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Database searching has allowed the identification of a number of previously unreported single and multidomain isoform
members of the Arabidopsis cyclophilin gene family. In addition to the cyclophilin-like peptidyl-prolyl cis-trans isomerase
domain, the latter contain a variety of other domains with characterized functions. Transcriptional analysis showed they are
expressed throughout the plant, and different isoforms are present in all parts of the cell including the cytosol, nucleus,
mitochondria, secretory pathway, and chloroplast. The abundance and diversity of cyclophilin isoforms suggests that, like their
animal counterparts, plant cyclophilins are likely to be important proteins involved in a wide variety of cellular processes. As
well as fulfilling the basic role of protein folding, they may also play important roles in mRNA processing, protein degradation,

and signal transduction and thus may be crucial during both development and stress responsiveness.

Cyclophilins are ubiquitous proteins (Galat, 1999)
present in all subcellular compartments, which are
involved in a wide variety of processes including
protein trafficking and maturation (Shieh et al., 1989;
Ferreira et al., 1996), receptor complex stabilization
(Leverson and Ness, 1998), apoptosis (Lin and
Lechleiter, 2002), receptor signaling (Brazin et al.,
2002; Yurchenko et al, 2002), RNA processing
(Krzywicka et al., 2001), and spliceosome assembly
(Bourquin et al, 1997, Mortillaro and Berezney,
1998; Horowitz et al., 2002). Cyclophilin A was
first identified and purified while screening for the
intracellular protein target of cyclosporin A (CsA),
a fungal metabolite with potent immunosuppressive
activity (Handschumacher et al., 1984). Cyclophilins
belong to a family of immunosuppressant receptors
called immunophilins, which also includes the FK506-
binding proteins (FKBPs; Harding et al., 1989) and the
parvulins (Dolinski and Heitman, 1997). Inmunophi-
lin-drug complexes block T-cell activation by inhibit-
ing the phosphatase activity of calcineurin, resulting
in inhibition of T-cell activation by blocking the ex-
pression of a number of immunoresponsive genes
(Molkentin et al., 1998). Immunophilins possess pep-
tidyl-prolyl cis-trans isomerase (PPiase) activity, cata-
lyzing the rotation of X-Pro peptide bonds from a cis
to trans conformation, a rate-limiting step in protein
folding (Brandts et al., 1975) and of widespread im-
portance since over 90% of proteins contain trans
prolyl imide bonds (Stewart et al., 1990).

Plant cyclophilins were first identified in 1990 with
the isolation of cyclophilin ¢cDNA sequences from
tomato (Lycopersicon esculentum), maize (Zea mays), and
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oilseed rape (Brassica napus; Gasser et al., 1990). To date,
14 cyclophilin-like proteins have been reported in
Arabidopsis: 5 cytoplasmic cyclophilins (rotamase
cyclophilin [ROC] 1-3, ROC5-6; Hayman and Miernyk,
1994; Chou and Gasser, 1997), 2 endoplasmic reticulum
(ER) localized isoforms (ROC7 and AtCYP5; Jackson
and Soll, 1999; Grebe et al., 2000), 6 chloroplast isoforms
(Lippuner et al., 1994; Peltier et al., 2002; Schubert et al.,
2002), and the Arabidopsis homolog of human Cyclo-
philin 40 (Cyp40; Berardini et al., 2001). ROC1-7
predicted proteins range in size from 18 to approxi-
mately 28 kD and show significant sequence identity,
ranging from 60% to 90% between members. While
only one chloroplast cyclophilin, ROC4, has been
shown to be targeted to the stromal compartment
(Lippuner et al., 1994; Schubert et al., 2002), the five
remaining chloroplast isoforms have been isolated in
independent proteomic analyses of the thylakoid
lumen (Peltier et al., 2002; Schubert et al., 2002); among
these is the Arabidopsis homolog of the previously
characterized spinach (Spinacia oleracea) cyclophilin
TLP40 (Fulgosi et al., 1998; Vener et al., 1999).

With the exception of ROC4, which is only expressed
in photosynthetic tissue, a number of reported cyclo-
philins show ubiquitous spatial expression patterns
(Lippuner et al., 1994; Chou and Gasser, 1997; Jackson
and Soll, 1999; Berardini et al., 2001). Furthermore,
cyclophilin expression has been shown to be induced
by both biotic and abiotic stresses including HgCl,
(Marivet et al.,, 1992), viral infection, ethephon (an
ethylene releaser), salicylic acid, salt stress, heat and
cold shock (Marivet et al., 1994, 1995; Scholze et al.,
1999; Godoy et al., 2000), light (Chou and Gasser, 1997;
Luan et al., 1994), drought (Sharma and Singh, 2003),
wounding, fungal infection, abscisic acid, and methyl
jasmonate (Godoy et al., 2000; Kong et al., 2001).

Yeast 2-hybrid experiments have allowed the
identification of specific interactions between plant
cyclophilins and a number of proteins. ROC7 binds the
regulatory subunit of the protein phosphatase 2A
(PP2A) RCN1; however, unlike PP2B, PP2A activity is
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not affected by CsA (Jackson and Soll, 1999). ROC6
binds strongly and specifically to the Agrobacterium
tumefaciens T-complex trafficking protein VirD2, sug-
gesting a potential role of cyclophilins in T-DNA
transfer (Deng et al., 1998). Furthermore, CsA inhib-
its A. tumefaciens-mediated transformation of both
Arabidopsis and tobacco (Nicotiana tabacum; Deng
et al.,, 1998). AtCYP5 interacts with GNOM, a GTP ex-
change factor that acts on ADP ribosylation factor-type
G-proteins, an important component required for the
coordination of cell polarity along the apical-basal
embryo axis (Grebe et al.,, 2000). The chloroplast
localized cyclophilin ROC4 binds thioredoxin m in
vitro (Motohashi et al., 2001). Thus far however, the
only in vivo evidence of cyclophilin function comes
from analysis of a loss-of-function mutant of Arabi-
dopsis Cyp40. The Cyp40 protein has been identified
in yeast (Mayr et al, 2000), mammals, and plants
(Owens-Grillo et al., 1996) and consists of a conserved
N-terminal cyclophilin domain and a C-terminal
tetratricopeptide (TPR) domain; the TPR domain has
been shown to be required for association with the
Hsp90 chaperone complex (Owens-Grillo et al., 1995,
1996; Duina et al., 1996). The Cyp40 mutant shows
both a reduction in leaf number and an alteration in
leaf morphology and is thus functionally implicated
in the vegetative maturation of the shoot (Berardini
et al., 2001).

By far the best-characterized plant cyclophilin is the
atypical multidomain spinach thylakoid lumen cyclo-
philin TLP40. TLP40 is a 40 kD lumenal protein that
contains a poorly conserved carboxy-terminal cyclo-
philin domain, a predicted amino-terminal Leu zipper
and a phosphatase-binding domain. TLP40 plays a key
role in turnover of the D1 photosystem II protein by
regulating its dephosphorylation (Fulgosi et al., 1998;
Vener et al., 1999).

