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The autoregulatory loops of the circadian clock consist of feedback
regulation of transcription/translation circuits but also require
finely coordinated cytoplasmic and nuclear proteostasis. Although
protein degradation is important to establish steady-state levels,
maturation into their active conformation also factors into protein
homeostasis. HSP90 facilitates the maturation of a wide range of
client proteins, and studies in metazoan clocks implicate HSP90 as
an integrator of input or output. Here we show that the Arabi-
dopsis circadian clock-associated F-box protein ZEITLUPE (ZTL) is
a unique client for cytoplasmic HSP90. The HSP90-specific inhibitor
geldanamycin and RNAi-mediated depletion of cytoplasmic HSP90
reduces levels of ZTL and lengthens circadian period, consistent
with zt/ loss-of-function alleles. Transient transfection of artificial
microRNA targeting cytoplasmic HSP90 genes similarly lengthens
period. Proteolytic targets of SCFZ™, TOC1 and PRRS5, are stabilized
in geldanamycin-treated seedlings, whereas the levels of closely
related clock proteins, PRR3 and PRR7, are unchanged. An in vitro
holdase assay, typically used to demonstrate chaperone activity,
shows that ZTL can be effectively bound, and aggregation pre-
vented, by HSP90. GIGANTEA, a unique stabilizer of ZTL, may act
in the same pathway as HSP90, possibly linking these two proteins
to a similar mechanism. Our findings establish maturation of ZTL
by HSP90 as essential for proper function of the Arabidopsis circa-
dian clock. Unlike metazoan systems, HSP90 functions here within
the core oscillator. Additionally, F-box proteins as clients may
place HSP90 in a unique and more central role in proteostasis.

protein maturation | proteolysis

he circadian clock system sustains 24-h rhythmicity at the

molecular and physiological level in most organisms that have
been examined. A key function of the clock is to appropriately
phase many essential physiological and biochemical processes in
anticipation of the light/dark and temperature changes that oc-
cur each day. In both plants and animals impaired operation of
the circadian clock results in reduced function and fitness,
leading to increased propensity for disease and poor growth and
reproductive success (1-5).

The underlying basis of circadian clocks involves autor-
egulatory feedback loops that consist of positive activating and
negative repressing elements that control gene transcription and
protein activity and localization (6-8). The Arabidopsis circadian
system consists of at least three interlocked feedback loops. Al-
though more than 20 different genes are associated with circa-
dian timing in plants, only a small subset has been incorporated
into coherent interaction schemes (9, 10). Current models are
based largely on transcriptional relationships, but increasingly
posttranslational processes, such as regulated proteolysis, have
been found to be critical for proper clock function (11-17). In
Arabidopsis, the F-box protein ZEITLUPE (ZTL) is an evening-
phased clock component responsible for the proteasome-de-
pendent degradation of TIMING OF CAB EXPRESION 1
(TOC1) and PSEUDO-RESPONSE REGULATOR 5 (PRRS).
ztl mutants are long period and PRR5 and TOCI protein damp
to high levels in these backgrounds (18-20). ZTL is constitutively
transcribed, but ZTL protein oscillates in part through phase-
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specific proteasome-dependent degradation (12). Uniquely, ZTL
and related family members possess a light sensing domain
[LIGHT, OXYGEN, VOLTAGE (LOV)] at the N terminus
that confers increased stability in blue light (21, 22). This feature
provides a unique point of light input into the plant circa-
dian system.

GIGANTEA (GI) is a plant-specific single-copy gene that acts
as a posttranslational stabilizer of ZTL. In gi mutants Z7TL
mRNA levels are unaffected but ZTL protein is constitutively
low (22). Originally identified as a regulator of flowering time,
Gl is increasingly found as a factor in controlling a wide range of
plant processes (23-25). In the circadian clock, transcriptional
cycling of GI mRNA drives an evening-phased peak in GI pro-
tein abundance rhythm. The GI-ZTL interaction is mediated
through blue light absorbance by the ZTL LOV domain, which
helps create and sustain a posttranslational rhythm of ZTL
abundance that is in phase with GI through phase-specific pro-
teasome-dependent degradation (12, 22). This ZTL rhythm in
turn contributes to the maintenance of high-amplitude oscil-
lations of TOC1 and PRRS5 (18, 22).

