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Cyclophilin A is conserved from yeast to humans and mediates the ability of cyclosporine to perturb signal
transduction cascades via inhibition of calcineurin. Cyclophilin A also catalyzes cis-frans peptidyl-prolyl
isomerization during protein folding or conformational changes; however, cyclophilin A is not essential in yeast
or human cells, and the true biological functions of this highly conserved enzyme have remained enigmatic. In
Saccharomyces cerevisiae, cyclophilin A becomes essential in cells compromised for the nuclear prolyl-isomerase
Essl, and cyclophilin A physically interacts with two nuclear histone deacetylase complexes, Sin3-Rpd3 and
Set3C, which both control meiosis. Here we show that cyclophilin A is localized to the nucleus in yeast cells and
governs the meiotic gene program to promote efficient sporulation. The prolyl-isomerase activity of cyclophilin
A is required for this meiotic function. We document that cyclophilin A physically associates with the Set3C
histone deacetylase and analyze in detail the structure of this protein-protein complex. Genetic studies support
a model in which cyclophilin A controls meiosis via Set3C and an additional target. Our findings reveal a novel
nuclear role for cyclophilin A in governing the transcriptional program required for the vegetative to meiotic

developmental switch in budding yeast.

Cyclophilin A was originally identified as the intracellular
receptor of the immunosuppressive drug cyclosporine (Cs),
and the two molecules form a complex that binds to and in-
hibits the protein phosphatase calcineurin, preventing T-cell
activation in mammals (36, 52, 53). Although cyclophilin A is
highly conserved from yeast to humans, establishing the nor-
mal biological functions of this nonessential protein has proven
elusive. Cyclophilin A is the founding member of a class of
ubiquitous and highly conserved enzymes collectively known as
peptidyl-prolyl cis-trans isomerases, or prolyl-isomerases,
which catalyze cis-trans isomerization of the peptide bonds
preceding proline residues. The prolyl-isomerase group spans
three structurally unrelated protein families: the cyclophilins,
FKBPs (for FK506 binding proteins), and parvulins (34, 40, 69,
81). All three families are present in the budding yeast Sac-
charomyces cerevisiae, which expresses eight different cyclophi-
lins (Cprl to Cpr8), four FKBPs (Fprl to Fpr4), and a single
parvulin (Ess1), which is the only essential prolyl-isomerase in
this organism (20, 37, 39).

Cellular roles have been established for several prolyl-
isomerases in both mammals and yeast. In mammals, cyclophi-
lin A associates with the human immunodeficiency virus type 1
Gag polyprotein and is incorporated into virion particles,
where it is required for human immunodeficiency virus type 1
infectivity (7, 9, 28, 84). Cyclophilin A also binds to and regu-
lates the tyrosine kinase Itk in T lymphocytes (11, 55). FKBP12
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regulates the activity of the ryanodine receptor, a calcium
release channel in the sarcoplasmic reticulum (61, 85, 86), and
both FKBP12 and cyclophilin A interact with and regulate the
zinc finger transcription factor YY1 (96).

In yeast, the mitochondrial cyclophilin Cpr3 accelerates pro-
tein refolding after mitochondrial import, particularly at ele-
vated temperature (19, 21, 59, 72, 73). Two larger cyclophilins,
Cpr6 and Cpr7, were identified in a search for proteins inter-
acting with the histone deacetylase Rpd3 (24), although the
functional significance of these interactions is not yet clear.
Both Cpr6 and Cpr7, like their human homolog cyclophilin 40,
interact with and regulate activity of the molecular chaper-
one Hsp90 (17, 23, 76). Cpr7 is required for normal cell
growth, and mutation or inhibition of Hsp90 causes a severe
growth defect in cpr7 mutant cells (22, 23, 58, 83). Essl, the
first eukaryotic parvulin, was originally found to be associ-
ated with pre-mRNA processing and termination (38, 39).
More recent reports have forged a link between Essl and
the general transcription machinery and also revealed a
connection with chromatin modification (3, 65, 93-95; for a
recent review on the cellular functions of yeast prolyl-
isomerases, see reference 4).

Cyclophilin A is conserved in yeast and encoded by the
CPRI gene (35). Similar to its mammalian counterpart, yeast
cyclophilin A mediates calcineurin inhibition by Cs (12, 27, 66,
88). However, the endogenous functions of the yeast cyclophi-
lin homolog Cprl have only recently begun to be elucidated.
Cprl becomes essential in cells compromised for Essl func-
tion, and overexpression of Cprl suppresses ess/A mutations,
suggesting a functional overlap between these two structurally
unrelated prolyl-isomerases and providing the first evidence
that the enzymatic activity of yeast cyclophilin A is important
for biological function (3). Cprl is required for the glucose-
stimulated transport of fructose-1,6-bisphosphatase into Vid
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(for vacuole import and degradation) vesicles, leading to deg-
radation of this glucolytic enzyme (13). Finally, Cprl promotes
the proper subcellular localization of an essential zinc finger
protein, Zprl (2).

A physical association between Cprl and the Set3C histone
deacetylase complex, which transcriptionally represses meiosis-
specific genes, was recently reported (67). Cprl has also been
previously implicated in physical and functional interactions
with the Sin3-Rpd3 histone deacetylase complex (3). Here we
show that cyclophilin A is localized to the nucleus in yeast and
functions in sporulation by governing the meiotic transcrip-
tional program. We confirm that cyclophilin A physically in-
teracts with the Set3 complex and provide genetic evidence
that cyclophilin A promotes meiosis via both Set3C and other
targets. Our studies reveal a novel nuclear role for cyclophilin
A, shedding insight into the normal cellular functions of this
highly conserved heretofore enigmatic enzyme.

MATERIALS AND METHODS

Oligonucleotides. Oligonucleotides used in the present study are listed in
Table S1 in the supplemental material.

