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Abstract

We have identified nine cyclophilins encoded in the genome of the fission gehigbsaccharomyces pombe (Sp).
Cyclophilin 3 is an orthologue of hUSA-CyP, which is associated with Prp4/Prp3 in the [UWUB)&NRNP complex and
Prpl18, both of which are components of the pre-mRNA splicing machinery. PPlase assays have shown SpCyp3 and
hUSA-CyP to have comparable activity and substrate specificity, but SpCyp3 has a reduced sensitivity to CsA correlating
with a difference in the catalytic site. Prp3, Prp4 and Prp18 proteins ex&tpombe and nuclear localisation of SpCyp3
has been shown, indicating conservation of function between hUSA-CyP and SpCyp3.
O 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction this family [6,7]. More recently cyclophilins have
been linked to HIV infection [8—11], cancer [12],

Cyclophilins (cyclosporin A binding proteins; heat-shock recovery [13] in cells and neuropathies
Cyps) are one of three known families that make up [14].
the peptidyl-prolylcis/trans isomerase (PPlase) class Cyclosporin A is an important immunosuppressive
of proteins [1]. These proteins catalyse ttis/trans drug and its activity requires an interaction with a
isomerisation of a peptide bond preceding a proline cyclophilin.  Immunosuppression is caused by a
residue and are widely distributed in eukaryotes, cyclophilin—-CsA complex inhibiting tfé Ca -de-
prokaryotes and archaea [2,3]. Cyclophilins are pendent protein phosphatase calcineurin [4,15,16].
identified by their sensitivity to cyclosporin A (CsA) The complex binds to the alpha sub-unit of cal-
[4,5], an immunosuppressant drug of fungal origin cineurin causing the inhibition of its activity. Prolif-
used in transplant therapy, and inter- and intra- eration of activated T cells is dependent upon the
species sequence conservation between members of expression of the cytokine interleukin-2 [17,18].

Interleukin-2 transcription is activated by the tran-

scription factor NF-AT, whose formation is due to
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T-cell proliferation and therefore immunosuppres-
sion.

The genome of the fission yeas$chizosac-
charomyces pombe has recently been completed by

and characterisatio® pbmbe cyclophilin 3 in

comparison with human USA-CyP.

the sequencing consortium led by the Sanger Centre2. Experimental and results

[19]. Some pathways within th8. pombe cell have

been found to show homology to similar pathways in 2.1. ldentification of the S. pombe cyclophilins

the human cell. This has led to it becoming an
important model organism for research into human
disease. We have identified that nine cyclophilins of
varying complexity are encoded in th& pombe
genome, with some having close human homologues.
We report below tha®. pombe cyclophilin 3 is an

The cyclophilirss pdmbe were identified using
®epombe BLAST [24] server at the Sanger

Centre. The protein sequence of human cyclophilin

A (Acces£ioR05092) was used as the query

sequence on a BLASTP search of the predigted

orthologue [20] of human USA-CyP (also called pombe proteins database that identified nine putative

cyclophilin 20), a 2x10° rel. mol. mass protein that
is a member of the pre-mRNA splicing complex.
hUSA-CyP has been shown to associate with the
hPrp4/hPrp3 complex that forms an integral part of
the U4/U6 small nuclear ribonucleoprotein (snRNP)
complex [21,22] and more recently with hPrp18 [23].
A 31 amino acid homologous region found in both
Prp4 and Prp18 has been shown to be the binding
site for hUSA-CyP [23]. Treatment with cyclosporin
A has been shown to slow both stages of pre-mRNA
splicing [23]. Mutagenesis of hUSA-CyP to produce
a CsA-resistant variant made the splicing process
resistant to CsA treatment [23], showing that the
activity of hUSA-CyP is essential for the normal
functioning of the pre-mRNA splicing complex.

We report here the identification of tie pombe
cyclophilin repertoire and the cloning, expression

cyclophilin sequences. A TBLASTN search of the

genomic DNA database was also carried out using
the human cyclophilin A protein sequence as a probe
to ensure no cyclophilins had been missed during the
sequence annotation by the Sanger Centre. Only the
nine sequences identified by the BLASTP search
were found. Each putative cyclophilin sequence in
turn was then used as the query sequence in a
BLASTP search of the Sanger database. As they all
identified the same nine putative cyclophilins, this
was assumed to represent the coBippetiebe
cyclophilin repertoire.
The cyclophilins were named by numbering from
the smallest to the largest, cyclophilin 1 being the

smallest and cyclophilin 9 the largest (Table 1).
What is apparent from the information obtained is

that they vary both in size and complexity. Surpris-

Table 1

Gene and protein information for ti& pombe cyclophilins

GenBank Name Chromosome Predicted Predicted No. of Molecular Domains

Accession# gene size coding region introns weight (kDa)