Progress has also been made in the characterization
of the FKBP-type plant PPiases; chloroplast localized
FKBP13 may be involved in sequestering the Rieske
subunit of the cytochrome b;f complex (Gupta et al.,
2002), whereas FKBP42 (Kamphausen et al., 2002) and
FKBP72 (Carol et al., 2001; Faure et al., 1998; Vittorioso
et al, 1998) mutants show marked developmental
abnormalities. It is clear therefore that PPiases play
a number of important roles in plant biology, but we
do not yet know the number of genes, their sequences,
or their expression patterns. Analysis of the Arabidop-
sis genome sequence has revealed that the FKBP-type
gene family is composed of 22 members, including
both single and multidomain isoforms (Schubert
et al., 2002). In the study presented here, database
searches were carried out to determine the extent of
the Arabidopsis cyclophilin gene family. This paper
describes the identification, classification, and tran-
scriptional analysis of novel genes encoding cyclo-
philin-like proteins which, combined with the
previously identified isoforms, constitute the largest
cyclophilin gene family so far described in any
organism, consisting of 29 members.
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RESULTS

The Arabidopsis Genome Contains a Large Cyclophilin
Gene Family

A comprehensive database survey (see “Materials
and Methods”) identified a further 15 genes encoding
putative proteins containing cyclophilin-like domains
in addition to the 14 Arabidopsis cyclophilin genes
that have been previously reported. Cyclophilin iso-
forms previously identified by a proteomic approach
(Peltier et al., 2002; Schubert et al., 2002) were also
analyzed to verify their predicted coding regions. To
conform to nomenclature adopted for this family with
that used in other organisms, we propose an alteration
in the gene name from ROC (Chou and Gasser, 1997;
Jackson and Soll, 1999) to AtCYP, with specific
designation provided by the molecular weight, and
genes encoding isoforms with similar molecular
weight numbered appropriately. In the case of proteins
possessing cleavable signal peptides, the nomencla-
ture represents the molecular weight of the mature
protein predicted by TargetP. Following experimental
elucidation of the mature molecular weight, nomen-
clature may be adjusted in the future.

Where possible, sequence analysis was carried out
to confirm predicted cyclophilin gene cDNA se-
quences present on the Munich Information Center
for Protein Sequences (MIPS) database. Expressed se-
quence tag (EST) cDNAs were obtained for 11 cy-
clophilins, 4 full-length cDNAs were generated by
reverse transcription (RT)-PCR, and 5 sequences were
deduced from predicted cDNA/mRNA sequences
present within the MIPS database (see “Materials
and Methods”). For the majority of intron-containing
genes, the predicted splice sites were correct on the
MIPS database, but a number of genes were errone-
ously annotated; in particular, AtCYP18-1, AtCYP21-2,
AtCYP37, AtCYP57, AtCYP59, AtCYP71, and AtCYP95
annotations contained predicted splice site errors
resulting in deletions and out of frame mutations (data
not shown). Corrected sequences and novel gene
nomenclatures were reported to the MIPS database.

Table I shows the classification of the Arabidopsis
cyclophilin gene family indicating, where applicable,
previous gene designations. All gene sequences were
identified from the Columbia genome sequence, the
accession used by the Arabidopsis Genome Initiative.
ATCYCP, a cyclophilin isolated and sequenced from
a Landsberg erecta derived cDNA library (Bartling
et al., 1992) whose authenticity has been disputed
(Chou and Gasser, 1997), was not present within the
MIPS database and is therefore not included within
this classification. To rationalize the classification, all
previously reported sequences (Saito et al., 1995; Chou
and Gasser, 1997; Jackson and Soll, 1999; Berardini
et al., 2001) have been appropriately renamed and
have been further subdivided into single and multi-
domain isoforms. The single domain cyclophilins are
characterized by a conserved cyclophilin domain,
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Table I. Nomenclature, accessions, and available resources of the Arabidopsis cyclophilin family

Name® AGI IDP kD /aa  ESTs® BACH Subcellular Location/ Target P°  Aligned’ RFWH/ PPiase® % Identity/ Similarity"
Single Domain Cyclophilins
AtCYP18-1 At1g01940 17.5/160 2  AC020622 Cytosol Full RFWY/— 53/67
AtCYP18-2 At2g36130 18.2/164 3 AC007135 Cytosol Full RFSH/— 53/65
AtCYP18-3 (ROCT)'** At4g38740 18.4/172 42  AL035656 Cytosol Full RFWH/— 67/79
AtCYP18-4 (ROCS, At4g34870 18.4/172 47 AL079347 Cytosol Full RFWH/— 69/80
AtCYPT)'
AtCYP19-1 (ROC3)'  At2g16600 18.5/173 18 AC005825 Cytosol Full RFWH/— 68/79
AtCYP19-2 (ROC6)'?  At2g21130 18.5/174 2 AL138642 Cytosol Full RFWH/— 67/80
AtCYP19-3 (ROC2)'  At3g56070 18.9/176 2 AL391711 Cytosol Full RFWH/— 70/76
AtCYP19-4 (Cyp5)*®  At2g29960 21.5/201 4 AL161586 SP (0.98) Full RFWH/— 62/72
AtCYP20-1 (ROC7)  At5g58710 21.9/204 7 AB020755 SP (0.95) Full RFWH/— 62/71
AtCYP20-28 At5g13120 28.3/259 10 AL391711 TL (0.96) Full RFWH/+ 65/76
AtCYP20-3 (ROC4)"?  At3g62030 28.2/260 21 AL138642 Stroma (0.93) Full RFWH/+ 67/73
AtCYP21-1 At4g34960 24.6/224 3 AL022023 SP (0.97) Full RFWH/— 52/67
AtCYP21-2 At3g55920 24.5/228 0 AL163832 SP (0.98) Full RFWH/— 59/70
AtCYP21-3 At2g47320  26/230 9 AC002337 Mitochondria (0.71) Full RKDL/— 27/48
AtCYP21-4 At3g66654 26.4/236 8 AC036106 Mitochondria (0.75) Full RKDL/— 24/43
AtCYP22-1 At2g38730 21.5/199 2 AC005499 Cytosol Full RFWH/— 55/68
AtCYP23-1 At1g26940 25.5/226 2 AC005508 SP (0.97) 1-203 RRHY/— 28/40
AtCYP26-1 At3g22920  26/232 0 AP001300 Cytosol 1-175 HLQH/— 46/59
AtCYP26-2 At1g74070 34.4/317 1  ACO16662 TL (0.82) 1-297 KVEV/— 24/38
AtCYP28? At5g35100 31.4/290 6 AF058825 TL (0.59) 1-254 KLQN/— 29/43
AtCYP37° At3g15520 45.1/461 5 AC024081 TL (0.82) 1-308 LSLL/— 7/8
Multidomain Cyclophilins
AtCYP38° At3g01480 48/437 10 AC009325 TL (0.97) 243-437  REIY/+ 8/10
AtCYP40 (CYP40)'  At2g15790 40.5/361 0 AC018722 Cytosol 1-181 RNHH/— 56/69
AtCYP57 At4g33060 57.1/504 3 AL031804 Cytosol 1-179 RFWH/— 48/64
AtCYP59 At1g53720 58.8/506 1 AC024260 Nucleus 1-170 TFYH/— 40/53
AtCYP63 At3g63400 63.5/566 5 AL163818 Nucleus 1-182 RFHH/— 60/71
AtCYP65 At5g67530  65/595 6 AB013390 Cytosol 335-500  RNHH/— 48/62
AtCYP71 At3g44600 70.7/631 3  AL353818 Cytosol 466-631  RNWH/— 51/68
AtCYP95 At4g32420 94.6/837 9  AL034567 Nucleus 1-171 RSQN/— 46/60

?Original nomenclature shown in parentheses. References: 1, Chou and Gasser (1997); 2, Lippuner et al. (1994); 3, Deng et al. (1998); 4, Hayman
and Miernyk (1994); 5, Saito et al. (1995); 6, Grebe et al. (2000); 7, Jackson and Soll (1999); 8, Schubert et al. (2002); 9, Motohashi et al. (2001); 10,
Berardini et al. (2001). PSystematic nomenclature provided by MIPS (http://mips.gsf.de/proj/thal/) from the AGI sequencing project. “Number
of ESTs in the MIPS database is indicated. “Bacterial artificial chromosome (BAC) numbers are for genomic DNA deposited in the National
Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/). ®Subcellular location and prediction score obtained using
TargetP (http://www.cbs.dtu.dk/services/TargetP/; SP, secretory pathway; TL, thylakoid lumen), and PredictNLS (http:/cubic.bioc.columbia.edu/cgi/
var/nair/resonline.pl). fRefers to Figure 2. 8Amino acid present at positions required for PPiase activity and CsA binding (Arg-225, Phe-230,
Trp-332, His-337; see Fig. 2) experimentally determined PPiase activity. "Values are compared to human cyclophilin A.

whereas the multidomain members contain additional
conserved domains that have been characterized in
other proteins (Fig. 1).

