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Abstract Cyclosporine A (CsA) is an immunosuppres-
sive cyclic peptide that binds with a high affinity to 18 kDa
human cyclophilin-A (hCyPA). CsA and its several natural
derivatives have some pharmacological potential in treat-
ment of diverse immune disorders. More than 20
paralogues of CyPA are expressed in the human body
while expression levels and functions of numerous ORFs
encoding cyclophilin-like sequences remain unknown.
Certain derivatives of CsA devoid of immunosuppressive
activity may have some potential in treatments of Alzhei-
mer diseases, Hepatitis C and HIV infections, amyotrophic
lateral sclerosis, congenital muscular dystrophy, asthma
and various parasitic infections. Here, we discuss structural
and functional aspects of the human cyclophilins and their
interaction with various intra-cellular targets that can be
under the control of CsA or its complexes with diverse
cyclophilins that are selectively expressed in different
cellular compartments. Some molecular aspects of the
cyclophilins expressed in parasites invading humans and
causing diseases were also analyzed.
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Introduction

The archetypal cyclophilin-A has been discovered to be a
cyclosporine A (CsA) [1] binding protein [2] with cata-
lytical activity for accelerating cis/trans isomerization of
X-pro epitopes in model peptides [3, 4]. Several different
groups of proteins exhibit peptidylprolyl cis/trans isomer-
ase (PPlase) activity including the immunosuppressive
macrocycle (FK506) binding proteins, known as the
FKBPs [3, 4]. In a historical sense, the name ‘cyclophilin’
implied cyclic peptide (CsA) binding protein, but this may
now be misleading since some cyclophilin-like domains
(CLDs) of diverse proteins do not bind CsA, although they
may still have PPlase activity [3, 4]. Cyclophilin-A
(CyPA), one of its paralogues residing in the endoplasmic
reticulum (cyclophilin-B, CyP-B), and a 40 kDa multido-
main cyclophilin (CyP-40) have been isolated in sizable
quantities which indicate that some members of the
cyclophilin family of proteins are abundantly expressed in
different mammalian organs [2, 5, 6]. Multiple other par-
alogues of the human CyPA have been cloned and some of
their physico-chemical properties and biological functions
established [3, 4]. Sequencing of the human genome has
revealed that it encodes multiple cyclophilin-like open
reading frames (ORFs) whose expression profiles and
biological functions, if any, remain to be elucidated [7].
Likewise, exact biological functions and interaction net-
works in which are involved the human paralogues of the
archetypal hCyPA remain far from being well established
[3, 4]. Although considerable progress has been made in
molecular characterization of some cyclophilins expressed
in diverse parasites invading humans [8], the knowledge of
functional aspects of the differentiated repertoires of the
cyclophilins expressed in numerous parasites remains
scarce [8-10].
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Several members of the cyclophilin family of proteins
are high affinity binders of the immunosuppressive drug
CsA (thus called immunophilins) [3, 4]. Biochemical and
immunological assays aided by analyses of the structural
aspects of the hCyPA/CsA complex bound to the calci-
neurin  phosphatase have revealed its plausible
physiologically relevant modes of action [11-14]. On the
PubMed server at the National Centre of Biotechnology
Information (NCBI) (http://ncbi.nlm.nih.gov), one may
find nearly 5,000 references on the cyclophilins, whereas
about ten times that number, nearly 43,500 on 21 April
2010, concern different aspects of diverse medical appli-
cations of CsA and its analogues [7]. For example, CsA
and some of its derivatives are often utilized in pharma-
cological interventions against some immunological
disorders and in organ transplantation [1, 3, 4, 12, 15].

The cyclophilin-like domains (CLDs) contain from 145
to 180 amino acid residues (AAs) and have highly diver-
sified sequences, but retain a significant conservation of
PPIase activity site [3]. The closed f-barrel folds of the
CLDs display a high level of structure conservation [16,
17]. The generic PPlase activity, however, is a property of
the multiple paralogues of the archetypal CyPA that could
imply that those paralogues fulfill some crucial biological
functions other than cis/trans isomerization of X-Pro bonds
[3, 4]. Moreover, it has been shown that the surface patches
distant to the PPlase cavity can bind some epitopes [18].
Various cyclophilins have been localized to different cel-
lular compartments where they are involved in a multitude
of complexes, thereby their structures must comprise some
patches having the capacity to bind diverse epitopes of
intra-cellular entities [3]. It could be postulated that the
spatial arrangement of different structural elements within
the nominal cyclophilin ‘fold” supply some plasticity to the
surface patches distant to the PPlase cavity that have the
capacity to bind various epitopes. In this review, we
present analyses of the sequences and structures of the
human cyclophilins and their orthologues expressed in
some parasites. Our analyses unraveled some inter-con-
nections between differentiation of their sequences and
variations within the intra-molecular interaction networks
[19]. Also, some functional aspects of the cyclophilins and
their interactions with diverse cellular entities that could be
in part under the control of CsA and its derivatives were
discussed.

The primary binding site of the CLDs (PPlase cavity)

CsA is a hydrophobic cyclic peptide (Fig. 1a) that is sol-
uble in some organic solvents and only sparingly soluble in
aqueous solution [3, 4, 20, 21]. Some cyclophilins dis-
solved in aqueous solution can quickly sequester added
CsA with a concomitant loss of their PPlase activity [3, 4].
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Fig. 1 Cyclosporine-A. a The chemical structure of CsA with the
following abbreviations: Abu L-o-aminobutiric acid, MeBmt (4R)-
4[(E)-2-butenyl]-4,N-dimethyl-L-threonine, MeLeu N-methylleucine,
MeVal N-methylvaline, Sar sarcosine. b CsA structure extracted from
its complex with hCyPA (1CWA.pdb); the side interacting with
CyPA (side PP) is marked with the solid line and side C with the
residues interacting with calcineurin. ¢ Full structure of the hCyPA/
CsA complex (ICWA.pdb); CsA is marked as red sticks, the
AA residues forming the PPlase cavity are shown as orange sticks
while the remaining backbone of the cyclophilin is in yellow.
M1 N-terminal methionine, E/65 C-terminal glutamic acid

CsA displays significant conformational polymorphism
that is dependent on the chemical composition of the sol-
vent [20-23]. For example, CsA dissolved in chloroform
has four internal hydrogen bonds and its conformation is
different if bound to hCyPA [23]. The residues of CsA
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Table 1 Intermolecular atomic contacts (distance < 4.0 A) calculated from the X-ray structures of the binary and ternary complexes of some

cyclophilins
A. Complex residue-CsA (hCyPA/CsA + CnA + CnB) hCyPA/CsA BmCyP18/CsA hCyPF/CsA
1M63.pdb 1CWA.pdb 1C5F.pdb 27Z6W .pdb

