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Immunophilins are intracellular receptors of the immunosuppressants
cyclosporin A, FK506, and rapamycin. Although all immunophilins
possess peptidyl-prolyl isomerase activity and are identified from a
wide range of organisms, little is known about their cellular functions.
We report the characterization and functional analysis of an FK506
and rapamycin-binding protein (AtFKBP13) from Arabidopsis. The
AtFKBP13 protein is synthesized as a precursor that is imported into
chloroplasts and processed to the mature form located in the thyla-
koid lumen, as shown by chloroplast import assays and Western blot
analysis. Experiments show that AtFKBP13 is translocated across the
thylakoid membrane by the �pH-dependent pathway. Yeast two-
hybrid screening identified Rieske FeS protein, a subunit of the
cytochrome bf complex in the photosynthetic electron transport
chain, as an interacting partner for AtFKBP13. Both yeast two-hybrid
and in vitro protein–protein interaction assays showed that the
precursor, but not the mature form, of AtFKBP13 interacted with
Rieske protein, suggesting that interaction between the two proteins
occurs along the import pathway. When AtFKBP13 expression was
suppressed by RNA interference method, the level of Rieske protein
was significantly increased in the transgenic plants.

In the studies of immunosuppression by cyclosporin A, FK506,
and rapamycin, receptor proteins for these drugs have been

identified and characterized at the molecular level. Cyclosporin
A binds to a group of proteins called cyclophilins, whereas
FK506 and rapamycin both bind to FK506 and rapamycin-
binding proteins (FKBPs). Cyclophilins and FKBPs are collec-
tively referred to as immunophilins (1–3). Further studies have
shown that the drug ligands bind to the receptors forming
immunosuppressive complexes that target other components
required for immune function (4, 5). Although the immunosup-
pression mechanism by cyclosporin A and FK506 has been
determined, the function of their endogenous receptors in the
absence of the drug ligands remains unknown. Studies have
shown that all immunophilins have peptidylproline isomerase
activity (1–3), suggesting a possible function for these proteins in
protein-folding pathways. Evidence has accumulated in recent
years to support this hypothesis. At least in several cases,
immunophilins play a role as both rotamase and molecular
chaperone (6, 7).

In higher plants, a family of cyclophilins with at least four
members has been identified in Arabidopsis (8–10), and two major
forms were found in Vicia faba (11, 12). The FKBP-type immu-
nophilins from a higher plant were first purified by using an affinity
chromatography approach (13). This biochemical approach sug-
gests that at least four members are present in the FKBP family of
V. faba, and these members are located in various compartments of
plant cells (11). Two endoplasmic reticulum FKBP isoforms
(FKBP15–1 and FKBP15–2) have been characterized in Arabidop-
sis (14). At least two high-molecular weight FKBP members have
been identified from wheat (wFKBP73 and wFKBP77), two from
Arabidopsis (ROF1�AtFKBP61 and PAS1�AtFKBP71) and one
from maize (mzFKBP66; refs. 15–20). A cytosolic FKBP12 also
has been characterized in Arabidopsis (21, 22). Analysis of

the Arabidopsis genome sequence database indicates that there
are at least 17 genes encoding distinct FKBP-like proteins in
Arabidopsis (23).

Regarding the function of immunophilin proteins in plants, two
recent reports suggest that they participate in important processes
in plant development (19, 24). One study shows that an FKBP-like
protein is essential for normal cell division and differentiation in
Arabidopsis (19). The other report identified a cyclophilin as a
critical regulator of normal development of leaf size and shape in
Arabidopsis (24). Here, we report that a chloroplast-localized FKBP
from Arabidopsis (AtFKBP13) regulates the accumulation of
Rieske protein, an essential component of the photosynthetic
electron transport chain.

Materials and Methods
Cloning and Characterization of a cDNA Encoding AtFKBP13. A
chloroplast-localized 13-kDa FKBP protein was purified from V.
faba plants by affinity chromatography, as described (11). The
N-terminal peptide sequence was obtained by microsequencing
and used as a query to search the Arabidopsis sequence database.
A genomic sequence (GenBank accession no. AB012245) was
identified that encodes a protein that is highly homologous (74%
identical) to V. faba FKBP13 protein over the sequenced N-
terminal region of 42 aa. A 300-bp RT-PCR fragment was used
to screen a cDNA library (25), resulting in isolation of a
full-length AtFKBP13 cDNA.