The effects of GI deficiencies are highly pleiotropic, and the
molecular mechanism of GI action is unknown, suggesting that
other components contribute to the posttranslational stabiliza-
tion of ZTL. The molecular chaperone HSP90 is an abundant
and central cellular element essential to the maturation and
stabilization of numerous regulatory proteins involved in sig-
naling pathways (26, 27). HSP90 acts as a dimer and in an
ATPase-dependent cycle alternately complexes with and sepa-
rates from additional factors and cochaperones to effect a ki-
netically dynamic process of client protein maturation. In plants,
HSPI0 is best characterized as associating with the cochaperone
SGT1 to stabilize NLR proteins, which mediate plant defense
mechanisms (28-30). Additionally, HSP90 is important in phe-
notypic plasticity, developmental stability, and buffering of ge-
netic variation (31-33).

Here we establish the maturation of ZTL by HSP90 as es-
sential for proper function of the circadian clock. These results
also demonstrate a unique role for HSP90 in the direct control of
proteolysis and protein homeostasis through F-box protein
maturation. In addition, we find that the GI acts in the same
pathway as HSP90, linking these two proteins to the same sta-
bilizing mechanism governing the posttranslational regulation
of ZTL.
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Results

HSP90 Depletion Lengthens Circadian Period. Previous reports
demonstrating the importance of protein stability to clock
function (11, 13-15, 22) led us to test whether protein matura-
tion factors, such as HSP90, may also affect the circadian oscil-
lator. We tested the effects of reduced levels of HSP90 activity
on free-running period by treating young seedlings with gelda-
namycin (GDA), a specific inhibitor of HSP90 (34). Plants
expressing luciferase driven by the promoters of the morning-
phased core clock reporter genes LHY:luciferase (LHY:LUC)
and CCAI:luciferase (CCAI:LUC) were treated with 2 pM GDA
(or DMSO vehicle alone) and monitored for rhythmicity under
continuous red light. GDA significantly lengthened the free-
running period as measured by both reporters by 0.6 h, relative
to the control (one-way ANOVA, P < 0.001 for CCA1:LUC and
P = 0.002 for LHY:LUC) (Fig. 1 A and B and Table S1).

In Arabidopsis HSP90 homologs are encoded by three organellar
(HSP90.5-7) and four cytosolic (HSP90.1-4) genes (31). Because
GDA treatment cannot distinguish among the seven types of
HSPI0 proteins, a stably transformed HSP90 RNAi line (RNAi-C)
targeting cytosolic HSP90 genes was characterized for its circadian
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Fig. 1. Reduction in HSP90 lengthens period in Arabidopsis. (A and B)
Seedlings were grown in 12 h white light/12 h dark for 5-7 d before release
into constant red light (17 pmol m~2 s™") and imaged for LHY:LUC or CCAT:
LUC activity for the indicated time. Free-running period of Arabidopsis
seedlings expressing the CCAT:LUC (n = 12) or LHY:LUC (n = 12) reporters
treated with 2 uM GDA or DMSO (0) during the imaging. **P < 0.01. (C and
D) An RNAi-mediated HSP90-reduced line was crossed with CCR2:LUC, and F3
plants expressing the reporter and positive for the transgene were imaged
for CCR2:LUC activity. Lines 19 (n = 46) and 83 (n = 52) displayed charac-
teristic features of HSP90 reduction (multiple branches), whereas line 41
(n =74) and WT (n = 71) did not. Seedlings grown and imaged as in A and B.
**P < 0.01 between indicated comparisons according to Hsu’s MCB (multiple
comparisons with the best) (Fig. S2A). (E and F) Free-running period under
constant red light of CCA7:LUC in Arabidopsis protoplasts simultaneously
transiently transfected with CCA7:LUC and amiRNA designed to reduce
HSP90 expression. Cytosolic HSP90 expression (HSP90.1-4) was reduced by one
(HSP90.1-4) or four simultaneously transfected constructs (HSP90.1+2+3+4).
Protoplasts imaged in constant red light for the time indicated. **P < 0.01
between indicated comparisons according to Hsu's MCB (Fig. S2B).
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phenotype (32). This RNAI-C line (35) was crossed into a CCR2:
luciferase (CCR2:LUC) reporter background, and only segregants
demonstrating HSP90 reduction (loss of apical dominance; Fig. S1)
showed a significantly longer period (0.7 h) (Fig. 1C and D, Fig.
524, and Table S2). These results are consistent with the effects of
GDA and support the notion that cytosolic HSP90 is required for
normal clock function in Arabidopsis.