1 MeBmt1 9 7 10 6

2 Abu2 21 1 20 21 21

3 Sar3 4 3 6 4 5

4 MeLeu4 13

5 Val5 2 7 3 2 3

6 MeLeu6 8

7 Ala7 8

8 DAla8 2 3

9 MeLeu9 11 3 16 17 17

10 MeLeul0 6 7 8 10

11 MeValll 19 20 18 22

Total 72 45 79 80 84

B. Ligand hCyPA CsA CsA Suc-AGPF-pna hGag StA
1M63.pdb 1CWA.pdb 1ZKF.pdb 1MOC.pdb 1YND.pdb

1 Arg55 7 8 8 10 6

2 1le57 3 2

3 Gly59 4

4 Phe60 8 10 8 15 10

5 Met61 2 2 2

6 GIn63 9 6 9 9 9

7 Asn71 2

8 Gly72 8 10 7 2

9 Thr73 4 5

10 Alal01 5 4 2 2 7

11 Asnl02 13 13 10 8 11

12 Alal03 2 7

13 Gly104 3

14 GInl11 7 6 2 4 9

15 Phel13 8 9 4 9 5

16 Trp121 5 9 4 8 7

17 Leul22 2 2 3 3 2

18 His126 3 3 6 6 10

19 Argl48 3

Total 78 82 68 89 103

interacting with hCyPA are shown in Fig. 1b and are listed
in Table 1A.

CsA and the archetypal hCyPA rapidly form a high
affinity complex (1ICWA.pdb) that is believed to be the
principal vector of therapeutic actions of the immunosup-
pressive drug [3, 12]. At least 78 inter-molecular atomic
distances below 4.0 A were calculated from the hCyPA/
CsA complex; the AAs of hCyPA that are shaded in
Table 1B form the hydrophobic PPlase cavity (Fig. 1c)
[24]. Some of the atomic contacts below 3 A give rise to
hydrogen bonding between CsA and the atoms in RS5S5,

N102 and W121 in hCyPA (Ts1_Dist_all file containing a
list of molecular interactions in the complexes listed in
Table 1 is in the electronic supplementary material, ESM).
CsA bound to hCyPA buries about 50% (Fig. 1c) of its
hydrophobic surface [17, 23, 25-27]. We calculated the
root-mean-square distance (Rmsd) for the entire cyclophi-
lin structure comprising a free form of hCyPA (2CPL.pdb)
[16] and its complex with CsA (ICWA.pdb) [25], and
separately for the AAs in its PPlase cavity. Two AAs in the
PPIase activity site of hCyPA, namely R55 and Q111, and
several other residues such as TS5, S21, K31, F67-T68, were
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affected by the binding of CsA. Different peptides
and proteins bind to the CLDs at uM Ky [4, 27, 28]. The
AAs of hCyPA having inter-molecular atomic contacts
(d < 4.0 A) witha peptide substrate Suc-Ala-Gly-Pro-Phe-
pna bound to hCyPA (1ZKF.pdb) [29], and a Gag protein
from HIV-1 bound to hCyPA (1IM9C.pdb) [30] are shown
in Table 1B which illustrates that the CsA-binding site
overlaps with the peptide binding site.

Diverse experiments showed that the mammalian CyPA
effectively catalyzes only cis/trans isomerization of Pro-X
epitopes while its catalytical power is highly diminished if,
in place of Pro, there is a six- or four-member ring [3, 4, 31,
32]. Moreover, CyPA does not catalyze isomerization of a
secondary amide peptide bond [33, 34]. Both PPlase assays
and phage display technique showed that hCyPA has a sig-
nificant preference for catalyzing and binding Gly-Pro
epitopes in linear peptides [35, 36]. Among 400 different
dipeptides (diads), only 20 have a Pro in the second position;
there are 8,000 triads and 160,000 tetrads that can be formed
from 20 natural amino acids [two files containing tabulated
data on AA diads (Tsl) and triads (Ts2) computed from the
human genomic database are in the ESM]. Analyses of the
human genomic database revealed that Gly-Pro is a highly
represented diad that is often found in f-turn spatial motifs
of many proteins [37]. Proline residue is a particular amino
acid that, despite its highly hydrophobic nature, has the
highest solubility level in aqueous solution in the series of 20
natural amino acids [38]. Specific affinity of Pro residue to
the PPlase cavity may be due to both its hydrophobicity [38]
and ring puckering [39], that allow it to well adapt itself to
the geometric constraints of the PPlase binding site.

Binding constants for cyclophilin/drug complexes are
usually expressed using ICsq (the half maximal inhibitory
concentration at which 50% of activity is abolished), K; (the
dissociation constant for binding of inhibitor to enzyme) that
can be calculated from a series of inhibition curves using one
of the available software [3, 4, 40, 41], and Kp (binding
constant) that can be estimated from binding experiments
using, for example, tritiated CsA and a molecular filtration
column [2]. Experimental conditions and methods used for
the establishment of the inhibition constants usually influ-
ence the ICs, K; or K, values. For example, the K;s for the
hCyPA/CsA complex may vary in certain ranges according
to the methods employed for their establishment, namely the
K;s vary from 30 to 2 nM. Also, chemical modifications of
CsA may weaken its binding to CyPA concomitant with the
loss of its immunosuppressive activity. Curiously, it was
shown, however, that several chemical modifications in both
sides of CsA, namely side ‘PP’ which binds to CyPA
(Fig. 1b) and side ‘C’ interacting with calcineurin, may
enhance its immunosuppressive profile [42, 43].