RNA Gel Blot Analyses. Arabidopsis plants (ecotype Columbia-gl)
were grown in a greenhouse under long-day conditions (16-h
light�8-h dark cycle). Total RNA from different organs was ex-
tracted by using Tripure reagent (Roche Molecular Biochemicals)
according to the manufacturer’s instructions. RNA gel blot analysis
was performed as described (26).

Chloroplast Import Assays and Protein Localization. Radiolabeled
AtFKBP13 precursor was synthesized by a coupled transcription
and translation procedure in a wheat germ extract, in the presence
of [35S]methionine and [35S]cysteine. Chloroplasts were isolated
from pea and incubated with the precursor protein, as described
(27). Import assays contained intact chloroplasts (0.5 mg chloro-
phyll�ml), 5 mM methionine, 5 mM cysteine, and 10 mM MgATP
in a final volume of 500 �l of import buffer (50 mM Hepes�KOH,
pH 8.0�0.33 M sorbitol) with 45 �l of products from translation in
vitro and were incubated in the light (100 �mol photons m�2 s�1)
for 45 min. For protein import in the presence of nigericin or
sodium azide, isolated chloroplasts were incubated with 5 �M
nigericin or 10 mM sodium azide for 10 min on ice. 35S-labeled
precursor protein was then added and samples were incubated at
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25°C for 25 min in the light. After import, protein samples were
analyzed by electrophoresis on 20% polyacrylamide gels in the
presence of SDS followed by fluorography. For protein localization,
Arabidopsis chloroplasts were isolated from protoplasts according
to an earlier method (28). The stromal and luminal fractions were
analyzed by Western blotting to determine the distribution of
AtFKBP13 (and plastocyanin) in these two fractions.

Yeast Two-Hybrid Screening. A Gal4p-based two-hybrid system (29)
was used in this study. The coding region of the cDNA-encoding
precursor of AtFKBP13 was amplified by PCR and cloned into
pGBT9.BS in frame with the Gal4 DNA-binding domain. The yeast
two-hybrid library screening was carried out essentially as described
(30). The Arabidopsis ACT cDNA expression library CD4–22 was
obtained from Arabidopsis Biological Resource Center (Columbus,
OH). The �-galactosidase expression of the His� colonies was
analyzed by using a filter-lifting assay (30). For additional interac-
tion assays between various domains of AtFKBP13 and Rieske
protein, the DNA fragments encoding various domains were am-
plified with PCR by using flanking primers and cloned in frame
with either activation or binding domain. All of the PCR reactions
were performed by using pfu polymerase (Stratagene), and each
fusion construct was confirmed by DNA sequencing. Assays for
�-galactosidase activity were performed in triplicate by using
chlorophenol red-�-D-galactopyranoside as substrate (30).

Expression and Purification of Recombinant Proteins in Escherichia
coli. To make GST-fusion constructs, cDNA fragments encoding
various proteins or protein domains of AtFKBP13 and Rieske were
amplified by PCR and cloned in frame with GST into pGEX-KG
vector (Amersham Pharmacia). Fusion proteins were produced and
purified as described (26).

Production and Purification of AtFKB13 and AtRieske Antibodies. The
mature form of AtFKBP13 and lumen domain of AtReiske protein
(800 �g of each) were injected into rabbits (Cocalico Biological,
Reamstown, PA), and antibodies were purified from anti-serum by
using an affinity purification procedure (31).

In Vitro Protein–Protein Interaction Assays. Purified precursor or
mature form of AtFKBP13 protein was mixed with GST-Rieske
fusion proteins (1:1 molar ratio), immobilized on the glutathione
beads in a final volume of 500 �l containing binding buffer (50 mM
Tris�HCl, pH 7.5�100 mM NaCl�0.1% Tween 20�1 mM PMSF).
After gentle shaking for 1.5 h at room temperature, the beads were
pelleted and washed three times with the binding buffer. Proteins
were eluted by 10 mM glutathione, resolved by SDS�PAGE, and
detected by Western blot analysis.

Generation of AtFKBP13 RNAi Construct and Arabidopsis Transforma-
tion. To silence the AtFKBP13 gene, we used an RNA interference
(RNAi) approach. The construct contained a partial GUS coding
sequence in between the inverted repeat of partial AtFKBP13
cDNA sequence (nt 1–639 of cDNA) as described (32). The
expression of RNAi cassette was driven by CaMV 35S promoter.
This construct was named AtFKBP13 RNAi and transferred into
Agrobacterium tumefaciens GV3101 strain for Arabidopsis transfor-
mation by the ‘‘floral dip’’ method (33). The putative transformants
were rescued from kanamycin-containing medium and grown in
green house under long-day conditions.

