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Background: SQN (SQUINT), theArabidopsis ortholog of cyclophilin 40, promotesmicroRNA-mediated gene silencing by
promoting the activity of AGO1.
Results: SQN bound to Hsp90, and this is required for the activity of SQN in planta.
Conclusion: SQN promotes AGO1 activity in association with Hsp90.
Significance:Determining how AGO1 is regulated is essential for understanding the mechanism of microRNA-mediated gene
silencing in plants.

SQN (SQUINT) is the Arabidopsis ortholog of the immuno-
philin CyP40 (cyclophilin 40) and promotes microRNA activity
by promoting the activity of AGO1. In animals and Saccharomy-
ces cerevisiae, CyP40 promotes protein activity in association
with the protein chaperone Hsp90. To determine whether
CyP40 also acts in association with Hsp90 in plants, we exam-
ined the interaction between SQNandHsp90 in vitro and tested
the importance of this interaction for the function of SQN in
planta. We found that SQN interacts with cytoplasmic Hsp90
proteins but not with Hsp90 proteins localized to chloroplasts,
mitochondria, or the endoplasmic reticulum. The interaction
between SQN and Hsp90 in vitro requires the MEEVD domain
of Hsp90, as well as several conserved amino acids within the
tetratricopeptide repeat domain of SQN. Amino acid substitu-
tions that disrupt the interaction between SQN and Hsp90 in
vitro also impair the activity of SQN in planta. Our results indi-
cate that the interaction betweenCyP40 andHsp90 is conserved
in plants and that this interaction is essential for the function of
CyP40.

SQN (SQUINT) is theArabidopsis ortholog of CyP40 (cyclo-
philin 40), an ancient, highly conserved protein co-chaperone
(1). SQN was originally identified because of its developmental
phenotype: sqn mutants undergo precocious phase change,
have a reduced rate of leaf initiation, and display a variety of
floral defects. This phenotype is attributable to an increase in
the expression ofmicroRNA (miRNA)2-regulated genes, which
is thought to result from a decrease in the activity of AGO1
(ARGONAUTE1) (2, 3), the protein that is largely responsible
formiRNA-directed gene repression inArabidopsis (4–6). The
mechanism by which SQN promotes the activity of AGO1 is
unknown.

CyP40 has two evolutionarily conserved domains. The
N-terminal part of the protein has a high degree of similarity to
the cyclophilin family of peptidyl-proline isomerases (PPIases)
and has PPIase activity in both mammals and yeast (7, 8). The
C-terminal end of the protein consists of three tetratricopep-
tide repeats (TPRs). Inmammals, CyP40 is found in association
with Hsp90 (heat shock protein 90) in a number of different
steroid hormone receptor complexes (9, 10). In vitro studies
and yeast two-hybrid experiments indicate that CyP40 binds to
Hsp90 via these TPRs (11–14). Saccharomyces cerevisiae has
two CyP40 proteins, Cpr6p and Cpr7p, both of which bind to
Hsp90 (15). Loss-of-function mutations in CPR6 have no obvi-
ous phenotype, butmutations inCPR7decrease the growth rate
of yeast cells and produce a synergistic growth defect in com-
binationwithmutations inHSP90 (16, 17), implying that Cpr7p
and Hsp90 have related functions. Interestingly, the slow
growth phenotype of cpr7 cells can be rescued by a peptide
consisting solely of the Cpr7 TPR domain (16). Although the
cyclophilin and TPR domains of SQN are quite similar to the
corresponding domains of the mammalian and yeast proteins,
there is currently no evidence that SQN has PPIase activity or
that it directly interacts with Hsp90 (2, 18).
CyP40 is structurally similar to multidomain FK506-binding

proteins (FKBPs). Like CyP40, these proteins possess an N-ter-
minal PPIase domain and C-terminal TPRs and are thought to
function as protein co-chaperones in association with Hsp90
(19, 20). Arabidopsis has seven multidomain FKBP genes, of
which FKBP62/ROF1, FKBP72/PAS1, and FKBP42/TWD1/
UCU2 are the best characterized (20, 21). ROF1 confers resist-
ance to heat stress through its effects on small heat shock pro-
teins (22). TWD1/UCU1 regulates polar auxin transport by
interacting with the ATP-binding cassette transporters PGP1/
ABCB1 and PGP19/ABCB19 (23, 24) and directing them to the
plasma membrane (25). PAS1 promotes the cytokinin-depen-
dent repression of cell proliferation through its interactionwith
the transcription factor FAN (26, 27). ROF1 and TWD1/UCU1
have both been shown to interact with Hsp90, but the func-
tional significance of this interaction remains unknown (22,
28).
Hsp90 is an evolutionarily conserved protein chaperone that