Single Domain Cyclophilins

Figure 2 shows a multiple sequence alignment of the
cyclophilin domains of both single domain (SD) and
multidomain (MD) members of the cyclophilin gene
family; truncated versions of a number of proteins
were used to improve the alignment, the exact region
of aligned sequence being indicated in Table L
Sequence and secondary structural details of the
extensively characterized human cyclophilin A iso-
form (hCYPA) are shown as an external reference for
comparison to the Arabidopsis cyclophilin sequences.
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The SD cyclophilins contain a single conserved
cyclophilin domain and are further distinguished by
the absence (AtCYP18-1, AtCYP18-2, AtCYP18-3,
AtCYP18-4, AtCYP19-1, AtCYP19-2, and AtCYP19-3)
or presence (AtCYP19-4, AtCYP20-1, AtCYP20-2,
AtCYP20-3, AtCYP21-1, AtCYP21-2, AtCYP21-3,
AtCYP21-4, AtCYP23-1, AtCYP28, AtCYP26-2, and
AtCYP37) of an N-terminal targeting sequence.
AtCYP23-1 and AtCYP26-1 represent unique iso-
forms within the SD cyclophilins, as they possess pre-
dicted transmembrane domains located at the N- and
C-termini, respectively (Fig. 1).

Considerable sequence identity exists between
AtCYP18-3 and AtCYP19-2 and between AtCYP18-4
and AtCYP19-1 at both the DNA and protein level.
As previously suggested (Chou and Gasser, 1997),
these pairs are likely to have resulted from a gene
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Single Domain Cyclophilins
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Figure 1. Primary domain structure of representative isoforms of the SD and MD Arabidopsis cyclophilin proteins. TMD,
transmembrane domain; TPR, tetratricopeptide repeat; S/K-R/E, Ser/Lys-Arg/Glu-rich region; U, U-box domain; WD40, WD40
repeat; RRM, RNA recognition motif; R, Arg- rich region; NLS, nuclear localization signal; EK, Glu-Lys-rich region; RS, Arg-Ser

rich region; LZ, Leu zipper.

duplication event. The majority of the SD cyclophilins
contain an 8 to 11 amino acid insertion in the surface
exposed extended loop region (Fig. 3A) located
between a-helix-I and B-sheet-III (hereafter referred
to as the a-I/B-1Il junction); however, AtCYP18-1,
AtCYP18-2, AtCYP21-3, and AtCYP21-4 lack this
insertion. Within the a-I/B-III junction, the SD chloro-
plast isoforms AtCYP20-2, AtCYP20-3, AtCYP26-2,
and AtCYP28 possess short insertions of only 3 to 4
residues. AtCYP26-2 and AtCYP28 constitute the most
significantly diverged SD cyclophilin isoforms, shar-
ing only 24% to 29% sequence identity with hCYPA;
this is largely due to the amino acid insertions 251

Plant Physiol. Vol. 134, 2004

to 258 and the residues located between B-sheets V
and VI. AtCYP37 is the largest and least conserved
SD isoform showing poor sequence conservation
throughout the cyclophilin domain (7% identity to
hCYPA) as well as a unique 75 amino acid insertion
located within the a-I/g-III junction.

The neural-network-based targeting prediction pro-
gram TargetP is a powerful tool that allows the
discrimination of subcellular destination based on
conserved sequence features present within the N
terminus of a given protein. Thirteen out of twenty-
one SD cyclophilin isoforms are predicted to be
targeted to distinct cellular subcompartments; their
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Figure 2. Multiple alignment of the deduced protein sequences of the Arabidopsis cyclophilin family. Multidomain isoform
sequences have been truncated to improve the alignment (see Table | for details of sequence used). Backgrounds indicate
percentage of amino acid similarity: black, 100%; dark gray, 80%; light gray, 60%. Amino acids in red represent those required
for PPiase catalysis, those in blue for CsA binding (Zydowsky et al., 1992). Secondary structure features are those of human
Cyclophilin A (Kallen etal., 1991). Roman numerals on the left-hand side correspond to the cladistic subdivision used in Figure 3.
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predicted location and TargetP scores are shown in
Table I. The N-terminal sequences of AtCYP20-2 and
AtCYP20-3 have properties of known chloroplast
transit peptides, being rich in both Ser and Ala
residues and deficient in acidic residues such as Asp
and Glu (von Heijne et al., 1989). Both isoforms score
highly for targeting to the chloroplast, theoretical data
having been experimentally corroborated for both
proteins (Lippuner et al., 1994; Schubert et al., 2002).
AtCYP26-2 and AtCYP28 both possess N-terminal
twin Arg motifs followed by a number of basic
residues, which are transit peptide sequence charac-
teristics of proteins targeted to the lumenal compart-
ment of the thylakoid membrane via the TAT pathway
(Schnell, 1998). While AtCYP26-2 shows a high local-
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Figure 3. A, Structure of human cyclophilin A as
elucidated by x-ray diffraction analysis. The
variable insertion region corresponding to the
a-l/B-lll junction is indicated by the red arrow
(Kallen et al., 1991; Ke, 1992; image obtained
from the Swiss-3D image database at the EXPASY
website [http:/ca.expasy.org]). B, Unrooted clad-
ogram of the Arabidopsis cyclophilin protein
family and human cyclophilin A obtained using
the sequence alignment of Figure 2. The branch
lengths are proportional to divergence, with the
scale of 0.1 representing 10% change. Colors
represent predicted cellular location (black,
cytosol; green, chloroplast; blue, mitochondria;
red, secretory pathway; orange, nucleus).
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ization prediction score for targeting to the thylakoid
lumen, only AtCYP28 and AtCYP37 have been isolated
from this compartment (Schubert et al., 2002). TargetP
predicts high scores for ER localization (Emanuelsson
et al., 2000) of the signal peptide containing isoforms
AtCYP19-4, AtCYP20-1, AtCYP21-1, AtCYP21-2, and
AtCYP23-1 (Table I) while AtCYP21-3 and AtCYP21-4
are predicted to be mitochondrial proteins. The high
degree of sequence identity shared by AtCYP21-3 and
AtCYP21-4 within the N-terminal presequence sug-
gests that one may have occurred following gene
duplication of the other. Although AtCYP22 also
contains an N-terminal extension, it did not score
highly for targeting to any subcellular compartment. A
potentially significant feature of the N-terminal signal
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peptides of the predicted secretory pathways (SP)
cyclophilins is the presence of a number of Leu
residues; within the first 35 residues, AtCYP20-1,
AtCYP21-1, and AtCYP21-2 contain between 8 and
11 such amino acids. Human CypB also contains a Leu-
rich N terminus and has been shown to localize to both
the SP and nucleus (Price et al., 1994).

Multidomain Cyclophilins

Nine Arabidopsis genes encode putative MD cyclo-
philins. AtCYP40 is the only Arabidopsis cyclophilin
whose function has been demonstrated in vivo using
a reverse genetics approach; its primary structure is
characterized by three C-terminal tetratricopeptide re-
peats and a conserved cyclophilin domain (Berardini
et al.,, 2001; Fig. 2). AtCYP38 is the Arabidopsis homo-
log of the extensively characterized spinach TLP40
(Fulgosi et al., 1998).

