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Cloning and biochemical characterization of the cyclophilin homologues from
the free-living nematode Caenorhabditis elegans
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Cyclosporin A (CsA) is the most widely used immunosuppressive
agent, whose properties are exerted via an interaction with
cyclophilin, resulting in down-regulation of signal-transduction
events in the T-cell. Cyclophilin is identical with peptidylprolyl
cis—trans isomerase (PPI; EC 5.2.1.8), an enzyme which catalyses
the isomerization between the two proline conformations in
proteins, thereby acting as a catalyst in protein-folding events.
Several reports indicate that CsA has potent anti-parasitic
activity, effective against both protozoan and helminth species.
In order to understand the various biological roles that cyclo-
philins play we have initiated a study of these proteins in the
genetically tractable nematode Caenorhabditis elegans. Here we
describe the cloning and characterization of 11 cyclophilin genes
(cyp-1 to -11) derived from this nematode; this is currently the
greatest number of isoforms described in a single species.

Southern blotting and physical mapping indicated that these
genes are dispersed throughout the nematode genome. A high
degree of conservation exists between several isoforms, which
also share characteristics with the ubiquitous isoforms previously
described. The remaining isoforms are divergent, having altered
CsA-binding domains and additional non-cyclophilin domains,
which may impart compartmental specificity. Ten of these
isoforms have been expressed in Escherichia coli, and the resultant
fusion proteins have been examined biochemically for PPI
activity, which they all possess. Isomerase activity is highest in
the conserved and lowest in divergent isoforms, perhaps indi-
cating a more specific substrate for the latter. Analysis of the C.
elegans cyp genes will provide answers as to the roles played by
cyclophilins in protein folding and signal transduction.

INTRODUCTION

The cyclophilins (CYPs) are a large family of ubiquitous proteins
of which six different isoforms have been described in humans
[1,2]. As their name implies, these proteins bind to the immuno-
suppressive agent cyclosporin A (CsA) via a central highly
conserved CsA-binding domain (CBD) [3]. The N- and C-
terminal domains are relatively divergent, and many isoforms
posses secretory or mitochondrial targeting sequences. Bio-
chemical studies have shown that CYPs possess peptidylprolyl
cis—trans-isomerase (PPI: EC 5.2.1.8) activity, and act both as
catalysts and chaperones in protein-folding events, speeding up
slow rate-limiting steps in the folding of various proteins,
including the proline-rich collagens [4,5].

CsA behaves as a CYP substrate analogue and binds to the
active site of the protein. CsA-binding results in the competitive
inhibition of CYP isomerase activity, and thereby can slow down
the folding of certain proteins [5]. Interestingly, a second struc-
turally unrelated PPI, FKBP (FK-506-binding protein), has also
been identified, whose association with the bacterial macrolides
FK506 and rapamycin also resulted in immunosuppression [6].
The potent human T-helper-cell-specific immunosuppression of
these structurally unrelated compounds is not due to inhibition
of their respective immunophilin PPI activities, but results from
the complex formed between them binding to and inhibiting the
protein phosphatase calcineurin [2]. This CsA /CYP—calcineurin
interaction is evolutionarily conserved, also being described in
yeast [7].

Cyclophilins have been identified in a large number of species
ranging from bacteria to vertebrates, including several parasitic
species [8]. Sub-immunosuppressive levels of CsA are toxic to a
wide range of parasites: this effect has been been noted in both
helminth and protozoan species, and to date, remains uncharac-
terized [9]. Non-immunosuppressive CsA analogues have also
been described which have potent effects against malaria parasites
[10] and HIV-1 virions [11].

Divergent forms of cyclophilins, which have altered CBDs and
extended C- and N-terminal domains have recently been de-
scribed in vertebrates [12,13], in Drosophila melonagaster [14]
and in the parasitic nematode Brugia malayi[15]. Such divergent
forms may possess a more specific function, and the altered CBD
has been hypothesized to correlate with substrate specificity [12].
Consistent with this hypothesis, ninaA, a divergent cyclophilin
isoform identified in Drosophila, was shown to be responsible for
the specific folding of the rhodopsins in the compound eye [14],
acting as a specific chaperone [16]. Recent studies also indicate
that CYPs play a role in the stress response. The yeast cyp-1 gene
contains a heat-inducible promoter, and yeast cyp-1 and cyp-2
mutants have a reduced survival rate following heat shock [17].

