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When the immunosuppressants cyclosporin A (CsA) and FK506 bind to their intracellular receptors (immunophilins), 
they form complexes that bind to calcineurin and block calcineurin-dependent signaling pathways in immune cells. Previ- 
ously, we reported that higher plants also express immunophilins and have a Ca2+-dependent signaling pathway sensitive 
to immunophilin-ligand complexes. Based on an N-terminal peptide sequence of a chloroplast-localized cyclophilin (pCyP 
B), we isolated a cDNA clone encoding the preprotein of the cyclophilin. The deduced amino acid sequence of this cDNA 
starts with a putative transit sequence for chloroplast targeting. The mature pCyP B protein has rotamase activity with 
low-substrate specificity. Enzyme activity was inhibited by CsA with an inhibition constant of 3.9 nM. Similar to other 
CyPs from mammalian cells, pCyP B, when complexed with CsA, inhibited the phosphatase activity of bovine calcineurin. 
The mRNA leve1 of pCyP B was high in leaf tissues but was not detectable in roots. Expression of the transcript in the 
leaf tissues was regulated by light and induced by heat shock. These findings illustrate the conserved nature of cyclophi- 
lin proteins among all of the eukaryotes and suggest that cyclophilins have a unique mode of regulation in higher plants. 

INTRODUCTION 

lmmunophilins consist of two families of intracellular recep- 
tors for the immunosuppressants cyclosporin A (CsA), FK506, 
and rapamycin (Schreiber, 1991). CsA binds to cyclophilins, 
and FK506 and rapamycin bind to FKBPs (FK506bindingpro- 
teins)..The cyclophilin A-CsA and FKBP12-FK506 complexes 
bind to and inhibit the activity of calcineurin, thereby blocking 
a Ca2+-dependent signal transduction pathway in a variety of 
cells, including human T lymphocytes (Liu et al., 1991; 
Clipstone and Crabtree, 1992; OKeefe et al., 1992), yeast (Foor 
et al., 1992), and plant guard cells (Luan et al., 1993). 

In addition to their role as coinhibitors of calcineurin- 
dependent signaling pathways in the presence of the natural 
products, immunophilins also catalyze the interconversion of 
cis- and frans-rotamers of peptidyl-prolyl amide bonds (Fischer 
et al., 1989; Harding et al., 1989). These rotamases acceler- 
ate the refolding of certain proline-containing proteins in vitro 
and apparently in vivo (Gething and Sambrook, 1992), sug- 
gesting a role for immunophilins in intracellular protein folding. 
CsA is a potent inhibitor of the rotamase activity of cylophilins 
and of collagen triple helix assembly in fibroblasts (Steimann 
et al., 1991). In addition, CsA inhibits the formation of the cor- 
rect form of transferrin in liver cells (Lodish and Kong, 1991). 
It is not possible, however, to know whether this correlation 
is due to an important role for the enzymatic activity or whether 
the enzyme active site is playing the role of a receptor that 
can bind to unfolded intermediates of protein substrates. A 

To whom correspondence should be addressed. 

possible chaperone role for immunophilins is suggested by 
studies of a cyclophilin homolog NinaA in fruit flies that is re- 
quired for the transit of specific isoforms of rhodopsin from 
the endoplasmic reticulum (Stamnes et al., 1991). Protein fold- 
ing studies with carbonic anhydrase also indicate that 
cyclophilins can function as chaperones (Freskgard et al., 
1992). This possibility is supported by a recent report (Sykes 
et al., 1993) that demonstrated the heat shock-responsive ex- 
pression of cyclophilin mRNAs in yeast. 

To date, immunophilin homologs have been found in organ- 
isms ranging from bacteria to mammals (for review, see 
Schreiber, 1991; Rosen and Schreiber, 1992). In higher plants, 
Gasser et al. (1990) cloned a cyclophilin homolog (Rotl) that 
is ubiquitously expressed in a variety of plant tissues. By using 
affinity chromatography, we found several immunophilins from 
fava bean plants (Luan et al., 1993). Our studies also demon- 
strated that a CsA-sensitive, Ca2+-dependent signaling 
pathway is present in the guard cells of this plant (Luan et al., 
1993). To further characterize the immunophilins and to dis- 
sect the components of immunophilin-sensitive signaling 
pathways, we have purified and determined the subcellular 
localization of several immunophilins, including two cyclophi- 
lins. One (pCyP A) is the cytosolic form expressed in both root 
and leaf tissues (a Rotl homolog), and the other (pCyP B) is 
specifically expressed in green tissues and is localized in the 
chloroplast (Luan et al., 1994). 