In addition to AtCYP38 and AtCYP40, six MD cy-
clophilins with complex deduced primary amino acid
sequences were identified. Four of these (AtCYP57,
AtCYP59, AtCYP63, and AtCYP95) contain sequence
motifs characteristic of RNA-interacting proteins, such
as the RNA recognition motif (RRM), the Glu-Lys (EK)
domain, the Arg/Ser (RS)-rich domain, and the S/K-
R/E-rich region (see Fig. 1; Birney et al., 1993; Fu, 1995;
Weighardt et al., 1999), suggesting that cyclophilins
may be involved in the regulation of RNA processing.

The smallest, AtCYP57, possesses an N-terminal
cyclophilin domain, a charged central domain rich in
Asp and Glu residues, and a C-terminal S/K-R/E-rich
region (Weighardt et al., 1999). The deduced AtCYP59
protein belongs to the previously described family of
cyclophilin-RNA interacting proteins or CRIPS that
are conserved in fission yeast, plants, and metazoans
(Krzywicka et al., 2001). In addition to the N-terminal
cyclophilin domain, AtCYP59 possesses a central RRM
domain and a charged C-terminal region rich in Arg
residues. The presence of a nuclear localization signal
(Mattaj and Englmeier, 1998) suggests AtCYP59 is
a nuclear protein. AtCYP63 and AtCYP95 show
considerable similarities within their domain or-
ganization; a central Ser-rich region separates the
N-terminal cyclophilin domain and the C-terminal RS
region. Both these isoforms are also characterized by
the presence of a nuclear localization signal adjacent to
the cyclophilin domain. Detailed analysis of AtCYP95
reveals the presence of up to 15 conserved S[R/
K]JSPXRX repeats (not shown) separated by Arg and
Ser residues within the RS domain, as well as a central
EK-domain rich in Glu and Lys residues.

In addition to the cyclophilin domain, AtCYP65
contains a 60 amino acid C-terminal region possessing
significant homology to the U-box domain, a highly
conserved modified RING-finger domain lacking the
full complement of zinc binding residues, and present
in the C-terminus of the yeast E4 ubiquitination factor
UFD2 (Johnson et al., 1995). Analysis of the AtCYP71
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predicted protein sequence revealed the presence of
two N-terminal WD40 repeats similar to those found
in the photomorphogenesis related protein COP1
(Schwechheimer and Deng, 2001).

Phylogenetic Analysis of the Arabidopsis Cyclophilins

The structure of human cyclophilin A (Fig. 3A)
consists of an eight-antiparallel stranded pB-barrel
capped by two well-defined a-helices (Kallen et al.,
1991). Mutagenesis studies have identified Trp-121
(Trp-332; Fig. 2) as a residue required for CsA binding
butnot involved in PPiase enzymatic activity (Liu etal.,
1991; Zydowsky et al., 1992). Moreover, mutations in
Arg-55 (Arg-225; Fig. 2), Phe-60 (Phe-230; Fig. 2), and
His-126 (His-337; Fig. 2) result in less than 1% of the
isomerase activity of the wild-type enzyme (Zydowsky
et al., 1992). Exploring the phylogenetic relationships
between cyclophilin proteins allows prediction of
how sequence divergence may have contributed to
functional specification. In particular, existing data
obtained by mutagenesis allows the prediction of those
isoforms that are likely to have retained PPiase activity
and CsA-binding capability.

While Arabidopsis cyclophilins show significant
variation in primary structure (7%-70% identical to
hCYPA), the hydrophobic region located in and
around B-sheet VII constitutes a universally conserved
region of the catalytic domain. Compared to cyclo-
philin sequences analyzed from a wide variety of other
organisms (Galat, 1999), unique features of plant
cyclophilins include insertions within g-1/8-1I, B-IV/
BV (Fig. 2, residues 251-258), and BVI/a-II junctions.
Figure 3B shows an unrooted cladogram generated
from the sequence alignment of Figure 2. The
phylogenetic tree can be primarily subdivided into
three clades, distinguished by the sequence variability
within a number of key motifs located within the
cyclophilin domain.

Clade I

Clade I comprises the 17 cyclophilin isoforms
distributed within the upper half of the phylogenetic
tree. From Figure 2, we can see that these isoforms
share a number of residues constituting the conserved
sequence region which forms a surface exposed
extended loop corresponding to the a-1/B-III junction
(Kallen et al., 1991; Ke, 1992; Fig. 3A). With the
exception of AtCYP20-2 and AtCYP20-3, the closest
homologs of hCYPA, all clade I isoforms possess 9 to
11 amino acids within this region, specifically, between
Glu-137 and Phe/Tyr-218. The significant degree of
sequence conservation found within this region
suggests that it may have been present in early
eukaryotes, with subsequent deletions accounting for
the observed sequence variations (Chou and Gasser,
1997). Despite a few exceptions, residues important in
CsA-binding and PPiase activity are largely conserved
in clade I, suggesting that they are catalytically active
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isoforms. Additional sequence motifs unique to this
clade are the highly conserved residues Arg-131, the
dipeptide Val-Phe/Tyr-98-99 located within B-sheet I,
and the tripeptide Thr-Gly-Glu-135-137, positioned
immediately prior to the a-I/8-III junction.

Within clade I, the SD cytoplasmic isoforms
AtCYP18-3, AtCYP18-4, AtCYP19-1, AtCYP19-2, and
AtCYP19-3 are most closely related to each other and
are also closely related to hCYPA (67%—70%/76%—-80%
identity /similarity); primary sequence features char-
acteristic of these isoforms include residues Thr-123,
Cys-232, and Cys-319, the latter also shared by
AtCYP20-2 and AtCYP20-3. Two unique amino acid
substitutions in AtCYP19-3 (G108K, E128N) account
for its divergence. AtCYP20-2 and AtCYP28 share
a three residue insertion (105-107), which forms
a partially extended loop between B-sheets I and 1L
Although AtCYP20-2 and AtCYP20-3 share significant
sequence homology with the cytoplasmic SD cyclo-
philins, they also share two conserved amino acids
(Glu-88, Thr-94) and the N-terminal signal peptide with
the predicted SP isoforms AtCYP19-4, AtCYP20-1,
AtCYP21-1, and AtCYP21-2, which form a separate
branch within clade I. AtCYP21-1 shows the most
divergence within the branch containing the SP cyclo-
philins due to substitutions in conserved residues,
namely G244S, G245S, D334E, and F340L. However,
with substitutions in seven highly conserved residues
(L133F, G220E, S221C, G234S, G245C, S314C, and
G335N), AtCYP22-1 is most phylogenetically diverged
within clade .

Despite considerable sequence conservation within
the N terminus, AtCYP26-1 shows significant phylo-
genetic diversion due to two unique deletions (resi-
dues 242-245 and 281-283) and sequence divergence
in conserved residues in the region corresponding to
B-sheets III and IV, in particular, R225H and F230L
substitutions of the amino acids implicated in reaction
catalysis. Trp-332 is also substituted for a Gln residue,
whereas the third residue implicated in PPiase activity,
His-337, is conserved.

Having retained the insertion in the «-1/B-III
junction, the three MD isoforms AtCYP40, AtCYP63,
and AtCYP95 also group within clade I, but are more
diverged, with identity to hCYPA ranging from 46% to
60%. AtCYP40 divergence is due to the substitutions in
conserved residues such as V97C, S221N, and W332H,
although the three residues required for PPiase activity
are conserved. Of the putative nuclear isoforms,
AtCYP63 is the most conserved, possessing substitu-
tions W332H and G112Q, whereas AtCYP95 contains
extensive conversions throughout conserved regions of
the cyclophilin domain (G112E, F230S, M231S, G234A,
G250A, A280S, N2811I, G283D, T311K, N312F, Q315H,
F317H, G335R, R/K336N, H337N, and L/M348K).