We have undertaken an analysis of the cyclophilin homologues
from the genetically tractable nematode Caenorhabditis elegans,
with the goal of determining their biological roles in nematodes.
As a first step, we have set out to identify and clone the
cyclophilin isoforms in this organism, and this has been
achieved using a combination of techniques: (1) PCR on genomic
DNA using degenerate primers designed to hybridize to highly

Abbreviations used: PPI, peptidylprolyl cis—trans-isomerase; CsA, cyclosporin A; CYP, cyclophilin; CypA, cyclophilin A isoform; MBP, maltose-
binding protein; CBD, cyclosporin A-binding domain; RT, reverse transcriptase; EST, expression sequence tags.

Nucleotide sequence data reported in this paper have been deposited in the GenBank databases under the accession numbers: U30943, U34354,
U31077, U36187, U31948, U27354, U27559, U31078, U36581, U34954 and U34955.

1 To whom correspondence should be addressed.



180 A. P. Page, K. MacNiven and M. 0. Hengartner

conserved regions of the protein; (2) searching the C. elegans
expression sequence tags (EST) database; and (3) searching of
the genomic DNA sequences generated by the C. elegans genome
project [18].

So far, we have identified, cloned and sequenced 11 cyclophilin
genes from this nematode, representing the largest number of
homologues from a single species, and undoubtedly reflecting the
progress of the genome sequencing project. We predict that a
similar high number of isoforms will be present in other
eukaryotic species, including humans. These genes have been
termed cyp-1 to -11 (cyclophilin-related). Where necessary, the
physical location of these genes has been determined, and their
genomic organization and degree of cross-reactivity has been
examined by Southern blotting. We have overexpressed ten of
these isoforms in Escherichia coli as maltose-binding fusion
proteins, and analysed them for PPI activity. All ten isoforms are
active PPIs and their activity corresponds to their degree of
identity with the ubiquitous isoforms, with the highly conserved
proteins being the most active enzymes.

MATERIALS AND METHODS

The standard molecular biology techniques used in this study are
described in detail elsewhere [15,19].

Cloning of the C. elegans cyclophilin genes: degenerate PCR

Degenerate primers were designed from regions of cyclophilins
conserved among vertebrate and yeast isoforms (DCypF and
DCypR; Table 1). These primers were used to amplify C. elegans
homologues from genomic DNA. Two distinct bands were noted
on agarose gels, and the degenerate PCR products corresponding
to these bands were subcloned into pBluescriptIl (Stratagene, La
Jolla, CA, U.S.A.). Sequencing of the inserts showed that both
corresponded to bona fide C. elegans homologues, which we

Table 1

Underlined sequences refer to restriction sites. i = inosine, y = c¢/t, r = a/g, m = a/c.

Primers used in the subcloning of the C. elegans cyclophilins

Primer name Primer sequence Restriction site

DCypF cciaaracigcigaraayttymgigciyt -
DCypR ccraaiaciacitgytticcriciarcca —
RISL1 gcggaatteggtttaattacccaagtttgag EcoRI
cyplF gcggaattcatgaaatttctacteegtgecteete EcoRl
cypiR gegtctagattactegetcttcaactctecge Xbal
cyp2F cgaattcatgecacgtgtcaaagtgttcate EcoRl
cyp2R cgtctagatcacttcatttctcegcagte Xbal
cyp3F gcggaattcatgageegetcaaaggtettt EcoRl
cyp3R ggeaagcttttatgcetigagtigtcgacagte Hindlll
cyp4F gegictagaatggctecagttacaagcaat Xbal
CYp4RT cgaagctittacacacaaatacttcagctctcata HindIll
cyp5F gegaattcatgaagtegtictigttgtggeg EcoRl
cyp5R gegtctagattagacgacggectegegtte Xbal
cyp6F gcggaattcatgageegtgetettcttttc EcoRl
cyp6R geggatcetcatggaatatgtceagegttgge BamH
cyp7F ggaaggatttcaatgagcegeccaagagteticttc Xmn|
cyp7R gctetagattagagctgtecgeagtcgge Xbal
cyp8F cggaattcatgectecagaggteegtggtaac EcoRl
cyp8R gegictagattacggetcagaageagetge Xbal
cyp9F gegaattcatggeegetgaaaaaagagtgtice EcoRl
Ccyp9RT gotctagatcatticatgcttcticteattq Xbal
cyp10F cggaattcatgtcagtcacacttcacac EcoRl
cyp10R gcictagateactttigctgaacgagag Xbal
cyp11F gcgaattcatgactgaatacgacaagttty EcoRl
cypl1R ccggatocttagagttggecacattgaac BamHl