regulates the activity of a variety of substrates, many of which
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are involved in the cell cycle and in signal transduction (29, 30).
The Arabidopsis genome contains seven Hsp90 genes (31, 32).
Four of these (HSP90.1, HSP90.2, HSP90.3, and HSP90.4)
encode cytoplasmic proteins, and three (HSP90.5, HSP90.6,
and HSP90.7) encode proteins that localize to chloroplasts,
mitochondria, and the endoplasmic reticulum, respectively
(32–35). HSP90.2,HSP90.3, andHSP90.4 are encoded by genes
located in tandem on chromosome 5 and have almost identical
amino acid sequences (96% identity) (31, 32). HSP90.1 is 88%
identical to HSP90.2. Mutations in the chloroplast-localized
protein HSP90.5 and the endoplasmic reticulum-localized pro-
tein HSP90.7 have severe pleiotropic developmental pheno-
types (33, 35). A null allele of the cytoplasmic protein HSP90.2
has no obvious phenotype, but missense mutations in its ATP-
binding domain decrease disease resistance and have a weak
effect on shoot morphology (2, 36). Mutations in HSP90.1,
HSP90.2, orHSP90.3 cause poorly penetrant defects in seedling
morphology (31). Simultaneous reduction ofmultiple cytoplas-
micHsp90 proteins byRNAi or by theHsp90 inhibitor geldana-
mycin produces severely defective seedlings, some of which
resemble ago1mutants (31).
The discovery that Hsp90 co-purifies with Argonaute-con-

taining RNA-induced silencing complexes (37–39) provided
the first evidence that it is involved in miRNA- and
siRNA-mediated gene silencing. More recent studies in both
animals (40, 41) and plants (42) indicate that Hsp90 is specifi-
cally required for the loading of small RNAs into RNA-induced
silencing complexes. On the basis of the association of Hsp90
with apo-steroid hormone receptor complexes, it has been sug-
gested that Hsp90 may hold Argonaute proteins in a loading-
competent state (42). These observations, the genetic evidence
indicating that SQN regulates AGO1 activity (2, 3), and the
observation thatCyP40 interactswithHsp90 in yeast andmam-
mals (11–14) suggest that SQN facilitates the assembly or func-
tion of anHSP90-AGO1complex. In support of this hypothesis,
we report here that SQN binds to the cytoplasmic isoforms of
HSP90 in Arabidopsis and that this interaction is required for
the normal function of SQN in planta.

EXPERIMENTAL PROCEDURES

WesternBlotting—Plantswere grownonFafard 2 soil at 23 °C
under 16-h fluorescent illumination. Leaf tissue was harvested
from 14-day-old plants and ground with a mortar and pestle in
liquid nitrogen. Ground tissue was suspended in 20 mM Tris
(pH 7.5), 300 mM NaCl, 5 mM MgCl2, 1� protease inhibitor
mixture (Sigma), 1 mM PMSF, and 1 mM DTT. Equal concen-
trations of soluble proteinwere separated on a 12.5% SDS-poly-
acrylamide gel and transferred to nitrocellulose, and mem-
branes were then blocked with TBS/Tween and 5% milk.
Membranes were incubated with HRP-conjugated anti-FLAG
antibody (1:2000; Sigma) in TBS/Tween and 5%milk overnight
at 4 °C.
Constructs—All primers used in the generation of constructs

are shown in supplemental Table 1. Full-length cDNAs of SQN,
HSP90.1, and HSP90.2 and the C-terminal ends of HSP90.1
(amino acids 503–705), HSP90.2 (amino acids 497–699),
HSP90.5 (amino acids 569–780), HSP90.6 (amino acids 592–
799), andHSP90.7 (amino acids 603–823) were amplified from