We now report the isolation and characterization of a cDNA 
that encodes the precursor form of pCyP B. The amino acid 
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sequence deduced from the cDNA contains a presequence
of amphiphilic nature typical of a transit peptide for chloroplast
translocation. We also show that the recombinant pCyP B pro-
tein has a CsA-sensitive rotamase activity. In the presence of
CsA, pCyP B inhibited the phosphatase activity of bovine cal-
cineurin. This supports our previous suggestion that CsA
inhibits a calcineurin-like protein phosphatase in plant cells
by first binding to an endogenous CyP (Luan et al., 1993). The
expression of pCyP B was regulated by tissue specificity and
by a light signal. The mRNA level of pCyP B was also respon-
sive to heat shock, suggesting a possible function for this
cyclophilin under stress conditions.

RESULTS

A Chloroplast-Localized Cyclophilin, pCyP B

As described in a previous report (Luan et al., 1994), we have
detected two cyclophilin proteins from fava bean leaves that
we named pCyP A and pCyPB/C. pCyPB/C is present in the
chloroplast and mitochondrion. In this report, we refer to the
two plant CyPs as pCyP A and pCyP B (i.e., pCyP B is synony-
mous with pCyPB/C). As shown in Figure 1, pCyP B is the
only cyclophilin in the chloroplast that can be retained on a
CsA affinity matrix. The N-terminal sequence of pCyP B pro-
tein was determined to be ASGAQGEVAELQAKVTSKIFFD-
IEIGGESAGRIV. The underlined region of this sequence was
used to generate the oligonucleotide probe for the cDNA clon-
ing of pCyP B.

1 2

Isolation of a cDNA Encoding pCyP B Precursor
Protein

A 41-mer degenerate oligonucleotide that was based on the
peptide sequence described above was synthesized. The se-
quence of the probe is 5'-GGIGCACAAGGIGAAGTTGCAGAA-
YTICAAGCAAARGTTAC-3'. After screening the cDNA library
with the probe, 28 positive clones were isolated. Six of the
clones were purified and subcloned into the pEX/ox phagemid
by automatic transfer of the insert in the presence of Esche-
richia coli BM25.8 (Novagen, Madison, Wl) according to the
manufacturer's instructions. The inserts from the six clones
were mapped by restriction digestion and shown to be identi-
cal. The nucleotide sequence of the longest insert was
determined using the Sequenase II kit (U.S. Biochemicals) and
is shown in Figure 2A. The cDNA is 1160 bp in length and
contains an open reading frame of 744 bp that encodes a pro-
tein with 248 amino acids. By comparing the N-terminal
sequence of the purified protein with the polypeptide sequence
deduced from the cDNA, the cloned protein was shown to con-
tain a 65-amino acid presequence that is presumably used
to target the protein to the chloroplast. Because in-frame ter-
mination codons were present immediately upstream of the
putative initiation codon, it is unlikely that this cDNA encodes
larger preproteins.

Alignment of the mature pCyP B amino acid sequence with
sequences of other CyP homologs reveals that pCyP B shares
the highest degree of similarity with Rot1, a cytosolic CyP from
higher plants (Figure 2B) (Gasser et al., 1990). In a sequence
alignment with other CyPs, Gasser et al. (1990) noticed that
the Roll sequences from three different plants all contain a
seven-amino acid insertion relative to the mammalian or fun-
gal CyPs. However, pCyP B does not have this insertion (Figure
2B, dashed lines).

21

Figure 1. Chloroplast Localization of the pCyP B Protein.

Cyclophilin proteins were purified by a CsA affinity matrix from chlo-
roplast (lane 1) and from whole cell lysates (lane 2). After separation
by SDS-PAGE, proteins were detected by silver staining. At left, the
number indicates the molecular mass of pCyP B, which is 21 kD.

pCyP B Is a CsA-Sensitive Rotamase

After cleavage from its fusion protein and purification (see
Methods), the recombinant pCyP B protein sample was shown
to yield a single band (21 kD) on a silver-stained SDS-poly-
acrylamide gel (Figure 3A). As shown in Figure 3B and Table
1, purified pCyP B had rotamase activity and showed little sub-
strate specificity. CsA inhibited this activity with an inhibition
constant (Kj of 3.9 nM (Figure 3C).

Complex of pCyP B-CsA Inhibits Calcineurin Activity

Several cyclophilin-CsA complexes have been shown to in-
hibit the Ca2+ calmodulin-dependent protein phosphatase
calcineurin and to block T cell activation (Swanson et al., 1992;
Bram et al., 1993). In an earlier article (Luan et al., 1993), we
reported that CsA blocks a Ca2+-dependent signal transduc-
tion pathway in guard cells of fava bean. A Ca2+-dependent,
CsA-inhibitory protein phosphatase activity was also detected
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Figure 2. Sequence Analyses of a cDNA for pCyP B. 

