyp18
(Appenzeller et al. 1999).

3
FKBPs

Members of the FKBP family have rather different molecular masses in hu-
mans. Overall, catalytic domains in FKBPs are much less conserved than the
catalytic domains within the cyclophilin family of PPIases. Both PPIase fami-
lies exhibit significant differences in their catalytic mechanisms and substrate
specificities (Fanghanel and Fischer 2004). The domain composition is also
more diverse, ranging from a multiplicity of catalytic domains, EF hands,
calmodulin binding sites to TPR motifs (Fischer and Aumuller 2003). Among
the 16 different FKBPs in humans, there are members that are crucial in
apoptosis (Edlich et al. 2005), receptor signaling (Pratt et al. 1999), calcium
homeostasis (Schiene-Fischer and Yu 2001), and spermatogenesis (Crackower
et al. 2003). Most human FKBPs, if not all, bind to and become inhibited
by FK506, with K; values ranging from high picomolar to high nanomo-
lar levels. The three-dimensional structure of the inhibitory complex with
FBBP12-FK506 complex might identify the catalytic site of FKBP12 at the
FK506 position in the complex (Fig. 3). As in the case of cyclophilins, differ-
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Fig. 3 Representation of the three-dimensional structure of the inhibitory FK506/FKBP12
complex (Van Duyne et al. 1991). The global fold of the prototypic FKBP12 (red) is assembled
by five antiparallel 3-sheets and an a-helix. The peptidomacrolide FK506 (green) binds to
the putative active site of FKBP12. The interaction of FKBP12 to FK506 is mediated by the
residues Y26, F36, D37, R42, F46, V55, ]56, W59, Y82, H87, 191, and F99, depicted in orange,
which are thought to assemble the active site of this PPIase. The pipecolinyl moiety of FK506
penetrates the prolyl binding pocket of FKBP12

ential low-molecular-mass inhibitors for the human members of the FKBPs
family are still lacking.

3.1
Immune Response

Unlike Cypl8, FKBP12 utilizes two different modes of action to contribute
to drug-mediated immunosuppression. First, human FKBPs, like cyclophilins,
belong to the immunophilins because the endogenous FKBP12 of T cells binds
the microbial drug FK506 (also known as tacrolimus), with subsequent block of
antigen-stimulated T cell replication due to calcineurin targeting. Inhibition of
the protein phosphatase activity of calcineurin by the FKBP12-FK506 complex
is thought to form the biochemical basis of immunosuppression (Liu et al.
1991). Complex formation between calcineurin and FKBP12-FK506 does not
directly interfere with the catalytic site of calcineurin (Griffith et al. 1995).
Instead, complex formation hinders proteinaceous calcineurin substrates from
entering the active site by applying steric constraints to binding of protein
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substrates (Fig. 4). Notably, the active FK506 conformer competitively inhibits
the PPIase activity of FKBP12 with a Kj value of 0.5 nM (Zarnt et al. 1995). The
dissociation constants of the ternary CaN/FKBP/FK506 complex range from
88 nM to 27 uM when different FKBPs are allowed to share the ternary complex
(Edlich, unpublished observations).

Secondly, formation of a tight complex of the peptidomacrolide rapamycin
(also known as sirolimus) with endogenous FKBP12 inhibits T cell prolifera-
tion by blocking protein synthesis and arresting the cell cycle in the G1 phase.
Similar to the Cyp18-CsA combination, FKBP12-attached rapamycin experi-
ences gain-of-function that leads to inhibition of mTOR kinase, a downstream
effector of the phosphatidylinositol 3-kinase (PI3 K)/Akt (protein kinase B)
signaling pathway. mTOR plays an important role in RNA stability and tran-
scription, and controls the translation machinery, in response to amino acids
and growth factors, via activation of p70 ribosomal S6 kinase, and inhibition
of the eIF-4E binding protein (Fingar and Blenis 2004; Kahan 2004).

Given the common inhibition of many PPIases in the cell, CsA, FK506, and
rapamycin may share similar side effects in patients (Hong et al. 2002; Mihatsch
et al. 1998).

The multidomain enzyme FKBP52 was shown to interact with the peroxiso-
mal phytanoyl-CoA «-hydroxylase, a protein thathashomology to the LN1 sup-

Fig.4 Three-dimensional structure of the CaN/FK506/FKBP12 complex (Griffith et al. 1995).
The protein phosphatase CaN is assembled from two subunits (blue), the catalytic subunit
CaNA and the regulatory subunit CaNB. FKBP12 is displayed in red. After FKBP12 bind-
ing, FK506 (green) experiences gain of function enabling the resulting complex to form
a inhibitory CaN complex. Both FKBP12 and FK506 participate in the interaction with
calcineurin. Neither FK506 nor FKBP12 alone are able to inhibit CaN
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pressor of progression of the human autoimmune disease lupus erythematosus
(Chambraud et al. 1999). It was shown that the N-terminal PPIase-domain of
FKBP52 mediates the interaction. A physiological role of this interaction has
not yet been elucidated. FKBP12-directed autoantibodies, which prevent the
formation of the inhibitory FKBP12-FK506-calcineurin complex, have been
frequently found in serum of patients with autoimmune diseases (Shinkura
et al. 1999).