The CsA/CyPA complex binds with a high affinity to the
ternary complex formed with -calcineurin-A (CnA),

calcineurin-B (CnB) and calmodulin (Cdl) (Table 1A) and
inhibits its phosphatase activity [11, 12]. Analyses of the
X-ray data of the hCyPA-CsA/(CnA-CnB) complex
showed that the CsA residues from 4 to 8 have atomic
contacts with CnA and CnB, and thus their modifications
may interfere with the tight binding in the ternary complex
[13, 14]. Thus, some chemical modifications of residues
from 4 to 8 of CsA (side ‘C’, Fig. 1b) may alter its
immunosuppressive activity and produce non-immuno-
suppressive analogues. Moreover, several different natural
structural variants of CsA have been characterized, such as
CsH and CsG, and many synthetic derivatives of CsA have
been assayed for their potentially interesting pharmaco-
logical properties in treatment of different diseases [1, 12,
15, 44—47]. Some of those compounds apparently bind to
various hydrophobic entities, such as human MDRI1
P-glycoprotein ABC transporter or human FPR1 formyl-
peptide receptor [44, 45]. CyPA also binds several other
natural molecules such as sanglifehrin-A (SfA) that was
isolated from Streptomyces A [48, 49], cymbimicins iso-
lated from Actinomycetes [50], or cyclolineopeptide A
(CLA) isolated from linseed oil [51]. CLA has weaker
binding constant to CyPA (Ky = 125 nM) that is almost
one order of magnitude lower than for the CsA/CyPA
complex (K3 = from 2 to 30 nM). However, CLA com-
plexed with CyPA binds to CnA/CnB at Ky ten times
weaker than does the hCyPA/CsA complex, which limits
its potential application as an immunosuppressive drug.
SfA binds to CyPA with an ICsy = 6.9 nM (Fig. 2) that is
lower than ICs5y = 20 nM for CsA, but it does not inhibit
the CnA/CnB complex and acts as a tolerance inducer in
T cells [52, 53].

It is worth mentioning, however, that due to the extreme
hydrophobicity of CsA and its natural analogues, they may
weakly bind to other proteins and diverse hydrophobic
moieties [3]. For example, it was shown that interleukin-8
and actin weakly bind at uM ranges to CsA which might
suggest that these are rather non-specific interactions [55,
56]. The diversified binding modes and conformational
polymorphism displayed by CsA, its natural analogues and
other hydrophobic compounds that bind to the various
cyclophilins could imply that they might impinge activities
of a multitude of cellular entities [3, 4, 12].

Conservation of the primary structure
of the human CLDs

Analyses of several different multiple sequence alignments
(MSAs) of the CLDs from different phyla revealed that the
AAs, being in the sequence positions equivalent to those of
the PPlase activity site of hCyPA, remain well conserved
[57]. Fig. Fs1 (in ESM) shows an MSA of the human CLDs
with the AAs (in bold face) that are crucial for the PPIlase
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Fig. 2 Sanglifehrin A (pink sticks) bound to hCyPA (ribbon structure
made from 1YND.pdb [52])

activity whereas in ESM Fig. Fs2 is shown the MSA of 496
sequences comprising various CLDs from diverse organ-
isms. It has been shown that the CLDs from different phyla
contain a considerable content of F residues (10-15%) [3].
In consequence, high conservation levels (>0.8) and
information entropy I, < 0.9 were calculated for some of
the F and Y residues involved in the hydrophobic inter-
action networks [19]; a plot of I.s for the human CLDs is
shown in Fig. 3. The low /. values indicate that the given
sequence position is well conserved (a low variability in
the amino acid composition, AAC), whereas the I, > 1.0
indicate a higher variability of the AAC at the given
sequence position. Although the averaged sequence simi-
larity scores (IDs) in the analyzed MSAs of the
cyclophilins are below 40%, some sequence patches crucial
for the PPlase activity and fold-structuring interaction
networks remain highly conserved (I.s < 1.0).

Analysis of the aligned sequences of the human CLDs
(ESM Figs. Fsl and Fs2) revealed that the AAs crucial for
PPlase activity and the ‘aromatic/hydrophobic’ AAs net-
work are well conserved in all the 19 sequences (MSA19)
of the human CLDs. For example, the equivalent sequence
positions occupied by R55 in hCypA, that is critical for its
catalytic activity, are well conserved in the sequences of
the human CLDs (MSA19). It has, however, been recently
shown that the R55/A55 substitution in hCyPA did not
apparently influence the folding rate of carbonic anhydrase,
which implies that R55 is crucial for the PPlase activity
only if a linear peptide substrate is being used, while the
protein itself behaves as a chaperone capable of rescuing
misfolded molten globule intermediates [58, 59]. Likewise,
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the CLD of hCyP58 binds a Gly-Pro epitope of a linear
peptide but does not influence its cis/trans equilibrium
[54]. R55 was replaced by a P residue in the hCyP18c
isoform, whereas in hCyP57 an R residue is positioned two
AAs downstream. No data, however, exist to show whether
the CLD of hCyP57 has PPlase activity. Q63 (hCyPA) is
crucial for PPlase activity in the cyclophilins, and it is
conserved in all the aligned sequences with the exception
of the hCyP18c isoform, whereas the highly conserved
Q111-F112-F113 triad (hCyPA) is also well conserved in
the MSA19. W121 (hCyPA), a crucial AA in the PPlase
activity site in hCyPA, is replaced in several human CLDs
by H or Y residues which may significantly alter the K4
with CsA and its derivatives [3]; see also ESM Fig. Fs3.

Subtle variations within the intra-molecular interaction
networks in the CLDs

Several X-ray structures of the cyclophilins [60] that are
listed in ESM Table Ts3 were analyzed with the Cor-
dan_Pro program, and triangular distance maps were
generated for each of the structures [19]. The distance
maps computed from the structures of hCyP19 (1QOI.pdb,
upper triangle), that is involved in some stages of forma-
tion of the spliceosome [18], and the archetypal hCyPA
(2CPL.pdb, lower triangle) are shown in Fig. 4a, whereas
in Fig. 4b are shown the X-ray structures (ribbon display)
with the explicitly indicated spatial positions of some
aromatic AAs and several others from the PPlase cavity.
The interaction networks of the aromatic residues are
shown as red dotted lines; those networks also involve C,
V, T and L (violet dotted lines). The aromatic/hydrophobic
AAs network seems to have a substantial structuring
capacity in the cyclophilin’s fold [3]. These two maps
(Fig. 4a) have similar distributions of the intra-molecular
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Fig. 4 a 2D map of intra-molecular atomic distances calculated in
the range 2.7-4.5 A in the structures of hCyP19 [18] (1QOI.pdb,
upper triangle) and hCyPA (2CPL.pdb, lower triangle) [16]. Integer
numbers correspond to the sum of the number of inter-residues
distances (NIDs) for given pairs of AA residues. At the upper axis and
the right side is shown the sequence of hCyP19, whereas the bottom