Arabidopsis thaliana cDNAusing PfuDNApolymerase. C-ter-
minal constructs of HSP90.1 and HSP90.2missing the last five
amino acids (MEEVD) were amplified from HSP90.1 and
HSP90.2 cDNAs, respectively. PCR products were TOPO-
cloned into pENTR/D-TOPO vectors (Invitrogen) following
themanufacturer’s instructions. Site-directedmutagenesis was
performed on pENTR-SQN constructs using site-directed
ligase-independent mutagenesis protocol, as described previ-
ously (43). The primers used for site-directed ligase-indepen-
dent mutagenesis are listed in supplemental Table 2.
pENTR-HSP90 constructs were subsequently recombined
into pDEST17 (His tag) using LR Clonase enzyme mixture
(Invitrogen). pENTR-SQN and pENTR-SQN mutant con-
structs were recombined into either pDEST15 (GST tag) or
pEG202 (FLAG tag) using LR Clonase (44). pDEST con-
structs containing either SQN or HSP90 were transformed
into BL21-AI cells. pEG202-SQN and pEG202-SQN point
mutant constructs were transfected into Agrobacterium
GV3101 and subsequently transformed into A. thaliana by
the floral dip method (45).
Protein Expression and Purification—BL21-AI Escherichia

coli cells containing pDEST15 and pDEST17 constructs were
grown in 500ml of Luria broth to anA600 of 0.5. GST-SQN and
His-HSP90 recombinant proteins were induced with 0.2%
(w/v) L-arabinose overnight at 16 °C. Cells were centrifuged at
6000� g and placed at�80 °C. Cells were resuspended in 30ml
of buffer containing sodium phosphate (pH 7.6), 300 mMNaCl,
10 mM imidazole, and 1 mM phenylmethylsulfonyl fluoride;
sonicated on ice; and centrifuged at 12,500� g. Soluble proteins
from either GST-SQN or His-HSP90 extracts were subse-
quently added to 500 �l of either glutathione-Sepharose 4B
resin (GE Healthcare) or nickel-nitrilotriacetic acid-agarose
(Invitrogen), respectively, and incubated for 2 h at 4 °C. Gluta-
thione-Sepharose 4B resin or nickel-nitrilotriacetic acid-aga-
rose was washed four times with sodium phosphate (pH 7.6),
300 mMNaCl, 20 mM imidazole, 0.2% (v/v) Triton X-100, and 1
mM phenylmethylsulfonyl fluoride. GST-SQN proteins were
eluted using 10 mM glutathione and 50 mM Tris-HCl (pH 8.0),
and His-HSP90 proteins were eluted using sodium phosphate
(pH 7.6), 300 mM NaCl, and 250 mM imidazole. All purified
proteins were dialyzed against dialysis buffer (100 mM KCl and
10 mM Tris-HCl (pH 7.3)).
Co-immunoprecipitation—Co-immunoprecipitation experi-

ments were performed as described previously (14) with slight
modification. Briefly, purified GST-SQN and His-HSP90 were
incubated together in dialysis buffer containing 1 mM dithio-
threitol and 0.2% Triton X-100 for 1 h at 4 °C. 50 �l of pre-
equilibrated glutathione-Sepharose 4B resin was added, fol-
lowed by incubation for 2 h at 4 °C. Beads were washed eight
times with dialysis buffer containing 1 mM dithiothreitol and
0.2% Triton X-100. SDS-PAGE sample buffer (50 mM Tris (pH
6.8), 6% glycerol, 2% SDS, 100mMDTT, and 0.01% bromphenol
blue) was added to the beads, and samples were heated to 95 °C
for 5 min. Protein samples were electrophoresed on either a 10
or 15% SDS-polyacrylamide. Gels were stained with Coomassie
Brilliant Blue.
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RESULTS

To determine whether SQN interacts with Hsp90 in vitro,
GST-tagged SQN and a GST control were incubated with His-
tagged HSP90.1 or His-tagged HSP90.2 (Fig. 1A, lanes 1–4),
and then precipitated with glutathione-Sepharose resin.
HSP90.1 (Fig. 1A, lane 7) andHSP90.2 (lane 8) co-purified with
GST-SQN but not with the GST control (lanes 5 and 6), indi-
cating that SQN interacts with HSP90.1 and HSP90.2 in vitro.