Protein Extraction and Western Blot Analysis. Total proteins from
leaves of 4-week old plants were extracted in a buffer (50 mM Tris,
pH 7.5�100 mM NaCl�1 mM EDTA�0.1% Triton X-100�5 mM
DTT�1 mM PMSF�1 mM benzamidine�5 �g/ml leupeptin�5 �g/ml
aprotinin�5 �g/ml pepstatin A). The homogenate was mixed for
15 s, incubated on ice for 5 min, and centrifuged at 12,000 � g for
10 min at 4°C. The supernatant was collected, and proteins were

quantified by using the Bradford assay kit (Bio-Rad). For Western
blot analysis, 30 �g of total proteins were separated in SDS�12%
polyacrylamide gel and proteins were transferred onto nitrocellu-
lose membrane. Bound antibodies were detected with a chemi-
luminescence kit (Amersham Pharmacia).

Results
Isolation and Characterization of a cDNA Encoding AtFKBP13. We
previously reported that a major FKBP in leaf tissues of V. faba is
a 13-kDa protein (11). We purified a large quantity of FKBP13
protein from leaf extract of V. faba plants by using an FK506 affinity
column and determined that the N-terminal amino acid sequence
of the protein is AAEVAPCELTVAPSGLSFCDKVVGTG-
PQAVKGQLIKAHYVGRLEN.

Based on this sequence information, we cloned a full-length
cDNA encoding a homologue of V. faba FKBP13 protein from
Arabidopsis, as described in Materials and Methods. This cDNA
encodes a protein of 208-aa residues with a calculated molecular
mass of 22 kDa, larger than the expected 13-kDa protein (Fig. 1A).
Comparing the sequence of this gene product with the N-terminal
sequence of mature V. faba FKBP13 revealed a 79-aa presequence
in the Arabidopsis cDNA-deduced protein (Fig. 1B). The putative
mature protein consists of 129-aa residues with a calculated mo-
lecular mass of 13.6 kDa. Based on the molecular weight and the
high sequence identity between this protein and the V. faba
FKBP13, we named this gene product AtFKBP13 (Arabidopsis
thaliana FKBP13).

Fig. 1. Sequence and expression analysis of AtFKBP13 gene. (A) The amino acid
sequence of the AtFKBP13 protein deduced from the cDNA. The double arginine
motif and hydrophobic domain are shown as bold and underlined, respectively.
The thylakoidal processing peptidase site (AxA) is shown in italics and the arrow
indicates the putative cleavage site. (B) A comparison of N-terminal sequence of
V. faba FKBP13 (VfFKBP13) and cDNA-deduced AtFKBP13 protein. (C) Amino acid
sequence alignment of AtFKBP13, FKBP-like protein from Arabidopsis
(AtFKBP.like, GenBank accession no. AJ242481) and a putative FKBP from Syn-
echocystis sp. (SsFKBP13, GenBank accession no. S75144; ref. 35). In B and C, the
shaded boxes indicate identical amino acid residues. The numbers indicate the
amino acid positions in each protein. Dashes depict the gaps introduced to
improve the alignments. (D) RNA gel blot analysis of the AtFKBP13 gene. (Left)
RNAgelblotanalysisof totalRNA(10�g)fromroots (lane1), stems(lane2), leaves
(lane 3), and developing flower buds (lane 4). (Right) Ethidium bromide-stained
ribosomalRNAs inthecorrespondingagarosegel showingtherelativeamountof
total RNA in each lane.
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The AtFKBP13 protein contains one putative FKBP-like binding
domain which spans from G92 to I205 (see Fig. 1A) including the
10 conserved amino acid residues (Y116, G118, F126, D127, V145,
I146, W149, Y178, I192, and F200) that are essential for binding and
maintaining the hydrophobic core of FK506 (34). Comparing
AtFKBP13 to FKBPs from different organisms, we found that
AtFKBP13 shares significant sequence homology with all other
FKBPs. The highest sequence similarity was found among
AtFKBP13 and another FKBP-like protein (GenBank accession
no. AJ242481) from Arabidopsis and a putative FKBP (GenBank
accession no. S75144) from Synechocystis sp. (Fig. 1C; ref. 35).