named cyp-1 and cyp-2. The cloned PCR fragments were used to
screen a C. elegans lambdaZAP cDNA library (a gift from R.
Barstead, Oklahoma Medical Research Foundation, Oklahoma,
OK, U.S.A.). From approximately 500000 plaques, two in-
dependent cyp-1 and three independent cyp-2 cDNAs were
isolated. These clones were sequenced to completion in both
directions. The cyp-2 clone was incomplete at the 5" end and a
corresponding genomic clone was isolated and sequenced to
determine the 5" sequence. This genomic sequence was then
further confirmed by reverse transcriptase (RT)-PCR with cyp2F
and cyp2R primers (Table 1) on C. elegans cDNA.

RT-PCR cloning from EST clones

The genes cyp-3, cyp-5 and cyp-7 were all originally identified by
the genome sequencing project as partial ESTs: CEESH9S5F,
CEESH33F and CEESNIIF respectively, which all had sig-
nificant BLAST hits against cyclophilins [20,21]. Cyp-3 was also
independently isolated by M. Krause, National Institutes of
Health, Bethesda, MD, U.S.A. (personal communication). Full-
length cDNAs were isolated by SL-1 RT-PCR using a primer
sequence corresponding to the 5-most stop codon of the cor-
responding EST (Table 1: cyp3R, cyp5R and cyp7R respectively)
and the nematode transpliced leader sequence primer, SL-1
(Table 1; RISL1), on mixed-stage cDNA. Poly(A)* mRNA was
obtained using the Micro-Fast Track Kit (InVitrogen), and
cDNA was synthesized using a cDNA synthesis kit (Amersham,
Little Chalfont, U.K.). RT-PCR conditions were as follows:
10 pmol of each primer, 1 x buffer (45 mM Tris, pH 8.8/11 mM
ammonium sulphate/4.5mM MgCL,/6.7mM 2-mercapto-
ethanol/4.4 M EDTA, pH 8), 1 mM of each dNTP, 113 xg/ml
non-acetylated BSA, 2 ul of mixed-stage cDNA and 1 ul of Taq
polymerase (Advanced Biotechnologies), cycled 20 times at 94 °C
for 30s, 60 °C for 1 min and 72 °C for 1 min in 100 gl final
volume.

RT-PCR cloning from cosmid clones

Cyp-4 was originally identified by J. Waddle and R. Waterston
(Washington University, St. Louis, MO, U.S.A.) during the
characterization of a neighbouring gene, cap-2 ([22]; J. Waddle,
personal communication). The remaining genes, cyp-6, cyp-8,
cyp-9, cyp-10 and cyp-11, were all originally identified by the
genome sequencing project as sequenced cosmid clones which
possessed significant BLAST scores against cyclophilins. These
were contained in the cosmids C51B6, D1009, C14B1, B0252 and
TO1B7 respectively. Primers were designed which corresponded
to the predicted open reading frames of these genes (Table 1),
and cDNA clones were generated as above from mixed-stage
cDNA by RT-PCR.