T38930 Cyclophilin-1 1 899 468 5 16.9 PPIASE

P18253 Cyclophilin-2 2 489 489 0 17.4 PPIASE

T39632 Cyclophilin-3 2 838 522 5 18.9 PPIASE

T40819 Cyclophilin-4 2 699 606 1 22.2 PPIASE, N-terminal LS

S62327 Cyclophilin-5 1 1071 1071 0 40.2 N-term. PPIASE, C-term. TPR
T39728 Cyclophilin-6 2 1299 1299 0 50.8 N-term. PPIASE, central RRM
T39621 Cyclophilin-7 2 1564 1392 3 52.2 N-term. PPIASE

T38137 Cyclophilin-8 1 1700 1416 3 53.6 C-term. PPIASE, N-term. U-Box
T41399 Cyclophilin-9 3 1888 1833 1 69.0 C-term. PPIASE, N-term. WD40 rpts

Five genes are located on chromosome 2 with three on chromosome 1 and one on chromosome 3. The size of the gene is not necessarily
indicative of intron number with the smallest having the most introns. Domain key: RRM, RNA recognition motif; U-box, a modified Ring
Finger motif that is used in protein chaperoning; TPR, tetratricopeptide repeat used in heat shock protein binding; LS, localisation sequence;
WD40, repeat involved in protein—protein interactions.
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ingly cyclophilin 1 has the most exons, yet is the

smallest gene, whereas cyclophilin 9, the largest, has
just two exons. Size does not necessarily correlate

with exon complexity in this family. Fig. 1 shows an
alignment of the identifiedS. pombe cyclophilins.

probes confirmed that they were cyclophilins and
identified any orthologous proteins in other species.
Table 2 shows the identified orthologuesSof the

pombe cyclophilins from Homo sapiens, Sac-
charomyces cerevisiae, Drosophila melanogaster,

From this we can see some of the structural charac- Caenorhabditis elegans and Mus musculus.

teristics that define some of the cyclophilins as

Cyclophilin 3 (SpCyp3) was identified &S the

different. SpCyp3 and SpCyp5 have an insert of pombe orthologue of human USA-CyP showing 62%

hydrophilic residues within ruler positions 490-501
that the other cyclophilins do not possess, although
SpCyp5’s is slightly shorter in length. SpCyp6 has

three inserted sequences that do not occur in any of
the other cyclophilins and these are seen at ruler

positions 542-547, 572-578 and an N at 589.
SpCyp7 has an inserted T at ruler position 607 and
interestingly is lacking an xLD motif at ruler position
592-594, which is a motif found in all cyclophilins
[2]. It does possess an ELD at ruler position 618—
620 but whether this does function as the xLD motif
and whether it can in fact loop back into the same
position in the protein as the xLD normally occupies
is unknown.

BLASTP searching of the NCBI database [25]
using the putative cyclophilin protein sequences as

amino acid identity and 78% similarity with this
protein. Orthologues were also found in other studied
species with some having been well characterised.
An alignment of the homologues of SpCyp3 is
shown in Fig. 2. In addition to the orthologue in
humans (Accegsidir016371),D. melanogaster
(AE003789% egans (CEU34955) andVl. mus-

culus (NP_006338), an identified orthologue lch-
inococcus multilocularis (AJ292367),

included.

This human parasitic Cestode, also called the fox
tapeworm, contains a protein that showed the highest
similarity toShgombe sequence of the USA-CyP
sequences currently available.

The alignment shows that the key residues in-

volved in the PPlase catalytic site are highly con-
served in SpCyp3 and its homologues. Of interest is

. : * " LEee * % . * H * k% * * * " ; .
CYP-1 QTSLGKILIELYTEHAPKTCONFYTLAK--B-------8G--¥- YDGVIFHRVIPDI-‘VIQ P-TGT- GRGGTSIYGDKFDI ------ E 76
CYP-2 GQPLGRIVFKLFDDVVPKTAANFRALCTG-E------ KG- -YGYAGSTFHRVIPQFMLQ FTRGN-GTGGKSIYG-EKFP-~--~-~-- 84
FVSGD-GTGSATIFNSRTFP------ 94