Genomic Southern blot analysis and search of Arabidopsis ge-
nome sequence found only one copy of the AtFKBP13 gene (data
not shown). Stems, leaves, and developing flower buds contained
green tissues and accumulated high levels of AtFKBP13 transcripts
(Fig. 1D, lanes 2, 3, and 4), whereas roots did not show detectable
AtFKBP13 mRNA (Fig. 1D, lane 1).

AtFKBP13 Is Targeted to the Thylakoid Lumen of Chloroplasts by the
�pH-Dependent Pathway. To determine whether AtFKBP13 is
targeted to the chloroplast, and if so, what its suborganellar location
is, protein import assays were performed with isolated chloroplasts
and AtFKBP13 precursor as a substrate. The translated AtFKBP13
precursor was �27 kDa (estimated by mobility in SDS�PAGE).
When isolated intact pea chloroplasts were incubated with the
precursor protein in the presence of ATP, a 13-kDa protein was
generated (Fig. 2A, lane 2). After incubations with the protease
thermolysin (which under the conditions used does not penetrate
the chloroplast envelope), intact chloroplasts were reisolated and
fractionated. The resistance of the 13-kDa polypeptide to degra-
dation by exogenously added thermolysin (Fig. 2A, lane 3) indicates
that it is located within the chloroplast and is a product of precursor
protein import. Further analysis revealed that AtFKBP13 protein
was associated with the thylakoids (Fig. 2A, lane 5) and not in the
stroma (Fig. 2A, lane 4). Sonication of the thylakoid fraction
liberated the 13-kDa polypeptide in a soluble form (Fig. 2A, lane
8), indicating that the protein is located in the thylakoid lumen.
From this experiment, we concluded that AtFKBP13 is a previously
uncharacterized thylakoid lumen protein.

The N-terminal extension of AtFKBP13 has the characteristic
features of a thylakoid lumen protein presequence (Fig. 1A). It is
bipartite, with the first region being hydrophilic in nature and

enriched in basic and hydroxylated residues, which are features of
a chloroplast envelope-transfer signal (36). As shown in Fig. 1A, the
twin arginine motif is present in the presequence of AtFKBP13 and
is followed by a highly hydrophobic domain ending with AXA.
These features suggest that AtFKBP13 may be translocated into the
thylakoid lumen by the �pH-dependent pathway (36). We tested
this hypothesis by including nigericin, an inhibitor of �pH forma-
tion across the thylakoid membrane (36, 37).

As shown in Fig. 2B, nigericin completely inhibited the genera-
tion of the mature, 13-kDa polypeptide during import incubations,
and an intermediate form of �24 kDa accumulated (Fig. 2B, lane
2). The intermediate form was resistant to degradation by thermo-
lysin treatment of intact chloroplasts (Fig. 2B, lane 3), demonstrat-
ing that it was inside the chloroplast and was present in both the
stromal and thylakoid fractions (Fig. 2B, lanes 4 and 5). The
intermediate form in the thylakoid fraction was not protected from
degradation by thermolysin (Fig. 2B, lane 6), indicating that the
protein was on the stromal face of the thylakoid membrane. These
results suggest that a transthylakoidal �pH is required for the
efficient targeting of AtFKBP13 to the thylakoid lumen.

To support this conclusion, an import experiment was conducted
by using 10 mM sodium azide, which is an inhibitor of Sec pathway
(38). As shown in Fig. 2C, azide did not affect the targeting of
AtFKBP13 into thylakoid lumen (Fig. 2C, lane 6). Thylakoid
translocation was not dependent on ATP or stromal extract, further
confirming that this protein is not targeted by the Sec pathway (data
not shown). Control import assays were conducted with the nucle-
ar-encoded thylakoid lumen proteins OEC23 (23-kDa component
of the photosystem II oxygen-evolving complex) and plastocyanin,
which are targeted to the lumen by �pH and Sec pathway, respec-
tively (36, 38). We found that AtFKBP13 and OEC23 have exactly
the same import behavior.