axis has the sequence of hCyPA. b X-ray structures of hCyP19
(1QOL.pdb, left panel), and hCyPA (2CPL.pdb, right panel); the
spatial positions of F (violet), Y (red), W (deep green), catalytically
crucial MAN motif, E111 (hCyPA) and H126 (hCyPA) are indicated
in cyan, black and pink sticks, respectively. The ribbon structures
were made with the PyMol program [61]; see Fs4A in ESM
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Fig. 5 Numbers of interactions 6
(upper panel) and the sum of
vdW and Coulombic energy
terms [19] per each residue
(lower panel) calculated from
the X-ray structure of hCyP19
(1QOLI.pdb) with written patches
of sequences that are crucial for
the PPlase cavity and the
aromatic/hydrophobic AAs
network; red dashed line was
arbitrarily placed to indicate the
largest energy contributions.
The upper parts of the sequence
patches come from hCyP19
whereas lower parts were taken
from the sequence of hCyPA
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interaction clusters to that shown in shown in ESM Table
Ts1 which indicate that the tertiary structures of the CLDs
are well conserved [17]. Orange, green and blue rectangles
in the sequences axe at the top of Fig. 4a (ESM Fig. Fsda is
its high-resolution PDF image) correspond to o-helix,
p-turn and f-strand structures, respectively. Interactions
between f5-strands in anti-parallel f-sheets that are close in
the sequence form the perpendicular clusters (blue arrows)
close to the diagonal, whereas the interactions between
p-strands that are distant in the sequence form the clusters
that are distant to the diagonal. Atomic interactions within
a-helices are local, and thus their clusters (yellow arrows)
are parallel to the diagonal of the 2D map; the remaining
near-diagonal elements contain all the interactions between
the neighboring AA-residues (close in the sequence).
p-sheets and o-helices interact with diverse loops and
p-turns and form specific clusters and super-clusters of
interactions (color ellipsoids). For example, supercluster-2
(a salmon oval) is made up of three mini-clusters, namely:
(1) p-strand 8 interacting with the loop linking f-strands 2
and 3; (2) the f-turns flanking fS-strand 3 interacting with
the S-turns in front of f-strand 8; and (3) a-helix 3 inter-
acting with the -turns following f-strand 4. The remaining
three super-clusters consist of from 2 to 5 mini-clusters
comprising diverse interactions between some elements of
the secondary structure with the loop regions. Some
p-strands have sparsely distributed networks of interac-
tions, for example f-strand 6 (blue dotted lines).
Distribution of the numbers of distances and the sum of
the van der Waals (vdW) and Coulombic energy terms
calculated per AA residue [19] in hCyP19 (1QOI.pdb) are
shown in Fig. 5. The AAs having higher than average
energy contributions are indicated in the graph whereas at
the bottom of each residue are given their equivalents in
the sequence of the archetypal hCyPA. The majority of the

a7 82 107 132 157
Residue number

AAs indicated in the graph are crucial in the PPlase
activity, binding of CsA, and ‘aromatic/hydrophobic’ AA
network. For example, R67 corresponds to R55 in hCyPA
and is crucial for cis/trans isomerization of X-Pro epitopes
in model peptides [4]. It is preceded by a highly conserved
Y60 (Y48 in hCyPA) and is followed by Q75 (Q63 in
hCyPA) that are a part of the PPlase activity site. As shown
in Fig. 5, the AAs participating in the ‘aromatic/hydro-
phobic’ network and being a part of the PPlase activity
site contribute significant stabilization energy terms. The
AAs crucial for PPlase activity and structuring aromatic/
hydrophobic network have the most significant vdW and
Coulombic contributions to stability of the structure.

Analyses of 2D distance maps of different cyclophilins
revealed that the ‘aromatic/hydrophobic’ network consist-
ing of 12 AAs in the archetypal hCyPA (F7, F8, F22, F36,
Y48, F53, L98, F112, 1114, F129, 1158, C161) remains
well conserved in the majority of its human paralogues (see
ESM Table Ts4) although not all of them exhibit cis/trans
isomerization activity with standard peptide substrates; the
sequence positions equivalent to the above hydrophobic
network of the AAs are well conserved in the different
MSAs of the cyclophilins [3, 56]. Larger differences were
derived from the comparison of the interaction patterns of
the free forms of hCyPA (2CPL.pdb) and hCyP19
(1QOI.pdb) which implies that the AA substitutions caused
some subtle changes in the fold. Comparing the two
structures yielded Rmsd = 0.344 for the CA atoms of the
‘aromatic/hydrophobic’ AAs network and Rmsd = 0.274
for the CA atoms of the AAs in the PPlase activity site.
Despite the ID = 53% for hCyP19/hCyPA, the low values
of the Rmsds indicate for a good conservation of the spatial
positions of these two groups of crucial AAs.

The I.s for the AAs forming the PPlase activity site are
small in the MSA containing 496 sequences of the CLDs
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(MSA496; ESM Fig. Fs5), and in MSA19 (Fig. 3). How-
ever, there are multiple subtle AA changes taking place in
each functional sub-group of the CLDs [57]. Even if rela-
tively few AA substitutions took place in the triads
comprising the AAs implicated in PPlase activity and in
the aromatic/hydrophobic AAs network (see ESM Fig.
Fs3), the AA triads become highly variable inbetween the
conserved patches of AAs reaching the high I.s at partic-
ular sequence positions. We hypothesize that these highly
variable sequence patches are the sites of functional opti-
mization of diverse physicochemical properties of the
CLDs, such as PPlase activity levels, structural stability,
spatial distribution of charged AAs, hydrophobicity of
binding surface patches, and its affinity to diverse epitopes.

Diversified binding sites of the CLDs

Inter-molecular distances calculated from X-ray structures
of several ternary complexes between diverse CLDs and
their ligands were summarized in Table 1. hCyPA/CsA
binds to CnA/CnB complex (1M63.pdb [13] and 1IMF8.pdb
[14]) in a somewhat different fashion than is the case for
the hFKBP12a/FK506 complex bound to CnA/CnB [62].
Figure 6a shows the structure of the ternary complex
(hCyPA/CsA 4 CnA/CnB) in which CsA is embedded
inside its interior (CsA is shown in red sticks marked with
an arrow). There are multiple contacts between the residues
of CsA and CnA, whereas a smaller number of them exist
between CsA and CnB (Tsl_Dist_all file in ESM).

The HIV Gag protein binds to the PPlase cavity of
hCyPA with X-Pro bond in a cis conformation as shown in
the structure on Fig. 6b (IM9C.pdb) [63, 64]. There are
numerous atomic contacts between the peptide and PPlase
activity site that are similar to those existing in a complex
between cyclophilin and a model peptide Suc-AGPF-pna
bound to CyPA (1ZKF.pdb) (Table 1B). The solution [65]
and X-ray [18] structures of the complex between a peptide
coming from the U4/U6 snRNP-60K protein, which is
known to interact with the spliceosomal cyclophilin
hCyP19 [18], have revealed that the interaction network
between the peptide and hCyP19 involves the AAs that are
distant to its PPlase cavity; Fig. 6c shows the X-ray
structure of the hCyP19/(the U4/U6 peptide) complex
(1IMZW .pdb).