(A) Nucleotide sequence of a cDNA for pCyP 8. The underlined re- 
yion is the N-terminal sequence determined by Edman degradation 
of the purified protein. An asterisk represents the stop codon. The Gen- 
Bank, EMBL, DDBJ accession number is L32095. 
(6) Sequence alignment of pCyP B (CyB) with Rotl, the cytosolic form 
of cyclophilins from tomato. The dashed line indicates the deletion of 
the pCyP B sequence relative to Rotl. Vertical rules indicate identical 
amino acids; colons, conserved replacements; dots, different residues; 
asterisks, stop codons. 

in protein extracts from this plant. We speculated that CsA binds 
to plant CyP(s) and thereby inhibits a calcineurin-like protein 
phosphatase. To confirm that plant CyPs can actually medi- 
ate the inhibitory effect of CsA on calcineurin, we assayed 
calcineurin activity in the presence of various concentrations 
of the pCyP B-CsA complex. As shown in Figure 4, pCyP 
B-CsA inhibited calcineurin activity with Ki of 4 9 0  nM. This 
value is comparable to the potency of the complexes formed 
by CsA and mammalian CyPs (Swanson et al., 1992; Bram 
et al., 1993). Neither CsA nor pCyP B alone inhibited calcineurin 
activity (data not shown). 

Expression of pCyP B mRNA Is Leaf Speclfic and 
Light Regulated 

During the purification of pCyP B protein from fava bean plants, 
we noticed that the protein is more abundant in leaf tissues 
than in roots (Luan et al., 1994). To determine whether the ex- 
pression is regulated at the mRNA level, we analyzed the 
pCyP B transcript in leaf and root tissues of fava bean plants. 
As shown in Figure 5A, the mRNA level was high in leaf tis- 
sues but not detectable in roots. We also found that green 
leaves produce more pCyP B protein than etiolated leaves 
(Luan et al., 1994). When mRNA levels in etiolated and green- 
ing leaves were studied, we found that pCyP B transcripts 
accumulated in a light-dependent manner (Figure 5B). 

Transcript Leve1 of pCyP B 1s Elevated by Heat Shock 
Treatments 

It has been shown that in yeast the transcription of CyP genes 
is induced by heat shock (Sykes et al., 1993). To test whether 
the chloroplast-localized CyP in fava bean is responsive to heat 
shock, we transferred the plants to agrowth chamber with the 
same light condition but at a higher temperature (37OC). As 
shown in previous studies (Ko et al., 1992; Wang et al., 1993), 
plants at this temperature increase the levels of mRNAs and 
proteins responsive to heat shock. After heat treatment, mRNA 
levels of pCyP B in the control and treated leaves were ana- 
lyzed by RNA gel blot. As shown in Figure 6, heat shock 
significantly increased the accumulation of pCyP 6 transcript 
(three- to fivefold). 

DlSCUSSlON 

Recently, we reported the isolation of severa1 immunophilins 
from a higher plant, the fava bean. To characterize the cellu- 
lar function of these plant proteins, we determined the cellular 
and subcellular distribution of both FKBPs and cyclophilins. 
The chloroplast has at least two immunophilins, a 13-kD FKBP 
and a 21-kD cyclophilin, pCyP B (previously referred to as 
pCyPB/C) (Luan et al., 1994). We now report the cloning and 
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Table 1. Substrate Specificity of pCyP B
Xaa1

Ala
Val
Leu
Nte
He
Glu
Phe

12
8
7
9
4
2
2

1 The assay substrate is succinyl-Ala-Xaa-Pro-Phe-p-nitroanilide.
2 Kobs is the rate constant in the presence of 20 nM pCyP B. Kunc is
the rate constant without pCyP B.
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Figure 3. Characterization of the Recombinant pCyP B Protein.

(A) Purification of recombinant pCyP B from E. coli. The GST-pCyP B
fusion protein (lane 1) and purified recombinant pCyP B (lanes 2 to
4 with 0.1, 0.3, and 1.0 ng of protein, respectively) were analyzed by
SDS-PAGE and detected by silver staining. The molecular masses of
pCyP B (21 kD) and GST-pCyP B (45 kD) are indicated at left.

characterization of the cDNA for pCyP B. The core region of
the deduced amino acid sequence is highly conserved (50 to
70% identity) in a comparison to CyPs from mammalian and
fungal systems. Although the mature pCyP B sequence is most
homologous to the plant CyP homolog Rot1 (Gasser et al.,
1990), pCyP B contains a 65-amino acid presequence with
an amphiphilic composition that is most likely the transit pep-
tide for chloroplast targeting. It is also noteworthy that Rot1
has an intriguing seven-amino acid insertion relative to pCyP B
and other CyPs. This inserted region is positively charged due
to the presence of two lysine residues (Gasser et al., 1990).
It will be interesting to determine whether this insertion is func-
tionally important.