Clades II and III

While clade I isoforms form a distinct subdivision
within this large gene family, clades II and III may be
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differentiated by more subtle sequence characteristics.
Clade Il isoforms show hCYPA identity values ranging
from 40% to 53% and comprise the two smallest SD
cyclophilin proteins AtCYP18-1 and AtCYP18-2, as
well as four MD isoforms (AtCYP57, AtCYP59,
AtCYP65, and AtCYP71) that lack the conserved Val-
97 and Phe-98 residues characteristic of members of
clade I. A number of conserved residues suggest that
these isoforms may have evolved relatively recently, in
particular Tyr-217, Pro-238, and Thr-338 are present
in all members, as well as a distinctive deletion at
position 237. With the exception of AtCYP18-1 and
AtCYP59, which possess R225T and H337Y substitu-
tions respectively, residues required for cis-trans
catalysis have been retained; however, the CsA-
binding residue Trp-332 is conserved in only two
(AtCYP57 and AtCYP71) of the six isoforms. AtCYP59
is the most divergent member of this clade due to
a seven amino acid insertion between positions 250
and 257.

Branch lengths of clade III clearly indicate that it
contains the least conserved cyclophilin isoforms, with
hCYPA amino acid identity values ranging between
7% and 29%, a result of numerous substitutions of
conserved residues throughout the cyclophilin do-
main. Isoforms forming this group are poorly in-
terrelated and display original sequence features such
as the 50 residue insertion within the a-I/g-III junction
of AtCYP37, deletions (AtCYP21-3), and insertions in
the B-IV/B-V (AtCYP23-1), B-V/B-VI (AtCYP26-2,
AtCYP28, AtCYP37, AtCYP38), and B-VI/a-II (At-
CYP37 and AtCYP38) junctions. All clade III isoforms
except AtCYP37 retain Arg-225; Phe-230 is present in
AtCYP21-3 and AtCYP23-1 and substituted by a re-
lated tyrosine in AtCYP21-4 and AtCYP26-2. Both the
CsA-binding residue Trp-332 and the catalytic residue
His-337 are absent in all clade III isoforms. As
exemplified by the AtCYP38 spinach homolog TLP40
(Fulgosi et al., 1998), these highly diverged isoforms
may have evolved to carry out more specific functions
within the cell.

Expression Analysis of the Arabidopsis Cyclophilins

Transcriptional analysis carried out for previously
reported Arabidopsis cyclophilin genes shows that
they are expressed throughout the plant (Lippuner
et al., 1994; Chou and Gasser, 1997; Jackson and Soll,
1999; Berardini et al., 2001). To determine the ex-
pression patterns of the newly identified cyclophilin
genes, qualitative RT-PCR analysis was carried out on
RNA extracted from leaf, flower, root, and stem tissue
(Fig. 4). All PCR products were purified and se-
quenced to verify the specificity of each reaction. The
primers and annealing conditions used for each gene
are presented in Table II. While AtCYP20-2 is ex-
pressed in all tissues, the other chloroplast cyclo-
philins show considerably reduced expression levels
in the root, suggesting that their expression is mainly
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Figure 4. RT-PCR analysis of the expression patterns of the newly
identified cyclophilin genes in tissues of Arabidopsis (Columbia).
Figure 4 shows ethidium bromide-stained gels of PCR amplification
using cDNA produced from leaf (L), flower buds (F), roots (R), and stems
(S). The UBQ5 gene was used as a control for amplification.

restricted to photosynthetic tissue. With the exception
of AtCYP26-1, which is only expressed in floral tissue,
transcripts of the remaining isoforms were identified
in all tissues tested.

DISCUSSION

We present results to show that the Arabidopsis
genome contains 29 cyclophilin genes, the largest
cyclophilin family identified in any organism to date.
The encoded cyclophilins have been classified accord-
ing to whether they have the single cyclophilin do-
main or whether they possess additional functional
domains. Within these two broad classes, cyclophilins
have been grouped either according to the possession
of conserved sequences that provide clues as to their
function, or in terms of their location in the cell.
Analysis of sequences of the cyclophilin genes in com-
parison to related proteins and cyclophilin counter-
parts in other organisms allows suggestions to be
made of their biological function.

Multidomain Cyclophilins Containing
RNA-Interaction Domains

In addition to the cyclophilin domain, AtCYP57,
AtCYP59, AtCYP63, and AtCYP95 possess domains
characteristic of proteins involved in RNA processing.
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Although they all possess RN A-interacting domains, it
is likely that they participate at different stages within
the mRNA processing pathway; the NLS signal pre-
diction program shows that only AtCYP59, AtCYP63,
and AtCYP95 contain predicted nuclear localization
motifs in the form of poly-Arg/Lys extensions. The
absence of any NLS-like motifs in AtCYP57 does not
discount the possibility that it may be a nuclear
protein. The S/K-R/E-rich region found in AtCYP57
has also been found in the hnRNP Al associated
protein (HAP), where it has been shown to play
a crucial role in mediating its interaction with the
human heterogeneous nuclear ribonucleoprotein Al
(hnRNP A1; Weighardt et al., 1999). Although hnRNP

Table Il. Primer pairs and conditions used for RT-PCR analysis of
cyclophilin expression

Gene Name Primer Sequences (F,R[5'-3']) AT
°C

AtCYP18-1 CTTTGCACACGAACCTGGGTGA, 60
CAGCAAGTGGATTGGCGTGGA

AtCYP18-2 ATGTCGGCAAGACCTGAAGGAA, 60
CTGTCGGTGTTATCGGTTTGGA

AtCYP19-4 GCCATAGCTTCAATTCAGGCAA, 60
GGAAGTTCTCCACTGTCTGCAA

AtCYP20-2 CCTTCACACGTCTTATACCA, 60
CCTTCTATTACTTGCCCGAA

AtCYP21-1 CTCTTCGTCACACTTGCTCTCA, 60
AACATTAGCTTTGGGCACTCCA

AtCYP21-2 CCGTCTCGGATAAGCATAACCA, 60
TGGCGACTTTGGTTGATACTGA

AtCYP21-3 AACCTATCGCCATTGGTCCCA, 60
CCTATTGGCGATTTCGGTTGG

AtCYP21-4 AAGCAAGAAGAAGAAGGGTCCA, 60
TCATCCGTATCCACTTCTTCGA

AtCYP22-1 CTTCTTCTCGTTGCCCTAACGA, 60
AGGGATCTCTCCAGAATCAGCA

AtCYP23-1 CCATTGCTAAAGCTCTGCCTCA, 60
TCTCTGTCTTTCGACCTCCACA

AtCYP26-1 AAACCCGCTGGTCGGATCGTGA, 63
CCACCGCAGTCCGCAATCACCA

AtCYP26-2 GGTTATGTCCAACACGGCGGAA, 60
CACCAAACCACCATGGCTGCAA

AtCYP28 GGTCAGTATTTTCTCGCCGGAA, 58
TTTAGCAACCACCAGAGTAGGA

AtCYP37 GAGATTTCCGCATGCGTCTGCA, 60
GGCGTTCTGTAGAGAGGTTCGA

AtCYP38 GGCAAGTAGAACATTGCAGCAA, 60
TGTCCCAAAAGCGTTGAAAGGA

AtCYP57 ATCAAGTGCTCAGCAGAAGGAAGGA, 55
GGCAAGAGATTTTCCAGAC

AtCYP59 AAGAACTTGGTGCTCAGGAACTGGA, 60
GGACTTCTCCTCTGAATCTTCTCA

AtCYP63 GTGATGGGAAGCATAGGAAGAGGAA, 60
AGAAGGAGTATGGTACTTCCGAGCA

AtCYP65 ACAGAATGGGGAGGCGCTAAATCCA, 60
TTCCACCTCCACCATGTAAAGCAA

AtCYP71 TGCCACCTGTAGTAGAAGAAGAGGA, 60
AATGGGTTCGTTGGAACCAGAACGA

AtCYP95 AAGTCCTAGATGGAATGGGGGCAGA, 55

CAATCGAATAGGACTCCTAGATCACA

F, forward primer; R, reverse primer; AT, annealing temperature.
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A1l function is mainly associated with the nucleus, it
does not possess a classic NLS signal and is shuttled
into the cytoplasm following inhibition of transcrip-
tion (Krecic and Swanson, 1999). Functions related to
RNA processing have been previously documented
for proteins containing PPiase domains; the human
parvulin Par14/EPVH associates with the preriboso-
mal ribonucleoprotein complex (Fujiyama et al., 2002)
and the Escherichia coli trigger factor is a 50S ribosome-
associated FKBP that catalyzes peptidyl prolyl cis-
trans isomerization of nascent polypeptides (Stoller
et al., 1995; Scholz et al., 1997). One possibility is that
the hnRNP-binding domain present in AtCYP57 may
mediate ribosomal association while the cyclophilin
domain folds newly translated proteins.