Physical mapping

The genes cyp-1, cyp-2, cyp-3, cyp-5 and cyp-7 were mapped to
the C. elegans genomic YAC grid [23] by hybridization of gel-
purified inserts following random priming with [**P]JdATP. This
method localizes the clone to a 100-200 kb region. The position
of the clones can be further refined by testing for hybridization
to cosmid clones from the relevant region (Table 2).

Genomic Southern hybridization

Southern blots of HindIII-restricted C. elegans genomic DNA
were probed with [**P]JdATP-labelled inserts corresponding to
the genes cyp-1 to cyp-11 in hybridization buffer [23] at 65 °C
overnight. Blots were subsequently washed extensively at
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Table 2 The family of C. elegans cyclophilins

The C. elegans isoforms are listed CYP-1 to -11. Letters in parentheses refer to: A, cyclophilin A or cytosolic CYP-like isoform; B, cyclophilin B or secreted CYP-like isoform; C, cyclophilin C or
mitochondrial CYP-like isoform; D, cyclophilin D or divergent CYP-like isoform. The accession numbers of the various isoforms are listed, and the sizes of predicted proteins include the signal
peptide where applicable (aa, amino acid). Names of genes and accession numbers in square brackets refer to available genomic sequences. Mapping locations (Map) define the physical
chromosomal location in the worm’s genome, with precise cosmid location listed where applicable; chromosomes are listed I-X [23]. The CsA domain refers to the residues in the human CypA
isoform which bind CsA, with changes in this conserved domain depicted in single-letter amino acid code, and numbering referring to the position in the human cyclophilin. The presence or absence
of a signal peptide is indicated, as is the presence of a central 7—8 amino acid insert. The presence and type of C-terminal domain is also indicated, and pl refer to isoelectric points for the

isoforms minus any signal peptides.

Accession
Isoform number Size (aa) Map (cosmid) CsA-domain Signal peptide Insert C-extension pl
CYP-1 (C) U30943 192 VC Conserved Yes (19 aa) Yes No 6.7
CYP-2 (A) U34354 17 IR (ZK526) A103C No Yes No 8.1
CYP-3 (A) us1o77 173 VR Conserved No Yes No 8.8
CYP-4 (D) U36187 524 IIRC (M106) T73H, A103K, No No Yes (hydrophobic) 79
[F59E10.2] [246935] Wi21Y
CYP-5 (C) U31948 204 IR (B0467) Conserved Yes (28 aa) No Yes (short) 9.5
CYP-6 (B) U27354 201 llIL (C51B6) Conserved Yes (25 aa) No Yes (short) 5.8
[F42G9.2] [U00051]
CYP-7 (A) U27559 17 VR Conserved No Yes No 8.5
CYP-8 (D) U31078 466 XRC (D1009) A103R, No Yes Yes (hydrophilic) 10.7
[D1009.2] [U40938] W121H
CYP-9 (D) U36581 309 llIL (C14B1) T73R, A103K, No Yes Yes (hydrophilic) 8.6
[T27D1.1] [248245] W121H, L122C
CYP-10 (D) U34954 147 IIC (B0252) T73K, A103N, No No No 53
[B0252.4] [U23453] W121H, H126Y
CYP-11 (D) U34955 183 IIC (TO1B7) W121F No Yes No 6.5
[T01B7.4] [266499]

65°C in 0.59% SDS/0.5xSSC (SSC =0.15M NaCl/0.015M
sodium citrate) and exposed for autoradiography.

Sequencing and overexpression of the C. elegans cyclophilin
isoforms

All cDNA clones were digested with the appropriate restriction
enzymes (Table 1) and ligated into similarly cut pMalc2 vector
(New England Biolabs). Plasmid DNA was isolated (Plasmid
Kit, Qiagen) and the inserts were sequenced in both directions by
thermal-cycle sequencing on an Applied Biosystems Automated
Sequencer, and where appropriate were compared with the
available corresponding EST and cosmid DNA sequences. Se-
quence alignments and comparisons were done using the Uni-
versity of Wisconsin Genetics Computer Group software. Data-
base searches were performed using the BLAST program [24].
Protein sequences were searched for conserved functional motifs
using PROSITE [25].