The conservation of the cyclophilin proteins is also reflected
by the rotamase activity they have retained during evolution.
By using purified recombinant protein, we have demonstrated
conclusively that pCyP B is a rotamase enzyme. In compari-
son to mammalian CyPs, the specific catalytic activity of
pCyP B is approximately five times lower, but the inhibition
constant for CsA (3.9 nM) is virtually the same. As protein fol-
dases, cyclophilins are implicated in the protein folding pathway
in living cells. Recent studies using an in vitro system have
shown that cyclophilins serve as a chaperone in addition to
their role as a foldase during the folding processes (Freskgard
et al., 1992). In this report, we have characterized a cyclophi-
lin that is localized in the chloroplast. Most of the chloroplast
proteins are synthesized in the cytoplasm and translocated
into the organelle after translation (Keegstra, 1989). It is be-
lieved that proteins are transported in unfolded forms across
the membrane channels (Glick and Schatz, 1991). The im-
ported proteins in chloroplasts require refolding (Gatenby and

(B) Rotamase activity of pCyP B. Enzyme assays were performed using
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide as substrate in the presence
of different concentrations of the pCyP B protein.
(C) CsA inhibits rotamase activity of pCyP B. Rotamase activity was
determined using the same substrate as given in (B) with varying con-
centrations of CsA(nM). The concentration of pCyP B was 20 nM.
Kobs is as given in Table 1; s, seconds.
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Ellis, 1990) before they can function, for example, in the pho-
tosynthetic processes. The rotamase activity of pCyP B is
consistent with a potential role for this protein in the refolding
process of chloroplast proteins.

This notion is further supported by the heat shock-respon-
sive expression of pCyP B mRNA. Recently, heat shock protein
70 (Hsp70) has been isolated and characterized from the chlo-
roplast (Amir-Shapira et al., 1990; Marshall et al., 1990).
Although its function has not been identified in this organelle,
Hsp70 has been shown to facilitate the import and folding of
proteins that enter the mitochondria (Glick and Schatz, 1991).
When comparing Hsp70 and cyclophilin families, striking
similarities are found in their expression pattern, distribution,
and conservation during evolution. Both are highly expressed
and are present in all cellular compartments. Each family has
members that are induced by heat shock, suggesting a role
under stress conditions. Proteins from both families are found
in organisms ranging from bacteria to mammals and have
amino acid sequences that are highly conserved. In fact, both
a 40-kD cyclophilin and a 59-kD FKBP have been found to as-
sociate with Hsp70 and Hsp90 in the unactivated estrogen
receptor complex (Tai et al., 1992; Ratajczak et al., 1993)
through contact with the regions that share sequence identity
in CyP40 and FKBP59. Studies of the functional significance
of these associations will provide further information on the
relationship among Hsp70, Hsp90, and immunophilins.

Following the discovery of Calcineurin as a common target
for CsA and FK506, we used these natural products as diag-
nostic probes to study calcineurin-mediated processes in plant
cells (Luan et al., 1993). We demonstrated that CsA blocks the
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Figure 4. Inhibition of Calcineurin Activity by the pCyP B-CsA
Complex.
Calcineurin assays were performed in the presence of different con-
centrations of the preformed pCyP B-CsA complex. The relative activity
is presented as a percentage of control activity (in the absence of pCyP
B-CsA). The concentration of bovine calcineurin was 100 nM.

Figure 5. Tissue-Specific and Light-Regulated Accumulation of pCyP
B mRNA.

(A) Tissue-specific expression of pCyP B mRNA. Total RNA (20 ng)
from leaves (lane 1) and roots (lane 2) was separated on a 1.2% agarose
gel, and the rRNAs were stained with ethidium bromide to indicate
that equal amounts of total RNA were loaded into each lane. The mRNA
levels of pCyP B were analyzed by RNA hybridization using pCyP B
cDNA as the probe (see Methods).
(B) Light-inducible expression of pCyP B mRNA. Total RNA (20 ng)
samples from leaves that were etiolated (lane 1) and illuminated (for
6 [lane 2], 16 [lane 3], and 40 hr [lane 4]) were separated on an
agarose-formaldehyde gel and analyzed by RNA gel blotting.