Plasmids. Centromere-based vector pRS316 was described previously (75).
Centromere-based plasmid pTB4a and 2y plasmid pTB3 expressing the wild-
type CPRI gene were also described previously (15, 16). Plasmid pCPR1-GFP,
expressing a C-terminal green fluorescent protein (GFP)-tagged version of Cprl
was obtained from plasmid pTB3 by homologous recombination-mediated in-
sertion of a PCR product amplified with the primers JOHE6791 and JOHE6792
from plasmid pFA6a-GFP(S65T)-kanMX6 (54). Plasmids pCPR1-GFP-wtSV40
(expressing a Cprl-GFP-APGPPKKKRKVA nuclear localization signal [NLS]
fusion), pCPR1-GFP-mutSV40 (expressing a Cprl-GFP-APGPPKTKRKVA
NLS* fusion), pCPR1-GFP-wtPKI (expressing a Cprl-GFP-APGLALKLA-
GLDINKT nuclear export signal [NES] fusion), and pCPR1-GFP-mutPKI (ex-
pressing a Cpr1-GFP-APGLALKLAGADTNKT NES* fusion) were all obtained
from pCPR1-GFP according to a gap-repair method similar to that described
previously (64). Residues in boldface correspond to those originally found in
SV40 and PKI proteins, respectively; residues not in boldface are added to the
fusion protein as a linker sequence. Underscoring denotes residues changed in
the mutant NLS and NES versions. To this end, plasmid pCPR1-GFP was
linearized by digestion with Ascl and cotransformed into an ura3 yeast strain
together with PCR fragments obtained with 3’-complementary primer pairs
JOHE7564 and JOHE7565 (pCPR1-GFP-wtSV40), JOHE7566 and JOHE7567
(pCPR1-GFP-mutSV40), JOHE7568 and JOHE7569 (pCPR1-GFP-wtPKI), or
JOHE7570 and JOHE7571 (pCPR1-GFP-mutPKI). The resulting plasmids, iso-
lated from the corresponding Ura™ transformants, were sequence verified. Plas-
mids pCPR1-GFP-wtSV40-nat and pCPR1-GFP-wtPKI-nat were obtained by
homologous recombination-mediated replacement of the kanamycin resistance
module (kanMX4) with the nourseothricin resistance module (nat) and PCR
amplified with primers JOHE8033 and JOHES8034 from plasmid pAG25 (33). 2p
plasmids pHS103 and pAMA405, expressing IME1 and IME2, respectively, were as
described previously (78). Plasmid pCPR1(R53A), expressing the yeast cyclophi-
lin A mutant Cpr1®¥4 was obtained by PCR overlap-mediated site-directed
mutagenesis (42). To this end, PCR products obtained from plasmid pTB3 with
the primer pair JOHE9631 and JOHEY634 and the primer pair JOHE9632 and
JOHEY633 were mixed together and used as a template in a new PCR with the
primers JOHE9631 and JOHE9632. The resulting product was digested with
EcoRI and cloned in the EcoRI site of vector YEplac195 (32). Plasmid pRS415-
hCyPA, expressing human cyclophilin A (hCyPA) was as described previously
(2). Plasmid pMA-FLAG-kanMX6 was constructed by replacing the GFP coding
sequence present in plasmid pFA6a-GFP(S65T)-kanMX6 with the 5'-GATTA
CAAGGATGACGACGATAAG-3' sequence, encoding the FLAG peptide
amino acid sequence DYKDDDDK (25). To this end, pFA6a-GFP(S65T)-
kanMX6 was digested with Pacl and Ascl and ligated to a DNA segment
obtained by annealing the complementary primers JOHE8634 and JOHES635.
Plasmid pCPR1-FLAG, expressing a C-terminal FLAG-tagged version of Cprl
was obtained from pTB4a by homologous recombination-mediated insertion of
a PCR product amplified with primers JOHE6791 and JOHE6792 from plasmid
pMA-FLAG-kanMXG6.
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Strains. Yeast strains used in the present study are listed in Table S2 in the
supplemental material. With the exception of the ess/-ts mutant H1I64RW303
(95), all of the yeast strains used are derivatives of the isogenic, S288C-derived
strains BY4741, BY4742, or BY4743 (10). Strains MAY152, MAY153, MAY154,
MAY155, MAY156, MAY157, and MAY158 were obtained by replacing the
kanMX4 module in strains 17046, 17182, 12271, 13242, 13513, 14561, and 11760,
respectively, with the nat module from plasmid pAG25 (33), which was PCR
amplified with the primers JOHE8033 and JOHES8034. Strain MAY159 was
obtained from BY4743 by replacing the open reading frame (ORF) of one of the
copies of CPRI with the ORF of URA3, which was PCR amplified with the
primers JOHE7426 and JOHE7427 from plasmid YEplac195. Strain MAY160
was obtained from MAY159 by disrupting the remaining CPRI allele with the
nat module from plasmid pAG25 PCR amplified with the primers JOHE6732
and JOHEG6733. Strains MAY161, MAY163, MAY165, MAY168, and MAY169
were obtained from MAY159 by chromosomal integration of PCR products
amplified with primers JOHE6791 and JOHEG6792 from plasmids pFAG6a-
GFP(S65T)-kanMX6, pCPR1-GFP-wtSV40, pCPR1-GFP-mutSV40, pCPRI1-
GFP-wtPKI, and pCPR1-GFP-mutPKI, respectively. Strain MAY173 was ob-
tained from MAY159 by chromosomal integration of a PCR product amplified
with primers JOHE7212 and JOHEG6792 from plasmid pFA6a-GFP(S65T)-
kanMXG6. Strain MAY178 was obtained from BY4741 by replacing the ORF of
CPRI with the ORF of URA3 as in MAY159. Strains MAY225 and MAY199
were obtained from MAY178 by homologous recombination-mediated replace-
ment of the URA3 ORF, in the cpriA::URA3 allele of this strain, with the
CPRI(R53A) ORF carried in the EcoRI fragment of plasmid pCPR1(R53A) and
with the hCyPA OREF carried in the Xbal-Xhol fragment of plasmid pRS415-
hCyPA, respectively. Diploid strains MAY195, MAY196, MAY226, and
MAY?211 were obtained by crossing strain 13513 with strains BY4741, MAY178,
MAY225, and MAY199, respectively. Strains MAY217, MAY243, and
MAY?289, expressing C-terminal 3HA-tagged versions of Hos2, Sif2, and
Yill12w, respectively, were obtained from BY4741 by chromosomal integration
of PCR products amplified from plasmid pFA6a-3HA-kanMX6 (54) with the
primers JOHES8029 and JOHES030, JOHE9789 and JOHE9790, and
JOHE10310 and JOHE10311, respectively. Strains MAY224, MAY242, and
MAY291, expressing C-terminal 13Myc-tagged versions of Set3, Sntl, and Hstl1,
respectively, were obtained from BY4741 by chromosomal integration of PCR
products amplified from plasmid pFA6a-13Myc-kanMX6 (54) with the primers
JOHES027 and JOHES028, JOHE9791 and JOHE9792, and JOHE10312 and
JOHE10313, respectively. set3A, sntIA, yill12wA, sif2A, cprlA, hos2A, or hstIA
strains expressing one or more epitope-tagged Set3 complex member were ob-
tained as meiotic products or diploids between these meiotic products derived
from crosses between epitope-tagged strains MAY217, MAY224, MAY242,
MAY243, MAY289, and MAY291 and strains with deletions in the genes en-
coding Set3C components, ie., MAY152, MAY153, MAY154, MAY155,
MAY156, MAY157, and MAY158. Strains MAY192, MAY218, MAY219,
MAY220, MAY221, MAY222, and MAY223 were obtained from strains
BYA4741, 17046, 17182, 12271, 13242, 14561, and 11760, respectively, by disrup-
tion of CPRI with the nat module PCR-amplified from plasmid pAG25 with the
primers JOHE6732 and JOHE6733. Strains MAY234, MAY235, MAY236,
MAY?237, MAY238, and MAY239 were all obtained from MAY192 by disrup-
tion of SET3, SNT1, YIL112w, SIF2, HOS2, and HSTI with the kanMX2 module
PCR amplified from plasmid pFA6-kanMX2 (89) with the primers JOHE7925
and 7926, JOHE9678 and JOHE9679, JOHE9680 and JOHE9681, JOHE9682
and JOHE9683, JOHE7929 and JOHE7930, and JOHE7933 and JOHE7934,
respectively. Strains MAY245 to MAY263 were obtained as diploids from
crosses between the strains with deletions in the genes encoding Set3C compo-
nents described above.

Media. Growth media for S. cerevisiae (synthetic complete medium [SC] and
rich complex medium [YPD]) were as described previously (74). The sporulation
medium was 1.5% potassium acetate (pH 7.5) supplemented with uracil and the
required amino acids.

Localization of Cpr1-GFP fusion proteins. Subcellular localization of the GFP
fusion proteins was carried out in live cells by using a Zeiss Axioskop 2 micro-
scope (Carl Zeiss, Jena, Germany). Strains were cultured in liquid YPD medium
to logarithmic growth phase and analyzed directly by fluorescence microscopy.
Nuclear DNA was stained with DAPI (4',6’-diamidino-2-phenylindole). Strains
used were MAY161 (Cprl-GFP), MAY173 (GFP), MAY163 (Cprl-GFP-NLS),
MAY165 (Cpr1-GFP-NLS*), MAY168 (Cprl-GFP-NES), and MAY169 (Cprl-
GFP-NES*).