As a final test we used transient transfection of gene-specific
amiRNAs to avoid potential developmental effects of long-term
HSP90 reduction. Arabidopsis leaf mesophyll protoplasts were
cotransfected with the CCAI1:LUC reporter plasmid along with
either an artificial microRNA (amiRNA) targeting all four cy-
tosolic HSP90 genes (amiRNA HSP90.1-4) or four individual
amiRNA plasmids (amiRNA HSP90.1+2+3+4) designed to
specifically target each of the cytosolic HSP90 genes (Table S3).
Transcript levels of the four cytosolic HSP90 genes were reduced
to between 25% and 40% of their endogenous levels (Fig. S3).
Both approaches lengthened period by 0.7-1 h, consistent with
a role for cytosolic HSP90 in circadian control (Fig. 1 E and F,
Fig. S2B, and Table S4).

ZTL Levels Are Diminished by HSP90 Depletion. HSP90 acts on a
functionally diverse set of clients, including transcription factors
and kinases (26). In Arabidopsis, a number of the cytosolic HSP90
genes oscillate with an evening phase under light/dark (LD) cycles
(36) (Fig. S4). This, together with the long period of HSP90-de-
pleted plants, led us to consider the F-box protein ZTL as
a candidate HSP90 client protein.

Seedlings were treated with GDA or vehicle (DMSO) at
Zeitgeber time (ZT) 4 and harvested over an LD cycle. After
DMSO treatment the normal oscillation in ZTL protein was
observed, whereas GDA caused a significant and sustained re-
duction in ZTL levels (Fig. 2 A and B). The steady-state level of
detectable ZTL in GDA-treated plants was similar to the mini-
mum amount observed in controls (ZT 2-4). ZTL levels in the
two long period RNAI-C lines (lines 19 and 83) were reduced to
less than 50% of WT levels, whereas line 41 was as WT (Fig. 2C).
Taken together these results link HSP90-dependent stabilization
of ZTL to the control of circadian period.

When similar experiments were performed in a ZTL protein
null background (z#/-3), period was further lengthened by up to
4 h (Fig. S5). These results are consistent with HSP90-dependent
stabilization of ZTL family members FKF1 and LKP2: free-
running period in the z#l lkp2 fkfl background is significantly
longer than in the z¢#/ mutant (37). Experiments performed with
radicicol, an additional HSP90 inhibitor, confirm the reduction
of both ZTL and FKF1-TAP protein, supporting this notion
(Fig. S6). These results do not exclude the possibility of other
HSPY0 client proteins in the context of the circadian clock.

Molecular Phenotype of HSP90-Reduced Lines Phenocopy zt/ Mutants.
Because TOC1 and PRRS protein levels are strongly stabilized in
ztl mutants, whereas PRR3 and PRR7 levels are unchanged (18—
20), we tested whether depletion of HSP90 could phenocopy the
ztl mutant phenotype. Within 10 h of GDA application endog-
enous ZTL levels were reduced to between 20% and 40% of
the DMSO controls, and over the time course levels continued
to decline to ~10% of the peak value (ZT 14) (ZTL panel in Fig.
2 E, G, I, and K). In contrast, TOC1 levels in GDA-treated
seedlings continued to increase over the time course and
remained high during the period when TOC1 normally declines
(Fig. 2 D and E). PRRS also showed a strongly reduced rhythm
in the HSP90-depleted seedlings due to significantly higher
PRRS levels at trough time points (Fig. 2 F and G). In contrast,
the levels of PRR3 and PRR7 were essentially identical to the
controls at all time points (Fig. 2 H and I, J and K). Taken to-
gether, the diurnal pattern of protein abundance of the PRR
family members (TOC1, PRRS, PRR3, and PRR7) in the
HSP90-depleted seedlings was very similar to that observed in z#/
mutants (18). Examination of the mRNA expression pattern of
all five genes (ZTL, TOC1, PRRS, PRR3, and PRR7) under the
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Fig. 2. Reduction in HSP90 diminishes ZTL levels and
stabilizes only SCF?™ targets. (A and B) Seedlings were
GDA grown 7-10 d in 12 h light/12 h dark (LD) cycles then