3.2
Skin Disorders

The therapeutic effects of FKBP active site ligands to inflammatory skin dis-
orders suggest a major role of FKBP in functional modulations of epidermal
cells. Cyclosporin A, rapamycin and FK506 were found to exhibit differential
effects on T cell and keratinocyte proliferation. Recent reports link between
FK506 application in basal epidermal keratinocytes and therapeutic success in
skin disease such as psoriasis (Al-Daraji et al. 2002; Panhans-Gross et al. 2001).
Ongoing autoreactive Th-1 response of psoriatic epidermis has genetically
determined immunogenic and inflammatory components. It is thought that
the calcineurin inhibition in T cells may account in epidermal keratinocytes
for the block of cell division causing psoriasis or atopic dermatitis (Hultsch
et al. 1998b). A topically active FK506 derivative (pimecrolimus) with reduced
system exposure and thus increased immunological safety has been launched
for therapeutic application in atopic dermatitis, psoriasis, and allergic contact
dermatitis (Marsland and Griffiths, 2004).

3.3
Neuropathies

Analyses of the neurotrophic and neuroprotective properties of FK506 and CsA
show convincingly that inhibition of enzyme catalyzed prolyl isomerizations is
amajor factor in neuronal cell signaling under physiological conditions, but the
nature of the PPIase substrates is still unknown (Brecht et al. 2003; Christner
et al. 2001; Gold 1997; Hamilton et al. 1997; Steiner et al. 1997). Besides pro-
tection and regeneration following nerve fiber injury, FK506 and derivatives
have further beneficial effects including alteration of neurotransmitter release
(Steiner et al. 1996), protection against ischemic brain injury (Sharkey and
Butcher 1994; Shichinohe et al. 2004), attenuation of glutamate neurotoxicity
in vitro (Dawson et al. 1993), prevention of N-methyl-D-aspartate (NMDA)-
receptor desensitization (Tong et al. 1995), modulation of long-term potentia-
tion (LTP) (Terashima et al. 2000), and the blockage/prevention of long-term
depression (LTD) in the rat hippocampus (Hodgkiss and Kelly 1995) as well as
prevention of LTP and LTD in the visual cortex (Funauchi et al. 1994).
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Multiple beneficial factors might contribute to the neuroprotective effects
of PPIase-inhibitory FKBP ligands, including anti-apoptotic properties and
activation of neurotrophic factors (Avramut et al. 2001; Lyons et al. 1994).

Selective enrichment in neurons of the peripheral and central nervous
system is the hallmark of the neuronal FKBP, occasionally termed neuroim-
munophilins (Steiner et al. 1992). The involvement of at least one FKBP in the
regulation of neuronal cell death was identified by in vivo experiments studying
the effect of FK506 application (Lyons et al. 1994). It has been observed, as well,
that FK506 binding of neuronal cell protein and FKBP expression levels are sig-
nificantly increased following the time course of neuronal-damaging processes,
such as ischemia (Araki et al. 1998; Avramut and Achim 2003). Nonimmuno-
suppressive FKBP inhibitors, such as JNJ460, GP11046, V10,367, GP11048, and
GPI1485, to name the most prominent candidates, have already been used in
preclinical or clinical studies for treatment of Parkinson’s disease (Birge et al.
2004; Gold et al. 2004; Steiner et al. 1997). In a mouse model, systemic admin-
istration of GPI1046 resulted in sparing of dopaminergic neurons and fibers.
Schwann cells were found to be crucial components for the neurotrophic effects
of the FKBP inhibitors (Birge et al. 2004). However, GP11046 did not provide
convincing evidence supporting neuroprotection in methyl-4-phenyl-1,2,3,6
tetrahydropyridine (MPTP)-treated rhesus monkeys after oral administration
probably resulting from pharmacokinetics and pharmacodynamics (Emborg
et al. 2001). Treatment with FKBP inhibitors resulted in dramatic recovery of
penile erectile function after unilateral and bilateral cavernous nerve injury
in a rat model. Therefore, FKBP inhibitors offer a new potential for patients
who suffer nerve damage as a result of or during prostate surgery (Burnett and
Becker 2004; Sezen et al. 2001).

Despite its abundance in neuronal tissues, inhibition of FKBP12 is unlikely
to be functionally significant (Costantini et al. 2001; Tanaka et al. 2002).

Identification of the drug-targeted neuroimmunophilin from the whole col-
lection of human FKBPs has advanced slowly. Unlike CsA and FK506, ra-
pamycin was rarely shown to promote neuroregeneration and neuroprotec-
tion (Alemdar et al. 2004; Parker et al. 2000). In many instances, it proved to
be inactive on its own but was shown to antagonize the neurotrophic effects
of FK506 in some models (Costantini and Isacson 2000; Dawson et al. 1993;
Sharkey and Butcher 1994). Thus, FKBPs responsible for the interaction with
neurotrophic FKBP ligands can be identified among the rapamycin-insensitive
PPIases.