Western blot analysis of cyclophilin A and cyclophilin A fusion proteins. For
Western blot analysis of expression of the Cpr1-GFP fusions described above and
the active site Cpr1R3* mutant protein (MAY226), yeast strains expressing
these proteins were cultured in liquid YPD. Whole-cell protein extracts were
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prepared by glass bead disruption in lysis buffer A (20 mM HEPES [pH 7.4], 20
mM KCI, 0.5 mM EDTA, and a cocktail of protease inhibitors consisting of 0.5
mM phenylmethylsulfonyl fluoride, 1 pg of pepstatin ml~!, 1 mM benzamidine,
and 0.001% aprotinin) by using a FastPrep instrument (FP120; Bio 101/Savant,
La Jolla, Calif.). Proteins were resolved by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene difluoride
membrane (Immun-Blot; Bio-Rad), probed with rabbit polyclonal antiserum
against Cprl (15), and detected by enhanced chemiluminescence (Amersham
Biosciences). As controls, extracts from strains expressing wild-type Cprl
(MAY195) or with the CPRI gene deleted (cprIA, MAY196), were analyzed.
Expression of hCyPA in yeast was analyzed with rabbit polyclonal antiserum
(Biomol).

ess] suppression assays. To test ess/ suppression by using the Cprl-GFP
fusion proteins, the essI-ts strain HI64RW303 was transformed with multicopy
plasmids expressing the fusion proteins Cprl-GFP (pCPR1-GFP), Cprl-GFP-
NLS (pCPR1-GFP-wtSV40), Cprl-GFP-NLS* (pCPR1-GFP-mutSV40), Cprl-
GFP-NES (pCPR1-GFP-wtPKI), Cprl-GFP-NES* (pCPR1-GFP-mutPKI), or
wild-type Cprl (pTB3) as a control and tested for growth at the nonpermissive
temperature (37°C). To test ess] suppression by coexpression of two different
Cpr1-GFP fusion proteins, HI64RW303 was cotransformed with pCPR1-GFP-
wtSV40-nat and pCPR1-GFP-wtPKI (Cpr1-GFP-NLS+Cpr1-GFP-NES), with
pCPR1-GFP-mutSV40 and pCPR1-GFP-wtPKI-nat (Cprl-GFP-NLS*+Cprl-
GFP-NES), or with pCPR1-GFP-wtSV40-nat and pCPR1-GFP-mutPKI (Cprl-
GFP-NLS+Cpr1-GFP-NES*). Transformants grown in media for plasmid selec-
tion were fivefold serially diluted, spotted on solid YPD medium, and incubated
for 2 days at 30 or 37°C.

Sporulation assays. Sporulation assays were performed essentially as de-
scribed in Pijnappel et al. (67). Liquid YPD cultures from diploid strains were
grown to an optical density at 600 nm of 2.0, and cells were harvested by
centrifugation, washed once with sterile water, resuspended in three culture
volumes of sporulation medium, and incubated at 25°C. Asci formation was
monitored by microscopic observation of at least 200 cells from samples taken at
the times indicated. All sporulation experiments included a wild-type strain as a
control, and assays were repeated when this control strain showed poor or
delayed asci formation. The strains used in experiments with the results shown in
Fig. 3A were 33513 (cpriA/cpriA), 37046 (set3A/set3A), and BY4743 (wild type).
The strains used in experiments with results shown in Table 1 were 33513 and
BY4743. These strains were transformed with multicopy plasmids expressing
IMEI (pHS103), IME2 (pAMA405), or CPRI (pTB4a) or with an empty vector
(pRS316) and then assayed for sporulation. Asci formation was determined
100 h after transfer of the transformants from selective medium (SC lacking
uracil) to sporulation medium. The strains used in the experiments with the
results shown in Fig. 4B were MAY226 (CPRI-R53A4), MAY211 (cprlA::hCyPA),
MAY195 (wild-type CPRI), and MAY196 (cprIA). The strains used in the
experiments with the results shown in Fig. 5 were MAY159 (Cprl), MAY160
(cpr1A), MAY161 (Cpr1-GFP), MAY163 (Cprl-GFP-NLS), MAY165 (Cprl-
GFP-NLS*), MAY168 (Cprl-GFP-NES), and MAY169 (Cpr1-GFP-NES*). The
strains used in the experiments with results shown in Fig. 7A were MAY245
(set3A/set3A), MAY246 (set3A/set3A cprlAlcprlA), MAY247 (SET3/set3A cprlA/
cprIA), MAY248 (snt1A/sntlA), MAY249 (snt1A/sntIA cpriAjcpriA), MAY250
(SNT1/snt1A cprlAepr1A), MAY251 (yill 12wAfyil112wA), MAY252 (yill12wA/
yill12wA cpriAjepri1A), MAY253 (YIL112wlyill12wA cpriAjcpriA), MAY254
(sif2A/sif2A), MAY255 (sif2A/sif2A cpriAfeprIA), MAY256 (SIF2/sif2A cprlA/
cprlA), MAY257 (hos2A/hos2A), MAY258 (hos2A/hos2A  cprlAjcprIA),
MAY259 (HOS2/hos2A cprlAlcprIA), MAY260 (hstlA/hstIA), MAY261 (hstIA/
hstIA cprlA/cpr1A), MAY262 (HSTI/hstIA cpriAjcpriA), and the wild-type
strain BY4743 as a control.

Northern blot analysis. RNA isolation and Northern analysis was as described
previously (14). DNA probes hybridizing to IME1, IME2, and ACT1 transcripts
were PCR amplified from yeast genomic DNA with the primers JOHE7918 and
JOHE?7919, JOHE7920 and JOHE7921, and JOHE2287 and JOHE2288, respec-
tively.

Immunoprecipitation of the Set3 complex. Yeast strains expressing epitope-
tagged Set3C components were cultured to logarithmic growth phase in 100 ml
of liquid YPD. Whole-cell protein extracts were prepared by glass bead disrup-
tion in lysis buffer B (50 mM HEPES [pH 7.4], 120 mM NaCl, 1 mM EDTA,
0.3% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfon-
ate}, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1 wg of
pepstatin ml~!, 1 mM benzamidine, and 0.001% aprotinin), and the protein
concentration in the extracts was determined by Bradford (Bio-Rad).

To precipitate the Cprl1-FLAG fusion, 2 mg of total protein was incubated in
0.7 ml of lysis buffer with 30 pl of anti-FLAG M2 affinity gel (EZview; Sigma) for
1 h at 4°C in a nutator mixer. Gel beads were recovered by centrifugation,
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washed four times with 1 ml of lysis buffer, and once with a buffer containing 50
mM HEPES (pH 7.4), 100 mM KCI, 1 mM EDTA, and 5% glycerol. Beads were
resuspended in 50 pl of the same buffer without glycerol, and immunocomplexes
were eluted by addition of FLAG peptide (Sigma) to a final concentration of 200
wg/ml.

To precipitate the hemagglutinin (HA) epitope-tagged Set3C proteins, 2 mg of
total protein in 0.7 ml of lysis buffer was first incubated with 30 pl of protein
A-Sepharose (Amersham Biosciences) for 1 h at 4°C. Samples were then cen-
trifuged, and the supernatant was transferred to new vials and incubated for 1 h
at 4°C with 3 pg of anti-HA antibody. To precipitate the immunocomplexes,
binding reactions were further incubated with 30 pl of protein A-Sepharose for
1 h at 4°C. Beads were recovered by centrifugation and washed as described
above for immunoprecipitation of Cprl-FLAG, and protein was eluted by heat-
ing the beads in SDS-PAGE loading buffer.

Immunocomplexes were resolved by SDS-PAGE and transferred to polyvi-
nylidene difluoride membrane, and epitope-tagged proteins were detected with
anti-FLAG monoclonal antibody (M2; Sigma), anti-Myc monoclonal antibody
(9E10; Santa Cruz), or anti-HA monoclonal antibody (F-7; Santa Cruz).