treated at ZT 4 with 5 pM GDA or vehicle (DMSO),
treated again 10 h later at ZT 14, and sampled every 4 h

at the indicated times over an LD cycle. Lights on at ZT

0 and lights off at ZT 12 in all experiments. Immunoblot

is representative of at least three trials; error bars in B

represent +SEM. Quantitation relative to Coomassie
(Cms)-stained portion of gel and normalized to maxi-
mum expression level. *0.01 < P < 0.05; **P < 0.01. (C)
Representative ZTL immunoblot (Upper) and average
ZTL levels in three RNAi-mediated HSP90-reduced lines
*x and untransformed WT (Lower). Samples were har-
vested at ZT 14 after 3 d of entrainment under LD from

the seedlings used in Fig. 1 C and D. Identical letters
above each line indicate not significantly different
(Tukey’s test). Quantitation relative to Cms-stained
GDA portion of gel and normalized to maximum expression

level (in B) or nonspecific bands near the target band (in

l C). (D-K) Seedlings expressing TOC1:TOC1-YFP or PRRn:
) PRRN-GFP in four separate transgenic lines were grown

7-10 d in LD cycles then treated at ZT 4 with 5 pM GDA

or vehicle (DMSO) and further treated and processed as

described in A and B. (D, F, H, J) LD time course of ZTL
and TOC1 or PRRn protein abundance in the corre-
sponding backgrounds and treatment. (E, G, I, K)
Quantitation of ZTL (Left) and TOC1 or PRRn protein
(Right) for the time course shown. *0.01 < P < 0.05;
**P < 0.01. All immunoblots are representative of at
least three trials; error bars in all panels indicate +SEM.
Quantitation of the protein levels relative to Cms-
stained portion of gel and normalized to maximum
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same conditions showed that GDA and DMSO treatments were
identical (Fig. S7), indicating that the changes in TOC1 and
PRRS protein occurred posttranscriptionally.

HSP90 Interacts with ZTL and Exhibits Holdase Activity in Vitro. We
next tested whether ZTL interacts with HSP90 in vivo by per-
forming coimmunoprecipitations (co-IPs) from transiently
coexpressed ZTL and HSP90-HA in Nicotiana benthamiana
leaves. ZTL was successfully detected in HSP90-HA immuno-
precipitates from both light- and dark-treated tissues, indicating
that a ZTL-HSP90 complex can form in vivo independent of
light conditions (Fig. 34). Immunoprecipitations performed us-
ing an anti-ZTL antibody on extracts from WT Arabidopsis
seedlings detected HSP90 in the immunoprecipitates (Fig. 3B).
No detectable HSP90 was co-IPed from a z#/-3 null background,
but HSP90 was detected in co-IPs using the protein-positive al-
lele ztl-1 (Fig. 3B). These results show that ZTL and HSP90
interact in vivo at endogenous levels and support the notion that
ZTL is a client of HSP90. Yeast two-hybrid interaction tests
confirm this result and suggest the interaction does not require
additional plant-specific factors (Fig. S8).

Kim et al.

expression level.

To assess whether HSP90 can associate with ZTL in vitro and
exhibit holdase activity, we performed a turbidity assay using
ZTL as a substrate. This assay is commonly used to test for the
first necessary step between a chaperone and client protein,
which is a sustained and protective interaction under denaturing
conditions (38, 39). When ZTL alone, or in the presence of BSA,
was denatured the level of light-scattering aggregates increased
(Fig. 3C). When ZTL was coincubated with increasing levels of
HSP90, absorbance levels dropped, indicating the ability of
HSP90 to associate with ZTL and protect against denaturation.