Maltose-binding fusion proteins were obtained for all isoforms,
except CYP-7, following the manufacturer’s instructions (New
England Biolabs; Protein Fusion and Purification System Man-
ual). CYP-7 was excluded due to its extremely high degree of
identity with the cyclophilin A isoform CYP-3 (879, identical,
919, similar), which rises to 1009, identity over the PPI- and
CsA-binding domains. Initial insolubility problems with the
large two-domain isoforms CYP-8 and -9, and the three-domain
protein CYP-4, were overcome by expressing the cyclophilin
domains only (Figures 3A and 3B).

PPI assay

The recombinant maltose-binding protein (MBP)-cyclophilin
fusion proteins were analysed for proline isomerase activity to a
synthetic Ala-Pro-containing peptide (/N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanalide; Bachem AG), following published methods
[15] based on the assay originally described by Fischer et al. [26].

Reactions were performed at 6 °C/400 nm using a Beckman
DU640 spectrophotometer. First-order rate kinetics were ob-
served with a rate constant k. = (K,,,/K,)[E]

RESULTS AND DISCUSSION

We report in this paper the identification and characterization of
11 separate cyclophilin genes from C. elegans, ten of which have
been expressed in E. coli and have been determined to posses PPI
activity. All of these genes are expressed, as we have been able to
isolate full-length cDNAs for each of them. The genes cyp-1 and

7 8 9 10 1

Figure 1 Southern blot analysis of the C. elegans cyclophilin genes

Genomic DNA was restricted with Hindlll and separated on a 1% curtain agarose gel. The blot
was cut into individual strips which were subsequently probed with the individual cyp cDNA
clones. Lane numbering refers to cyp genes (cyp-7 to -77). Size markers are in kilobases (Kb).
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Figure 2 Map position of C. elegans cyclophilins

The C. elegans cyclophilin genes cyp-7to -77 were placed onto the genetic map based on their
physical position. Clones were mapped to the physical map by hybridization to the YAC polytene
filter (See Materials and methods section). Genetic markers are denoted under each
chromosome; for a full description refer to [38].

cyp-2 were isolated by degenerate PCR and, as expected, closely
resemble the ubiquitous cyclophilins in the databases. Partial
clones of cyp-3, -5 and -7 were originally isolated as EST clones
[20,21] and, not surprisingly, these are amongst the most abun-
dantly expressed of the 11 genes (A. P. Page, unpublished work).
The remaining cyclophilins, cyp-4, -6, -8, -9, -10 and -11, were all
originally identified during the C. elegans genome sequencing
project, which is still underway. In total, this represents the
greatest number of isoforms identified in a single species, and
may not be a complete list. Southern blotting and physical
mapping indicate that these genes are separate (Figure 1) and are
distributed throughout the nematode genome (Figure 2).

The proteins encoded by the cyp genes are shown in Figure
3(A), aligned to the well-characterized human cyclophilin A
isoform (CypA). The C. elegans CYP proteins are highly varied
in sequence, many isoforms being more closely related to human
CypA than to some of the more divergent isoforms (Table 3),
suggesting that the common ancestor of C. elegans and mammals
already possessed a number of cyclophilin isoforms, from which
various subfamilies originated [27]. This analysis indicated that
CYP4, -8, -9, -10 and -11 are the most divergent isoforms, both
when compared with the other C. elegans CYPs and with human
CypA. All isoforms, except CYP-9, -10 and -11, have the 11
amino acid PROSITE [25] consensus sequence for PPI, with
either 1 or 2 amino acid differences being present (Figure 3A).
The PROSITE consensus sequence does however fall outside the
conserved PPI active domain, and the PPI domains of these
isoforms are relatively conserved. The side-chains of human
CypA, which have been shown by NMR and X-ray crystallo-
graphic analysis to be associated with CsA binding, are denoted

by asterisks in Figure 3A: R55, 157, F60, M61, Q63, G72, T73,
A101, N102, A103, Q111, F113, W121, L122 and H126 [3,28].
The NMR data suggest the presence of three hydrogen-bonds
between N-methyl-L-leucine-10 (MeLeu) (CsA) and R55, MeLeu-
9 (CsA) and W121 and L-a-aminobutyric acid-2 (Abu) (CsA) and
N102 [28]. Site-directed mutagenesis of the CsA-insensitive E.
coli cyclophilin demonstrated the importance of W121 in CsA
binding, since changing the corresponding residue from F to W
in this isoform resulted in an increased sensitivity to CsA [29]. As
can be seen from Figure 3(A) and Table 2, many of the C. elegans
CYPs have altered CBDs.