To assay coimmunoprecipitation of Set3-Myc, Hos2-HA, Sntl-Myc, or
Sif2-HA with Cpr1-FLAG in Set3C mutants, strains expressing a Myc- or HA-
tagged Set3C component and with a gene encoding one of the remaining Set3C
proteins deleted were transformed with plasmid pCPR1-FLAG, expressing a
Cprl-FLAG fusion protein. The Cprl-FLAG fusion was immunoprecipitated
from extracts obtained from these transformants, and immunocomplexes were
resolved and analyzed as described above. Control immunoprecipitation assays
were carried out with strains transformed with plasmid pTB4a, expressing un-
tagged, wild-type Cprl (no FLAG). Set3-Myc-Cprl-FLAG interaction was
tested in transformants from strains MAYX84-3C (sntIA), MAYX85-2C
(il112wA), MAYX86-5C (sif2A), MAYX87-1B (cpriA), MAYX88-4A (hos2A),
MAYX89-1C (hst1A), and MAYX83-4A (no FLAG). Hos2-HA-Cprl-FLAG
interaction was tested in transformants from strains MAYX76-3A (set3A),
MAYX77-1A  (sntl1A), MAYXT78-1B (yillI12wA), MAYXT79-5A  (sif2A),
MAYX80-3B (cpriA), MAYXS82-7C (hstIA), and MAYXS81-1C (no FLAG).
Snt1-Myc-Cprl-FLAG interaction was tested in transformants from strains
MAYX90-1D  (set3A), MAYX92-9C (yill12wA), MAYX93-1A  (sif2A),
MAYX94-2B (cprlA), MAYX95-1B (hos2A), MAYX96-4B (hst1A), and
MAY?242 (no FLAG). Sif2-HA-Cpr1-FLAG interaction was tested in transfor-
mants from strains MAYX97-1A (set3A), MAYX98-2C (sntlA), MAYX99-2B
(vil112wA), MAYX101-4D (cpriA), MAYX102-5B (hos2A), MAYX103-2A
(hstIA), and MAY243 (no FLAG). Yeast strains expressing Gpb2-Myc or
Esal-HA fusion proteins and transformed with plasmid pCPR1-FLAG were
included as controls in the assays.

Coimmunoprecipitation of Set3-Myc, Snt1-Myc, or Hst1-Myc with Hos2-HA,
Sif2-HA, or Yil112w-HA in Set3C mutants was assayed in strains expressing a
pair of Set3C components tagged with the HA and Myc epitopes, respectively,
and with a gene encoding one of remaining Set3C members deleted. The HA-
tagged Set3C component was immunoprecipitated, and the proteins associated
with it were resolved and analyzed as described above. Set3-Myc-Hos2-HA
interaction was tested in strains MAY227 (sntIA), MAY228 (yill12wA),
MAY229 (sif2A), MAY230 (cprlA), MAY231 (hst1A), and MAY232 (wild type).
Snt1-Hos2 interaction was tested in strains MAY271 (set3A), MAY272
ill12wA), MAY273 (sif2A), MAY274 (cprlA), MAY275 (hst1A), and MAY276
(wild type). Set3-Myc-Sif2-HA interaction was tested in strains MAY277
(sntIA), MAY278 (yill12wA), MAY279 (cpriA), MAY280 (hos2A), MAY281
(hst1A), and MAY282 (wild type). Snt1-Myc-Sif2-HA interaction was tested in
strains MAY283 (ser3A), MAY284 (yill12wA), MAY285 (cpriA), MAY286
(hos2A), MAY287 (hstIA), and MAY288 (wild type). Sntl-Myc-Yill12w-HA
interaction was tested in strains MAY294 (set3A), MAY295 (sif2A), MAY296
(cpr1A), MAY297 (hos2A), MAY298 (hstIA), and MAY299 (wt). Hstl-Myc—
Yil112w-HA interaction was tested in strains MAY300 (set3A), MAY302 (sif2A),
MAY?303 (cpriA), MAY304 (hos2A), and MAY305 (wild type).

RESULTS

Cyclophilin A is nuclear localized. Cyclophilin A has been
traditionally considered a cytoplasmic protein, in part because
the target of the cyclophilin A-Cs complex, calcineurin, is cy-
toplasmic. To investigate the localization of cyclophilin A in S.
cerevisiae, we constructed a diploid yeast strain in which the
Aequorea victoria GFP (68) was fused in frame to the C ter-
minus of cyclophilin A and expressed from the endogenous
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FIG. 1. Cyclophilin A is localized to the nucleus in yeast. (A) Subcellular localization of cyclophilin A-GFP fusion proteins. Cells expressing
different Cpr1-GFP fusion proteins or GFP alone as a control were analyzed by fluorescence microscopy to detect GFP or DAPI signals as
described in Materials and Methods. Images with differential interference contrast (DIC) microscopy are included as a reference. (B) Expression
analysis of the Cprl-GFP fusion proteins. Proteins extracted from strains expressing Cprl-GFP fusions described above were resolved by
SDS-PAGE and analyzed by Western blotting with antibodies against Cprl. As controls, extracts from strains expressing wild-type Cprl or with
the CPRI gene deleted (cpri1A) were analyzed. (C) Cpr1-GFP fusions mediate Cs toxicity. Cell suspensions from the strains described in panel B
were fivefold serially diluted, spotted onto solid YPD medium containing 400 mM LiCl with or without 100 pg of Cs/ml, and incubated for 2 days

at 30°C.

CPRI chromosomal locus. Based on direct fluorescence mi-
croscopy, the cyclophilin A-GFP fusion protein is predomi-
nantly localized within the nucleus, although a weaker cyto-
plasmic distribution was also apparent. In a control strain in
which GFP alone was expressed from the CPRI promoter, a
uniform intracellular distribution was observed (Fig. 1A). The
localization pattern of the cyclophilin A-GFP fusion was the
same in a haploid strain and did not change during the cell
cycle or in response to Cs addition (data not shown). These
results reveal that cyclophilin A accumulates in the nucleus in
yeast cells. These observations are consistent with a recent
report of global protein localization in yeast that appeared
when the present report was in preparation (44).

Perturbing cyclophilin A localization compromises function.
Cyclophilin A has been implicated in several cellular processes
involving genetic or physical interactions with known nuclear
proteins. To explore the physiological significance of the ob-
served nuclear accumulation of cyclophilin A, we tested the

effects of perturbing cellular localization on cyclophilin A func-
tion. We have previously shown that overexpression of cyclo-
philin A restores viability of yeast mutants defective in the
essential parvulin Essl, revealing a functional overlap between
the two enzymes (3). Essl interacts with the carboxyl-terminal
domain of RNA polymerase II, and both cyclophilin A and
Essl interact with and regulate the activity of the Sin3-Rpd3
histone deacetylase complex, supporting a nuclear role for
these two prolyl-isomerases (3, 95).

To test the importance of localization of cyclophilin A for
biological function, the Cprl-GFP fusion was fused to the
nuclear localization signal (NLS) derived from SV40 T antigen
(PPKKKRKVA) (47), or to the nuclear export signal (NES)
from human protein kinase A inhibitor (PKI; LALKLAG
LDINKT) (91). As controls, fusions with nonfunctional, mu-
tant NLS or NES (denoted as NLS* and NES*, respectively)
were constructed and assayed. Direct fluorescence microscopy
confirmed that the cellular localization of the fusion proteins
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FIG. 2. Targeting cyclophilin A to the nucleus or cytoplasm blocks
ess] suppression. An essl-ts mutant strain was transformed with mul-
ticopy plasmids expressing different Cpr1-GFP fusion proteins. Trans-
formants were fivefold serially diluted, spotted onto solid YPD me-
dium, and incubated for 2 days at 30 or 37°C (nonpermissive
temperature).

was appropriately perturbed: cyclophilin A-GFP-NLS was al-
most exclusively localized to the nucleus, cyclophilin A-GFP-
NES was predominantly localized to the cytoplasm, and the
cyclophilin A-GFP-NLS* and cyclophilin A-GFP-NES* fusion
proteins exhibited a nuclear and cytoplasmic distribution sim-
ilar to the wild-type Cprl-GFP protein. These cyclophilin A-
GFP fusions were expressed from the chromosome in a single
copy (Fig. 1A), and Western blot analysis verified that all were
expressed, albeit at levels lower than wild-type Cpr1-GFP (Fig.
1B).