HSP90 and Gl Are Linked in the Posttranslational Regulation of ZTL
Protein. Although reduction in HSP90 levels triggers acute loss
of ZTL, Gl is also a key regulator of ZTL protein stability, with
levels significantly lower in gi mutants (22). Therefore, we tested
whether GDA-mediated ZTL reduction resulted indirectly from
an effect of HSP90 depletion on GI levels. We performed the
same HSP90 depletion assay and time course sampling on GI:
GI-TAP transgenic lines as described for the PRR experiments.
Whereas ZTL levels were strongly reduced, neither GI mRNA
levels nor GI protein levels were significantly affected by GDA
treatment (Fig. S9). These data support the notion that the
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Fig. 3. HSP90 interacts with ZTL in vivo and exhibits holdase activity in vitro.
(A) ZTL and HSP90 interact independent of light conditions. N. benthamiana
were grown in LD, and protein extracts from leaves transiently and ectopi-
cally expressing ZTL and AtHSP90.1-HA were harvested at ZT 8 (light) and at
the equivalent time in dark-adapted leaves (dark) and cross-linked with 1%
formaldehyde. Anti-HA immunoprecipitates (IP) were probed with anti-ZTL
polyclonal antibody (colP). (B) ZTL and HSP90 interact in Arabidopsis at en-
dogenous levels. Seedlings were grown 7-10 d in LD cycles, harvested at ZT
13, and cross-linked with 1% formaldehyde. ZTL immune complexes from
protein extracts were probed for endogenous ZTL (IP) and coimmunopre-
ciptated endogenous HSP90 (colP). Adenosine kinase (ADK) was used as
loading control. zt/-3 was used as negative control; zt/-1 is a ZTL protein-
positive mutant allele. Arrows indicate migration position of ZTL or HSP90.
(C) ZTL is stabilized in the presence of AtHsp90.2 under thermal denaturing
conditions. Bacterial-expressed and HPLC-purified MBP-ZTL (1 pM) was
tested in the absence or presence of AtHSP90.2 in various molar ratios in
a chaperone holdase assay (denaturating conditions: 26.6 mM guanidine-HCl
and 45 °C). Absorbance was measured over a time course of heat treatment.
BSA was used as a negative control.

effects of HSP90 depletion on PRR protein levels are mediated
through a direct effect on ZTL, independent of GI.

We next tested whether GI and HSP90 function in the same
ZTL stabilization pathway. GDA treatment significantly reduced
ZTL to 40-60% of DMSO-treated WT levels at ZT 2 and 14
(Fig. 4 A and B). Detectable ZTL was also diminished by GDA
treatment to a similar extent at both time points when GI is
mildly overexpressed (GI:GI-TAP) and in the strong ectopically
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Fig. 4. HSP90 and Gl are linked in the posttranscriptional regulation of ZTL
protein. (A) Seedlings of the indicated genotype were grown 7-10 d in LD
cycles then treated with 5 pM GDA or DMSO 10 h before harvest at ZT 14. A
second addition was immediately applied to the remaining tissues sub-
sequently harvested at ZT 2. ZTL protein levels from WT, GI:GI-TAP, GI-OX,
gi-2, gi-201, and zt/-3 lines under GDA or vehicle (DMSO) treatment at ZT 14
(Upper) and ZT 2 (Lower) were detected by immunoblot. Shorter (S.E.) or
longer (L.E.) exposures are shown to visualize the wide range of signal in-
tensities. (B) ZTL quantitations are based on L.E. at both time points in WT,
GI:GI-TAP, gi-2, gi-201, and ztl-3 lines. (C) ZTL protein quantification based
on S.E. at both time points for GI-OX. *0.01 < P < 0.05; **P < 0.01. GDA
treatment significantly reduced ZTL abundance in all genotypes except in
the gi-2 and gi-201 backgrounds (ZTL is undetectable in zt/-3). ZTL levels
expressed relative to Coomassie and normalized to the maximum level at
each time point. Mean is derived from at least three trials; error bars rep-
resent +SEM.

expressing GI-OX background (Fig. 4 B and C). These results
indicate that reducing HSP90 can limit ZTL accumulation even
at abnormally high GI levels, just as GI is limiting at endoge-
nously high HSP90 levels [i.e., gi mutants (22)].