The RRM found in AtCYP59 is composed of 80 to 90
amino acids and exists as one or more copies; it is
found in proteins involved in posttranscriptional
processes where it mediates binding to various RNAs
(pre-mRNA, mRNA, pre-rRNA, cpRNAs, and small
nuclear RNAs) to execute both housekeeping func-
tions and regulatory mechanisms (Alba and Pages,
1998). RRM containing proteins constitute a large gene
family in Arabidopsis, being composed of approxi-
mately 200 members (Lorkovic and Barta, 2002), but
are also found in animals, fungi, and cyanobacteria
(Burd and Dreyfuss, 1994). KIN241, an 83-kD Parame-
cium CRIP, shows significant sequence identity to
AtCYP59, is localized in the nucleus, and is involved
in cell morphogenesis (Krzywicka et al., 2001).

The RS-rich domains found in AtCYP63 and
AtCYP95 are characteristic of SR-proteins (splicing
factors containing Ser-Arg repeats; Fig. 1), which are
involved in both constitutive and alternative splicing;
during the early stages of spliceosome assembly they
promote interactions across intron-exon boundaries for
selection of appropriate splice sites, as well as mediat-
ing the function of spliceosomal enhancers (Fu, 1995;
Graveley, 2000). SR-proteins containing cyclophilin
domains have been identified in a number of eukar-
yotes. A conserved mammalian SR-cyclophilin inter-
acts with a CDC28/cdc2-like kinase (Nestel et al., 1996)
as well as the phosphorylated C-terminal domain
(CTD) of RNA polymerase II (Bourquin et al., 1997); it
is present within splicing factor-rich nuclear speckles,
components of the nuclear matrix, where it may aid
in the formation of macromolecular complexes
that associate with elongating RNA polymerase II
and assist in the processing of nascent transcripts
(Mortillaro and Berezney, 1998). Interestingly, AtCYP95
also possesses an EK-rich region that has been shown
to inhibit splicing at early stages of spliceosome assem-
bly (Li et al.,, 2002), suggesting that AtCYP95 func-
tion comprises a complex regulatory mechanism.

The identification of four MD cyclophilins contain-
ing motifs related to RNA processing is significant in
view of evidence that the Arabidopsis genome
encodes over 400 proteins containing Pro-Pro-Arg
repeats (Arabidopsis Genome Initiative, 2000), tripep-
tide sequences characteristic of proteins involved in
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RNA stabilization and processing; the cyclophilin
domain may play an important role in stabilizing
these Pro-containing domains. In contrast, yeast,
fruitfly (Drosophila melanogaster), and Caenorhabditis
elegans have a combined total of 10 proteins containing
this signature.

Other MD Cyclophilins

AtCYP65 is unique among the MD cyclophilins in
that it contains a predicted C-terminal U-box, suggest-
ing an involvement in the ubiquitination-dependent
protein degradation pathway. The U-box is a modified
form of the RING-finger motif that lacks metal
chelating residues (Freemont, 1993; Saurin et al,
1996) and that mediates the interaction of E4s with
E2 ubiquitin conjugated enzymes. Thirty-seven other
U-box proteins have been identified in the Arabidopsis
genome (Azevedo et al, 2001). The Brassica gene
ARC1, encoding the only functionally characterized
U-box protein, has been shown to be required for self-
incompatibility (Stone et al., 1999). However, a homo-
log of AtCYP65 has been identified in the nematode
Brugia malayi where it is expressed in body wall
striated cells in early stages of larval development
(Page and Winter, 1998). The human homolog of
AtCYP65, designated Cyp60, was identified by its
interaction with the C-terminus of the proteinase
inhibitor eglin-c and has been shown to be nuclear-
localized (Wang et al, 1996), although nothing is
known about its precise function.

As well as a cyclophilin domain, AtCYP71 contains
two regions within its N terminus, showing significant
homology with WD40 repeat consensus sequences.
Although many proteins containing WD40 repeats
exist in Arabidopsis, very few of them have been
characterized. The photomorphogenesis-related pro-
tein COP1 contains seven WD40 repeats that mediate
interaction with the basic region leucine /zipper (bZIP)
transcription factor HY5 to target it for degradation by
the 26S proteasome (Schwechheimer and Deng, 2001).
The TRANSPARENT TESTA GLABRA 1 protein also
contains several WD40 repeats and is required for
trichome initiation (Szymanski et al., 2000). Database
searches reveal the presence of human and yeast
homologs of AtCYP71, although their function is yet to
be elucidated.

SD Cytoplasmic Cyclophilins

The abundance of cytoplasmic isoforms is indicative
of potential specialization within the SD cyclophilins.
The high degree of sequence identity found within the
SD cytoplasmic cyclophilins makes prediction of their
putative function a complex task. Transcriptional data
shows that their expression occurs in all tissues within
the mature plant (Chou and Gasser, 1997; Jackson and
Soll, 1999), suggesting that all isoforms may be
required within the cell at any one time. If correlated
with transcript abundance, the number of reported
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ESTs allows indirect determination of the quantita-
tive requirements of each isoform; AtCYP18-3 and
AtCYP18-4 show a 2- to 20-fold higher EST number
compared to the other SD cytoplasmic isoforms (data
from MIPS database, 08/05/2003). This is corrobo-
rated by expression data showing that AtCYP18-4
transcriptlevels are significantly higher than AtCYP19-
3 (Chou and Gasser, 1997). The comparatively high
expressionlevels of AtCYP18-3 and AtCYP18-4 suggest
that they may act as the principal housekeeping
cyclophilin isoforms that are either broad-range pro-
tein foldases or PPiases specifically required for the
assembly of an abundant protein. Although closely
related, AtCYP19-1, AtCYP19-2, and AtCYP19-3 may
carry out more specific roles, hence their apparently
reduced expression level. No evidence for AtCYP19-1
and AtCYP19-3 function exists, but a yeast 2-hybrid
screen identified a specific interaction between At-
CYP19-2 and the T-DNA 5’ endonuclease VirD protein
(Deng et al., 1998). Furthermore, CsA has been shown
to inhibit Agrobacterium-mediated transformation in
both tobacco and Arabidopsis. The significance of this
relationship in vivo is unknown, although AtCYP19-2
may be necessary for the initial stages of T-DNA
integration into the genome (Deng et al., 1998).
Compared to the SD isoforms described above,
significant sequence divergence was noted in the
remaining SD cytoplasmic cyclophilins AtCYP18-1
and AtCYP18-2, most notably the deletion in the
surface exposed a-I/B-III junction, causing them to
group with the MD cyclophilins in clade II. No
evidence exists for the function of AtCYP18-1 and
AtCYP18-2; however, the deletion constitutes a struc-
tural alteration that may confer functional specificity to
these two isoforms, possibly through their interaction
with a distinct subset of proteins.