CYP-3 GRLLGRIKIRLFSSIVPKT*FRQFCTG- ' TLGVNQKP - - IGYKNSTFHRIIQGFMIQ

CYP-4 DEFLGRVTIGLFGKTVPKT. FRALATG-E------ KG--FGYEGSIFHRVIPNFMIQ ITKGD-GTGGKSIYG-SRFP------ 109
CYP-5 GKIQPTIYFELFDNVVPKTVKNFASLCNGFEK----- DGRCLTYKGSRFHRVIKNFMLQ FTRGN-GTGGESIYG- EKFI ------ 89
CYP-6 ETTVGDLVIDLFVKEAPKTCENFLKLCK--L-------K--¥-¥NFCPFYNIQHNY¥TCQTGDP - LAPTGDEGRCVWNVLNKGTRFF 82
cYp-7 KTTRGDIQI LWCKEVPKACRNFIQLCL- -I- ------G--¥-¥DETIVHRVVPEFLIQ P-TGT-GMGGESIY¥YGEP------ FAVET 87
CYP-8 N--HGEINIELHTDYAPHAVYNFVQLAK--Q---~-~---G--¥-¥RNTIFHRNIARFMIQ P-SGT-GREGEGQSIWGKPFKB- - - - -~ 305
CYP-9 HTTQGDISIKLYPEEAPKAVQNFTTHAE- -N-------G--¥-¥DNTIFHRITIKNFMIQ P-LGD-GTGGESIWKKDF;I ------ 529
TULEY 0ic.voy oo oo 870400593 % 4805 v 550000 4905 5:4 906 5006 w054 ¢ 5100 ¢ w0000 520 .5:5:0.8:8 5305555 viviy 5405 o5 5095
* . g ¥ i N5 S F I T B N

CYP-1 HSDLHHTGAGILSMANAGPNTN------- SSQFFITLAP-TPW TIFGRVVSG LSVCKRMGLIRT.SSIRPIEPLKIIKAVAL- - 155
CYP-2 NFALKHNKPGLLSMANAGPNTN------- GSQFFITTVV-TPW. KHVVFGEVTEG - K SLGS-NSGATRARIVIDKCGTV- - 162
CYP-3 NFTLKHDRPGLLSMANAGKDSN------- GCQFFITTVP -CDF: KHVVFGEVIEG-] IVK:HSTPVGMS RPKSNVAIVECGEM- - 173
CYP-4 NFKLSHQRPGLLSMANAG?'SN ------- GSQFFITTVK-TPW. HHVVFGEVLSG-YDIVKKI SKAETINR KPLEDVKIIKSGQLSQ 190

CYP-5 NFELKHDKPFLLSMANAGPNTN------- GSQFFITTVP-TPH KHVVFGKVIQG-KSTVRTIENLET - DPVVPVVIEECGTCTK 169
CYP-6 NPSLVHNKMGLVSMSTATISSR“KLLVCGSQFIITLSDNLEG ERYPIYGQOVAEG-FDTLLRKINDAICBEEGQPY¥RDIRIKHTIILDD 171
CYP-7 HPRLRFIRRGLVGMACTENEGN------- NSQFFITLGP - TPEWNGKQTLFGRVVGDTIYNVVRISELEL QRPVFPPKIISTEVIDN 169
CYP-8 CNPLKHDDRGIISMANRGKNTN------- GSQFFILYGP-AKH TIFGRVVGE - LNVLDALEKVPTNSNDHPKLPIKLEDIIIFVD 386
CYP-9 SPNLKHDRPFTVSMANSGPNTN------- GSQFFITTDL TPW KHTIFARAYAG- LlVVHR QGET.K%RPLEPTKI INISIVYT 610
TULGY 0.se oo s 5604 0wicse 5700 ewwns B80.c v s o060 590« oiw00 o 600:c conieesBOL0s o oowsb200, e o 63000 0w0.00 4

Fig. 1. Alignment of the PPlase domain of the cyclophilinsSaiizosaccharomyces pombe. **' indicates positions that have a single, fully
conserved residue. ‘' indicates that one of the following ‘strong’ groups is fully conserved: STA, NEQK, NDEQ, QHRK, MILV, MILF, HY,

FYW. *." Indicates that one of the following ‘weaker’ groups is fully conserved: CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK,
NDEQHK, NEQHRK, FVLIM, HFY. These are all the positively scoring groups that occur in the Gonnet Pam250 matrix. The strong and
weak groups are defined as strong scefe5 and weak score0.5, respectively. Shading is assigned with relation to the level of consensus
within a region that contains a certain sub-set of amino acids. Regions with the same shading are more conserved than those that have
different colours. Ruler shows the distance of the amino acid from the beginning of the alignment and is for reference only. Alignment was

produced using the ClustalX alignment program [36].
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Table 2

Orthologues of theS. pombe cyclophilins

S. pombe H. sapiens M. musculus D. melanogaster C. elegans S cerevisiae
Cyclophilin-1 CGl-124 ND CG13892 C34D4 ND
Cyclophilin-2 Cyp-A Cyp-A Cyp-1 Cyp-3 CPR1p
Cyclophilin-3 USA-Cyp-20 AKO003179 CG17266 Cyp-11 ND
Cyclophilin-4 Cyp-B CyP-S1 CG2852 Cyp-5 Cyp5p
Cyclophilin-5 Cyp-40(D) TC200669 ND ND CPR6p
Cyclophilin-6 AAH20986 BAB28194 AAF56342 NP 492343 ND
Cyclophilin-7 Antigen NY-CO-10 ND AAF50009 NP 496562 cwce27p
Cyclophilin-8 Cyp-60 TC186889 CG7747 Cyp-4 ND
Cyclophilin-9 HAL539 ND NP 611935 NP 493378 ND