Inhibition constants of rapamycin for several FKBPs have been collected
(Christner et al. 2001). Because the K; values for FKBP12, FKBP13, FKBP25,
and FKBP52 were found to be in the low nanomolar range, the targeted FKBP
must reside among the remaining members of the human FKBPs. FKBP52,
which has already been discussed as mediating neurotrophic actions of neu-
roimmunophilin ligands (Gold et al. 1999) must be excluded using the K;
criterion.
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However, there is one promising candidate FKBP that might regulate neu-
ronal cell death. The multidomain protein FKBP38 is predominantly expressed
in brain tissue and shows a secondary messenger-regulated PPIase activity that
can be efficiently inhibited by FK506 and its nonimmunosuppressive deriva-
tives, but shows 1,000-fold lower affinity for rapamycin when compared to
the rapamycin-FKBP12 complex (Edlich et al., 2005). FKBP38 has been re-
ported to be involved in cell size control, In addition, it shows considerable
antimetastatic activity in mice tumor models (Fong et al. 2003; Rosner et al.
1997). Furthermore, the protein interacts functionally with the anti-apoptotic
Bcl-2 (Edlich et al., 2005). Interestingly FKBP38 is required in hedgehog signal
transduction during central nervous system development by antagonizing the
secreted sonic hedgehog morphogen in neural tissues (Bulgakov et al. 2004).

34
Inherited Disease

There are several FKBP genes reported to have a defective function in inher-
ited diseases, such as the Williams Beuren syndrome and Lebers congenital
amarosis for FKBP36 (FKBP6) and FKBP44 (AIPL1) mutations, respectively
(Meng et al. 1998; Ramamurthy et al. 2003; Sohocki et al. 2000) Lebers con-
genital amaurosis is diagnosed early in life with severely impaired vision or
blindness, nystagmus, and an abnormal or flat electroretinogram. The onset
of disease might be linked to the regulation of cell cycle progression during
photoreceptor maturation via a FKBP44-NUB1 (NEDD8 ultimate buster 1)
interaction (Akey et al. 2002).

The observed overlap of clinical phenotypes of autosomal dominant supra-
valvar aortic stenosis (SVAS) and Williams syndrome do not correlate with
a common loss of FKBP6 gene integrity (Morris et al. 2003). Similar to wheat
FKBP73, FKBP36 deletion results in defect spermatogenesis, suppressed testis
development, and male-sterile organisms (Crackower et al. 2003; Kurek et al.
2002). Fertility and meiosis are normal in mutant females devoid of FKBP36.
These findings suggest a novel strategy for the development contraceptive
drugs based on the inhibition of FKBP36.

3.5
Pathogenic Microorganisms

Multidomain FKBPs of the Mip-type have been identified as virulence fac-
tors of many human pathogens including Legionella pneumophila, Neisseria
meningitidis, Chlamydia trachomatis, Coxiella burnetii, Trypanosoma cruzi,
Aeromonas hydrophila, and Salmonella typhimurium. For example, Legionella
pneumophila, the causative agent of Legionnaires disease, is able to parasitize
human lung macrophages and to cause this severe form of pneumonia.
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The three-dimensional structures of Mip proteins from Legionella pneu-
mophila (LpFKBP25) and Trypanosoma cruzi (TcFKBP18.8) reveal that each
monomer has a FKBP-like catalytic core domain attached to a very long
o-helical rod N-terminal to the core domain (Pereira et al. 2002; Riboldi-
Tunnicliffe et al. 2001).

Monoclonal antibodies raised against (LpFKBP25) significantly inhibit the
early establishment and initiation of an intracellular infection of the bacte-
ria in Acanthamoeba castellanii, the natural host, and in the human U937
macrophages (Helbig et al. 2003). Utilizing its PPIase site, LpFKBP25 greatly
enhances bacterial infectivity in animal models. Consequently, FK506 has been
found to attenuate intracellular infections with Chlamydia trachomatis (Lun-
demose et al. 1993) and Trypanosoma cruzi (Moro et al. 1995). The mechanism
by which Mip-catalyzed prolyl isomerization facilitates intracellular infections
is still unknown. Typically, deletion of a single FKBP gene in Flavobacterium
johnsoniae gave rise to phenotypic alterations, such as abolishing cell motility
and inability to digest biopolymers that might have implications for under-
standing Mip-mediated bacterial virulence (McBride and Braun, 2004).

3.6
Steroid Responsiveness

Glucocorticoid treatment affects many diseases through a spectrum of anti-
inflammatory and immunosuppressive effects, interferences in the growth
factor-mediated pathways, as well as responses in the hematopoietic system
and the calcium phosphate turnover. In addition to intrinsic functions such as
steroid and DNA binding, proteins of the glucocorticoid receptor superfamily
assemble nonreceptor proteins associated with the unactivated forms of the
receptor, and among them, PPIases appear to play a crucial role in receptor
function. Unactivated glucocorticoid receptors form hetero-oligomeric com-
plexes of different composition that are located in the peripheral cytoplasm
in order to detect their ligands. Upon ligand binding, the receptor molecule is
translocated into the nucleus forming homodimers. The receptor homodimers
induce transcription of several target genes (Fig. 5).