The properties of the CYP isoforms are summarized in Table
2: the majority of the isoforms, like other cyclophilins from
higher eukaryotes, are basic proteins, and only CYP-1, -6, -10
and -11 have acidic pIs. CYP-2, -3 and -7 most closely resemble
the well-characterized CypA in structure and sequence, and thus
are likely to be members of the cytosolic CsA-binding cyclophilin
subfamily. Like human CypA, these three genes are highly
expressed (A. P. Page, unpublished work). Three of the cyclo-
philins contain potential N-terminal signal peptides. The 25
amino acid hydrophobic signal peptide found in CYP-6 is
characteristic of secreted or cyclophilin B isoforms, and this
protein also has a highly conserved CBD. CYP-1 and -5 also
possess signal peptides, however, these more closely resemble
mitochondrial targeting sequences, since they are both amphi-
pathic and positively charged. This suggests that these isoforms
localize to cellular organelles, and are members of the cyclophilin
C subfamily. Both isoforms have the conserved CsA-binding
motifs. CYP-5 probably represents the most abundant CYP
isoform, since it was independently isolated five times during the
course of the C. elegans cDNA sequencing project [20,21].

Based both on overall amino acid divergence with the other
CYPs (Table 3), and a comparison with the central conserved
region of human CypA (Figure 3A), the remaining cyclophilin
isoforms, CYP-4, -8, -9, -10 and -11, all represent divergent or
‘cyclophilin D isoforms’. These isoforms posses one or more
residue changes in the well-characterized CBD [3] (Figure 3A,
residues denoted by an asterisk). Similarly altered CBDs have
been hypothesized to correlate with substrate specificity [12].
Identification of CsA derivatives, with specific binding to the
divergent forms and not the canonical forms, would result in
further functional dissection of the cyclophilins. The isoforms
CYP-8, CYP-9 and CYP-4 are especially divergent proteins: all
three have altered CBDs and extended C-terminal domains
(Figure 3B). The CYP-8 and CYP-9 isoforms have a W121 to H
change in the major CsA-binding residue and extremely hydro-
philic tail domains. Both attributes are also found in the B.
malayi CsA-insensitive isoform, presently the only other reported
nematode cyclophilin [15]. The CYP-4 isoform also has two
changes in the CBD, including a change in the major CsA-
binding residue W121 to Y. This isoform also possesses an
extended, extremely hydrophobic C-terminal domain, which is
most closely related to the tail of the well-characterized Droso-
philia ninaA gene product [14]. This similarity suggests that CYP-
4 may also be an integral membrane protein and, like ninaA,
have a more stringent substrate specificity. CYP-4 is actually a
three-domain protein (Figure 3B), as it also possesses a large (254
amino acid) N-terminal domain which has weak homology to
heat-shock protein-70. Similar multi-domain PPI-containing
proteins have been described previously, in both the cyclophilins
[30] and the FKBP families [31].

The cyclophilins CYP-1, -2, -3, -7, -8, -9 and -11 all possess a
central 7-8 amino acid insert not commonly found in other
cyclophilins (Figure 3A). Similar inserts in this region have
however been found in cyclophilins from plants [32], B. malayi
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Figure 3 Structure and sequence of the C. elegans cyclophilin isoforms