The orthologues were identified using BLASTP searching of the

NCBI database usiSgprebe cyclophilins as probes. Amino acid

sequences were compared for conserved regions other than the PPlase domain to indicate possible conserved function. “ND” indicates that
no orthologues of thi$. pombe cyclophilin could be detected in the published genomic sequencBs mélanogaster, C. elegans and S.

cerevisiae or in the H. sapiens and M. musculus sequences available

the xLD motif seen at ruler positions 142—-144. Two
versions of this motif are seen in this alignment,
WLD (Human,M. musculus) and FLD & pombe, C.
elegans, D. melanogaster and E. multilocularis).
Work on human cyclophilin A has shown that the
substitution of tryptophan with phenylalanine corre-
lates with a decrease in sensitivity to CsA [26]. We
can therefore predict that SpCyp3 will have a
decreased sensitivity to CSA when compared with
hUSA-CyP. Fig. 3 shows a computer-generated
comparison of the hUSA-CyP and SpCyp3 active
sites. The structure of hUSA-CyP has been resolved
by X-ray crystallography [27] and this structure was
used as a template for the generation of the SpCyp3
model using a threading algorithm. The models show

as of 1 June 2002.

the predicted changes occurring around the xLD
motif with a F/W substitution that could account for
the decrease in the binding affinity of CsA.

In addition to the PPlase domain, the proteins
show a high level of conservation in their C-ter-
minus, as observed by Horowitz et al. [21]. The last
40 amino acids ofStippmbe cyclophilin 3 show
37.5% identity and 87.5% similarity overall with the
human, mauseelanogaster, C. elegans and E.

multilocularis orthologues. A well conserved CGEM
motif is seen at the C-terminal end that is not seen in
any other cyclophilin group. This region contains
beta structure (ruler positions 178—185 in Fig. 2) and
loops. It stretches from a position near the catalytic
arginine in a loop region (ruler positions 168—173 in

*okdko oo 3 sk 2 P A JHokkkkkkok o kokk ok * okkdk | akkk ok hkokhkhkh | hdkkok

Ce -MTE¥DKFAEQLRHPDNPIVFLEVTAGGAPIGTIVIELF. PRTAENFROFC -KDGVPNGYRNCTFHRVIRDFMIQGGDFCNGDGT 91

Em MAVPAPMVSERMNNPKNPVVFFDISIGGQDIGRIQLELF. PKTAENFRQLC -KDGVPTGYKGCTFHRI IKDFMVQGGDFVNGDGT 92

Hs ------- MAVANSSPVNPVVFFDVSIGGQEVGRMKIELF. PKTAENFRQFCTGEFR - KDGVPIGYKGSTFHRVIKDFMI FVNGDGT 85

Mm ------- MAVANSSPVHPVVFFDVSI GRMKIELFAVVVPKTAENFROFCTGEFR - KDGVPIGYKGSTFHRVIKDFMIQGGDFVNGDGT 85

Dm -MPNWNQIQSQLRSSNNPVVFFDIAVGTTEIGRMIFELFADTVPRTAENFRQFC - PDGVPIGYKGASFHRVIKDFMI FVQGDGT 91

Sp mmmmmmmmm-—-- MSTEPVVFMDIAIDGRLLGRIKIRLFSSIVPKTAENFRQFCTGETLGVNQKPIGYKNSTFHRIIQGFMI FVSGDGT 80
ruler l....... T0%us avs o ais 205 wave o <Y roapahioghier 7 e 505 iaeasenat 60 shanatira 1l R 80 oisiareos 90...
* P de e de ok ke ::* **:*****:* _:*I****** ::**_******_:::* :::**__*_*_:_:** . : :**::