Ca2+-dependent K+ channel inactivation in guard cells by in-
hibiting a calcineurin-like protein phosphatase. Because only
the CyP-CsA complexes but not the separate components
alone inhibit calcineurin activity, we hypothesized that CsA
forms receptor-ligand complexes with the endogenous CyPs
in plant cells before it can interfere with the Ca2+ signaling.
Here, we present data showing that a plant CyP protein re-
tains the ability to inhibit calcineurin activity in the presence
of CsA. Although the cytosolic form of plant CyPs should be
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Figure 6. Heat Shock-Responsive Accumulation of the pCyP B
Transcript.

(A) Total RNA (20 ng) from plant leaves grown at 23°C (lane 1) or grown
at 23°C and then transferred to 37°C for 45 min (lane 2), 2 hr (lane
3), and 4 hr (lane 4) was analyzed by RNA gel blotting.
(B) The mRNA levels of the ribulose-1,5-bisphosphate carboxylase/
oxygenase small subunit (which is not heat responsive) are shown
as a standard.
The relative density of the pCyP B bands were quantified by a laser
beam scanner as 1.0 (lane 1), 4.7 (lane 2), 4.5 (lane 3), and 1.9 (lane 4).

responsible for the effects that we observed previously (Luan
et al., 1993), the high homology between pCyP B and Rot1
almost certainly confers the same inhibitory ability to Rod (or
pCyP A) against calcineurin. To date, all of the CyP proteins
studied form complexes with CsA that inhibit the phosphatase
activity of calcineurin. The conservation of calcineurin inhibi-
tion by CyP in mammalian, yeast, and plant cells suggests
the possibility that CyPs play a role in the signal transduction
pathways in these eukaryotic cells, although an endogenous
compound with CsA-like properties has yet to be identified.

METHODS

Construction and Screening of a Fava Bean cDNA Library

Total RNA was isolated from leaf tissues of fava bean plants. Leaves
of 14-day-old fava bean plants were frozen in liquid nitrogen and ground
into a fine powder in a mortar. The tissue powder was transferred to
a test tube containing an equal volume mixture of phenol and lysis
buffer (100 mM Tris, pH 7.5,100 mM LiCI, 10 mM EDTA, and 1% SDS)
and mixed by vortexing for 20 sec. Chloroform was then added to the
homogenate, and the mixture was vortexed for another 30 sec. After
10 min of centrifugation at 6000g, the upper phase was transferred
to a clean tube and total nucleic acid (DNA/RNA) was precipated with
isopropanol. Total RNA was separated from DNA by precipitation in
2 M LiCI. Poly(A)+ RNA was purified by the PolyATract mRNA isola-
tion system from Promega. The cDNAs were synthesized using a cDNA
synthesis kit from Boehringer Mannheim according to the instructions
from the manufacturer. The cDNA library was constructed in the Lam-
daEX/ox vector (Novagen, Madison, Wl). A library with 200,000 phage
was obtained; the procedure described in Sambrook et al. (1989) was
used to screen the library. According to the codon usage of fava bean
genes, the peptide sequence GAQGEvAELQAKVT was used to de-
sign a low-degeneracy oligonucleotide probe: 5'-GGIGCACAAGGI-
GAAGTTGCAGAAYTICAAGCAAARGTTAC-3'. The probe was synthe-
sized on a DNA synthesizer (Millipore, Bedford, MA) and was
32P-labeled by T4 polynucleotide kinase. The labeled probe was pu-
rified by the Push-through Column (Stratagene) and added to the
hybridization buffer. The hybridization was performed at 42°C for 12
to 18 hr. The filters were washed three times in 0.2 x SSC (1 x SSC
is 0.15 M NaCI, 0.015 M sodium citrate) and 05% SDS for 30 min each,
and the air-dried filters were exposed to Kodak XAR-50 x-ray film at
-78°C with an intensifying screen.

RNA Blotting and Hybldization

RNA samples (total RNA isolated as described above) were separated
by electrophoresis through a 1.2% agarose-formadehyde gel and blot-
ted onto the Zeta probe membrane (Bio-Rad) in 0.05 M NaOH. The
membrane was neutralized in 0.5 M Na2HPO4, pH 7.2, and prehy-
bridized in 7% SDS, 0.5 M Na2HPO4, pH 7.2, and 1 mM EDTA for 30
min at 60°C. The randomly labeled cDNA was denatured by 0.2 M NaOH
for 15 min at room temperature and added to the prehybridization buffer.
The hybridization was maintained at 60°C for 12 hr before the mem-
brane was washed in 40 mM Na2HPO4, pH 7.2, and 05% SDS. Filters
were air dried and exposed to the x-ray film as described above.