To confirm that native AtFKBP13 is localized in the thylakoid
lumen, chloroplasts from Arabidopsis leaves were isolated and
fractionated into stromal and lumen fractions. These two fractions
were analyzed by Western blot analysis by using AtFKBP13 anti-
bodies. AtFKBP13 was detected in the lumen fraction (Fig. 2D
Center, lane L) but not in the stromal fraction (lane S). As a positive
control, a Western blot was also performed with plastocyanin
antibodies. Plastocyanin was present in the lumen fraction where
AtFKBP13 was detected (Fig. 2D Right, lane L). The upper band
in anti-PC Western blot (Fig. 2D Right, lane L) was most probably
the result of dimerization of PC because this band disappeared in
the urea-containing gel (data not shown).

AtFKBP13 Precursor Interacts with the Rieske Protein. To function as
chaperone or other regulatory entities, immunophilins often phys-
ically interact with their target proteins (3, 23). To identify a
putative target for AtFKBP13, we used a yeast two-hybrid screening
procedure. The precursor of AtFKBP13 was used as a bait in fusion
with Gal4 DNA-binding domain to screen an Arabidopsis cDNA
library in Gal4 activation-domain vector. Among the AtFKBP13
interacting clones that were sequenced, a number of them encoded
the Rieske protein of various length fused in frame with the
activation domain. The longest one had four amino acid truncations
in the N terminus. Riesk protein is an essential subunit of cyto-
chrome bf complex in the photosynthetic electron transport chain
(39). It is located in the thylakoid with a transmembrane domain
and a soluble region in the lumen (39). As AtFKBP13 is located in
the lumen, Rieske protein may serve as a physiological target for
AtFKBP13.

A search of Arabidopsis EST database identified an EST encod-
ing full-length precursor of Rieske protein. This EST 39G11T7
(GenBank accession no. AJ243702) was sequenced on both strands
to confirm its identity and was used in further experiments to
determine the interacting domains of AtFKBP13 and Rieske
proteins. A number of cDNA fragments encoding various domains
of AtFKBP13 or Rieske protein were fused in frame with either

Fig. 2. AtFKBP13 is targeted to the chloroplast thylakoid lumen by the �pH-
dependent pathway. (A) Chloroplast import assay of AtFKBP13. (B) Import assay
ofAtFKBP13 inthepresenceof5�Mnigericin. (C) ImportassayofAtFKBP13 inthe
presenceof10mMsodiumazide. (A–C)Translationproducts (lane1); chloroplasts
(lane 2); thermolysin-treated chloroplasts (lane 3); stromal fraction (lane 4);
thylakoid fraction (lane 5); thermolysin-treated thylakoid fraction (lane 6).
(A) Sonicated thylakoid membrane fraction (lane 7); soluble contents of thyla-
koid lumen (lane 8). The P, I, and M on the right side indicate precursor, inter-
mediate, and mature forms of AtFKBP13, respectively. (D) Western blot analysis
of stromal (lane S) and thylakoid lumen (lane L) fractions of Arabidopsis chloro-
plasts by Coomassie staining (Left), anti-AtFKBP13 (Middle), and anti-PC antibod-
ies (Right). Approximate molecular masses (kDa) are shown on the sides.
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DNA-binding or activation domain of Gal4 protein in the vectors.
Different combinations of these constructs were cotransformed
into yeast strain Y190, and interactions were studied by growth on
selection medium and filter lift assay and quantified by the �-
galactosidase activity. The precursor of AtFKBP13 interacts with
the precursor, mature, and lumen domain but not with transit
peptide of the Rieske protein (Fig. 3). When chloroplast envelope
signal peptide was deleted from AtFKBP13, the truncated protein
retained interaction with Rieske protein. However, the mature
form of AtFKBP13 lacking the entire transit peptide did not
interact with full-length or any domain of Rieske protein (Fig. 3).
The transit peptide of AtFKBP13 interacted with precursor and
mature form of Rieske, although the interactions were significantly
weaker compared with the interaction between AtFKBP13
precursor and Rieske protein. The chloroplast envelope signal or
thylakoid-targeting signal alone did not interact with full-length
or any domain of Rieske protein (Fig. 3). We conclude that the
transit peptide of AtFKBP13 is required and, to certain degree,
sufficient for the interaction with Rieske protein. The mature
region, more specifically, the lumen domain, of Rieske protein
is sufficient for interaction.