Two large human FKBPs, FKBP51 (also designated FKBP5, FKBP54) and
FKBP52 (also designated FKBP4, FKBP56, FKBP59, p59), are intimately linked
to steroid hormone signaling.

Both proteins possess two FKBP-like domains, and two putative calmodulin-
binding sites adjacent to three TPR (tetratricopeptide repeat) domains. One
molecule of FKBP51 or FKBP52 is involved in the formation of unactivated
receptor complex in the cytosol that is capable of steroid hormone recognition
and promotion of downstream signaling. FKBP52 develops affinity to client
proteinsin the presence of Hsp90 that assembles via the TPR motifs of the FKBP.
Besides the steroid receptors Hsp90 and FKBP52, further components serve
to assemble the unactivated receptor complex such as FKBP51, p23, Hsp70,
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Fig.5 Schematic representation of the involvement of multidomain FKBP in steroid hormone
signaling. FKBP52 assembles with the receptor complex in order to stabilize the unactivated
receptor complex in the periphery of the cell. It takes part in the receptor maturation altering
proteins, assembling the hormone receptor complex. Upon steroid binding, the receptor
is translocated into the nucleus, where it disassembles in order to allow dimerization
of the ligand-bound receptor molecules that induce transcription. FKBP52 is believed to
participate in receptor complex translocation. Once the receptor dimer disassembles, the
receptor complex with Hsp90 translocates to the cytosol, where FKBP51 might regulate the
transport of the receptor complex to the periphery of the cytosol

Hsp40, protein phosphatase 5, cyclophilin 40, Hip, and Hop. A conserved
functional element of most protein components is their sequence similarity to
already established peptide bond cis/trans isomerases (Fischer and Aumuller
2003; Lee et al. 2004; Schiene-Fischer et al. 2002; Silverstein et al. 1997). Among
them, FKBP52 maintains the glucocorticoid receptor in a high-affinity state
while FKBP51 decreases steroid affinity if it is present in the unactivated
receptor complex (Denny et al. 2000). An increase in steroid affinity requires
both the Hsp90-binding ability and the prolyl isomerase activity of FKBP52
(Riggs et al. 2003). An early step in receptor response to steroids might be
associated with an exchange process between FKBP51 and FKBP52, which
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subsequently releases affinity to dynein and receptor trafficking only in the
FKBP52-bound state (Davies et al. 2002).

In addition, the expression of FKBP51 is specifically enhanced by gluco-
corticoids, progestins, and androgens. This effect might attenuate the cellular
response to the steroid hormones (Hubler et al. 2003).

A role for FKBP52 in subcellular trafficking has also been considered, be-
cause dynein co-purifies and microtubules co-localizes with FKBP52 and an-
chors the receptor in the cytosol (Czar et al. 1994; Galigniana et al. 2004). The
PPIase site of FKBP52 is responsible for interaction with dynein.

Recent research shows that both receptor-associated FKBPs can play a role
in other disorders based on steroid hormone signaling, such as the androgen
insensitivity syndrome (AIS) or hypospadius. For example, polymorphisms in
the FKBP5 gene, encoding FKBP51, were identified as causing more frequent
depression periods, rapidly responding to antidepressant treatment (Binder
et al. 2004).

Cross-talk between Hsp90 and FKBP52 has been observed for the interaction
of FKBP52 with the single-stranded D-sequence binding protein of the adeno-
associated virus type 2 that is important for the prevention of viral replication
(Zhonget al.2004). Adeno-associated virus 2 (AAV) vectors are currently in use
in phase I/II clinical trials for gene therapy of cystic fibrosis and hemophilia B.

Differential gene expression following androgen-deprivation of an andro-
gen-dependent prostate tumor xenograft revealed decreased expression of
FKBP51. When the tumor was grown to an androgen-independent state,
FKBP51 increased to its original level (Amler et al. 2000).

3.7
Malignancies

Biochemical investigations have led to the elucidation of two different molec-
ular mechanisms by which FKBP might contribute to the control of malignant
growth and proliferation.

First, several studies have suggested a regulatory role for FKBPs in the cell
cycle and tumor progression (Aghdasi et al. 2001; Fong et al. 2003). In yeast,
the Hmol protein, which is likely to be the homolog of HMG1/2 in higher
organisms, plays an important role in genome maintenance, because it binds
single-stranded DNA and unwinds DNA in the presence of eukaryotic DNA
topoisomerase I (Dolinski and Heitman 1999). FKBP52 has been shown to be
a direct interaction partner of the gene product of the c-Myc protooncogene
by Northern blotting (Coller et al. 2000). The overexpression of two PPIases,
Cyp40 and FKBP52, coupled with relative differences in their expression pat-
tern among individual tumors, may have important functional implications
for steroid response in breast cancer (Ward et al. 1999). Similarly, the function
of the aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1, FKBP44)
might conceivably involve cell cycle control, because it participates in cell cycle
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progression via the NUB1 (NEDDS ultimate buster 1)/NEDD8 pathway (Akey
et al. 2002).