Ce GLMSIYG-SKF FELKHIGPGMLSMANAGSPTNGCQFFITCAKTBFLENKHVVFGR MLTVRKIENVPTGANNKPRLPIVVVQCGQL 183

Em GSCSIYGESKFS FIMRHSSPGMLSMANSGK'TNGGQFFITCAP FLDGKHVVFGQVVDGMLVLRKIENVPTGPHNRPRVPVVITOC 185

Hs GVASIYR-GPF FKLRHSAPGLLSMANSGPSTNGCQFFITCSK GKHVVFGKIIDGLLVMRKIENVPTGPNNKPKLPVVISQC! 177

Mm GVASIYR-GPF FKLRHSAPGLLSMANSGPSTNGCQFFITCSK GKHVVFGKIIDGLLVMRKIENVPTGPNNKPKLPVVISQC 177

Dm GVTSIYG-NTF! FTLKHDSPGLLSMANSGKETNGCOFFITCAKCNFLDGKHVVFGRVLDGLLIMRKIENVPTGPNNKPKLPVIISOCGOM 183

Sp GSATIFNSRTFPDENFTLKHDRPGLLSMANAGKDSNGCQFFITTVPCDFLDGKHVVFGEVIEGYDIVKEIESTPVGANSRPKSNVAIVECGEM 173
ruler 1004 v ore oo TL0. wrerore oie 120000 sre e ] p— Y 1 P—— 13— 1600 ie:ioneri 170 0 wrraieiere 180.eswi0030i

Fig. 2. Comparison of th&. pombe cyclophilin 3 sequence with other 20.0° rel. mol. mass cyclophilin orthologues. For an explanation of

the symbols used, see Fig. 1 legend. The PPlase domain stretches from ruler position 46 to 151. Residues of interest are the xLD motif at
ruler position 142—-144 and the catalytic arginine residue [37] at ruler position 75. All show homology to each other and the C-terminal
region shows a high level of conservation inferring it could have a role in the cyclophilin’s function.
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Fig. 3. Structural comparison of the cyclosporin binding domains of human USA-CyB. aodhbe cyclophilin 3. Images are of the active

site of hUSA-CyP (right) and SpCyp3 (left). The X’ residue in the xLD motif is coloured white, the catalytic arginine coloured light grey
and a phenylalanine that undergoes a positional change due to the change in ‘x’ coloured in medium grey (ruler position 84 in Fig. 2). The
active site changes are clearly visible with the catalytic arginine being brought further into the cleft and the affected phenylalanine rotating
to show a larger surface area to the binding molecule with the presence of the F at the ‘X’ position. The structure of hUSA-CyP was
determined by X-ray crystallography [27] and SpCyp3 using a threading algorithm with hUSA-CyP structure as a template [figure produced
using RasWin molecular graphics program, version 2.6 (by Roger Sayle). hUSA-CyP PDB file, 1QOI, was obtained from the protein data
bank (PDB) maintained by RCSB. SpCyp3 structural file was produced by the Swiss-Model program on the ExPASy Molecular Biology
Server].

Fig. 2) with the lysine/arginine at position 173 CCTGTTG-3and B5-CCCTCGAGCATTTCT-
adjacent to catalytic arginine. Th&strands form a CCACATTCGACTATC- 3were designed to am-
B-sheet with twop-strands (ruler positions 19-26 plify the coding regiorSopombe cyclophilin 3, as

and 29-38 in Fig. 2) in the N-terminus of the shown in Fig. 4. Ndel and Xhol sites (shown in bold)

protein. Although the N-terminus is fairly divergent, were incorporated into the primers so that the
some residue groups do show conservation and these resulting PCR product could be cloned into pET21a
are in positions within thg-sheet. As this structure with the coding regions in-frame with a C-terminal
is conserved within SpCyp3 and its homologues it His tag. The “reverse” primer was designed such
could be involved in interactions that define this that the native stop codon would be removed to
cyclophilin’s role within the cell. allow for C-terminal tagging.

S. pombe genomic DNA was prepared [28] from a
2.2. Cloning of H. sapiens USA-CyP and S. culture of SP011 cells (leu , ade , ura ), a “wild-
pombe cyclophilin 3 type” strain of S. pombe. Dr L. Hashemzadeh-

Bonehi (University of Sussex) kindly provided tise
From the EST sequences obtained from the NCBI pombe cDNA library. Human cyclophilin 20 was

database the PCR primers '-6CCATATG- amplified from human prostate cDNA (Clontech,
GCGGTGGCAAATTCAAGT-3 and B-CCCTC- Basingstoke, UK).
GAGCATCTCCCCACACTGCGAG-3 were de- The genes were PCR amplified from SP011

signed to amplify the human USA-CyP sequence genomic DNA or cDNA using the EXpétigh
and the primers B5CCCATATGAGCACCGAA- Fidelity PCR system (Roche Molecular Biochemi-
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ATACAAATTAGCATCTTCAAGTCGCAAACCAGAAAATTTTATGAGCATCTTCCAGACATTTACCAAATTAACTTGTTAAA

SpCyp3-F-->
ATGAGCACCGAACCTGTTGTTTTTATGGATGTATGGACGTCGTATTTACTARACTCTCGAAAATACTAATTTTGGACAAT
M s T E P V V F M D

AGATTGCTATTGATGGGAGATTATTAGGAAGGATCAAGATCCGGTTGTTTTCCAGTATAGTCCCGAAGTATGTAATTAAT
I A I b GG R L L G R I K I R L F S s I V P K