We assayed the ability of these Cpr1-GFP fusion proteins to
mediate Cs action and to suppress an essl/-fs mutation. As
expected, the wild-type Cpr1-GFP fusion bound Cs and inhib-
ited calcineurin to prevent yeast growth during cation stress
(Fig. 1C). The Cprl-GFP-NLS, Cpr1-GFP-NLS*, Cprl-GFP-
NES, or Cpr1-GFP-NES* fusions also mediated Cs toxicity in
this assay (Fig. 1C), although not to the full wild-type level.
Thus, perturbing cyclophilin A localization does not prevent
Cs binding or inhibition of calcineurin, possibly because cal-
cineurin is known to shuttle between the cytoplasm and nu-
cleus associated with its transcription factor targets and might
therefore be subject to cyclophilin A-Cs inhibition in either
cellular compartment.

Expression of the Cprl-GFP fusion restored viability of an
essI-ts mutant at the nonpermissive temperature to the same
extent as wild-type Cprl, indicating that the fusion protein is
functional (Fig. 2). In contrast, the addition of a functional
NLS or NES (but not of their mutant versions) abolished
suppression of the ess/-ts mutation, suggesting that suppres-
sion requires cyclophilin A localization to both cellular com-
partments. To test this hypothesis, we analyzed the suppression
of the essi-ts mutation in cells expressing more than one Cprl
fusion. As shown in Fig. 2, the coexpression of two different
Cprl-GFP fusions containing functional NLS and NES tags
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failed to suppress the essI-ts mutant. Expression of the NLS- or
NES-tagged Cprl-GFP fusions was not deleterious per se to
the viability of an ess-ts mutant and also did not interfere with
suppression by another Cprl-GFP fusion tagged with a non-
functional NLS or NES (Fig. 2). Taken together, these results
suggest suppression may require shuttling of cyclophilin A
between the two cellular compartments.

Cyclophilin A is required for efficient sporulation. Cyclophi-
lin A was recently implicated as a physically associated com-
ponent of a novel histone deacetylase complex, Set3C, which
functions to repress early and middle sporulation genes (67).
However, whereas Cprl was identified by mass spectrometry in
the Set3C native complex, no further studies have been re-
ported, nor has it been established whether this interaction is
physiologically relevant or merely a spurious protein-protein
interaction. Deletion of the SET3 or HOS2 genes, which en-
code protein subunits of the Set3 complex, causes premature
expression of key meiotic regulatory genes early after initiation
of sporulation, resulting in accelerated sporulation.

These findings prompted us to test whether cyclophilin A
also functions in meiosis and sporulation. The strain back-
ground chosen for these experiments, S288c, has the advantage
of being a widely used background, mutants are readily avail-
able from the collection produced by the Saccharomyces De-
letion Project, and strains sporulate at an efficiency (~40%)
that is in the range of many laboratory backgrounds, and this
enabled analysis of mutant strains with enhanced and delayed
sporulation efficiency. Here we analyzed the kinetics of asci
formation in a diploid strain deleted for both alleles of the
CPRI gene compared to the isogenic wild-type and set3A/set3A
mutant strains. As shown in Fig. 3A, deletion of SET3 accel-
erated sporulation, a finding in accord with previous observa-
tions (67). In contrast, deletion of CPRI conferred a delay in
sporulation (Fig. 3A), indicating that Set3 and Cprl play op-
posing roles during sporulation. Similar results were obtained
with a cprlA/cprIA mutant in a different genetic background
(data not shown). Transformation with a centromere-based
plasmid harboring the wild-type CPRI gene restored sporula-
tion in both cpriA/cprl A mutant strain backgrounds (data not
shown). We note that cyclophilin A mutant cells were still
capable of undergoing sporulation at a reduced level, indicat-
ing that cyclophilin A is important for sporulation but not
strictly essential.

We tested the effect of individually deleting each other yeast
cyclophilin (CPR2, -3, -4, -5, -6, -7, and -8) or FKBP-encoding
gene (FPRI, -2, -3, and -4) on sporulation. Only the cpr7A/
cpr7A mutant exhibited a significant decrease in sporulation
rate (data not shown). Cpr7 is required for normal cell growth
(22, 23), suggesting that the sporulation defect observed in the
cpr7A/cpr7A mutant might be an indirect effect of impaired
growth. Further studies will be required to establish if Cpr7
plays a physiologically relevant role in meiosis.

IME1 and IME?2 induction requires cyclophilin A. Initiation
of the yeast sporulation program requires activation of the key
meiotic regulatory genes IMEI and IME2 (49, 63, 78, 97; for
recent reviews, see references 43 and 48). A recent report (67)
described premature induction of JME?2 in meiotic cells defec-
tive in the Set3C histone deacetylase, linking this complex to
regulation of the meiotic transcriptional program. Based on
the sporulation-defective phenotype observed in a cpri A/cpriA
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FIG. 3. Cyclophilin A promotes sporulation. (A) Sporulation was
measured at different time points after transfer of the cells to sporu-
lation medium and plotted as the percentage of asci over the total
number of cells in a cprl A/cprl A mutant (@), a set3A/set3A mutant (m),
and a wild-type strain (4). (B) Induction of IME] and IME2 is defec-
tive in a cpriA/cprlA mutant. Expression of IME] and IME2 was
analyzed by Northern blot in the strains described above, at the time
points indicated, after transfer of cells to sporulation medium. ACT/
gene expression served as a control.

strain, we next examined transcriptional induction of IMET and
IME?2 under sporulation conditions (Fig. 3B). We made the
following observations: first, we confirmed that the set3A/set3A
mutant exhibits premature induction of IME! and IME2 ex-
pression, as observed previously, although the wild-type strain
used in our studies exhibited faster IME] and IME2 induction
kinetics than the wild-type strain used by Pijnappel et al., which
has a different genetic background (67). Second, we found that
cprlA/eprl A mutant cells exhibit the opposite phenotype, in
which IME] expression was reduced significantly and IME2
induction was impaired severely.

Since activation of IME] and IME2 expression is required
for entry into meiosis, the decreased expression of these genes
caused by the cyclophilin A mutation could be responsible for
the sporulation defect of cprlA/cpri A mutant cells. To test this
hypothesis, we assayed asci formation in cprlA/cprl A mutant
cells expressing IME1 or IME2 from multicopy plasmids. As

TABLE 1. IME!I and IME?2 overexpression suppresses the
sporulation defect of a cprlA/cprl A mutant

% Asci (t = 100 h)”

Gene
cprlA/cprl A mutant Wild type
CPRI1 1915 23 £2
IME] 25*2 37%+0.5
IME?2 27 £5.5 42 *+0.5
Vector 5*+1 19x2

“The average * the standard deviation is shown. wt, Wild type.

EUKARYOT. CELL

shown in Table 1, overexpression of either IME] or IME2 was
sufficient to restore sporulation of cpriA/cpriA cells to a wild-
type level. Because the function of Imel is to activate tran-
scription of IME2 (56, 77), these results suggest that increasing
the levels of Imel may also overcome the IME2 expression
defect of the cyclophilin A mutant. Taken together, these re-
sults indicate that cyclophilin A promotes meiosis by governing
proper IME1 and IME? induction and that the meiotic-specific
signaling cascade downstream of these genes is functional in
the cyclophilin A mutant.

Imel induces IME?2 by interacting with the C6 zinc cluster
protein Ume6. The Ume6 transcriptional repressor binds to
the common URSI1 cis-element that is located upstream of
IME?2 and also most early meiotic and several nonmeiotic
genes (1, 70, 80, 90, 92). We therefore tested whether cyclo-
philin A is required for induction of two other genes controlled
by Ume6, CARI and CAR?2, which are involved in arginine
catabolism (62). Translational lacZ fusions to these genes
(kindly provided by John York) were used to monitor induc-
tion in the presence of arginine. Neither the kinetics nor the
induction levels of the CARI-lacZ and CAR2-lacZ reporters
were affected in the cprlA/cprlA mutant (data not shown),
indicating that cyclophilin A does not control transcription
from other Umeo6-regulated promoters.