Purification of the Chloroplast-Localized Cyclophilin

Chloroplasts were isolated from 14-day-old seedlings of fava bean plants
according to the procedure described by Price et al. (1987). They were
lysed by sonication in the extraction buffer (50 mM Tris, pH 7.5, 4 mM
EDTA, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride,
and 5 ng/mL leupeptin). The homogenate was centrifuged at 100,000g
for 45 min in a Beckman SW40 rotor. The supernatant was adjusted
to contain 150 mM NaCI and then loaded onto an affinity column packed
with cyclosporin A (CsA)-Affigel matrix (Bio-Rad) (Fretz et al., 1991).
Purified cyclophilins were separated by SDS-PAGE and transferred
to Problot membrane (Applied Biosystems Inc., Foster City, CA). The
N-terminal sequence of the protein was determined by automated
Edman degradation.

Expression of Recombinant pCyP B Protein in
Escherichia coll

The cDNA fragment encoding the mature protein of the cyclophilin
pCyPB/C was amplified by polymerase chain reaction and cloned in
frame with glutathione S-transferase (GST) into the pGEX3x vector
(Pharmacia). E. co/i (BL21) cells transformed with the plasmid harbor-
ing the fusion protein construct were grown to log phase, and expression
of the fusion protein was induced by addition of 0.4 mM isopropyl-
p-D-thiogalactoside to the medium. Cells were harvested 12 hr after
induction and resuspended in PBS buffer. Purification of the GST fu-
sion protein was performed essentially as described by Smith and
Johnson (1988). After lysis by sonication, the suspension was cen-
trifuged at 10,000g for 15 min. The supernatant was incubated with
glutathione Sepharose 4B (Pharmacia) (2-mL bed volume per 1 L of
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culture) for 30 min at 4% on a rotating platform. The glutathione beads 
were washed three times with PBS, and the fusion protein was eluted 
by 5 mM reduced glutathione in 50 mM Tris buffer, pH 8.0. The eluate 
was dialyzed in 4 L of 50 mM Tris buffer, pH 8.0, for 24 hr. The cleav- 
age reaction was performed in a buffer containing 50 mM Tris, pH 7.5, 
100 mM NaCI, and 2 mM CaCI2. Factor Xa (Boehringer Mannheim) 
was used as the endoprotease ata concentration of 0.5 to 1% (relative 
to the amount of fusion protein in the reaction). After 5 hr at 25%, the 
reaction mixture was loaded on a glutathione Sepharose column. GST 
and the uncleaved fusion protein were retained on the column, and 
the pure recombinant pCyP B protein was retained in the effluent. 

Rotamase Assays 

The rotamase activity of recombinant pCyP 6 was determined using 
severa1 synthetic peptides as substrates (Table 1) in a two-step, cou- 
pled reaction involving chymotrypsin, as described previously by 
Fischer et al. (1989). All assays were performed in 1.5-mL samples 
that contained 50 mM Hepes, pH 7.9, 60 pM of substrate peptide, 40 
nM pCyP B, and varying concentrations of CsA. The reactions were 
initiated by adding 3.5 mg of chymotrypsin (Sigma) and were moni- 
tored by measuring absorbence at 408 to 412 nm for 10 min with a 
UV/vis spectraphotometer. Data analyses were performed according 
to the programs written by Standaert (1992). 

Calcineurin lnhibition by pCyP B-CsA Complex 

Calcineurin assays were performed as described previously (Manalan 
and Klee, 1983; Liu et al., 1992) with a few modifications. Briefly, a 
peptide substrate (DLDVPIPGRFDRRVSVAAE) was 32P-labeled at the 
serine residue by the catalytic subunit of protein kinase A (Sigma) and 
SP-ATF? The labeled peptide was separated from free ATP by a Sep- 
Pakl8 column (Millipore). For calcineurin assays, 100 nM each of cal- 
cineurin and calmodulin (both from Sigma) were included in the assay 
buffer (50 mM Tris, pH 7.5, 6 mM MgCI2, 0.2 mM CaCI2, 0.5 mM DTT, 
100 pglmL BSA) in the presence of varying concentrations of the pCyP 
B-CsA complex. pCyP B and CsA were premixed at a molar ratio of 
1:lO and incubated at 4'C for 2 hr before they were added to the 
calcineurin-containing buffer. The mixture (a total volume of 50 pL) 
was incubated for another 20 min at 4OC, and the reaction was started 
by adding 10 pL of labeled peptide substrate (final concentration of 
1 wM). The reactions were performed at 30% for 10 min and termi- 
nated by the addition of 500 pL of a stop solution (20% trichloroacetic 
acid and 0.1 M K2HP04). The cleaved 32P-phosphate was separated 
from the peptide by acolumn packed with AG 50W-8X resin (Bio-Rad) 
and counted on a 6eckman LS1801 system. 