Sequence attributes of the CLDs and some biological
functions of the multidomain cyclophilins

Table 2 summarizes essential data, such as physicochem-
ical properties, chromosomal localization and some of the
biological functions of the human cyclophilins. The PDB
codes are for human cyclophilins with two exceptions,
namely for Mus musculus (Mm) and Bos taurus (Bt). Only
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Fig. 6 Three X-ray structures of the binary and tertiary complexes;
a the (hCyPA/CsA + CnA/CnB) complex [13]; CyPA (yellow) binds
to CsA (red, indicated with a black arrow) and interacts with CnA
(orange ribbons) and CnB (green ribbon) complex. b X-ray structure
of HIV-1 capsid protein (violet) bound to the PPlase cavity of hCyPA
(vellow ribbon); the loop in red comes from the capsid protein
(IMOC.pdb, [30]). ¢ X-ray structure of a short peptide from the U4/
U6 snRNP-60K (violet) protein interacting with the hCyP19 (yellow
ribbon) with some of the AAs forming its PPlase cavity (red sticks)
(IMZW .pdb, [18])

9 cyclophilins are mono-domain but their sequences are
highly diversified. The remaining 11 expressed forms of
the human cyclophilins contain distinct domains such as
40-residue Trp-Asp containing f§ propeller repeat domain
(WD40), tetratricopeptide repeat (TPR), RNA-binding
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(RRM), leucine-rich repeat (LRR), nucleporin domain
(Nup), Really-Interesting-Gene-Product (RING) domain,
and serine/arginine-rich (SR) domains that are crucial for
assembly of spliceosomal complexes. For example, TPR,
WD40 and LRR motifs are involved in protein—protein
interactions, RING domain is a zinc-finger probably
involved in interaction with DNA, RRM interacts with
RNAs, and Nup domain is crucial for nucleoporin
(hCyP358) forming pores in the nuclear membrane. Known
cellular localizations are also indicated, namely nuclear,
cytoplasmic, secreted form, membrane associated, and
mitochondrial protein. Overall binding capacity of the
cyclophilins to CsA are coded as strong for Ky or
K; < 50 nM, weak for these two values larger than 400 nM,
and unknown if no experimental value was established.

The CLDs have the overall hydrophobicity (HI) ranging
from low values, e.g., for the hydrophilic orthologues of
hCyP58, to the highly hydrophobic membrane-associated
CyPB, CyPC, CyPF and the spliceosome-associated
hCyP19 [18, 57]. The overall hydrophobicity (HI) of some
cyclophilins is very low which is due to a high content of
charged AAs in the SR domains. The cyclophilins are
present in different cellular compartments where they are
involved in diverse biological functions such as assembly
of mRNA splicing supracomplexes [73, 81], mitochondrial
pore regulation [77-80], association to different molecular
channels [85], and functioning as chaperone and folding
co-factors [3].

Human TRIM5« is one of more than 70 tripartite motif-
containing proteins that may impede HIV-1 replication. It
has been shown that the cells of some monkeys living in
South America express a fusion protein containing
TRIMSo and a CLD that probably is one of the host factors
restricting HIV-1 proliferation in the animal [92]. Multiple
human ORFs have very similar sequences to those of the
CLDs in the TRIMSa-cyclophilin fusion proteins that are
expressed in the apes. Perhaps, due to evolutionary pres-
sure, one of the human ORFs encoding a homologous CLD
could undergo a gene fusion with the human TRIM5a gene
and such a fusion protein would become a host restriction
factor against HIV-1 infection [93].

The cyclophilins and diverse human diseases

Numerous reports have appeared on the involvement of
CyPA and its diverse paralogues in functioning of different
cellular entities [3, 4], some of which are summarized in
Table 2. In this section, we discuss just four issues: (1)
CsA-induced immunosuppression; (2) extracellular activi-
ties of some cyclophilins; (3) hypothetical involvement of
CyPA in some stages of diseases caused by HIV-1 and
HCV; and (4) cyclophilins and development of cancer
cells.

CsA-induced Immunosuppression

The mechanism of CsA-induced suppression of T cell
activation by antigen-presenting cells (T cell anergy) was
proposed about two decades ago [11, 94]. It was postulated
that the hCyPA/CsA complex binds to calcineurin and
blocks its phosphatase activity that causes the retention of a
phosphorylated form of the transcription factor called
nuclear factor for activation of T cells (NF-AT) in the
cytosol [11]. Pull-down experiments revealed that the
hCyPA/CsA [11] and murine cyclophilin C (mCyPC)
complexed to CsA were capable of binding calcineurin
[94]. This would suggest that some of the paralogues of the
archetypal hCyPA complexed to CsA, such as hCyPB/CsA
or hCyPC/CsA, could bind to the phosphatase and block its
active site. The membrane-associated mCyPC was not the
physiologically relevant target for CsA since only the
cytosolic CyPA bound to CsA supposed to be responsible
for the inactivation of CnA/CnB in T cells, although no in
vivo evidence was supplied to support such a mechanism
of action [95]. Moreover, it should be mentioned that
CyPA is an abundantly expressed protein whose PPlase
activity cannot be entirely abolished in vivo since the
concentration of CsA or its analogues would have to reach
pharmacologically unacceptable levels [2, 5]. This would
imply that the immunosuppressive effect of CsA in T cells
could become effective because the expression level of the
CnA/CnB phosphatase is low.

Although the PPIA gene is non-essential for mammalian
cell viability, its knock-down rendered the mouse resistant
to the immunosuppressive effects of CsA [96, 97]. Nothing
was, however, established about what other effects could
be induced by CsA in the mouse with the PPIA(—/—) gene.
For example, it would be relevant to establish if CsA binds
to the extracellular pool of mCyPB and if the complex may
enter into T cells in the animal. Were some cellular pro-
cesses controlled by the other paralogues of mCyPA
affected by CsA in mouse with the PPIA(—/—) gene?