Chloroplast Cyclophilins

Two independent proteomics analyses of the Arabi-
dopsis thylakoid lumen have shown that, being
comprised of 15 isoforms, immunophilins make up
one of the largest families of proteins within this
subcompartment (Peltier et al., 2002; Schubert et al.,
2002). Seven of the nine FKBPs have been experimen-
tally assigned to the thylakoid lumen whereas two
remain as yet predicted to be present in this compart-
ment. In addition to one isoform (AtCYP20-3) that
is targeted to the stroma (Lippuner et al., 1994), the
remaining five chloroplast cyclophilins are targeted to
the thylakoid lumen. Although AtCYP20-3 has been
clearly identified as a stromal protein (Lippuner et al.,
1994; Schubert et al., 2002), the inability of CsA to block
import of Rubisco and the 33-kD subunit of the oxygen
evolving complex in an in vitro import assay suggests
that PPiase activity may not be involved in this process
(although CsA access into the chloroplast in these
experiments was not assessed). The SD isoform
AtCYP20-2 and its spinach homolog TLP20 have
been shown to possess CsA-sensitive PPiase activity
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(Edvardsson et al., 2003; P.G.N. Romano, unpublished
data), and have been isolated from both lumenal and
thylakoid membrane fractions (Peltier et al., 2002;
Schubert et al., 2002; Edvardsson et al., 2003), suggest-
ing that this protein may be recruited to the membrane
as part of its function.

AtCYP26-2 is the only chloroplast cyclophilin whose
location is based solely upon prediction; however,
judging by the high score obtained, it is very likely to be
a lumenal protein, but it may be synthesized at low
levels or following specific environmental or develop-
mental cues. Its putative location is in part corroborated
by its expression pattern that, as expected for most
chloroplast localized proteins, suggests significantly
reduced expression in nonphotosynthetic tissue (see
Fig. 4). Both AtCYP37 and AtCYP38 have been iden-
tified as lumenal proteins by proteomic analysis
(Schubert et al., 2002; Peltier et al., 2002). In vitro
studies have shown that the AtCYP38 homolog TLP40
associates with and regulates the activity of a D1
phosphatase within the thylakoid membrane, an
essential process in the coordination of proteolysis
and integration of newly synthesized D1 subunits
during PSII protein turnover (Fulgosi et al., 1998; Vener
et al., 1999). Although, as expected, the W332I sub-
stitution present in both TLP40 and AtCYP38 results in
a CsA-insensitive protein, it is interesting to note that
PPiase activity is retained despite substitutions in two
key amino acids (F230E and H337Y).

The potential importance of peptidyl-prolyl cis-trans
isomerization in chloroplast function cannot be over-
stated given the abundance of these enzymes within the
thylakoid lumen. Most recently, the precursor of the
lumenal AtFKBP13 has been shown to interact with the
Rieske Fe-S protein, a component of the cytochrome b, f
complex, suggesting association occurs along the
import pathway. Antisense AtFKBP13 lines have in-
creased Rieske levels suggesting it may act as a sup-
pressor of Rieske accumulation (Gupta et al., 2002). In
view of this evidence, it is likely that (1) each isoform
may exert a certain degree of substrate specificity, (2)
that interaction may not necessarily be exclusive to the
thylakoid lumen but may occur throughout the import
pathway, and (3) that the PPiase reaction may not
always be required for interaction. Cyclophilin inter-
actions with both thioredoxin m (Motohashi et al., 2001)
and peroxiredoxins (Lee et al., 2001) in vitro, important
chloroplast signal transduction and antioxidative
components respectively, are consistent with the view
that they may also play a regulatory role. AtCYP20-3
has recently been shown to contain multiple internal
disulphide bonds that are reduced by dithiothreitol in
the presence of thioredoxin m (Motohashi et al., 2001).
As suggested elsewhere, cyclophilins may play a cru-
cial role in sequestering and protecting unassembled
lumenal proteins which are prone to degradation, such
as those comprising the oxygen evolving complex
(Schubert et al., 2002).

Where PPiase activity is a crucial component of the
association, certain isoforms may fold newly imported
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soluble or membrane associated lumenal proteins;
they may act individually, or as part of a multisubunit
chaperone complex including additional proteins such
as heat-shock proteins, as seen in mitochondria (see
below). For example, the rapid and large-scale changes
in the composition of thylakoid components dur-
ing acclimation of plants to environmental change
(Anderson, 1986) may be in part mediated by cyclo-
philins; PPiase activity may be required for the rapid
and efficient integration of newly synthesized intrinsic
membrane proteins. Pro residues are characteristic
components of interhelical loop domains of chloro-
phyll-binding LHCII proteins, protruding on both the
membrane and lumenal side. Mutations in these Pro
residues are known to cause significant reduction in
the integration efficiency of this chlorophyll binding
protein (Heinemann and Paulsen, 1999).

Mitochondrial Cyclophilins

In fungi, mitochondrial cyclophilin accelerates fold-
ing of newly imported proteins within the matrix as
part of a complex that includes the chaperones Hsp60
and Hsp70 (Matouschek et al., 1995; Rassow et al.,
1995). Mammalian cyclophilin D has been shown to
reversibly associate with the permeability transition
pore, which is located at the contact site between inner
and outer membranes, where it regulates pore opening
and closure (Nicolli et al., 1996; Scorrano et al., 1997;
Crompton, 2000). Pore opening forms the basis of the
mitochondrial permeability transition (MPT), a com-
plex and tightly regulated process resulting in mito-
chondrial swelling and apoptosis (Zoratti and Szabo,
1995). Early biochemical evidence for the presence of
a plant mitochondrial cyclophilin comes from work
showing the presence of CsA-sensitive PPiase activity
in purified pea (Pisum sativum) mitochondria (Breiman
et al.,, 1992). More recently, experiments in isolated
potato (Solanum tuberosum) mitochondria suggest that
regulation of plant MPT is similar to its animal
counterpart and that a cyclophilin is involved; calcium
induced mitochondrial swelling is inhibited by CsA
(Arpagaus et al., 2002). Arabidopsis contains two genes
encoding mitochondrial cyclophilins. The two iso-
forms could be heterogeneously distributed between
the mitochondrial membrane and matrix and carry out
distinct functions within these two compartments.

Secretory Pathway Cyclophilins

In addition to the previously identified isoforms
AtCYP19-4 and AtCYP20-1, the Arabidopsis genome
was found to encode three further cyclophilin proteins
with predicted targeting to the SP. AtCYP19-4 con-
tains a putative ER-targeting signal peptide at its
N terminus, but no typical ER-retention signal in its
C-terminus (Saito et al., 1995). Fluorescence from an
AtCYP19-4-GFP fusion has been detected mainly
around the nucleus, indicating translocation into
the ER (Saito et al., 1995). Furthermore, AtCYP19-4
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has been shown to interact with the N terminus of
a guanine nucleotide exchange factor that acts on an
ADP ribosylation factor-type G-protein called GNOM,
which is involved in coordination of cell polarity along
the apical-basal embryo axis. AtCYP19-4 is expressed
in all tissues and partitions between cytosolic and
membrane fractions, most probably, as shown earlier,
to ER subcompartments, where it may modulate
GNOM activity (Grebe et al., 2000).

AtCYP20-1 has been identified in a yeast 2-hybrid
screen in which the regulatory subunit RCN1 of a Ser/
Thr-specific protein phosphatase was used as bait.
Interaction occurs via a DENFKL domain, which is
conserved within certain members of the cyclophilin
family. However, AtCYP20-1 binding does not alter
phosphatase activity. Interestingly, plants expressing
an antisense AtCYP20-1 gene show an elongated root
phenotype, suggesting that the AtCYP20-1-RCN1
complex may be required for control of root cell
proliferation (Jackson and Soll, 1999).