AATCTAAAGCCAATTTTTAACTTGAATAATTATTGATTTATTGTGAAATAAAGTGCTGACATTGAATTTAGGACTGCTGA
T A E

AAACTTCAGGTAATCAAACAATTGATTGTTGGTTTTCAAGATTTTTATTTCTAATAGT TAGACAATTTTGTACAGGAGAA
N F R Q F C T G E

ACGCTTGGAGTTAATCAAAAACCGATCGGTAAGCACTTTCGGCCATCAGATTCAGACTACTAATTATTAAAATCAAAAGG
T L. G VvV N O K P I G

TTACAAAAATAGTACTTTTCATAGGATTATTCAAGGTTTTATGATACAAGGAGGTGATTTTGTGAGTGTATGTGTTAGAA
Yy K N §s T Fr H R I I Q G F M I Q G G D F V 8

AAAAGACCGTGTCATAGCCGGTTTTTTACAATTATTCCTTTAGACTATATTAACTGATGATTAGGGAGATGGTACTGGCA
G D G T G

GCGCGACCATTTTCAATTCACGTACATTTCCTGACGAAAATTTTACTCTCAAACATGATCGCCCTGGTTTACTGAGTATG
s A T I F N S R T F P D E N F T L K H D R P G L L S M

GCTAATGCTGGGAAAGACTCAAATGGATGCCAATTCTTTATTACTACCGTTCCTTGCGATTTTTTGGACGGCAAACATGT

AN A G XKD SN GCQFF I TTUV P CDIEF LD G XK H V

CGTCTTTGGCGAAGTAATTGAGGGCTACGACATTGTTAAAGAAATTGAATCTACTCCTGTTGGAGCAAATTCACGACCCA
v ¥ G E V I E G Y D I VK E I E S T P V G A N S R P

AGTCAAACGTTGCGATAGTCGAATGTGGAGAAATGTAGGCACGATATTTATATATACTAGGTTTCATAAGAAGCAACTCT
K s N vV A I VvV E C G E M *
<--SpCyp3-R

TACATATCATTAAAAATATCTAATTATTAAAGCAGAAAAATAGGTTATGTGGTTTTCTTGATGACTGTTGCAGTAGAAGT

Fig. 4. Gene structure of SpCyp3. The genomic DNA sequence was obtained from the NCBI database using the SPBGLpo@itklc
cosmid and confirmed by clone sequencing. Exons are shown in bold type with the corresponding amino acid sequence shown below the
central character in each codon. The underlined sequence shows the location of the primer sequences and the xLD motif is boxed.

cals) with the primers designed above. The reactions 2.3. Production of recombinant protein

were initially held at 94C for 5 min and then run

for 30 cycles of 94C for 1 min, 50°C for 1 min and Expression was carried out in BL21(DES3) cells
68°C for 2 min in a Perkin-Elmer 2400 thermal (Novagen, Madison, WI, USA); 100 ml cultures were
cycler. The PCR products were then cloned using the grown &C3 an 0.D,,, of 0.6-0.8 in 2YT

TOPO-TA cloning kit (Invitrogen, Groningen, The medium before induction of expression wijitM1
Netherlands) into the pCR2.1 vector, and shuttled IPTG (Sigma, Poole, UK). Cells were harvested by
into pET21a using the incorporated restriction sites, centrifugation 3 h post-induction. The His-tagged
such that a C-terminal 6xHis-tag was added to the protein was purified from sonicated cell lysates using
protein. Clones were sequenced at Genpak (Science TALON immobilised metal affinity resin (Clontech,
Park Square, University of Sussex) using vector Basingstoke, UK) according to the manufacturer’s
specific pET-T7P (TAATACGACTCACTATAG- instructions. Purification was then assessed using
GG) and PpET-T7T (GCTAGTTATTGCTCAG- SDS-PAGE and Western blotting with a rabbit anti-

CGG) primers to confirm that they coded for the His primary antibody (Pfizer, Sandwich, UK), and
correct protein. alkaline phosphatase conjugated mouse anti-rabbit
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secondary antibody (Sigma, Poole, UK). Fig. 5

shows the analysis of SpCyp3 expression and purifi-

cation.

2.4. PPlase assays

PPlase activity assays were carried out according

to the methods of Fisher et al. [29]. Reactions were
carried out at 10C in 50 mM Hepes, pH 7.8
(Sigma, Poole, UK), containing 25 Ivh substrate.

The cyclophilin was added at the same time as the

reaction was started by the addition of chymotrypsin
(Sigma) to a final concentration of 25fg/ml.
Following mixing, absorbance at 390 nm was re-
corded for 2.5 min using a UV3 spectrophotometer
(Unicam, Cambridge, UK) and Unicam Vision Soft-
ware.