Promotion of malignant astrocytoma-induced angiogenesis characterizes
the differential expression patterns of angiogeneses related genes in malig-
nant high-grade astrocytomas. In a microarray of 133 angiogenesis-related
genes, FKBP12 is among the few significantly overexpressed genes, and 9 of 21
(43%) genes overexpressed by high-grade astrocytomas were genes associated
with either FKBP or hypoxia-inducible transcription factor 2a (Khatua et al.
2003). Among the proteins with anti-invasive and antimetastatic functions,
FKBP38 and FKBP12 have been identified using systemic gene transfer in
tumor-bearing mice. Syndecan and matrix metalloproteinase 9 were thought
to mediate the antitumor activities of these enzymes (Fong et al. 2003).

Reduced cell growth and cyclin D11level in fibroblasts from FKBP12-deficient
(FKBP127~) mice corresponds to cell cycle arrest in G; phase and to the fact
that these cells can be rescued by FKBP12 transfection (Aghdasi et al. 2001).
Generally, proteins associated with G1 regulation have been shown to play
a key role in proliferation, differentiation, and oncogenic transformation as
well as apoptosis, and represent promising targets for cancer treatment.

The mechanism suggested for the FKBP12-driven cell cycle is based on the
regulation of TGF-beta receptor signaling. The prototypic FKBP12 interacts
with the transforming growth factor f (TGFP) (Wang et al. 1994), acting as
a negative regulator of TGFf receptor endocytosis (Aghdasi et al. 2001; Yao
et al. 2000). The immunophilin binds the unphosphorylated form of the TGF
receptor type I (Huse et al. 1999). Within the complex FKBP12 caps the phos-
phorylation site of the receptor and further stabilizes the inactive conformation
of the receptor (Huse et al. 1999). Even though FKBP12 binds directly to the GS2
helix in the receptor molecule, the conformation of the GS2 region is also stable
in the absence of FKBP12 and not induced by its binding (Huse et al. 1999).
GS loop phosphorylation induces FKBP12 dissociation. Recent data points to
a function of FKBP12 as buffer in TGFf( signaling, stabilizing and prolonging
the lifetime of the dephosphorylated receptor (Wang and Donahoe 2004). This
function might become important in preventing ligand-independent activa-
tion of the receptor at very high concentrations of the receptor molecules.

Similar effects were observed with the epidermal growth factor (EGF) re-
ceptor that utilizes the PPIase activity of cytosolic FKBP12 to downregulate
receptor tyrosine autophosphorylation (Lopez-Ilasaca et al. 1998). Inhibition
of FKBP12 through FK506 and rapamycin leads to stimulation of EGF receptor
autophosphorylation.

Secondly, the peptidomacrolide rapamycin is a major player in antitumor
activities mediated by FKBPs. Both rapamycin and CCI-779, an ester analog of
rapamycin with improved pharmaceutical properties and solubility in water,
have demonstrated impressive activity against a broad range of human can-
cers growing in tissue culture and in human tumor xenograft models (Hidalgo
and Rowinsky 2000). Problems might arise from genetic mutations or com-
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pensatory changes in tumor cells that could enable cells to escape rapamycin
action (Huang and Houghton 2001). Wyeth Research (USA) is developing CCI-
779 as a anticancer drug. By November 2001, phase III trials had been initiated.
In October 2001, filing was predicted for 2003, with a potential launch in 2005
(Elit 2002).

The FKBP12/rapamycin (CCI-779) complexes are probably the biologically
relevant species because these drugs experience gain-of-function when bound
to the FKBP. The drug-targeted protein is the serine/threonine protein kinase
TOR (target of rapamycin) (Sabers et al. 1995).

The protein kinase TOR is an essential protein in eukaryotes that acts as
a gatekeeper for the progression from G1 to S phase in cell cycle and is therefore
a central regulator of cell growth and proliferation (Brunn et al. 1997). In fact,
rapamycin-induced apoptosis in tumor cells is a consequence of continued G;
progression during mTOR inhibition (Huang et al. 2001).

The protein controls cap-dependent translation initiation by inactivating
eukaryotic initiation factor 4E binding proteins in response to mitogen, nutri-
ent, and energy levels (Bjornsti and Houghton 2004; Chen and Fang 2002).

Under normal conditions, TOR is precisely regulated interacting with a pro-
tein, called raptor (regulatory associated protein of TOR). The raptor-TOR
interaction changes TOR affinity to its substrates in dependence to amino acid
and ATP levels (Oshiro et al. 2004). It is now controversially discussed whether
the FKBP12-rapamycin complex changes the conformation of TOR, masks
the active site for TOR substrates or mimics directly a substrate of the pro-
tein kinase activity, but there is growing evidence that the FKBP12-rapamycin
complex inhibits the raptor-TOR interaction. The disruption of this interac-
tion may uncouple TOR from its substrates rather than inhibiting the intrinsic
kinase activity (Oshiro et al. 2004).

Importantly, application of rapamycin, a product of the bacteria Strepto-
myces hygroscopicus, as well as its synthetic analogous to early mouse embryos
resulted in the same “flat top” phenotype that is developed by TOR mutant
mice, causing death after less than 2 weeks (Bjornsti and Houghton 2004).
These results imply that application of rapamycin leads to complete inhibition
of TOR and therefore affects cell cycle progression. Other results suggest either
that rapamycin reversibly acts in living cells or that the cellular effects of ra-
pamycin are not mediated through global inhibition of mTOR kinase activity
(Edinger et al. 2003).