If HSP90 and GI act via independent but convergent pathways
we would expect simultaneous reduction of both to act addi-
tively. When GDA was applied to gi mutants the low levels of
ZTL in that background were not significantly reduced at either
time point, relative to the DMSO controls (Fig. 4B). Taken to-
gether, these results suggest that HSP90 and GI are tightly
connected in the same ZTL-stabilization pathway.

Discussion

HSP90 Is Required for Proper Period Regulation of the Circadian Clock
System. Different and overlapping approaches to reduce endog-
enous levels of cytosolic HSP90 mutually support the notion that
HSP90 is necessary to maintain normal function of the circadian
oscillator in Arabidopsis. Although RNAi effectively reduced
HSPI0 cytosolic levels, this sustained loss over the entire early
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growth of the plant means that circadian dysfunction might arise
from the indirect effects of developmental or physiological
defects. Transient amiRNA transfection in protoplasts avoided
this concern, and the lengthened period supports results ob-
tained from whole plants. The maintenance of very robust cy-
cling in this assay also suggests that only a discrete set of clock
factors are affected by HSP90. GDA treatments were able to
reduce ZTL levels to 20-40% of peak (ZT 14), and RNAi-me-
diated reduction of HSP90 diminished ZTL to ~40-50% of
endogenous levels. If this reduction in HSP90 even partially af-
fected a wide range of circadian factors, we might expect a more
acute loss of robustness, similar to that observed in Drosophila
(see below). Even weak alleles of certain circadian factors, such
as ELF3, can severely diminish the robustness of oscillations (40,
41). Similarly, the absence of an effect of GDA treatment on
PRR3 and PRR?7 levels (Fig. 2) implies that HSP90 is not in-
volved in the regulation of these proteins, and their stabilization
and turnover must occur through another mechanism.

Given the wide-ranging role of HSP90 in the cell, it is not
surprising that HSP90 affects some aspect of the circadian sys-
tem. However, previous tests of the effects of HSP90 depletion
on the clock in animals have shown little to no effect on period.
In Drosophila, pharmacologically or genetically reduced HSP90
levels greatly diminished robustness of circadian locomotor ac-
tivity and slightly lengthened period in certain strains (42). This
group concluded that HSP90 acts primarily downstream of the
oscillator, affecting output pathway(s) that translate molecular
oscillations into behavioral rhythms. In mouse, a systems-level
analysis of an assortment of microarray data implicated HSP90
in a circadian gene regulatory network, primarily in the role of
integrating regulatory inputs from a variety of environmental
signals (43). This is consistent with recent results linking HSF1,
a client of HSP90 (44), to temperature entrainment in peripheral
oscillators in mouse (45, 46). Hence, in these metazoan studies
HSP90 has been implicated as an integrator of processes leading
to (input) or from (output) the central oscillator. These previous
studies have not linked HSP90 to a specific client protein within
the core oscillator, as reported here.

GDA application to the single-cell alga Ostreococcus tauri also
lengthens period (47). Although these results are similar to Ara-
bidopsis, no ZTL homolog has been identified in this species (48),
although a recent report suggests that O. tauri possesses a ZTL-
like protein lacking the blue light-sensing LOV domain (49). The
circadian oscillator in this alga seems to be quite simple, consisting
of a TOC1-CCAl-based loop, although other components may
still be identified. Because a GI homolog is also lacking (48), it is
likely that regulation of TOCI differs in this species.

Under normal conditions HSP90 levels can be quite high, ac-
counting for up to 1% of total cellular protein (27). In Arabidopsis,
HSP90.1 gene expression is stress-induced, whereas HSP90.2—-4
have been described as constitutively expressed (50, 51). However,
recent data from the DIURNAL Project microarray repository
(36) show robust diurnal and circadian oscillations of transcripts of
some HSP90 transcripts (Fig. S4). Because antibodies are lacking
that are capable of distinguishing between these highly similar
isoforms, the significance of these cycles remains unclear. We were
unable to detect reproducible variations in total cytosolic HSP90
levels in Arabidopsis under diurnal cycles or under constant light
after entrainment.