(R) Alignment of CYP-1 to -11 with human CypA. Broken lines () are introduced for maximal alignment; *, residues which constitute the CBD in human CypA [3]. The consensus line (Cons)
is for the C. elegans isoforms only. Lower case letters indicate > 5/11 resides identical; upper case letters indicate 11/11 residues identical. The central 7—8 amino acid insert is indicated in
italics. The PROSITE [25] PPI consensus sequence ([F/Y]-X2-[S/T/L/V]-X-F-H-[R/H]-[L/1/V/M]2-X2-F-[L/I/V/M]-X-Q-[A/G]-G) is underlined in the consensus. The PROSITE conserved ATP/GTP-
binding site motif A (A/G-x4-G-K-S/T) [33] is underlined in CYP-2, -3 and -7. Complete sequences are shown for all isoforms, except CYP-4, -8 and -9 (< and > indicating that more sequence
is missing at the N- or C-terminal end respectively), and include signal peptides where applicable (CYP-1, -5 and -6). (B) Schematic representation of the various domains of the C. elegans

cyclophilins. N

umbers represent cyclophilin isoforms possessing these features.

Table 3 Percentage identity between the C. elegans CYP isoforms

All predicted amino acid sequences were compared using the GCG Gap program (University of Wisconsin Genetics Computer Group), and adjusted manually to provide the best alignment. Percentage

similarities are indicated in parentheses. HCYP-A, human cyclophilin A.
C-like A-like A-like D-like C-like B-like A-like D-like D-like D-like D-like
Isoform CYP-1 CYP-2 CYP-3 CYP-4 CYP-5 CYP-6 CYP-7 CYP-8 CYP-9 CYP-10 CYP-11
CYP-1 [C] -
CYP-2 [A] 71 (80) -
CYP-3 [A] 72 (80) 81 (87) -
CYP-4 [D] 25 (51) 39 (61) 38 (60) -
CYP-5 [C] 55 (69) 59 (73) 60 (74) 31 (60) -
CYP-6 [B] 52 (67) 57 (73) 59 (78) 32 (57) 70 (78) -
CYP-7 [A] 73 (81) 79 (85) 87 (91) 40 (59) 60 (72) 56 (71) -
CYP-8 [D] 47 (70) 53 (71) 48 (69) 35 (61) 45 (70) 48 (68) 51 (70) -
CYP-9 [D] 46 (67) 50 (67) 45 (65) 31 (56) 41 (65) 42 (64) 50 (66) 51 (69) -
CYP-10 [D] 41 (66) 42 (62) 40 (63) 48 (69) 36 (61) 37 (63) 42 (63) 42 (64) 44 (64) -
CYP-11 [D] 48 (66) 49 (67) 51 (66) 35 (60) 49 (66) 51 (69) 55 (70) 48 (68) 45 (64) 41 (64) -
HCYP-A 65 (79) 58 (66) 65 (77) 34 (59) 56 (68) 55 (70) 71 (83) 53 (71) 49 (66) 38 (67) 54 (70)

[15] and divergent vertebrate cyclophilin-like proteins [12,13]. -7 all posses a PROSITE [25] conserved ATP/GTP-binding site
The function of these inserts remains to be established. The insert motif A (A/G-x4-G-K-S/T)[33] at the start of this insert (Figure
is relatively conserved among CYP-1, -2, -3 and -7 but is 3A, underlined).

divergent in the others. It is of interest to note that CYP-2, -3 and The cyclophilin domains of cyp-1, -2, -3, -4, -5, -6, -8, -9, -10



184 A. P. Page, K. MacNiven and M. 0. Hengartner

M 1 2 3 4 5 6 7 8 9 10 11

116~

97

661 .

ol VegoU wVe g
9y, g ¥
s - :

43 Saag j i - ‘8-

271 -

Figure 4 Expression of recombinant C. elegans cyclophilin

A 10 xg amount of each isoform was separated on a 10%- SDS/PAGE gel, and the proteins
were visualized by Coomassie Brilliant Blue staining. Protein molecular mass markers (M, in
kDa) are indicated on the left (New England Biolabs). Lanes: 1, MBP; 2, CYP-1; 3, CYP-2; 4,
CYP-3; 5, CYP-4; 6, CYP-5; 7, CYP-6; 8, CYP-8; 9, CYP-9; 10, CYP-10; 11, CYP-11.