3.8
Arylhydrocarbon (Dioxin) Responsiveness

The arylhydrocarbon (dioxin) receptor (AhR) is a ligand-inducible transcrip-
tional activator that exhibits structural and functional similarities to steroid
hormone receptors. It is a cytosolic receptor complex that can detect 2,3,7,8-
tetrachlorodibenzo-p-dioxin in order to start transcription of xenobiotic re-
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sponse genes encoding drug-metabolizing enzymes. Induced enzymes include
those required for carcinogen activation. Furthermore, AhR ligands are in-
volved in cardiovascular diseases through lipid peroxidation and endothelium
dysfunction.

The cytosolic AhR assembles the ligand-binding subunit, a dimer of Hsp90
and FKBP37.7 (XAP2, AIP, ARA9) that dissociate subsequent to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin treatment (Carver and Bradfield 1997; Ma and Whit-
lock 1997). To molecularly characterize FKBP37.7, three TPR (tetratricopeptide
repeat) motifs follow a single FKBB-like domain (Petrulis and Perdew 2002).
In a dioxin-responsive element reporter gene assay the presence of FKBP37.7
in endogenous AhR complexes causes twofold higher signal for the luciferase
activity signal (Meyer et al. 1998) and FKBP37.7 stabilizes the ternary re-
ceptor complex molecule. In addition, it diminishes receptor degradation by
protection against ubiquitination (Kazlauskas et al. 2000). Furthermore, in-
teractions between FKBP37.7 and Hsp90 with the AhR subunit proved to
be similar to those observed within the glucocorticoid receptor complexes,
pointing to a common mode of action. However, the number of peptide bond
cis/trans isomerases involved in receptor signaling is quite different in both
cases. It raises the question whether there is a yet unidentified folding helper
enzyme that adds functionally and physically to FKBP37.7 in the cytosolic
AhR. Recently, an anchoring function of FKBP37.7 for the ligand-free receptor
complex to cytoskeletal structures of the actin network has been demon-
strated (Berg and Pongratz 2002). In addition, FKBP37.7 inhibits the ligand-
independent shuttling of the receptor into the nucleus by the a conformational
alteration of the nuclear localization signal of the AhR that prevents binding
of importin-B (Petrulis et al. 2003). For a nuclear receptor, termed peroxi-
some proliferator-activated receptor alpha (PPARa), the presence of FKBP37.7
in a ternary complex with Hsp90 and the receptor protein was also shown.
In humans, this member of the nuclear receptor superfamily regulates en-
ergy homeostasis by controlling the lipid metabolism (Sumanasekera et al.
2003).

39
Cardiovascular Disorders

Prototypic FKBPs, such as FKBP12 and FKBP12.6, belong to the receptor-
associated folding helper enzymes (Schiene-Fischer and Yu2001). For example,
they co-purify and physically interact with intracellular Ca?* release channels,
the ryanodine receptors (RyR), and contribute to the regulation of the re-
lease of intracellular Ca?* stores (Jayaraman et al. 1992). FKBP12 and RyR1
assemble in the skeletal receptor in a 4:1 molar ratio of FKBP12-tetrameric
receptor protein; the cardiac RyR2 contains FKBP12.6 (Marks et al. 2002).
Receptor-binding affinities of FKBPs have been found in the high nanomo-
lar range (Jeyakumar et al. 2001). The heterocomplex dissociation by FK506
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titration reveals that the active site of FKBP12 is involved in the interaction.
Binding of FKBPs to RyRs are thought to stabilize the close state of the Ca?*
channel, removal of FKBP makes the channel leaky. However, there are con-
flicting reports about the involvement of a catalyzed prolyl isomerization in
the FKBP-mediated regulation of the open probability and mean open time of
terminal cisternae (Marks 1996; Timerman et al. 1995). Additional control of
RyR1 channel function is provided by protein kinase A-mediated phosphoryla-
tion, preventing FKBP12 binding to the hyperphosphorylated receptor. Under
these conditions, impaired sarcoplasmic Ca?* release and early fatigue in the
skeletal muscle results in heart failure among test animals (Reiken et al. 2003a).
Generally, prototypic FKBP deficiency and failure of RyR mutants to bind pro-
totypic FKBP have similar phenotypic responses, such as arrhythmogenic right
ventricular dysplasia/cardiomyopathy type 2 and stress-induced polymorphic
ventricular tachycardia (Tiso et al. 2002). The phenotype of FKBP12.6-deficient
mice is consistent with this model (Wehrens et al. 2003).

In patients with heart failure, improved cardiac muscle function under
treatment with blockers of f-adrenergic receptor was associated with restora-
tion of normal FKBP12.6 levels in the RyR2 heterocomplex and RyR2 channel
function (Reiken et al. 2003b).