Alternatively, HSP90 activity in the context of the clock may
be regulated posttranslationally. Recent reports have identified
key phosphorylation sites on HSP90 that affect its ability to in-
teract with a select subset of cochaperones, and consequently,
client proteins (52, 53). These findings clearly reveal that HSP90
abundance alone is not the sole determinant of its activity, be-
cause the phosphorylation of HSP90 by the yeast cell cycle-reg-
ulated kinase Swel implies a time- or development-specific
window of HSP90 activation (53). Phase-specific differences in
the phosphorylation state of key proteins are important in the
control of the clock (54-56), and the possibility of similar regu-
lation extending to HSP90 bears examination.

Kim et al.

HSP90/GI Pathway. GI and HSP90 are both essential to the sta-
bilization of ZTL. GI also shares with HSP90 the distinction of
affecting a wide range of processes in plant development and
physiology. Deficiencies in GI affect the circadian system (ZTL
stability and temperature compensation) and flowering time but
also lead to excess starch accumulation, alterations to sucrose
metabolism, and altered sensitivity to light and oxidative stress
(22-25, 57-59). Our tests indicate that GI and HSP90 likely act
in the same pathway in the control of ZTL levels.

Specificity of HSP90 action resides in part with the different
cochaperones that associate with the HSP90 complex during the
maturation cycle (27, 60). This can be a complex process, with the
order of entry and exit from the cycle being specific to the par-
ticular client protein, and in most cases the specific cochaperone
(s) are unknown. If found to directly participate in the HSP90
complex responsible for ZTL maturation, the late-phase oscilla-
tion of GI may be an example of how the circadian system can
impose rhythmic regulation on otherwise constitutively present
process. Additionally, because both gi mutants and HSP90 de-
pletion act pleiotropically this unique pairing of two previously
unconnected proteins opens up wider possibilities for their
functioning together in other aspects of plant development.

F-Box Proteins as Unique HSP90 Clients. The involvement of HSP90
in the maturation of ZTL suggests a unique role in protein
turnover. Previous work in plant defense has linked HSP90 to
Cullinl-based Skp1-Cul-F-box protein (SCF) complexes through
SGT]1, a cochaperone that associates with both HSP90 and the F-
box protein Skpl (29, 61). Here the exact role of the HSP90-
SGT1 association is unclear, but one possibility is to allow a target
protein to associate with either HSP90 as a client or with Skp1 as
an SCF substrate, depending on cellular conditions (61). In yeast
and humans the SGT1-HSP90 interaction with Skp1 is important
to kinetechore assembly, suggesting a primary role in the proper
assembly of multiprotein complexes (62, 63).

Our results relating HSP90 to SCF“™" expand on this latter
notion. The assembly and disassembly of the SCF ubiquitin ligase
complex is still poorly understood but involves modification of the
CULL subunit by the addition of the ubiquitin-related protein
RUB/NEDDS. This step facilitates assembly of a functional SCF
complex. Later disassembly occurs as the COP9 signalosome
removes RUB/NEDDS, freeing CULL1 to interact with CAND]1,
which inhibits the SKP1-Cull interaction (64, 65). Our findings
now suggest that HSP90 is directly involved in the regulation of
the assembly of a functional SCF E3 ligase through an additional
mechanism, that of the maturation of the essential F-box protein
component of the ligase complex. With nearly 700 F-box proteins
in plants (66), specific cochaperones or other factors could as-
sociate with HSP90 in a cell-, tissue-, or development-specific
manner and position F-box protein maturation as a finely tune-
able step in the control SCF complex function. If found to be
more widespread, this would place HSP90 in a unique and more
central role in the regulation of proteolysis.

Materials and Methods

Plant Materials and Growth Conditions. Further information on experimental
growth conditions, GDA treatments, plasmid constructions, and rhythm
analyses used in this study are provided in S/ Materials and Methods.

Protein Analysis. Details of the immunoblot procedures, protein crosslinking
protocol, and the chaperone holdase assay are provided in SI Materials
and Methods.

PCR Techniques. Details of semiquantitative and quantitative PCR techniques
are included in S/ Materials and Methods.

Luminescence Assay Using amiRNA. Details describing protoplast isolation,
DNA transfection, and luciferase imaging are provided in S/ Materials

and Methods.
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