ACKNOWLEDGMENTS 

We thank Dr. Lawrence Bcgorad for helpful discussions. We are grateful 
for Deb T. Hung's help in constructing the cDNA library, and we thank 
Dr. Robert F. Standaert for advice on the rotamase assays. This work 
was supported by the National lnstitute for General Medical Sciences 
(No. GM-38627, awarded to S.L.S.). S.L. is supported by a postdoc- 
toral fellowship from the lrvington lnstitute for Medical Research, New 
York, NY. 

Received February 23, 1994; accepted April 4, 1994. 

REFERENCES 

Amir-Shapira, D., Leustek, T., Dalie, B., Weissbach, H., and Brot, 
N. (1990). Hsp7O proteins, similar to Escherichia coli DnaK, in chlo- 
roplasts and mitochondria of fuglena gracilis. Proc. Natl. Acad. Sci. 

Bram, R.J., Hung, D.H., Martin, RK., Schreiber, S.L., and Crabtree, 
G.R. (1993). ldentification of the immunophilins capable of mediat- 
ing inhibition of signal transduction by cyclosporin A and FK506: 
Roles of calcineurin binding and cellular location. MOI. Cell. Biol. 

Clipstone, N.A., and Crabtree, G.R. (1992). ldentification ofcalcineurin 
as a key signaling enzyme in T lymphocyte activation. Nature 357, 

Fischer, G., Wittmann-Liebold, B., Lang, K., Kiefhaber, T., and 
Schmid, F.X. (1989). Cyclophilin and the peptidyl-prolyl cis-trans 
isomerase are probably identical proteins. Nature 337, 476-478. 

Foor, F., Parent, S.A., Morin, N., Dahl, A.M., Ramadan, N., Chrebet, 
G., Bostian, K.A., and Nielsen, J.B. (1992). Calcineurin mediates 
inhibition by FK506 and cyclosporin of recovery from a-factor ar- 
rest in yeast. Nature 360, 682-684. 

Freskgard, P.-O., Bergenhem, N., Jonsson, B.H., Svensson, M., 
and Carlson, U. (1992). lsomerase and chaperone activity of prolyl 
isomerase in the folding of carbonic anhydrase. Science 258, 

Fretz, H., Alben, M.W., Galat, A., Standaert, R.F., Lane, W.S., 
Burakoff, S.J., Bierer, B.E., and Schreiber, S.L. (1991). Rapamycin- 
and FK506-binding proteins (immunophilins). J. Am. Chem. Soc. 
113, 1409-1411. 

Gasser, GS., Gunning, D.A., Budelier, K.A., and Brown, S.M. (1990). 
Structure and expression of cytosolic cyclophilinlpeptidyl-prolyl cis- 
trans isomerase of higher plants and production of active tomato 
cyclophilin in Escherichia coli. Proc. Natl. Acad. Sci. USA 87, 

Gatenby, A.A., and Ellis, R.J. (1990). Chaperone function: The as- 
sembly of ribulose bisphosphate carbawylase-oxygenase. Annu. Rev. 
Cell Biol. 6, 125-149. 

Gething, M.J., and Sambrook, J. (1992). Protein folding in the cell. 
Nature 355, 33-35. 

Glick, B., and Schatz, G. (1991). lmport of proteins into mitochon- 
dria. Annu. Rev. Genet. 25, 21-44. 

Harding, M.W., Galat, A., Uehling, D., and Schreiber, S.L. (1989). 
A receptor for the immunosuppressant FK506 is a peptidyl-prolyl 
isomerase. Nature 341, 758-760. 

Keegstra, K. (1989). Transport and routing of proteins into chloroplast. 
Cell 56, 247-253. 

Ko, K., Bornemlsza, O., Kourtz, L., Ko, Z.W., Plaxton, W.C., and 
Cashmore, A. (1992). lsolation and characterization of acDNA clone 
encoding a cognate 70-kD heat shock protein of the chloroplast enve- 
lope. J. Biol. Chem. 267, 2986-2993. 

Liu, J., Farmer, J.D., Lane, W.S., Friedman, J., Weissman, I., and 
Schreiber, S.L. (1991). Calcineurin is a common target of cyclophilin- 
cyclosporin A and FKBP-FK506 complexes. Cell 66, 807-815. 

USA 87, 1749-1752. 

13, 4760-4769. 

695-697. 

466-468. 

9519-9523. 



892 The Plant Cell 

Liu, J., Albers, M.W., Wandless, T.J., Luan, S., Alberg, D.G., 
Belshaw, P.J., Cohen, F?, Maclntosh, C., Klee, C.B., and Schreiber, 
S.L. (1992). lnhibition of T cell signaling by immunophilin-ligand 
complexes correlates with loss of calcineurin phosphatase activity. 
Biochemistry 31, 3896-3901. 