Four tetrapeptide substrates (Suc—Ala—Xxx—Pro—

Phe—pNA, where Xxx is either Ala, Glu, Phe or Leu)
were obtained from Bachem (Saffron Walden, UK)
and tested against the cyclophilins to see if they

possessed any difference in substrate specificity (data
not shown). We found both had the same substrate

preferences with preferential activity on the tetra-
peptide containing alanine. The tetrapeptide con-

taining the alanine was used in all the subsequent k

reactions.
Cyclosporin A was obtained from Sandoz Pharma-
ceuticals (Basel, Switzerland). FK506 was obtained

from Fujisawa Pharmaceuticals (Osaka, Japan), and

rapamycin from Wyeth-Ayerst Research Laboratories

2 3 4
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=
_—

—

e
50—
36 —
30—

o

H—

Fig. 5. Purification ofS. pombe cyclophilin 3 from E. coli cell
lysates by TALON bead resin. Lane 1: Soluble protein extract, 3 h
post-induction; lanes 2—4: 10+ samples from sequential 0.5 ml
imidazole elution fractions. Numbers to the left of the gels are the
molecular masses in 0 rel. mol. mass units.
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(Princeton, NJ, USA). Both cyclophilins were unaf-
fected byM FK506 and 5 pM rapamycin
treatment (data not shown), but showed sensitivity to
5 pM CsA as seen in Fig. 6. CsA only inhibits the
cyclophilin  family whereas FK506 [4] and
rapamycin [30] only inhibit the FKBPs (FK506
Binding Protein PPlases). These results demonstrate
that the PPlase activity was specifically cyclophilin
activity.
To calculate th€, of the cyclophilins for CsA
and kgitK,, values, PPlase activity data were
fitted to a first-order rate equation with éffset (
A, (1-e “)+offset) using the GraFit package
(Erithacus Software Ltd). This yield a valimat
is used to calcklgt,, values as shown by Liu
et al. [26]. The relationship between the velocity
ratio, v;/v, v. [l], for a tight binding inhibitor is
described by the Holt tight binding equation [31].
The equation was written into the Grafit custom
equation file and a three-dimensional fit carried out
(usiny,, [I] and [E] as variables) to yield an
estimakg. for
Both SpCyp3 and hUSA-CyP had comparable
PPlase activity with the succinyl-Ala—Ala—Pro—
Phe—pNA substrate under standard conditions with
/Ky, values approximately 1.aM ~* s™*. Inter-
estingly, however, thef, values for CsA differed
by more than an order of magnitude. hUSA-CyP had
a calculétadlue of 12137 nM and SpCyp3 a
value of BB rM. This difference can be
attributed to the difference in the xLD motif found in
the active site. As we predicted earlier, the change
from tryptophan (hUSA-CyP) to phenylalanine
(SpCyp3) has caused a decrease in the sensitivity to
CsA, which correlates with what was found in
human cyclophilin A [26]. A mutated version of
hUSA-CyP replacing W with F (hUSA-CyP-W133F)
also showed a greater resistance to CsA [23]. The
changes in the active site visible in Fig. 3 appear to
have caused a weakening in the cyclophilin—CsA
interaction, therefore reducing the cyclophilin’s af-
finity for CsA. This would therefore lead to the
reduced sensitivity we have seen in our results.

2.5. GFP-Tagging

The localisation of SpCyp3 within th8 pombe
cell would be expected to be nuclear if it is to share a
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hsUSA-CYP
—— spUSA-CYP

hsUSA-CYP + 0.5uM
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—e—spUSA-CYP + 5uM
CsA

0 20 40 60 80

Time (s)

100 120 140 160 180

Fig. 6. Chart showing the PPlase activity and cyclosporin A (CsA) sensitivity of human USA-CyP (white lineS)mmmbe cyclophilin 3
(black lines) on the tetrapeptide substrate succ-AAPF-pNA. The dashed line shows the rate of spowrtafteansisomerisation in the
absence of a PPlase. Solid lines show the isomerisation catalysed B dfctophilin. Squares show the catalysed reaction inhibited by the
addition of 0.5uM CsA, and circles show the reaction inhibited byw§ CsA.

conserved function with its human orthologue. To
investigate this, theS. pombe expression vector
pREP41-GFP [32] (kindly provided by Dr F. Watts,
University of Sussex) was used. TheRCR primers
for amplifying the cyclophilin sequences were modi-
fied to incorporate a BamHI site instead of an Xhol
site. Ndel/BamHI fragments were cloned into
pREP41-GFP with the cyclophilin sequences in-
frame with an N-terminal GFP tag. Expression
constructs were transformed into “wild-type” sp011
(leu, ade , ura ) straits. pombe and selected by
leucine prototrophy. Cultures were grown under
leucine auxotrophic selection at 30 for 48 h in the
absence of thiamine to induce the nmtl promoter.
Live cells were viewed using a Nikon Optiphot-2
microscope with a Bio-Rad MRCG600 laser scanning
apparatus.