Cyclophilin A prolyl-isomerase activity is required for
sporulation. Suppression of an essI-ts mutation by cyclophilin
A requires prolyl-isomerase activity, supporting an in vivo en-
zymatic role for Cprl (3). Cyclophilin A prolyl-isomerase ac-
tivity is also required for proper localization of the essential
zinc finger protein Zprl in yeast (2) and for regulation of the
tyrosine kinase Itk in mammalian T cells (11). To test whether
the prolyl-isomerase activity of cyclophilin A is also important
for its role in sporulation, we assayed asci formation in a
diploid strain expressing a Cprl active-site mutant as the only
source of cyclophilin A. By site-directed mutagenesis an ala-
nine substitution was introduced for arginine 53, a conserved
residue in the cyclophilin active site that plays an essential
catalytic role in hCyPA (6, 8, 26, 98) and also in yeast Cpr3 (21,
72). Expression of the Cpr1®>34 active-site mutant was con-
firmed by Western blot analysis (Fig. 4A). As shown in Fig. 4B,
Cpr1®34 failed to complement the sporulation defect of the
cprlA/cprl A mutant, indicating that the prolyl-isomerase activ-
ity of cyclophilin A is required for its role in sporulation.

To study further the molecular requirements of cyclophilin
A function in meiosis, we tested if human cyclophilin A
(hCyPA) could complement the sporulation defect of a cpriA/
cprlA mutant. hCyPA was expressed from the chromosomal
CPRI locus under the control of the CPRI gene promoter and
terminator, and expression was verified by Western blot anal-
ysis (Fig. 4C). The primary structures of Cprl and hCyPA
share 65% identity, and previous reports have shown that cer-
tain Cprl functions can be accomplished by its human ho-
molog (2, 3). However, expression of hCyPA failed to suppress
the sporulation defect of the cpriA/cpriA mutant (Fig. 4B).
Thus, although the yeast and human proteins are highly con-
served, hCyPA was unable to substitute for Cprl in yeast
sporulation, indicating unique structural constraints for the
yeast Cprl cyclophilin A homolog.

Targeting cyclophilin A to the nucleus improves sporula-
tion. The role of Cprl in transcriptional regulation of the
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FIG. 4. Cyclophilin A prolyl-isomerase activity is required for effi-
cient sporulation. (A) Western blot analysis of Cpr1®3** expression.
Proteins extracted from a diploid strain expressing the mutant CPRI-
R534 allele were resolved by SDS-PAGE and analyzed with antibodies
against Cprl. Protein extracts from strains expressing wild-type CPRI
or with this gene deleted (cprlA) served as controls. (B) Sporulation of
diploid strains expressing Cpri®>3* (0) or hCyPA (cprlA::hCyPA)
(©). Wild-type CPRI1 (#) and cpriA strain (@) served as controls.
(C) Western blot analysis of hCyPA expression. Proteins from the
cprl A::hCyPA strain described above were resolved as in panel A and
analyzed with antibodies to hCyPA.

meiotic program supports a model in which nuclear localiza-
tion is important for function. To test this hypothesis further,
we studied the effect of increasing Cpr1 nuclear localization on
sporulation. As shown in Fig. 5, the Cpr1-GFP protein fusion
used in the assays described above partially complemented the
sporulation defect of a cpriA/cprlA mutant. Targeting the
Cprl-GFP fusion to the nucleus by the addition of an NLS
significantly improved its ability to support sporulation and
enhanced sporulation beyond the level observed in a control
strain expressing wild-type Cpr1-GFP, even though Cpr1-GFP-
NLS was expressed at a lower level based on Western blot
analysis (Fig. 1B). These observations suggest that cyclophilin
A normally functions in the nucleus to control sporulation.
Protein-protein interactions within the Set3 complex. In
previous studies Pijnappel et al. discovered that cyclophilin A
is a component of the Set3 complex and analyzed the impor-
tance of different Set3C proteins to the integrity of the Set3
complex. Their results indicate that Set3 and Hos2 play pivotal
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FIG. 5. Targeting cylophilin A to the nucleus enhances sporulation.
Asci formation was plotted as a percentage over time for strains ex-
pressing different Cprl-GFP fusion proteins. Strains expressing wild-
type Cprl or lacking this protein (cprIA) were included as controls.
Bars represent the standard deviation of values obtained in two inde-
pendent experiments.

roles in bridging protein interactions within the complex. To
elucidate the architecture of the Set3 complex and to address
the possible roles of cyclophilin A, we studied the requirement
for individual Set3C members in mediating interactions be-
tween other proteins in the complex. Our approach was to
assay coimmunoprecipitation of pairs of Set3C proteins in the
absence of other Set3C components. To this end, we con-
structed a series of strains expressing pairs of epitope-tagged
Set3C proteins and in which the gene encoding one of the
remaining Set3C components had been deleted.

The results of these experiments are shown in Fig. 6. First,
we tested interactions between cyclophilin A and four Set3C
components: Set3, Hos2, Sntl, and Sif2 (Fig. 6A). Strains ex-
pressing epitope-tagged version of these proteins and with
genes encoding the other Set3C components deleted were
transformed with a centromere-based plasmid expressing a
Cpr1-FLAG fusion protein. Immunoprecipitation of the Cprl-
FLAG fusion resulted in precipitation of the Set3-Myc, Hos2-
HA, Snt1-Myc, and Sif2-HA fusion proteins. In control exper-
iments, two unrelated proteins fused to the same epitopes,
Gpb2-Myc and Esal-HA, did not associate with Cpr1-FLAG.
Deletion of the chromosomal CPRI gene did not enhance the
interactions described above, suggesting that the Cpr1-FLAG
fusion interacts with the Set3C proteins as efficiently as endog-
enous Cprl.

Our results support those of Pijnappel et al. (67), confirming
that Cprl is a component of the Set3 complex. Our findings
also extend their studies since they were unable to detect
precipitation of this complex with a Cprl fusion protein. As
shown in Fig. 6A, deletion of YIL112W or HST! did not pre-
vent the interaction of Cpr1-FLAG with any of the other Set3C
protein fusions, indicating that neither Yill12w nor Hstl me-
diates any of these interactions. Furthermore, the results ob-
tained from the experiments carried out to test binding be-
tween Cprl and either Sntl or Sif2 suggest that Set3 is also
dispensable for these interactions, and Hos2 is required only
for the Cpr1-Sntl interaction. In addition, Sntl and Sif2 were
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coimmunoprecipitation. (A) Coimmunoprecipitation of Set3-Myc, Hos2-HA, Snt1-Myc, or Sif2-HA fusion proteins with a Cpr1-FLAG fusion in
different Set3C mutants. Control assays with strains lacking a FLAG-tagged protein (no FLAG) were included. (B) Coimmunoprecipitation of
Set3-Myc or Snt1-Myc with Hos2-HA or Sif2-HA in Set3C mutants. (C) Coimmunoprecipitation of Snt1-Myc or Hst1-Myc with Yill12w-HA in
Set3C mutants. Arrowheads indicate the bands corresponding to Yill12w-HA and Hst1-Myc. (D) Model for the structure the Set3 complex, based
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found to be mutually required for their interaction with Cprl.
Taken together, these results support a model in which Sntl
and Sif2 play a major role in mediating physical interactions
between Cprl and the rest of the Set3 complex.

We extended our analysis of the protein interactions within
the Set3 complex to other protein pairs formed between Set3,
Hos2, Sntl, and Sif2. As shown in Fig. 6B, binding within any
of these protein pairs required the presence of the other two
proteins, namely, Set3-Hos2 interaction required Sntl and
Sif2, Snt1-Hos2 interaction required Set3 and Sif2, Set3-Sif2
interaction required Sntl and Hos2, and Snt1-Sif2 interaction
required Set3 and Hos2. None of these interactions required
Cprl, Yill12w, or Hstl. Our results suggest that Set3, Hos2,
Sntl, and Sif2 constitute the core of the Set3 complex and that
each of these proteins is required for the integrity of the com-
plex (Fig. 6A). Our data also indicate that Cprl, Yill12w, and
Hstl do not play a major structural role in the Set3 complex.
The data reported by Pijnappel et al. (67) also suggest that
Yil112w and Hstl might occupy a more peripheral position in
Set3C.