Lodish, H., and Kong, N. (1991). Cyclosporin A inhibits an initial step 
in folding of transferrin within the endoplasmic reticulum. J. Biol. 
Chem. 266, 14835-14838. 

Luan, S., Li, W., Rusnak, F., Assmann, S.M., and Schreiber, S.L. 
(1993). Immuno-suppressants implicate protein phosphatase- 
regulation of K+ channels in guard cells. Proc. Natl. Acad. Sci. USA 

Luan, S., Albers, M.W., and Schreiber, S.L. (1994). Light-regulated, 
tissue-specific immunophilins in a higher plant. Proc. Natl. Acad. 
Sci. USA 91, 984-988. 

Manalan, AS., and Klee, C,B. (1983). Activation of calcineurin by 
limited proteolysis. Proc. Natl. Acad. Sci. USA 80, 4291-4295. 

Marshall, J.S., DeRocher, A.E., Keegstra, K., and Vierling, E. (1990). 
ldentification of heat shock protein Hsp70 homologues in chlo- 
roplasts. Proc. Natl. Acad. Sci. USA 87, 374-378. 

OKeefe, S.J., Tamura, J., Kincaid, R.L., Tocci, M.J., and ONeill, 
E.A. (1992). FK506- and CsA-sensitive activation of the interleukin-2 
promoter by calcineurin. Nature 357, 692-694. 

Price, C.A., Cushman, J.C., Mendiola-Mogenthaler, L.R., and 
Reardon, E.M. (1987). lsolation of plastids in density gradients of 
Percoll and other silica sol. Methods Enzymol. 148, 157-179. 

Ratajczak, T., Carrelo, A., Mark, P.J., Warner, B. J., Simpson, R. J., 
Moritz, R.L., and House, A.K. (1993). The cyclophilin component 
of the unactivated estrogen receptor contains a tetratricopeptide re- 
peat domain and shares identity with p59 (FKBP59). J. Biol. Chem. 

Rosen, M.K., and Schreiber, S.L. (1992). Natural products as probes 
of cellular functions: Studies of immunophilins. Angew. Chem. Int. 
Ed. Eng. 31, 304-400. 

90, 2202-2206. 

268, 13187-13192. 

Sambrook, J., Fristch, E.F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual, 2nd ed. (Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press). 

Schreiber, S.L. (1991). Chemistry and biology of the immunophilins 
and their immunosuppressive ligands. Science 251, 283-287. 

Smith, D., and Johnson, K. (1988). Single-step purification of poly- 
peptides expressed in €scherichia coli as fusions with glutathione 
S-transferase. Gene 67, 31-40. 

Stamnes, M.A., Shieh, 6.-H., Chuman, L., Harris, G.L., and Zuker, 
C.S. (1991). The cyclophilin homolog NinaA is a tissue-specific inte- 
gral membrane protein required for the proper synthesis of a subset 
of Drosophila rhodopsins. Cell 65, 219-227. 

Standaert, R.F. (1992). Biochemical and Structural Studies of FK506- 
Binding Proteins (FKBPs). Ph.D. Dissertation (Cambridge, MA: Har- 
vard University). 

Steimann, B., Bruckner, P., and Superti-Furga, A. (1991). Cyclosporin 
A slows collagen triple-helix formation in vivo: lndirect evidence for 
a physiologic role of peptidyl-prolyl cis-ffans isomerase. J. Biol. Chem. 

Swanson, S.K., Born, T., Zydowsky, L.D., Cho, H., Chang, Y., Walsh, 
C.T., and Rusnak, F. (1992). Cyclosporin-mediated inhibition of bo- 
vine calcineurin by cyclophilins A and B. Proc. Natl. Acad. Sci. USA 
89, 3741-3745. 

Sykes, K., Gething, M.J., and Sambrook, J. (1993). Proline isomer- 
ases function during heat shock. Proc. Natl. Acad. Sci. USA 90, 
5853-5857. 

Tai, P.-K.K., Albers, M.W., Chang, H., Faber, L.E., and Schreiber, 
S.L. (1992). Association of a 59-kilodalton immunophilin with the 
glucocortiboid receptor complex. Science 256, 1315-1318. 

Wang, H., Goffreda, M., and Leustek, T. (1993). Characteristics of 
an Hsp7O homolog localized in higher plant chloroplasts that is similar 
to DnaK, the Hsp7O of prokaryotes. Plant Physiol. 102, 843-850. 

266, 1299-1303. 