We also tested the interaction between AtFKBP13 and Rieske
protein by in vitro protein–protein interaction assay. As shown in
Fig. 4, precursor, mature, or lumen domain of Rieske protein
copurified with the precursor but not with the mature form of
AtFKBP13 (Fig. 4A). When GST was used as an affinity agent,
neither precursor nor mature form of AtFKBP13 was copurified
(Fig. 4A, lanes 1 and 5). The AtFKBP13 antibodies also reacted
with an unknown 33-kDa protein associated only with the prepa-
ration of the GST-Rieske mature protein (Fig. 4A, lanes 3 and lane
7). The amount of GST and other bait proteins used in the
experiment are shown in Fig. 4B. Some GST was detected in the
preparations of Rieske precursor and mature protein fusions,
suggesting that a small portion of GST fusion proteins were
degraded (Fig. 4B, lanes 2, 3, 6, and 7).

Because the precursor, but not the mature form, of AtFKBP13
interacted with Rieske protein, and precursor of AtFKBP13 was not
detectable by Western blot in Arabidopsis plants, it was difficult to
study in vivo interaction of the two partner proteins by using
immunoprecipitation. Indeed, we successfully precipitated
AtFKBP13 mature protein by using AtFKBP13 antibody but did
not detect any Rieske protein that was copurified. In a similar

manner, Rieske antibody was used to precipitate Rieske protein but
AtFKBP13 was not copurified (data not shown). This further
supports the idea that the two mature proteins most probably do not
interact with each other.

AtFKBP13 Down-Regulates Accumulation of Rieske Protein.
AtFKBP13 is localized in the thylakoid lumen, and Rieske protein
is localized in the thylakoid membrane with a soluble domain in the
lumen, making it physically possible for the two mature proteins to
interact. However, our results suggest that these proteins probably
interact before they are targeted to the final destination. What is the
functional relevance of interaction between the two protein part-
ners? To address this question, we took a ‘‘reverse genetics’’
approach to suppress the expression of AtFKBP13 in transgenic
plants and examined the consequence of this manipulation to the
Rieske protein. As described in Materials and Methods, AtFKBP13
gene was silenced by using RNAi procedure (32). The RNAi
construct is illustrated in Fig. 5A. As expected endogenous At-
FKBP13 mRNA (Fig. 5B Lower, lane C) was not detected in the
RNAi plants (Fig. 5B Lower, middle arrow, lanes 1–5). Instead, the
RNAi lines produced small RNA species hybridized to AtFKBP13
cDNA. In most of the RNAi plants, a larger RNA species of about
2 kb was detected, which corresponds to the full-length transcript
from the RNAi cassette (Fig. 5B Lower, lanes 1–5). To examine the

Fig. 3. Interaction of Rieske and AtFKBP13 proteins assayed by yeast two-
hybrid system. Interaction of various domains of AtFKBP13 and Rieske protein
in yeast two-hybrid system. The symbols indicate interaction (�) and no
interaction (�), whereas numbers in parentheses show the �-Gal activity in
Miller units. The numbers associated with precursors of AtFKBP13 and Rieske
protein indicate the positions of amino acid residues in these proteins. Results
from one of the representative experiments of three duplicates are shown.

Fig. 4. Interaction between AtFKBP13 and Rieske protein determined by in
vitro protein interaction assays. GST (lanes 1 and 5), GST-Rieske precursor (lanes
2 and 6), GST-Rieske mature form (lanes 3 and 7), and GST-Rieske lumen domain
(lanes 4 and 8) were immobilized on glutathione beads and used to ‘‘pull-down’’
purified precursor (lanes 1–4) or mature (lanes 5–8) form of AtFKBP13. The
approximate molecular masses (kDa) are shown on the right side. (A) An immu-
noblot of copurified products probed with anti-AtFKBP13. The arrows on the left
and right sides indicate the position of precursor and mature form of AtFKBP13,
respectively. (B) A Coomassie blue-stained gel shows the amount of each bait
protein used in the pull-down experiment.