Extracellular effects of the cyclophilins

CyPB is the major component of the extracellular pool of
the cyclophilins, namely a sizeable quantity of CyPB (ca.
20 uM), was found in the plasma [98, 99]. It could be
secreted together with certain extracellular proteins and it
should be able to sequester some quantity of the in vivo-
administered CsA. It was also shown that a modified form
of CsA anchored to the surface of T cells could exert its
immunomodulatory effects [100], as negatively charged
CsA derivatives rest in the extracellular space [101]
whereas CsA binds well to the membranes in a tempera-
ture-dependent fashion [102]. If CsA binds to the
extracellular pool of hCyPB, then such a complex has two
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crucial attributes for entering into the cell’s interior,
namely the large exposed hydrophobic patch of CsA should
have some affinity to the hydrophobic environment of the
membranes while the positively charged patches of CyPB
should induce a substantial driving force for entry into T
cells. To what extent the extracellular pool of the hCyPB/
CsA complex formed in vivo may enter into T cells and
induce immunosuppression remains to be investigated
[103].

hCyPB was shown to be involved in cell adhesion [104].
Osteogenesis imperfecta is a disease causing growth defi-
ciency and reduced bone mass. This particular deficiency
could be due to a mutation in the PPIB gene encoding
hCyPB [105, 106]. Although the level of the extracellular
CyPA was too low for detection by an Elisa assay [94], it was
claimed that the secreted form of hCyPA is crucial for matrix
assembly by hensin that is involved in epithelial differenti-
ation [107]. Large numbers of secreted gene products [7] and
extracellular domains (ECDs) of various receptors could
interact with the extracellular pool of the small PPIases. But
what exact biological effects could be due to those myriads
of potential intermolecular interactions? Extracellular
matrix re-organization, differentiation of cells, and their
growth and proliferation are dependent on in vivo locally
secreted gradients of growth factors (morphogens), prote-
ases and other crucial factors [108, 109]. Perhaps the
extracellular forms of hCyPA and hCyPB have an overall
housekeeping function rather than exerting a profound
influence on some crucial biological events. Assessment of
functional interactions between the recombinant forms of
the cyclophilins and distinct populations of cells under in
vitro conditions, in some cases could have been misleading
due to sizeable contamination of the former by the bacterial
lypopolysaccharide (LPS), a powerful inducer of diverse
cellular effects. For example, another abundantly expressed
small protein found both in the interior of the cell and in the
extracellular space, called macrophage migration inhibitory
factor (MIF), had been considered to be a cytokine, although
its biological activity was proven to be induced by the
associated bacterial LPS [110, 111]. It should be noted,
however, that CyPA, CyPB and MIF could be easily isolated
from natural sources in a relatively large quantity [2, 5, 112].
Thus, application of CyPA and CyPB isolated from mam-
malian organs and free of LPS for in vitro assessments of
their influence on diverse cells could resolve some doubts
caused by the usage of the recombinant LPS-contaminated
cyclophilins expressed in E. coli.

CyPA and infections caused by HIV-1
and Hepatitis C viruses (HCV)

Although hCyPA was found to be associated with HIV-1
viruses, probably bound to the Gag (CA) protein, the

relevance of CyPA for proliferation of HIV-1 virions have
remained enigmatic during the last 15 years [30, 68, 69,
113]. It has been suggested that binding of hCyPA to the
CA protein shelters the latter from being sequestered by the
cellular factors TRIMSa/Ref that may restrict replication of
HIV-1 [114, 115]. The whole-genome siRNA interference
experiments have pinpointed numerous intracellular targets
that are crucial for different stages of the HIV-1 live cycle
such as uncoating of the HIV-1 virus, its intracellular
transport and integration with the host DNA, transcription
of its 15 genes, assembly of genetic material as its coating,
and, finally, budding of newly assembled viral particles
from the host cell [115-117]. It is unknown if CyPA or
some of its minor isoforms are crucial for any of the
multiple candidate proteins established with the siRNA
technique [116, 117].

Non-immunosuppressive analogues of CsA, namely
Debio-025 or SCY-635, may alter certain replication steps
of HCV [70, 71] and as such they could become useful as
an additional drug to fight HCV infections in humans.
These drugs could bind to the intracellular pool of CyPA
and CyPB and interfere with a HCV replication step.
However, Debio-025 or SCY-635 could suppress HCV
infection due to its interaction with one of the paralogues of
CyPA whose expression level is low in the hepatocytes or
impair other cellular entities crucial for replication of
HCV.

Cyclophilins, intra-cellular signaling
and development of cancer

Even if CyPA and some of its paralogues are highly
expressed proteins in human cells [2, 5], it has been sug-
gested that they may be involved in some stages of cancer
cell development and proliferation [67]. Recent reports
show that CyPA interacts with Tp53 and Stat3 which are
powerful regulators of gene transcription [118]. CyPA is
also a crucial factor for CXCR4-activation transport of the
heterogeneous nuclear ribonucleoprotein A2 [66], a
spliceosomal RNA-binding protein. The hydrophobic cav-
ity of CyPA and its different paralogues could be
associated to various exposed loops of proteins or recep-
tors, but what physiological effects all those interactions
may have and to what extent those associations and their
possible disruption by CsA could alter some cellular pro-
cesses still remain unclear [3, 108]. The molecular events
leading to formation of primary cancer cells, such as
mutations of genes or other chromosomal alterations rela-
ted to DNA repair or deletion of chromosomal segments,
may create diversified populations of cancer cells [119—
122]. To what extent the heterogeneous transformations of
the genetic material leading to aberrant induction of gra-
dients of morphogens and other auxiliary growth factors
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and extracellular matrix remodeling enzymes could be
controlled by the ubiquitous and abundantly expressed
CyPA or its other isoforms still remain unexplored.

The cyclophilins in the protozoan parasites
affecting humans

Basic information on the cyclophilins expressed in some
protozoan parasites affecting humans is summarized in
Table 3. From 11 to 15 different cyclophilins isoforms
are encoded in the genomes of diverse parasites [9, 10].
Figure 7 shows overall sequence organization of the
cyclophilins encoded in three different genomes that is
only to some extent similar to that of the human cyclo-
philins’ repertoire. The inhibitory constants for the
complexes between CsA and diverse cyclophilins are
similar to that of the archetypal human CyPA/CsA, which
limits the potential therapeutic application of the drug
against invading parasites [8, 124, 137].

It has been shown that the extracellular growth of
Leishmania donovani is resistant to the actions of CsA
which seems to be due to a low expression level of the
archetypal cytosolic CyPA in this parasite [135]. It has also
been suggested that the mammalian host cell CyPA seems
to be involved in the intracellular parasite’s replication
cycle of L. major parasites, as CyPA siRNA interference or
CsA reduced the parasite burden [134]. Some of the small
cyclophilins from Plasmodium falciparum and Toxoplasma
gondii (TgCyP18) have similar inhibitory profiles as those
established for the hCyPA (Table 3) [124, 126-129].
Interestingly, TgCyP18 has the capacity to bind to the
CXCRS5 receptor and block the HIV infectivity on human T
cells [129]. T. gondii also expresses an unusual protein
(TgFCBP57.3) containing one FKBP-like protein (N-ter-
minus) and one CLD (C-terminus) linked together via three
tetratricopeptide (TPR) motifs. Both domains can bind to
CsA and FK506, respectively, but only the FKBD/FK506
complex could inhibit the endogenous calcineurin [130].
Knockdown of this dual family gene interfered with the
growth of the parasite [130].