To study a possible role for Cprl and other Set3C members
in mediating interactions between Yilll12w and the rest of
Set3C, we tested the coprecipitation of Sntl and Hstl with
Yill12w in the absence of other Set3C components. As shown
in Fig. 6C, expression of Yill112w is dramatically reduced in the
absence of Set3, Hos2, or Sif2. In contrast, deletion of HSTI
affected neither the expression of Yill12w nor its interaction
with Sntl. Similarly, deletion of CPRI did not have any effect
on Yilll2w expression or its interactions with Sntl and Hst1.
These results show that Set3, Hos2, and Sif2 are all required
for Yill12w expression and suggest that Yill12w is unstable
and undergoes proteolytic degradation unless bound to the
Set3 complex.

Sporulation defect of cyclophilin A-deficient strain is sup-
pressed by Set3-complex mutations. Our results shown in Fig.
3 indicate opposing sporulation phenotypes for the set3A/set3A
and cprlA/cprl A mutants, supporting a model in which Cprl
might function as a negative regulator of Set3. In this model,
the repression of IME2 by the Set3 complex would be en-
hanced in cprl mutant cells. One prediction of this model is
that disruption of Set3C should suppress the sporulation defect
of cpri1A/cprl A mutant cells.

We tested this hypothesis by using genetic epistasis analysis.
A set of double mutant diploid strains was constructed in which
CPRI and a gene encoding one of the remaining Set3C com-
ponents were deleted. The sporulation kinetics of these dou-
ble-mutant strains were then compared to the individual mu-
tants and to the wild type. As shown in Fig. 7A, deletion of
SET3 or HOS2 alone conferred an accelerated sporulation
phenotype, whereas the sporulation kinetics of an hstIA/hst1A
mutant were similar to the wild type, in accord with a previous
report (67). In addition, our results show that deletion of
SNTI1, SIF2, or YIL112W also accelerates asci formation, ex-
tending the meiotic role of SET3 and HOS2 to other Set3C
components. Combination of a cprl mutation with sntl, sif2,
yill12w, set3, or hos2 mutations produced double-mutant
strains (i.e., cprlAlcpri A snt1A/snt1A) whose sporulation rates
were higher than that of the cpriA/cprl A mutant and interme-
diate between those of the wild-type and snt1A/sntIA, sif2A/
Sif2A, yil112wAil112wA, set3A/set3A, or hos2A/hos2A mutant
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FIG. 7. (A) Suppression of the sporulation defect of a cpriA/cpriA
mutant by deletion of Set3C genes. Asci formation in diploid strains
with both CPRI and a Set3C-encoding gene deleted (A) was assayed
and compared to that of strains lacking cyclophilin A alone (@). As
controls, asci formation in strains with individual Set3C genes deleted
(m) or in the wild-type strain (4 ) was assayed. (B) Model for the role
of cyclophilin A in meiosis.

strains. Thus, the sporulation defect conferred by a cpriA/
cprlA mutation is suppressed by deletion of SNT1, SIF2,
YIL112W, SET3, or HOS2. In contrast, the deletion of HSTI
did not suppress the sporulation defect of a cpriA/cpriA mu-
tant (Fig. 7A). Similar results were obtained with an indepen-
dent set of diploid strains constructed by using haploid single
mutants from the original Saccharomyces Deletion Project
strain collection and also when sporulation rates were exam-
ined at earlier time points (f = 24 and 48 h) during the sporu-
lation assays (data not shown). Our data show that mutations
in SNT1, SIF2, YIL112W, SET3, or HOS?2 counteract the neg-
ative effects of the cpr/ mutation on sporulation, providing
genetic evidence that the physical interactions observed be-
tween Cprl and the Set3 complex are functional. However, the
finding that the set3 single mutants and set3 cprl double mu-
tants do differ in phenotype suggests that the meiotic defect of
a cprlAJcprl A mutant is not solely mediated by the Set3 com-
plex.
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DISCUSSION

Nuclear role for cyclophilin A. Cyclophilin A has been tra-
ditionally considered a cytoplasmic protein based on biochem-
ical properties and its known ability to bind Cs and inhibit
calcineurin, which is known to be cytoplasmic in quiescent
cells. However, several previous immunolocalization studies
hinted that cyclophilin A might be, at least in part, nuclear in
mammalian cells (18, 51, 57, 71). Here we show that Cprl is
predominantly nuclear localized in yeast. Our finding is con-
sistent with previous studies linking cyclophilin A with known
nuclear proteins and nuclear functions. Cprl was classified as
a cytoplasmic protein in a recent effort to immunolocalize a
large number of yeast proteins (50). This discrepancy could be
explained by the fact that, in our localization studies, we used
yeast strains expressing Cprl-GFP fusions from the chromo-
somal, endogenous CPRI promoter, whereas Kumar et al.
analyzed an epitope-tagged version of Cprl expressed from the
strong galactose-inducible GAL1 promoter from a multicopy
plasmid. In addition, our approach confers the advantage of a
direct, in vivo visualization of the fluorescence signal in con-
trast to the more invasive immunolocalization procedures de-
scribed by Kumar et al. In a more recent study describing the
subcellular localization of the yeast proteome by GFP tagging
(44), cyclophilin A was reported to exhibit a localization pat-
tern that supported our conclusions.

The Cpr1-GFP fusion protein used here was functional in all
assays tested. Cpr1-GFP bound Cs and inhibited calcineurin in
vivo, suppressed an essI-ts mutation, and complemented the
sporulation defect of a cprlA/cpriA mutant. These observa-
tions indicate that the presence of the GFP domain does not
interfere with cyclophilin A in vivo functions and support the
conclusion that the observed nuclear localization of the Cprl-
GFP fusion protein is biologically relevant.

The relatively small molecular size of the Cpr1-GFP fusion
protein (<50 kDa) could in principle allow it to freely diffuse
through the nuclear pore (60, 82). However, protein accumu-
lation in the nucleus requires nuclear import. Analysis of the
amino acid sequence of Cprl did not reveal any canonical
NLS, suggesting that Cprl may passively permeate the nuclear
pore and then interact with a nuclear protein or protein com-
plex to be retained within the nucleus. Alternatively, Cprl
could be coimported into the nucleus via interaction with an-
other protein containing an NLS. Our finding that the addition
of either an NLS or an NES to Cpr1 abolished suppression of
an essl-ts mutation provides evidence that this function of
cyclophilin A may require shuttling between the nucleus and
cytoplasm. Although expressed at lower levels (as detected by
Western blotting), the Cprl-GFP-NLS fusion used in these
studies accumulates inside the nucleus at levels comparable to
those observed for the Cprl-GFP fusion, indicating that the
inability of Cpr1-GFP-NLS to suppress an ess-ts mutation is
not caused by a reduced abundance of this fusion protein in the
nuclear compartment. In contrast, targeting Cprl to the nu-
cleus enhanced sporulation, and the Cprl-GFP-NLS fusion
protein complemented the sporulation defect of the cpri/cpri
mutant, indicating that ess/ suppression and sporulation rep-
resent independent, separable cyclophilin A roles with differ-
ent localization requirements.

EUKARYOT. CELL

Cyclophilin A drives sporulation. We discovered that cpriA/
cprlA mutant strains exhibit a sporulation defect that results
from impaired induction of IME] and IME2 under sporulation
conditions. Induction of IMEI precedes and is required for
IME? induction, and both Imel and Ime2 are necessary for
induction of the meiosis-specific genes downstream in the
pathway (43, 48). One possibility is that IME] expression levels
in a cyclophilin A mutant under sporulation conditions are not
sufficient to properly induce IME2 transcription. This model
provides a parsimonious explanation for the sporulation de-
fects observed in cyclophilin A mutants and is supported by our
results showing that overexpression of IME] suppresses these
sporulation defects. Our finding that overexpression of IME!
or IME?2 suppresses the cprl A/cprl A mutant sporulation defect
indicates that no other essential meiotic signaling element
downstream of IME] and IME?2 is defective in mutants lacking
cyclophilin A.