Fig. 5. Silencing of AtFKBP13 in transgenic Arabidopsis plants by RNAi.
(A) Schematic representation of AtFKBP13 RNAi construct. Shaded boxes depict
the inverted repeat of AtFKBP13 cDNA. (B) RNA gel blot of AtFKBP13 RNAi and
controlplant (laneC). (Upper)Ethidiumbromide-stainedribosomalRNAshowing
the relative amount of total RNA in each lane. (Lower) AtFKBP13 level detected
by AtFKBP13 cDNA probe. Arrows indicate RNAi cassette transcript, endogenous
AtFKBP13 mRNA, and degraded form of AtFKBP13, respectively. (C) Western blot
analysis of AtFKBP13 protein levels in the RNAi and control plants. (Upper)
Coomassie blue-stained gel showing the large subunit of Rubisco (shown with
arrow) as a loading control. (Lower) Anti-AtFKBP13 Western blot. The AtFKBP13
protein is indicated by an arrow on the right side.
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AtFKBP13 protein level in the RNAi plants, Western blot was
performed by using AtFKBP13 antibody (Fig. 5C). In almost all of
the transgenic lines harboring the RNAi construct, AtFKBP13
protein was not detectable (Fig. 5C, lanes 1–6), whereas control
lines transformed with empty vector produced normal level of
AtFKBP13 (Fig. 5C, lanes 7 and 8). These results indicated that the
RNAi procedure effectively silenced the expression of AtFKBP13
in transgenic plants.

If AtFKBP13 interaction with Rieske protein is functionally
relevant, it is expected that AtFKBP13 silencing would alter the
level or function of Rieske protein. Because the interaction may
occur before the proteins are imported to the final destination, we
suspected that AtFKBP13 might regulate the accumulation of
Rieske protein. As Rieske protein is an essential subunit of cyto-
chrome bf complex in the photosynthetic electron-transport chain,
changes in the Rieske protein may affect the photosynthetic elec-
tron transport. We assayed the relative PSII electron-transport rate
of control and RNAi plants but did not observe any significant
difference (data not shown). It is possible that the Rieske protein
was modified in a more subtle manner. We examined the level of
Rieske protein in the control and RNAi plants by Western blot
analysis and found a significant difference in the accumulation of
Rieske protein. As shown in Fig. 6, the RNAi plants produced
higher levels of Rieske protein (Fig. 6A, lane 1) as compared with
the control plants (Fig. 6A, lane 2). Statistical analysis on eight
RNAi lines, eight empty vector control lines, and wild-type plants
indicated that Rieske protein in the AtFKBP13-silenced plants
produced �70% more Rieske (Fig. 6B, lanes 1 and 2), which was
significant (P � 0.01). As a control, a Western blot analysis with
plastocyanin antibody did not reveal significant difference (P �
0.05) in the accumulation of PC in the RNAi and control plants
(Fig. 6, lanes 3 and 4). RNA gel blot analysis did not detect any
significant difference in the Rieske mRNA levels among RNAi and
control plants (data not shown), suggesting that AtFKBP13 affects
the level of Rieske protein by a posttranscriptional process.

Discussion
Although immunophilins have been identified in a broad range
of organisms from bacteria and plants to mammals, their phys-
iological function is not well understood in any organism (6, 23).
A yeast mutant disrupted in all known immunophilin genes has
been constructed and shown to be viable (40), suggesting that
immunophilins are not essential in yeast. In higher eukaryotes
including plants and animals, rapidly accumulating evidence
supports the hypothesis that each member in the immunophilin
families plays a role in a specific cellular processes. For example,
FKBP12 has been shown to interact with and regulate the
function of ryanodine receptors, a family of calcium-release

channels in the endoplasmic reticulum of muscle and other cell
types (41). More recently, genetic disruption of FKBP12 gene in
a transgenic mouse model clearly demonstrates that FKBP12 is
essential to the normal function of calcium release channels: the
mutant animals develop cardiovascular disorder (42). Another
example is FKBP52 that interacts with the steroid-receptor
complex in the cytoplasm (2, 3). The chaperone activity of
FKBP52 is required for the regulation of steroid-receptor activ-
ity and nuclear translocation (3). A good example of cyclophilin
function was presented by a genetic analysis that demonstrated
a role of a cyclophilin protein in the trafficking of rhodopsin
protein isoform in Drosophila eye (43).

In higher plants, a number of genes encoding immunophilins
have been isolated in previous studies from several laboratories (2,
23). Completion of the Arabidopsis genome sequencing project
revealed at least 51 genes that encode cyclophilins and FKBPs (S.L.,
unpublished results). The finding of these proteins has attracted
much attention in plant biology. Several recent reports showed that
some immunophilin members are required for the regulation of
plant developmental processes. In one study, the authors found (19,
44) that a high molecular-weight FKBP-like protein, PAS1, is
localized in the nucleus and is required for the control of cell
division and differentiation in Arabidopsis. Loss of function mutant
of PAS1 displays excessive activity of cell division, and a number of
organs are transformed into callus-like structures (19). A homo-
logue of cyclophilin 40, an immunophilin that interacts with heat-
shock protein 90 in various organisms, is essential for normal
development of vegetative organs in Arabidopsis (24).