. e Isoform Kc/Km [uM/ min

CYP-6 (B) 502.15

S 4o CYP-2 (A) 36.95
< CYP-3 (A) 21.38
Y el CYP-5 (C) 4.44
g 7 CYP-1 (C) 4.21
2 CYP-8 (D) 1.17
§ CYP-10 (D) 1.16
< CYP-4 (D) 1.12
CYP-9 (D) 0.95
CYP-11 (D) 0.95

0.4 T T T

Figure 5 Enzyme activity of C. elegans cyclophilin isoforms

Typical PPI progression curves: curve a, thermal isomerization of Ala-Pro synthetic peptide in
the absence of enzyme; curve b, thermal isomerization of Ala-Pro synthetic peptide in the
presence of MBP; curve ¢, increase in isomerization of Ala-Pro synthetic peptide in the presence
of 10 nM CYP-6. Enzyme activity is expressed as K,/ K, («M/min). Isoforms are listed in order
of activity.

at

and -1/ were expressed as soluble fusion proteins in E. coli
(Figure 4), and in a typical experiment yielded 18-26 mg/l. The
recombinant cyclophilins were analysed using the documented
PPI assay [15,26]. A typical progress curve is depicted in Figure
5, where the increased catalytic isomerization of a synthetic Ala-
Pro peptide is demonstrated by its subsequent increased sus-
ceptibility to chymotrypsin-release of the attached p-nitroaniline
chromophore. This Figure also demonstrates the background or
thermal isomerization of substrate in the absence of enzyme, and
lack of PPI activity of the unfused MBP. Analysis of the PPI
activity groups the enzymes into their various classes, with the
most highly conserved enzymes being most active and the
divergent isoforms being least active (Figure 5). This result
supports the contention that the divergent isoforms may indeed
have more specific substrates. The CYP-6 or -B isoform is the
most active PPI, being 14-22-fold more active than the CYP-A
homologues CYP-2 and -3 respectively. The CYP-C isoforms
CYP-1 and -5 are grouped next, being 5-8 times less active than
the CYP-A isoforms, and finally the least active are the divergent

isoforms CYP-8, -10, -4, -9 and -11, which in turn are 4-5-fold
less active than the CYP-C isoforms.

The large number of cyclophilin isoforms in C. elegans may
reflect a general redundancy or regulatory flexibility for CYPs
with the same or similar function. This may be particularly true
for the highly conserved isoforms (CYP-1, -2, -3, -5, -6 and -7),
which might provide interchangeable functions in different cell
types, cellular compartments or organelles. It is interesting to
speculate that the more divergent isoforms may have specific or
restricted functions, as has been described for the nina4 gene in
Drosophila, which encodes a cyclophilin involved in the specific
folding of rhodopsins in the compound eye [14]. Excluding this
case, evidence that cyclophilins play a physiological role in
protein folding is still more suggestive than conclusive. None-
theless, several reports support such a link. For example, in vitro
and in vivo experiments have demonstrated that CsA specifically
inhibits collagen folding in chicken fibroblasts [5]. Cyclophilin B
has recently been implicated in association with heat-shock
protein-47, as aiding the export of procollagen from the endo-
plasmic reticulum [34]. A human CypA isoform has also been
shown to associate with HIV-1 virions [11], this interaction being
specific to a single proline in the Gag polyprotein of this virus
[35]. More recently, mitochondrial cyclophilin isoforms have
been implicated in protein folding in this organelle [36,37].

The function of such a large number of isoforms in a single
species may not be restricted to promoting de novo protein
folding, and we predict that numerous isoforms will be present in
other eukaryotes, including man. The natural ligands for cyclo-
philins in general are practically unknown, although evidence
accumulated during the study of the immunosuppressive action
of CsA suggests that many cyclophilins (perhaps the highly
conserved isoforms) are tightly associated with specific target
molecules, rather than acting as general protein-folding catalysts.

Why are so many cyclophilins necessary? Do they have
independent functions? What are their roles in protein folding
and signal transduction? What is their involvement in the
antiparasitic effects of CsA? Further analysis of this important
group of enzymes in C. elegans may elucidate the many roles
played by cyclophilins.
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