FKBP12.6 stabilizes RyR2, preventing aberrant activation of the channel
during the resting phase of the cardiac cycle. FKBP12.6”/~ mice consistently
exhibited exercise-induced cardiac ventricular arrhythmias that caused sudden
cardiac death. Cyclic ADP ribose (cADPR) was reported to be a ligand for
FKBP12.6 in islet RyR, and the binding of cADPR to FKBP12.6 dissociates it
from the channel, causing Ca?* release (Noguchi et al. 1997) However, cADPR
neither binds to nor inhibits recombinant FKBP12.6 (Edlich and Fanghénel,
unpublished results).

In conclusion, FKBP12.6 plays a role in the regulation of calcium homeosta-
sis, which is of importance for heart muscle contraction. When RyR2 is hyper-
phosphorylated, FKBP12.6 is depleted from the receptor. Similarly, mutations
in RyR2 that lead to FKBP12.6-deficient receptors cause intracellular calcium
leakage triggering fatal cardiac arrhythmia failure and exercise-induced car-
diac death (Lehnart et al. 2003, 2004; Wehrens et al. 2004). Several attempts
show that the application of numerous drugs can improve FKBP-mediated
regulation of ryanodyne receptors (Doi et al. 2002; Kohno et al. 2003).

It appears that a different function of FKBP12 plays a role in the cardiac
growth and chamber maturation. Transcripts of the cardiac restricted cytokine
bone morphogenic protein 10 (BMP10) are upregulated in hypertrabeculated
hearts of FKBP12™/~ mouse embryos. BMP10 upregulation may be causative of
congenital heart disease, such as ventricular septal defect (VSD), myocardium
noncompaction, and ventricular hypertrabeculation (Chen et al. 2004).
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4
Parvulins

Parvulins constitute the third PPIase family that, unlike enzymes of the other
two families, cyclophilins and FKBPs, do not express affinity for immunosup-
pressive drugs (Rahfeld et al. 1994). In humans, Par14 and Par18 (also known
as Pinl) represent the only members of the parvulin family. Among PPIases
Pinl provides a rare example of relatively high substrate specificity, because
polypeptide chains require a pSer(pThr)-Pro-moiety (where p denotes phos-
phoesterification) if orderly Pin1 catalysis is to occur (Ranganathan et al. 1997;
Zhou et al. 2000). Pinl contains an N-terminal group IV WW domain and a C-
terminal parvulin-like catalytic domain connected by a flexible linker (Ran-
ganathan et al. 1997). The mechanism by which Pin1 exerted its critical role in
the cell cycle became obvious by combining in vitro studies on isomer-specific
dephosphorylation by protein phosphatase 2a (PP2a) with dephosphoryla-
tion studies in Xenopus mitotic extracts, and rescue experiments in yeast (Lu
et al. 2002; Zhou et al. 2000). For example, the cell cycle regulatory protein
phosphatase Cdc25C contains the pThr48-Pro and pThr67-Pro moieties that
represent critical regulatory phosphorylation sites. The prolyl bond confor-
mation can be either cis or trans or a mixture of both. For PP2a the inability
to dephosphorylate cis pThr(Ser)-Pro moieties can be detected in vivo by a re-
ciprocal genetic interactions in temperature-sensitive PP2a-deficient PPH and
the Pinl-homolog-deficient ESS1/PTFI mutant strains of budding yeast and in
vitro using oligopeptide dephosphorylation experiments. Despite the presence
of sufficient activity of PP2a a fraction of Cdc25C containing cis pThr-Pro is left
over until it slowly isomerizes to the trans isomer. This isomerization is acceler-
ated markedly in the presence of Pinl. Transgenic expression of point-mutated
variants of Pinl and isolated Pinl domains in yeast indicates that the enzy-
matically active PPIase domain is necessary and sufficient to carry out confor-
mational tuning of a PP2a substrate to become dephosphorylated in time. The
group IV WW domain alone, although exhibiting affinity to the pThr(Ser)-Pro
containing polypeptide chains, cannot assist in this function (Fig. 6).

In contrast, Parl4 has some specificity for arginine preceding the proline
residue (Uchida et al. 1999). This enzyme seems to localize to the nucleus and
the N-terminal extension of the catalytic domain might mediate interactions
with the preribosomal nucleoprotein complex (Fujiyama et al. 2002).

4.1
Malignancies

Pinl was identified in its involvement in the Aspergillus mitotic kinase NIMA
pathway and thus prevention of NIMA-induced mitotic cell death (Lu et al.
1996). Depletion of Pinl induces mitotic arrest, whereas HeLa cells overex-
pressing Pinl arrest in the G2 phase of the cell cycle. While expression is at
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Fig.6 Representation of the global fold of Pin1 (red) harboring a parvulin-like PPIase domain
(right), which consists of two antiparallel B-sheets and four «-helices, and a WW domain
(left); both domains are connected by a flexible hinge region (Ranganathan et al. 1997). The
structure includes the dipeptide Ala-Pro bound to the active site of Pin1. The parvulin-type
PPIase site is formed by the amino acid residue side chains of H59, L122, F125, M130, Q131,
F134,and H157 (orange). The R68 residue (orange) completes the substrate binding pocket of
Pinl. The WW domain is described to mediate phosphorylation-dependent protein-protein
interactions

low level in most normal tissues, Pinl is highly expressed in many different
human cancers including prostate, lung, ovary, cervical, and brain tumors and
melanoma (Bao et al. 2004; Miyashita et al. 2003). In breast cancer cells, early
transformed properties correlate with the Pinl content of the cells, because
they are effectively suppressed by Pinl deletion (Wulf et al. 2004). In con-
clusion, depletion of pThr(pSer)-Pro-specific PPIase activity point mutations,
gene deletion, or expression of antisense RNA induce mitotic arrest and apop-
tosis in budding yeast and human tumor cell lines (Hani et al. 1999; Rippmann
et al. 2000; Wu et al. 2000).