Inmammals, the last five amino acids ofHsp90 (MEEVD) are
absolutely essential for its interaction with CyP40 (13, 14, 46).

Molecular modeling suggests that these amino acids contact
CyP40 in a pocket formed by the CyP40 TPR domain (13, 14).
Given the high similarity between the amino acid sequences of
human Hsp90 and A. thaliana HSP90.1 and HSP90.2 (supple-
mental Fig. 1), we predicted that this interaction is conserved in
Arabidopsis. To test this hypothesis, we used a pulldown assay
to examine the interaction betweenGST-tagged SQNand trun-
cated versions of HSP90.1 (amino acids 503–705) and HSP90.2
(amino acids 497–699)with orwithout theC-terminalMEEVD
peptide. The truncated peptides used in these experiments cor-
respond to the peptides used for similar studies of mammalian
Hsp90 (14). We found that the C termini of HSP90.1 and
HSP90.2 co-purified with SQN (Fig. 1B, lanes 5 and 7) and that
this interaction was disrupted by deletion of the MEEVD
sequence (lanes 6 and 8). These results suggest that, like mam-
malian CyP40, SQN contacts Hsp90 via thisMEEVD sequence.
The organelle-localized Arabidopsis Hsp90 proteins

(HSP90.5, HSP90.6, and HSP90.7) lack the MEEVD sequence
and are less similar to cytoplasmic Hsp90 proteins than these
proteins are to mammalian Hsp90 (supplemental Fig. 2). To
determine whether SQN interacts with these Hsp90 variants,
we performed pulldown assays with SQN-GST and C-terminal
fragments of HSP90.1 (amino acids 503–705; as a positive con-
trol), HSP90.5 (amino acids 569–780), HSP90.6 (amino acids
592–799), andHSP90.7 (amino acids 603–823).Whereas the C
terminus of HSP90.1 co-purified with SQN (Fig. 1C, lane 5), we
observed no interaction between SQN-GST and the C termini
of HSP90.5, HSP90.6, and HSP90.7 (lanes 6–8). This observa-
tion suggests that SQN interacts solely with the cytoplasmic
form of Hsp90 inArabidopsis and provides additional evidence
that this interaction is mediated by the MEEVD sequence of
HSP90.
The cyclophilin domain of SQN is 66% identical to the cyclo-

philin domain of CyP40 and 57% identical to human CyPA, the
most extensively studied member of the cyclophilin family of
PPIases (Fig. 2A). Although the TPR domains of CyP40 and
SQNare less similar, all of the amino acids that have been found
to mediate the interaction of CyP40 with Hsp90 are conserved
in SQN (13, 14, 46). To study the function of these domains, we
used site-directed mutagenesis to convert amino acids that
have been implicated in the function of CyPA or CyP40 to ala-
nine (Fig. 2A). GST-tagged proteins containing one or more of
thesemutations were tested for their ability to interact with the
C-terminal portions of HSP90.1 and HSP90.2 in vitro. In addi-
tion, FLAG-tagged versions of these mutant proteins were
placed under the regulation of the constitutive cauliflower
mosaic virus 35S promoter and tested for their ability to rescue
the sqn-1 phenotype in transgenic plants.
The C termini of HSP90.1 and HSP90.2 co-purified with

wild-type SQN and with an SQN protein containing mutations
in three evolutionarily conserved residues (H62A, R63A, and
F68A) within the predicted substrate-binding site of the cyclo-
philin domain; these amino acids correspond toHis-54,Arg-55,
andPhe-60 inmammalianCyPAand are thought to be required
for PPIase activity and substrate binding (Fig. 2, B and C) (47–
51). In contrast, HSP90.1 and HSP90.2 failed to co-purify with
SQN proteins containing alanine substitutions of Lys-299
(K299A) orArg-303 (R303A), both ofwhich are required for the