Although numerous cyclophilins containing ER
signal peptides have been identified in a wide variety
of organisms, little is known about their function either
in vivo or in vitro. With the exception of AtCYP23-1,
the Arabidopsis SP cyclophilins show 100% conser-
vation in the four residues implicated in substrate
binding and catalysis, suggesting that PPiase activity is
an active component of their function. AtCYP23-1
shows only 28% sequence identity compared to
hCYPA and is the only SP isoform containing a
predicted transmembrane domain; of the four residues
mentioned above, only Arg-225 is conserved, suggest-
ing PPiase activity may be compromised in this
isoform. Given their ubiquitous expression patterns,
it is likely that all SP isoforms are present simulta-
neously, and thus, as previously shown (Jackson and
Soll, 1999; Grebe et al., 2000), they may associate with
specific substrates in vivo. Such specificity is exempli-
fied by work carried out with the inhibitor CsA, which
suggests a role for these proteins in mediating calcium-
derived signals (Smaili et al., 2001). Recent studies
suggest that cyclophilins are able to mediate transcrip-
tional regulation by way of their enzymatic activity;
human CypB is localized in the ER and extracellular
space and has been shown to be present in the nucleus
as part of the prolactin signaling complex, where it acts
as a transcriptional activator, catalyzing the amino-
terminal isomerization and subsequent inactivation of
the repressor Stat5 (Rycyzyn and Clevenger, 2002).
Signal peptide sequence homology observed between
CypB and the putative SP cyclophilins described here
suggests that they may be able to translocate to the
nucleus and fulfill similar regulatory roles.

CONCLUSIONS

We have carried out a comprehensive sequence
analysis of every Arabidopsis cyclophilin gene and
provided basic spatial expression data and resource

1279



Romano et al.

information. In addition to providing accurate se-
quence data, the analysis highlights the caution with
which predicted mRNA sequence information must be
approached, with approximately one-quarter of genes
being erroneously annotated on the MIPS database.
The presence of previously reported functional motifs
means that functional predictions are possible for the
MD isoforms; in a similar way, existing evidence for
chloroplast and mitochondrial cyclophilin function
gives us an insight into their putative function. With
regards to cytoplasmic isoforms, we may assume that
subtle functional differentiation may have been
brought about by unique amino acid substitutions,
deletions, and insertions leading to micro- and macro-
modifications within the three-dimensional structure,
thus conferring substrate specificity. With particular
reference to the MD cyclophilins, the sequence anal-
ysis predicts regulatory roles in the development of
plants and their dynamic response to the environment.
The scope of the latter in plants may explain why the
gene family is so much larger in the Arabidopsis
genome than that found to date in any other
sequenced genome. The analysis presented here
provides the foundation for the identification of the
physiological roles and the molecular mechanisms of
this complex and important family of proteins.

MATERIALS AND METHODS
Plant Growth and Maintenance

Arabidopsis (Col-0) was grown under short days (8 h light, 20°C; 16 h dark,
15°C) at a photon flux density of 100 umol m s (color 84 fluorescent tubes,
Philips TLD 35 W, or Philips PL-L 55 W heat-filtered through 2 mm
polyacetate; Philips, Eindhoven, The Netherlands). For RNA extraction,
leaves and roots were harvested from 5-week-old plants.

DNA Sequencing

Using an archetypal Arabidopsis cyclophilin domain (AtCYP18-3), The
Arabidopsis Information Resource (TAIR) and National Center for Bio-
technology Information (NCBI) databases were searched using the BLAST
algorithm for any sequence containing cyclophilin-like domains. Following
the identification of novel genes in the Munich Information Centre for Protein
Sequence (MIPS) database, cDNAs were obtained from ABRC (AtCYP20-2
[F14217], AtCYP22-1 [190K19], AtCYP21-4 [32E3], AtCYP71 [G10H7],
AtCYP95 [124N3]) and Riken BRC (AtCYP18-2 [pda02396], AtCYP21-3
[pda03027], AtCYP38 [pda02423], AtCYP63 [pda02459], AtCYP65
[pda04293]). The AtCYP59 RIKEN BRC clone (pda02588) contained a coding
region lacking a stop codon or 3’ extension, thus the predicted C-terminal
sequence was obtained by RT-PCR amplification using additional forward (5'-
GACGGATCATATTGCCAA-3') and reverse (5'-TCATCTATCCCTTCTCT-
CATG-3') primers. Due to the unavailability of ESTs, the putative coding
region of the following genes was isolated by RT-PCR using the predicted
cDNA sequences from the MIPS entries and the following primers: AtCYP18-1
(5'-ACAATGTCGGTAACTTTGC-3', 5'-CAGCAAGTGGATTGGCGTGGA-
3'), AtCYP21-1 (5'-ATGCGTAGAGAGATCTCG-3', 5'-TCATCTCTCTT-
CATCCCA-3") AtCYP21-2 (5'-ATGGCAATTACGGCGACT-3’, 5'-TTACAAA-
GAAACTTCTCCACTAGCA-3'), AtCYP57 (5'-ATGTCGACGGTGTACGTG-
3', 5'-GGCAAGAGATTTTCCAGAC-3'). We were unable to clone full-length
sequences for AtCYP26-1 and therefore its predicted sequence is based on RT-
PCR products and sequenced cDNA data available within the MIPS database.
Sequences for AtCYP23-1, AtCYP26-2, and AtCYP28 were derived from Riken
RAFL19-56-008, EMBL-AY062660.1, and GenBank P82869, respectively.
Sequencing was obtained with a 373A DNA sequencer (Perkin-Elmer Applied
Biosystems, Foster City, CA) and Taq DyeDeoxy terminator cycle sequencing
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(ABI, Sunnyvale, CA). Sequencing data was collected by the Krebs Bio-
molecular Synthesis Laboratory, Department of Molecular Biology and
Biotechnology, University of Sheffield, United Kingdom.

Phylogenetic Analysis

Edited sequences were aligned using ClustalW (Thompson et al., 1994) and
displayed with Genedoc v.2.6.02 (Nicholas et al., 1997; Nicholas and Nicholas,
1997). To construct the phylogenetic tree, the .dnd file generated in ClustalW
was displayed in Treeview (Page, 1996). Domains were identified using
the Conserved Domain Architectural Retrieval Tool at the National Center
for Biotechnology Information website (http://www.ncbinlm.nih.gov/
Structure/lexington/lexington.cgi).

RT-PCR

Total RNA was prepared using an RNeasy RNA extraction kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. DNA was
degraded and removed using DNA-free (Ambion Corp., Austin, TX). One
ug of total RNA was used to generate the corresponding single-stranded
cDNAs by using an oligo(dT)15 primer and AMV reverse transcriptase
(Promega, Madison, WI) in the presence of an RNAse inhibitor (RNasin,
Promega) in a 25 ul volume. The primers and annealing temperature used for
PCR amplification of the cyclophilin genes are shown in Table II. PCR was
carried out using standard protocols, using 1 to 5 ul of RT reaction and the
following conditions: 94°C for 5 min (1 cycle); 1 min at 94°C, 1 min at 52°C to
65°C (see Table II), 1 min 15 s at 72°C (3040 cycles); 7 min at 72°C (1 cycle).
Control primers to amplify the ubiquitin gene (UBQ5, accession At3g62250)
were  5-GTGGTGCTAAGAAGAGGAAGA-3' and 5-TCAAGCTTC
AACTCCTTCTTT-3'. All primers were designed to amplify products in the
range 400 to 600 bp and, where appropriate, to span an exon-intron boundary.
Expression analyses were carried out twice with independent RNA extracts,
and the results of one of the experiments are shown.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession numbers AtCYP18-1 (AY568515),
AtCYP18-2 (AY568516), AtCYP20-2 (AY568517), AtCYP21-1 (AY568518),
AtCYP21-2 (AY568519), AtCYP21-3 (AY568520), AtCYP21-4 (AY568521),
AtCYP22-1 (AY568522), AtCYP26-1 (AY568523), AtCYP38 (AY568524),
AtCYP57 (AY568525), AtCYP59 (AY568526), AtCYP63 (AY568527), AtCYP65
(AY568528), and AtCYP95 (AY568529).
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