An effect of Cs on sporulation proved difficult to assess since
sporulation was strongly inhibited by the standard Cs solvent
(90% ethanol, 10% Tween 20) (data not shown). Expression of
the cyclophilin A active site mutant Cpr1®>3# failed to com-
plement the sporulation defect of a cprlA/cprI A mutant, indi-
cating that the prolyl-isomerase activity of cyclophilin A is
required for its role in sporulation. It would be important to
determine whether the R53A substitution prevents cyclophilin
A binding to the Set3 complex, in addition to reduce prolyl-
isomerase activity. Human CyPA also failed to complement
the sporulation defect of a cprIA/cprIA mutant and, since
human CyPA complements other Cprl functions (ess! sup-
pression, viability of zpr! mutants, etc. [2, 3]), the lack of
complementation in this case is significant. hCyPA might not
interact properly with the Set3 complex or fail to localize to the
yeast nucleus. These and other possibilities should be ad-
dressed in future studies.

How does cyclophilin A regulate expression of IMEI and
IME2? Cprl is a component of the Set3 complex, and yet the
meiotic phenotype of a cprlA/cprl A mutant is opposite to that
of mutations affecting other components of the Set3C complex,
with the exception of AstI. One hypothesis to explain these
results is that Cprl is a negative regulator of the Set3 complex,
and thus, in the absence of Cprl, the remaining Set3 complex
might prevent IME] and IME?2 from being properly induced.
In this regard, the role of Cprl would be to release meiotic
genes from repression by Set3 during sporulation. If this were
the only role for Cprl during meiosis, then the sporulation
defect of a cpr1 A/cprl A mutant would be imposed by the action
of the Set3 complex. In this model, disruption of Set3C genes
should suppress the meiotic defect of a cpr/A/cprlA mutant
and yield a phenotype indistinguishable from that of sez3 mu-
tants. In fact, the phenotype of the cpr! set3 double mutants is
more similar to the wild type than to the enhanced sporulation
phenotype of the set3 mutant alone. Another way to view this
result is that deletion of CPRI partially counteracts the en-
hanced sporulation phenotype conferred by mutations in
SNTI, SIF2, YIL112W, SET3, or HOS2, indicating that cyclo-
philin A is required for full expression of this phenotype and
therefore plays a positive role in meiosis regulation outside of
its physical interactions with the Set3 complex.

We have previously shown that Cprl also interacts physically
with the Sin3-Rpd3 histone deacetylase complex and regulates
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its activity in gene silencing (3). The Sin3-Rpd3 complex is a
transcriptional corepressor that is recruited by the Cg zinc-
cluster protein Ume6 to the promoters of IME2 and other
meiotic genes, repressing their expression during mitotic
growth (1, 41, 45, 46, 79, 80). Transcriptional activation of
IME? during sporulation requires release from Sin3-mediated
repression and concomitant conversion of Ume6 to an activa-
tor by interaction with Imel (56, 77, 90). One plausible model
is that Cprl prolyl-isomerase activity mediates conformational
changes in the Sin3-Rpd3 complex, leading to release of IME2
from transcriptional repression. We tested epistasis between
CPRI and RPD3, and between CPRI and SIN3 by assaying
sporulation of sin3A/sin3A cpriA/cprA and rpd3A/ipd3A cpriA/
cprlA double mutant diploid strains. These diploids exhibited
the same phenotype as individual sin3A/sin3A and rpd3A/rpd3A
mutants (no asci production), indicating that rpd3 and sin3
mutations are epistatic over c¢prl mutations in sporulation
(data not shown). Although sin3A/sin3A and rpd3A/rpd3A in-
dividual mutants express IMEI and IME2, it has been sug-
gested that the Sin3-Rpd3 complex is required downstream of
IME] and IME?2 for adequate expression of other genes in-
volved in asci formation, making it difficult to use epistasis
analysis to study the role of Sin3 and Rpd3 in the sporulation
defect of cpriA/cpriA or set3CA/set3CA cprlAjcprl A mutants.
Figure 7B depicts our model in which cyclophilin A acts via
Set3C and Sin3-Rpd3 to regulate meiosis.

What is the role of cyclophilin A in the Set3C histone
deacetylase complex? Cyclophilin A was first shown to be as-
sociated with this complex via a proteomics mass spectrometry
analysis that revealed a novel 18-kDa protein copurified with
epitope-tagged, affinity-purified Set3 (67). However, in these
same studies, Set3C components failed to copurify with an
epitope-tagged version of cyclophilin A. In our own studies, we
have confirmed that cyclophilin A is physically associated with
the Set3c complex through extensive coimmunoprecipitation
studies. Our studies allow us to exclude several models for how
cyclophilin A might control Set3C. First, none of the Set3C
components required cyclophilin A for their stable expression.
Second, we found no evidence that cyclophilin A is required
for assembly of the complex or for the association of specific
components with the core of the complex. Our interaction
studies implicate Sntl and Sif2 as primary binding targets of
cyclophilin A in the complex and also indicate that the core of
the complex is comprised of four proteins—Hos2, Set3, Sif2,
and Sntl—whose interactions are mutually interdependent.

There are several possible models by which cyclophilin A
might regulate Set3. First, cyclophilin might control activity of
the complex by catalyzing a cis-trans peptidyl-prolyl isomeriza-
tion event in one subunit to effect a native state conformational
switch. Alternatively, cyclophilin A might mediate conforma-
tional changes that affect Set3C interactions with chromatin or
other factors. Because Set3C is a negative regulator of sporu-
lation whereas cyclophilin A plays a positive role, the simplest
hypothesis is that cyclophilin A antagonizes the negative role
played by Set3C. It is important to note that all of our inter-
action studies were conducted under vegetative growth condi-
tions. Either the function or the interactions of cyclophilin A
with the complex might differ between vegetative and meiotic
growth, and conducting mass spectrometric analysis with
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FLAG-tagged cyclophilin A under both growth states would be
one approach to begin to address these and other models.
Cellular functions for cyclophilin A are still being eluci-
dated. Yeast cyclophilin A activity becomes indispensable to
cells defective in the essential parvulin Ess1, showing that the
biological functions of Cprl can be unveiled in certain mutant
backgrounds (3). In accord with this idea, Ansari et al. (2)
discovered that cyclophilin A also becomes essential in cells
harboring temperature-sensitive alleles of ZPRI, which en-
codes an essential zinc finger protein that redistributes be-
tween the cytoplasm and the nucleus in response to prolifera-
tion signals and interacts with the essential eukaryotic
translation elongation factor la (29-31). Taking a similar ap-
proach, we have tested deletions of each nonessential ORF in
S. cerevisiae for synthetic lethality with a cpr/A mutation by
using a previously described method (87) and a novel high-
throughput method developed by X. Pan and J. D. Boeke
(66a). These studies have revealed no further genetic interac-
tions between CPRI and any other nonessential gene. In sum-
mary, extensive analysis reveals cyclophilin A becomes essen-
tial in cells compromised for either Zprl or Essl function and
that cyclophilin A physically and functionally interacts with two
different histone deacetylase complexes and plays a central
role in the precise regulation of the meiotic transcriptional
program during sporulation. A recent study revealed a role for
the Caenorhabditis elegans nuclear cyclophilin homolog
MOG-6 in germ line sex determination, suggesting that this
protein is involved in the decision between mitosis and meiosis
(5). Because meiosis and sporulation are central steps in the
life cycle of many organisms, including budding yeast, cyclo-
philin A may serve a central nuclear role in the developmental
transitions that yeast cells undergo to survive and evolve.
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