FIGURE 1. SQN binds to cytoplasmic Hsp90 proteins via a conserved C-ter-
minal MEEVD peptide. A, Input, Coomassie Blue-stained SDS-polyacryl-
amide gel of GST-tagged SQN incubated with full-length HSP90.1 and
HSP90.2 proteins; Glutathione IP, Coomassie Blue-stained SDS-polyacryl-
amide gel of proteins bound to glutathione-agarose after washing. B, Input,
Coomassie Blue-stained SDS-polyacrylamide gel of GST-tagged SQN incu-
bated with the C terminus of either HSP90.1 (amino acids 503–705) or
HSP90.2 (amino acids 497– 699) with or without (�) the C-terminal MEEVD
peptide; Glutathione IP, Coomassie Blue-stained SDS-polyacrylamide gel of
proteins bound to glutathione-agarose after washing. C, Input, Coomassie
Blue-stained SDS-polyacrylamide gel of GST-tagged SQN incubated with the
C terminus of HSP90.1 (amino acids 503–705), HSP90.5 (amino acids 569 –780
), HSP90.6 (amino acids 592–799), or HSP90.7 (amino acids 603– 823) in the
presence of glutathione-agarose; Glutathione IP, Coomassie Blue-stained
SDS-polyacrylamide gel of proteins bound to glutathione-agarose after
washing. HSP90.5, HSP90.6, and HSP90.7 are organellar proteins and lack the
MEEVD sequence.
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interaction between mammalian CyP40 and HSP90 (14). As a
control, we mutated the adjacent non-conserved Asp-295
(D295A); this mutation had no apparent effect on HSP90 bind-
ing (Fig. 2, B and C). Proteins containing the three mutations,
D295A, K299A, and R303A (Fig. 2, B and C), did not interact
with HSP90.1 or HSP90.2.
Transgenic sqn-1 plants containing approximately equal lev-

els of wild-type and mutant SQN-FLAG proteins were identi-
fied by Western analysis using antibodies against the FLAG
epitope (Fig. 3A). The morphological phenotype of sqn-1 is
essential identical to that of weak ago1 alleles and is character-
ized by a reduction in the rate of leaf initiation, an increase in
the size of leaves 1 and 2, elongated leaf blades, and the accel-
erated production of leaves with trichomes on the abaxial sur-
face of the leaf blade (Fig. 3B) (2, 3). These defects were largely
corrected by constitutively expressed SQN-FLAG (Fig. 3B).
Transgenic plants had a normal leaf shape and a normal rate of
leaf initiation and produced abaxial trichomes only slightly ear-
lier than wild-type plants. Plants expressing proteins with the
three cyclophilin domain mutations or the D295A mutation
were also morphologically normal. In contrast, constructs con-
taining the single amino acid substitution R303A or K299A and
the triple D295A/K299A/R303A construct failed to rescue the
mutant phenotype of sqn-1. The triple mutant protein had no
apparent activity, whereas the R303A and K299A proteins

slightly suppressed the phenotype of sqn-1, indicating that
these single amino acid substitutions do not completely elimi-
nate the function of SQN. These results suggest that SQNmust
interact with HSP90 to promote the function of AGO1.

DISCUSSION

We took advantage of existing information about the amino
acids required for the interaction between mammalian CyP40
and HSP90 (13, 14) to explore the function of CyP40 (SQN) in
Arabidopsis. Here,we have shown that SQNbinds toArabidop-
sis Hsp90 proteins and that the amino acids involved in this
interaction are identical in the plant and animal proteins. Addi-
tionally, we have shown that the interaction between SQN and
Hsp90 is essential for the function of SQN in planta. Previous
studies indicate that both SQN andHsp90 promote the activity
of AGO1 (2, 3, 42). Our results suggest that these proteins oper-
ate together to accomplish this function.
AGO1 is involved in both siRNA- and miRNA-mediated

gene silencing in Arabidopsis (4, 52). Hsp90 promotes both of
these functions (42), whereas SQN appears to be required only
for miRNA activity (2). One possibility is that SQN recruits
miRNAs to Hsp90-bound AGO1, perhaps by interacting with
effectors required formiRNA function. An alternative possibil-
ity is that SQN regulates AGO1 activity in its Hsp90-bound
state. Iki and co-workers (42) found that the passenger strands