The results of this experiment are shown in Fig.
7(A,C) where a majority of the GFP fluorescence can

be seen in the nucleus. SpCyp3 appears to be

localised mainly in the nucleus, with the cytoplasmic

fluorescence probably due to the over expression,

adding evidence to the conserved function of

SpCyp3 and hUSA-CyP. The same experiment was

then repeated with hUSA-CyP to determine whether

it too localised to the nucleuS pombe. Fig.

7(B,D) confirms that in this case hUSA-CyP also

localises to the nucleus. This gives strong support to

the idea that hUSA-CyP and SpCyp3 share con-

served function within the spliceosome complex of
the cell. However, the nuclear localisation was not
immediate. The proteins showed cytoplasmic locali-
sation 24 h post-induction, only becoming nuclear 48
h post-induction, indicating it is possibly due to

target protein interactions.

3. Discussion

The cyclophilin repertoireSopombe has been
identified using BLASTP searching of the Sanger

CentréS. pombe database. Their homologues in

different species were then found using BLASTP
searching of the NCBI database. Human USA-CyP
8ngombe cyclophilin 3 were identified as
orthologues with 62% amino acid identity over their
whole sequence. Alignment analysis with other
proposed homologues have shown that the C-termi-
nal region is highly conserved and, along with
conserved regions in the N-terminus and an inserted
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Fig. 7. Expression of GFP-tagged human USA-CyP (B and D)&mdmbe cyclophilin 3 (A and C) in “wild-type” SP011S. pombe cell.
A and B show localisation its. pombe cells in G, phase with C and D showing localisation in cells in M phase. No GFP fluorescence was
visible in cells transformed with a pREP41-GFP construct containing no insert and induced under the same conditions.

loop in the PPlase domain, might play a role in this has shown both localising preferentially to the
cyclophilin’s function. nucleus. The cyclophilin sequences themselves do
Human USA-CyP has been shown to associate not appear to have an identifiable nuclear localisation
with the pre-mRNA-splicing complex through inter- motif and their nuclear accumulation was not imme-
actions with hPrp3, hPrp4 [21,22] and hPrp18 [23] diate but became visible 48 h post-induction. This
proteins that complex and then associate with the accumulation could therefore be due to the associa-
U4/U6-U5 snRNPs. Treatment with cyclosporin A tion of the cyclophilin with native Prp4 and Prp18,
has been shown to inhibit the second step of splicing which have their own NLS [35].
in vitro and cause disruption of splicing in vivo PPlase assays were carried out to compare the

through the interaction of hUSA-CyP and hPrpl8 activity of the cyclophilins and their sensitivity to the
[23]. S. pombe does use splicing [19], Prp protein PPlase inhibiting drugs. Both were unaffected by

homologues have been found within its genome FK506 and rapamycin, the FKBP inhibitors, but

[23,33,34] and these orthologues possess the 31 were sensitive to cyclosporin A. Although they

amino acid homologous region that has been iden- shared compd{abl&,, values with the tetra-

tified as the USA-CyP binding site [23]. peptide substrate (Suc—Ala—Ala—Pro—Phe—pNA),
The use of N-terminal GFP tagging of both their inhibition constants differed by more than an

proteins and subsequent expressios.ipombe cells order of magnitude. This difference has been attribu-
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ted to their difference in the xLD motif in the PPlase
active site. The presence in the X’ position of the
phenylalanine (SpCyp3) gave a reduced sensitivity
to cyclosporin A compared to the presence of a
tryptophan (hUSA-CyP).

4, Conclusions

These results lead us to the conclusion tRat
pombe cyclophilin 3 and human USA-CyP are
orthologues with a conserved function within the
spliceosome. Mutagenesis and protein interaction
studies coupled with studies into the effect of
cyclosporin A on theS. pombe splicing process are
needed to confirm that this is indeed the case. With
the presence of a phenylalanine in the xLD motif of
SpCyp3 it is likely that the splicing process will be
unaffected by cyclosporin A treatment, as was shown
with the hUSA-CyP-W133F mutant [23]. Mutagen-
esis studies of the binding site identified by Horowitz
et al. [23] in theS pombe Prp4 and Prpl8 homo-
logues will therefore be of the most interest along
with the production of a SpCyp3-F133W mutant to
study the effect this has on cyclosporin A sensitivity.
This work illustrates hows. pombe can be used as a
model for the characterisation of fundamental cel-
lular processes such as RNA splicing outside the
human cell.
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