The probably best studied Pinl substrate in the regulation of mitosis is
Cdc25C (Crenshaw et al. 1998; Patra et al. 1999; Yaffe and Cantley 1999). Pinl
induces a structural change in Cdc25C and directly affects the phosphatase ac-
tivity of Cdc25C by triggering the isomer-specific Cdc25C dephosphorylation
by PP2A. This protein phosphatase dephosphorylates Cdc25C, which probably
exhibits native state conformational polymorphism with regard to pSer(pThr)-
Pro moieties, only if the protein conformer has trans pSer(pThr)-Pro moieties.
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Pinl1 facilitates dephosphorylation through catalyzed cis/trans isomerizations.
Furthermore, Pinl can antagonize the Cdc2-associated proteins Sucl/Cksl by
binding the same site in Cdc25C (Landrieu et al. 2001). Pinl has also been
reported to bind to Cdc25C motifs that play a crucial role in Cdc2 activation
and subsequently for G2-M transition in the cell cycle.

Among the many tumor-growth-related substrates of Pinl (Lu, 2004), p53
interacts with Pinl in response to p53 phosphorylation on a number of Ser-
Pro and Thr-Pro moieties. On p53 targeting, Pinl generates conformational
changes in p53, enhancing its transactivation activity. Genotoxicity-induced
phosphorylation of p53 causes Ser(Thr) phosphoester sites, the prolyl bond
cis/trans interconversion of which requires Pinl catalyzed conformational in-
terconversions in order for the p53-mediated tumor suppression to occur (Wulf
et al. 2002; Zacchi et al. 2002). Consequently, Pinl depletion reduces the stress
response of p53 function. Interestingly, another p53 family member, the ¢
Abl-linked p73, responds to Pinl depletion by protein destabilization in the
presence and the absence of DNA (Mantovani et al. 2004). Anticancer drugs,
such as cisplatin and adriamycin, exert their cytotoxicity in p73-dependent
manner characterized by activating the mismatch-repair-dependent apoptosis
pathway. These data converge on prolyl bond isomerization since cAbl activates
proline-directed p38 MAP kinase to phosphorylate Thr-Pro sites within p73.
The p38-mediated protein phosphorylation depends on the isomeric state of
the Thr-Pro, and could be catalyzed by PPIases (Weiwad et al. 2004). The mam-
malian germ cell development and spermatogenesis is discussed in the context
of the interplay between Pinl, and the RassyMEK/MAPK pathway may also ex-
plain the effects of Pin1 deletion observed in primordial germ cell proliferation
during embryonic development, along with degenerative or proliferative de-
fects in the adult testis, retina, mammary gland, and brain in mice (Atchison
and Means 2004).

Another cancer-relevant finding shows that the dephosphorylation of the
proto-oncogenic transcription factor c-Myc by protein phosphatase 2a is as-
sisted by Pinl, and Pin1 facilitates c-My protein degradation (Yeh et al. 2004).

Summarizing these studies demonstrates that Pin1-specific PPIase inhibitors
may represent potential lead structures for therapeutic intervention in malig-
nancies.

4.2
Neuropathies

Among the many Pinl-targeted phosphoproteins potentially present in neu-
rons, microtubule-associated tau-protein is a prominent member, whose de-
phosphorylation restores its ability to stabilize microtubules. Mice with Pinl
knock-out suffer from many age-dependent neurological deficits, such as mo-
tor and behavioral problems, tau hyperphosphorylation, tau filament forma-
tion and neuronal degeneration (Liou et al. 2002). Neuronal apoptosis fol-
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lowing nuclear depletion of Pinl was reported to be a contributing factor to
frontotemporal dementias (Thorpe et al. 2004). The involvement of Pin1 in the
GO0/G1 transition in neurons makes its presence crucial to neuronal apoptosis
(Hamdane et al. 2002). The fraction of soluble Pin1 is reduced in the brains of
Alzheimer’s disease patients (Lu et al. 1999). Rather, it consistently associates
with the pThr231 residues of the various hyperphosphorylated tau proteins
that characterize degenerating neurons. Surprisingly, Pinl may restore the
tubulin polymerization function of these hyperphosphorylated tau species (Lu
et al. 2002). According to its biochemical role, Pinl can restore tau function
by facilitating its enzymatic dephosphorylation and the subsequent recovery
of microtubule assembly (Lu et al. 1999; Zhou et al. 2000). In fact, neurons
containing Pinl granules were devoid of neurofibrillary tangles in Alzheimer
patients’ brains (Holzer et al. 2002).
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