In proteomic analyses of Leishmania mexicana (Lm),
belonging to Trypanosomatids, LmCyP19, LmCyP22,
LmCyP28 and LmCyP40 paralogues were identified [133]
that are orthologues to the cyclophilins of 7. cruzi (Tc)
eluted from CsA-affinity column [9]. The genome of
T. cruzi does not encode the fully conserved orthologues of
the human cyclophilins containing RNA binding domains
probably due to the unusual type of mRNA processing in
Trypanosomatids, in which polycistronic transcripts are
processed to mature mRNAs through trans-splicing [144].
In contrast, those orthologues are encoded in the genomes
of the Apicomplexa parasites [10]. Orthologous genes to
that encoding TcCyP40, which is related to the heat shock

protein hCyP40, were also found in the genomes of L.
mexicana and L. major (Fig. 7) [9].

It was demonstrated that CsA has anti-parasitic activity
against a wide variety of parasites [8] with the exception of
Leishmania that was resistant to the actions of CsA [135].
Figure 8 shows several derivatives of CsA which proved to
exhibit anti-parasitic effects on Cryptosporidium parvum,
Plasmodium falciparum, Trypanosoma cruzi and Ent-
amoeba histolytica (see Table 3). Curiously, some of these
compounds were more effective in inhibiting live functions
in the parasites than CsA itself [137], and some of them did
not bind the cytosolic cyclophilins [142]. This would imply
that CsA and its derivatives could exert their parasiticidal
effects that are not necessarily mediated by the archetypal
cytosolic CyPA. Moreover, even if the tentative model of
immunosuppression in humans involves hCyP18a/CsA
inhibition of phosphatase activity of calcineurin in T cells,
this model may not be valid in other organisms including
the parasites.

For example, evidence that the CsA analogs with poor
or no immunosuppressive activity were parasiticidal also
argues against a mechanism involving calcineurin as the
target of various CyPA/(CsA-derivative) complexes. It is
possible that anti-parasitic activity of CsA could be due to
its binding to other targets such as P-glycoprotein (P-gP),
in which the some CsA analogues proved to be potent
modifiers of its activity [123, 137, 142]. It was suggested,
however, that calcineurin was the target of CsA complexed
to the cytosolic cyclophilin expressed in E. histolytica
[140]. Some information about the properties of the cylo-
philins expressed in Helminths is compiled in ESM Table
Ts4.

Even if more than three decades have elapsed since the
discovery of CsA as an effective parasiticidal drug little is
so far known about the mechanisms of its anti-parasitic
activity. Moreover, targeting of CsA or its non-immuno-
suppressive derivatives to the archetypal CyPA of the
parasites affecting humans cannot be done selectively since
hCyPA and some of its isoforms are highly expressed in
diverse organs and tissues and are strong binders of those
molecules. Thus, selective targeting of small natural [145]
or synthetic molecules to the minor isoforms of the
cyclophilins expressed in the parasites could become a
method for curing some human diseases (see Table 3).

Perspectives on selective targeting of the multiple
isoforms of the cyclophilins

Multiple side effects observed in the long-term usage of
CsA in organ transplant recipients, especially the severe
nephrotoxicity, remain one of the major obstacles for a
broader use of the drug in the treatment of inflammation
and other immune disorders [1, 3, 4, 15]. In fact, CyPA is
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Table 3 continued

Probable CsA
mechanism
of action

Ref.

CsA and its derivatives
Parasiticidal effect

CsA and its derivatives Ref.

Ref.

Observations

Acc. No.

Cyclophilin

Species

Parasite

PPlase activity inhibition

(disease)

CsA inhibits CnA

[142]

CsA ECsp at 1.5 mM

Cryptosporidium parvum

Coccidia

PSC-833 binds to
P-glycoprotein

and IC50 of 1 mM for
PSC-833 derivative

(Cryptosporidiosis)

[8,9, 137,

20 nM,

NIM811 K; = 2.1 nM,

Debio-025

CsA ICsq

CAA37039 Cyclophilin like

hCyPA

Homo sapiens

For comparison

143]

domain characteristics

in the text.

0.34 nM H-7-94

K =

70 nM PSC-833
does not bind hCyPA

ICsg

highly expressed in kidneys with a large portion of it
tightly associated with the renal brush border membranes
[146]. Non-immunosuppressive derivatives of CsA display
some potential for being used in treatment of HIV-1 and
HCV infections [143]. But are they nephrotoxic? CsA
derivatives are cytoprotective (in vitro and ex vivo) when
bound to hCyPD [147, 148]. For example, despite the deep
differences between apoptosis and necrosis, the mito-
chondrial permeability transition pore (mPTP) was found
to be involved in both types of cell death, but since the
mPTP can be blocked by the CyPD/CsA complex, then
cells are protected from injury and death [149]. Pharma-
cological targeting of the cyclophilins could be useful for
treatments of Alzheimer [148], Huntington’s disease [150],
amyotrophic lateral sclerosis [151], and congenital mus-
cular dystrophy [152], whereas CsA in aerosol form could
be useful in the treatment of asthma [153] and airway
inflammations [154].

Despite more than twenty-five years of research on the
cyclophilins and their ligands still relatively few cyclo-
philins have been thoroughly investigated and many
singular findings have never been independently confirmed
or exploited [3, 4]. Among the diverse communications
published to date only in a few of them have some
uncertain results been addressed. For example, it was
proven that the recombinant CyPA does not have nuclease
activity [155] and the apparent activity recorded for the
recombinant forms of hCyPA, hCyPB and hCyPC must
have been due to a nuclease contaminant from E.coli [156].
Involvement of the calcium-modulating cyclophilin ligand
(CAML) in restriction of cellular release of the HIV-1
retroviruses seems to be doubtful [157, 158]. Originally,
CAML was found to be associated with the endoplasmic
reticulum-residing CyPB [159].