Chloroplast is a green plant-specific organelle that not only
serves as a ‘‘factory’’ for carbon fixation through photosynthesis but
also plays an essential role in many other biosynthetic pathways
(45). Despite the fact that chloroplasts contain their own genome,
a large fraction of chloroplast proteins are encoded by nuclear
genome, produced in the cytoplasm, and imported into various
compartments of the organelle (36). Molecular chaperones, includ-
ing HSP70, HSP60, and HSP100, play a vital role in the import and
refolding of chloroplast proteins (3). Previous studies have shown
that chloroplasts harbor several immunophilins (11, 12, 46). Based
on their activity as rotamase and their possible function as chap-
erone, we speculated that chloroplast immunophilins are involved
in protein import and�or refolding processes. In this study, we have
characterized the first chloroplast FKBP from Arabidopsis and
identified a component in the photosynthetic electron transport, the
Rieske protein, as a putative target for this immunophilin member.
The interaction between AtFKBP13 and the Rieske protein prob-
ably occurs before they are imported into the thylakoid, because the
mature proteins do not interact with each other (Figs. 3 and 4). Both
yeast two-hybrid and in vitro protein interaction assays demon-
strated that the full-length precursor proteins (or cytoplasmic
forms) interacted. In addition, the intermediate (or stromal) forms
of the two protein partners also interacted well. These results
suggest that AtFKBP13 associates with Rieske protein both before
and after the import of the proteins into the chloroplast stroma. In
addition, AtFKBP13 and Rieske intermediate forms also can
interact after they are imported into the thylakoid lumen but before
the thylakoid signal peptides are cleaved. After the cleavage of the
transit peptide, the mature forms of the two proteins probably
dissociate.

The Rieske protein has been found to associate with other
chaperones including HSP70 and Cpn60 in the stroma (47). Inter-
estingly, the previous study showed that only half of the Rieske
protein is recovered from the protein complexes formed with
HSP70 and Cpn60, suggesting that Rieske protein also may asso-
ciate with other proteins (47). Our study has added another putative
chaperone, AtFKBP13, into the regulatory circuit of Rieske protein
during import process. It is generally believed that chaperones help
imported proteins refold and should be positive regulators of the
protein-accumulation processes. None of the studies has addressed

Fig. 6. Rieske protein accumulation in AtFKBP13 silenced plants. (A) Western
blot analysis of AtFKBP13 RNAi (lanes 1 and 3) and control plants (lanes 2 and 4)
with anti-Rieske (lanes 1 and 2) or anti-PC (lanes 3 and 4) antibody. (B) Statistical
analysis of Rieske protein and PC levels in eight independent transgenic lines of
AtFKBP13 RNAi (lane 1 and 3) or empty vector control lines (lane 2 and 4). Rieske
(lanes 1 and 2) and PC (lanes 3 and 4) levels were measured by scanning the
autoradiograph of Western blot of eight RNAi and eight vector lines. The band
density average of vector lines is designated as 100%, and the density average of
RNAi lines was compared and shown as a percentage of the control. (Bars � SD
in eight samples.)
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the consequence of these interactions by genetic analysis. In this
report, we used a gene-silencing method to assess the consequence
of AtFKBP13–Rieske interaction. We have found that suppression
of AtFKBP13 expression significantly increased the level of Rieske
protein (Fig. 6). This finding suggests that AtFKBP13 interaction
with Rieske may play a role in the down-regulation of Rieske
protein accumulation. We speculate a possible mechanism based on
this result. The AtFKBP13 protein may serve as an ‘‘anchor’’
chaperone that holds the Rieske protein in the cytoplasm or in the
stroma so that excessive Rieske protein is not targeted to the
thylakoid. Because Rieske is a subunit of cytochrome bf complex
composed of a number of other protein subunits, coordination

among the subunit proteins might be required for efficient assembly
of the complex. Regulation of Rieske levels in the thylakoid could
be important, and AtFKBP13 interaction may be responsible for
this regulation. When AtFKBP13 level is suppressed, more Rieske
protein would be targeted to the thylakoid because of reduced
capacity of anchor proteins. Further study is required to test this
hypothesis.
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