FIGURE 2. Conserved amino acids within the TPR domain of SQN are necessary for its interaction with HSP90.1 or HSP90.2. A, ClustalW alignment of
A. thaliana (At) SQN and Homo sapiens (Hs) and S. cerevisiae (Sc) CyP40 proteins. The cyclophilin (PPIase) and TPR domains are underlined in green and blue,
respectively. The amino acids mutated to alanines are marked in red. B and C, Input, Coomassie Blue-stained SDS-polyacrylamide gel of GST-tagged wild-type
and mutant SQN incubated with the C terminus of either HSP90.1 (amino acids 503–705) (B) or HSP90.2 (amino acids 497– 699) (C) in the presence of
glutathione-agarose; Glutathione IP, Coomassie Blue-stained SDS-polyacrylamide gel of proteins bound to glutathione-agarose after washing. SQN (TPR 3m),
SQN protein with substitutions of three amino acids (D295A, K299A, and R303A) within the TPR domain; SQN (PPI 3m), SQN protein with substitutions of three
amino acids (H62A, R63A, and F68A) within the PPIase domain. The results from two independent co-immunoprecipitation experiments are shown.
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(siRNA*) in siRNA duplexes are cleaved by AGO1, whereas
miRNA* strands are unwoundwithout being cleaved. SQNmay
facilitate miRNA* unwinding by holding AGO1 in a conforma-
tion that prevents the endonucleolytic cleavage of this strand or
by recruiting a protein involved in the unwinding of this strand.
The in vitro system developed by Iki and co-workers (42) reca-
pitulates the essential features of AGO1 activity and should
make it possible to examine the biochemical activity of SQN in
detail.
The N-terminal cyclophilin/PPIase domain of SQN is the

most highly conserved part of the protein. This domain has
PPIase activity in both the yeast (8) and mammalian (7) CyP40
proteins, but the importance of this activity for the in vivo func-
tion of CyP40 remains unknown. For example, deletion of the
cyclophilin domain in the yeast CyP40 protein Cpr7p does not
impair the ability of the protein to rescue the cpr7mutant phe-
notype (16). We investigated the function of this domain in
SQN by mutating three highly conserved amino acids that
structural andmutational studies have suggested are critical for
cyclophilin function (47, 48, 53, 54). Mutations of these amino

acids severely decrease the binding of CyPA to a proline-con-
taining site in the HIV coat protein (49, 50) and in the B cell
surface antigen CD147 and reduce the PPIase activity of CyPA
in an in vitro assay employing a tetrapeptide substrate (47, 48).
However, the significance of this latter result has recently been
called into question by the observation that the R55Amutation
(which had themost significant effect in the in vitro assay) does
not interfere with the PPIase activity of CyPA when a larger
protein is used as a substrate (55). Thus, the actual effect of
thesemutations on the PPIase activity of cyclophilins is difficult
to predict. There is increasing evidence that cyclophilins can
affect protein function in ways that do not depend on their
PPIase activity (48), so these conserved amino acids may be
more important for substrate binding than for enzymatic activ-
ity. In any case, it is noteworthy that mutations of these amino
acids had no effect on the ability of SQN to bind to HSP90 and
did not impair its ability to rescue the sqn-1mutant phenotype.
The most parsimonious interpretation of this result is that
these amino acids are dispensable for SQN function. However,
this conclusion is difficult to reconcile with the conservation of
these amino acids in the vast majority of cyclophilins and
FKBPs (56). An alternative possibility is that they contribute to
the function of SQNbut inways too subtle to be detected by the
morphological criteria used in this study. The biological func-
tion of the cyclophilin domain of SQN and other CyP40 pro-
teins is an important problem for future research.
The activity of CyP40 has been characterized primarily in

vitro and in yeast. Arabidopsis offers another powerful experi-
mental system for the analysis of this poorly understood pro-
tein. Besides the advantages of Arabidopsis for molecular
genetic studies, the identification of AGO1 as a likely endoge-
nous substrate of both SQN and Hsp90 is important for two
reasons: first, because it represents a biologically meaningful
protein with which to study the biochemical functions of SQN
andHsp90 in plants, and second, because AGO1 plays a central
role in small RNA metabolism in Arabidopsis, and it is critical
to understand how the activity of this protein is regulated.
Future biochemical and genetic analyses of the interactions
between these three proteins are likely to provide important
insights into the role of protein chaperones in miRNA-medi-
ated gene silencing in plants.
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