If SfA and CsA bound to hCyPA cause different
immunological effects, then it would be interesting to know
if there are some other natural compounds that could bind
to hCyPA and subtly influence different immune processes
than those controlled by SfA, CsA and its various deriva-
tives [160, 161]. There are no conclusive findings so far
on the selective targeting of the PPlase cavity in diverse
cyclophilins that function in various cellular compartments.
For example, elucidation of crucial functional aspects of
the nine cyclophilins (see Table 2) involved in the
supraspliceosome assembly and other nuclear complexes
could open some ways for pharmacological intervention in
the transcription and splicing of the mRNAs [162-164]. It
is still uncertain, however, to what extent the PPlases are
associated with different extracellular domains (ECDs) of
some receptors [3, 108, 165], as well as which functions of
the intracellular proteins [166, 167] and their complexes
are dependent on particular members of the cyclophilin
family of proteins. Rough estimates have revealed that
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Fig. 7 The human cyclophilins and their respective orthologues
encoded in the genomes of Trypanosoma cruzi, Plasmodium falcipa-
rum and Toxoplasma gondii. The proteins were arranged according to

there are about 7,000 hydrophobic proteins some of which
are expressed on the cell surface [38, 168]. Moreover, Pro
residues account for about 6.5% of the total amino acid
composition of proteins encoded in the human genome, and
about 0.2% of the diads Gly-Pro occur in the human
sequences (see ESM Ts1) [168]. This could imply that
some of those residues in diverse proteins should be
accessible for binding to the PPlase cavity of the cyclo-
philins although it has been shown that linear peptides
containing the sequences of proteins that were proven to
bind to CyPA do not always bind to the PPlase cavity [3, 4,
36]. It is thus crucial to find out what functional meanings,
if any, might those diverse complexes have involving the
cyclophilins, and if bound to CsA or the other ligands
having high affinity to the cyclophilins [3], which cellular
effects could they produce.

Conclusions
The members of the cyclophilin family of proteins are

encoded in various genomes ranging from prokaryotes to
higher animals [3, 4, 57], including the genome of Mimi

two criteria, namely (1) presence of similar domains, and (2) similar
sequence attributes for their respective CLDs in the cases where the
large cyclophilins were aligned with their small homologues

virus although the latter cyclophilin lacks any PPlase
activity [170]. Diverse paralogues of hCyPA are present in
the nuclear compartment where they form complexes with
various entities including one of the most sophisticated
complexes known as the supraspliceosome entities [162].
Our analyses of the MSAs, 2D distance maps and Rmsds of
specific groups of AAs, such as those involved in binding
of CsA or being in the ‘aromatic/hydrophobic’ network,
revealed that there is a high sequence conservation of the
AAs forming the PPlase cavity (ESM Fs3 and Ts4).
Moreover, the low I.s indicate that some sequence posi-
tions remain highly conserved in the cyclophilins from
diverse phyla (ESM Fs5) despite multiple AA mutations
and gene duplication events that took place during evolu-
tion of living species. The highly conserved sequence
positions belong to two classes, namely (1) the AAs crucial
for maintaining the structural integrity of the CLDs (the
extensive interaction networks of the hydrophobic AAs),
and (2) functionally-crucial AAs for PPlase activity and
specific interactions with diverse cellular targets [3]. The
conserved short patches of the AAs are spaced with the AA
patches with low levels of sequence conservation that
impose the final pI and hydrophobicity of the given CLD.
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Fig. 8 Chemical structures of
derivatives of CsA devoid of
immunosuppressive activity in
humans. Continuous lines
indicate the places where
chemical modifications were
made while stripped line on
CsA indicates the residues that
should be hidden inside the
PPlase cavity
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We hypothesize that subtly changed spectra of physi-
cochemical characteristics, such properties as amino acid
(AA) hydrophobicity and bulkiness distribution, flexibility
of the polypeptide chain and charge distribution, of the AA
residues in the sequence patches with low sequence con-
servation induced ‘functional drift of sequence attributes’
[19]. In consequence, this ‘functional drift’ had to influence
the intra-molecular interaction networks in the closed
p-barrel fold of the CLDs [3] that adapted their overall
properties to: (1) recognition profiles of their specific tar-
gets (biological profiles) [3, 18, 36, 172], and (2) the micro-
environmental conditions inherent to various intracellular

e

organelles (evolutionary niche). For example, the HIs of
the human CLDs (Table 2) vary in a considerable range,
namely from 23% for hCyP58 (also known as hCyP60) to
48% for hCyPC (Fig. 9). CyPC, CyPB and CyPF are the
hydrophobic proteins associated with the membranes,
whereas hCyP40 could interact with the membrane pro-
teins via its hydrophobic TPR motifs [3, 168].

Moreover, it could be theorized that the hydrophilic
CLD of hCyP58, the hydrophobic CLD of hCyP73 and the
extremely hydrophobic hCyP19 are the cyclophilins that
associate to specific spliceosomal entities using their opti-
mized levels of hydrophobic patches (HI) on its surface and
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Fig. 9 Distribution of hydrophobicity versus pI of the human CLDs
(see Table 2)

specific spatial charge distribution (pI). Our analyses may
also indicate that fine alterations in the intra-molecular
interaction patterns within the CLD’s fold are crucial for
their selective binding to diverse epitopes including CsA
and its diverse analogues. Whether subtle functional
changes in some cellular entities, such as neurotransmitter-
gated ion channels [171] or cellular signalization cascades
[3, 12], are solely due to intrinsic temperature-driven cis/
trans isomerization of their X-Pro epitopes (conformational
switches) is one possibility. Another possibility is that they
may be due to a long-distance conformational allostery
induced by one of the PPlases [169, 172, 173]. Unraveling
the fine structural basis of in vivo specificity of the
cyclophilins to their targets, however, would require a
sizable number of high-resolution X-ray structures of their
complexes with relevant cellular targets functioning in
various organelles.

Diversified cellular effects induced by CsA and its
derivatives and especially relevance of their in vivo aspects
that are dependent on the formation of various interaction
networks involving calcineurin, NF-ATs, TGFf and other
intra- and extracellular proteins are still at the beginning of
exploration [174—-176]. The large number of the ECDs
containing accessible proline epitopes and the multitude of
intracellular proteins that can be associated with the
cyclophilins imply that there may be myriads of subtle
cellular effects induced by CsA and its derivatives. For
example, CsA can be used as an immunosuppressive drug
[3, 4, 11], its derivative called valspodar (PSC 833) [177,
178] may add enhanced retention of anticancer drugs in the
cell by blocking its P-gP activity, whereas some derivatives
as NIMS811 or Debio-025 could be useful drugs for sup-
pression of viral infections by HIV-1 and HCV provided

that they are devoid of profound nephrotoxic activity. In
conclusion, in vivo-induced subtle interactions between the
cyclic peptide CsA, and its non-immunosuppressive
diverse derivatives [179] and diverse targets remain
for thorough exploration. Certainly, it is challenging to
selectively uncover in vivo essential extracellular and
intracellular vectors for CsA and its derivatives and to
classify the multiple effects exerted by the drugs on diverse
in vivo relevant cellular events.
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