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Abstract The Hsp90 chaperone cycle involves sequential assembly of different Hsp90-containing multiprotein com-
plexes, the accessory proteins (“cochaperones”) that are associated with these complexes being exchanged as the
cycle proceeds from its early to its late stages. To gain insight as to whether the 2-hybrid system could be used to
probe the interactions of this Hsp90 system, yeast transformants were constructed that express the Gal4p deoxyri-
bonucleic acid—binding domain (BD) fused to the 2 Hsp90 isoforms and the various Hsp90 system cochaperones of
yeast. These “bait” fusions were then introduced by mating into other transformants expressing nearly all the 6000
proteins of yeast expressed as fusions to the Galdp activation domain (AD). High throughput 2-hybrid screening re-
vealed the ability of Hsp90 and Hsp90 system cochaperones to engage in stable interactions in vivo, both with each
other and with the various other proteins of the yeast proteome. Consistent with the transience of most chaperone
associations, interactions to Hsp90 itself were invariably weak and generally influenced by stress. Mutations within a
Hsp90-BD bait fusion and an AD-Cdc37 “prey” fusion were used to provide in vivo confirmation of the in vitro data
that shows that Cdc37p is interacting with the “relaxed” conformation of Hsp90 and also to provide indications that
Cdc37p needs to be phosphorylated at its N-terminus for any appreciable interaction with Hsp90. A number of poten-
tially novel cochaperone interactions were also identified, providing a framework for these to be analyzed further using
other techniques.

INTRODUCTION

The Hsp90 molecular chaperone catalyses the final acti-
vation step of several of the key signaling and regulatory
proteins of eukaryotic cells (targets hereafter designated
as Hsp90 “clients”). Rather than acting at an early stage
of protein folding, Hsp90 binds to these client proteins
when they are already substantially folded. Then, often
in response to an appropriate activatory signal, it facili-
tates the structural changes whereby they attain their full
activity. This Hsp90-dependent activation process in-

volves a number of cochaperones, proteins which asso-
ciate with the Hsp90-based complexes at different stages
of the chaperone cycle (reviewed in Csermely et al 1998;
Pearl and Prodromou 2000; Young et al 2001; Picard 2002;
Pratt and Toft 2003). For example, during the activation
of certain steroid hormone receptors (SHRs) the cochap-
erone p60-Hop is present in the early-stage SHR com-
plexes, before the attainment of the steroid-activatable
state, whereas p23 and immunophilins such as Cyp40 are
associated with the more mature Hsp90-SHR complexes
where the receptor is capable of undergoing activation
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through the binding of the steroid (Pratt and Toft 2003).
In some instances, cochaperone associations appear to be
specific for a particular class of client. Thus, Hsp90 com-
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plexes with protein kinases often contain p50-Cdc37p,
whereas those with SHRs generally do not (Stepanova et
al 1996; Pratt and Toft 2003).

This study investigated the potential uses of the yeast
2-hybrid system for probing the interactions of Hsp90, the
Hsp90 system cochaperones, and the proteome of yeast.
This is a system that detects in vivo protein-protein as-
sociation through this, leading to the reconstitution of
transcription factor activity. The deoxyribonucleic acid
(DNA)-binding domain (BD) and the activation domain
(AD) of this transcription factor are expressed on different
fusion proteins (“bait” and “prey”” fusions, respectively),
an active transcription factor being reconstituted only
when the BD- and AD-bearing fusions associate noncov-
alently in the yeast nucleus. Yeast expressing fusions of
the Gal4p BD to either Hsp90 or the individual cochap-
erones of yeast was mated to an array of other yeast cells
expressing at least 80-90% of the proteins of yeast as fu-
sions to the Galdp AD (Uetz et al 2000). The diploids
(now expressing both BD and AD fusions) were then
transferred to selective plates, the colonies positive for
activation of the reporter HIS3 gene being identified
through their growth at defined positions on the arrays.
The system was also optimized for the analysis of more
transient protein-protein interactions by automated mea-
surement of expression of an interaction-responsive LacZ
gene in the tester yeast. It is shown that the latter system
can allow in vivo monitoring of stress effects on an in-
teraction and also the effects of mutations within the in-
teracting fusions. These latter methods may be of more
general use in the proteomics field.

This is the first study to apply genome-wide 2-hybrid
analysis to the Hsp90 chaperone system. It describes the
use of the Fields array of AD-yeast protein fusions (Uetz
et al 2000), the potential uses and drawbacks of 2-hybrid
analysis of this chaperone cycle, and also some potential
ways of circumventing these problems by the introduc-
tion of defined mutations into the interacting fusions.

MATERIALS AND METHODS

Bait constructs comprising fusions of the Gal4p BD to
Hsp90 and cochaperones

These fusion genes were generated by homologous re-
combination within yeast, essentially as described (Uetz
et al 2000; Millson et al 2003). The open reading frame
(ORF) of interest was initially amplified by 2 sequential
polymerase chain reaction (PCR) amplifications, with the
first PCR using primers that possess 3’ sequence homol-
ogies to the ORF of interest but 5" homologies to plasmid
pBDC and the second PCR a universal primer pair (see
Millson et al 2003). Strain PJ69-4a (MAT« trp1-901 leu2-
3,112 wura3-52 his3-200 gal4A gal80A LYS2:GALI-HIS3
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GAL2-ADE2 met2::GAL7-lacZ; James et al 1996) was then
transformed with the product of this second PCR and
either Ncol- or Nrul-digested pBDC, thereby generating
through homologous recombination within the yeast N-
terminal and C-terminal fusions, respectively, of the
Gal4p BD to the ORF of interest. Transformants were ini-
tially selected by plating on dropout medium (Adams et
al 1997) lacking tryptophan. They were then checked for
the presence of the correct fusion gene by colony PCR
(Ling et al 1995) using the primers used for the second
round of the above PCR amplification. They were also
checked for expression of this gene by Western blotting
using anti-Gal4p BD antiserum (Clontech).

Cells expressing a Hsp82-BD fusion with a point mu-
tation in the Hsp82-coding region were constructed by
slight modification of the procedure used to make the
native, wild-type Hsp82-BD fusion (Millson et al 2003).
Instead of using the wild-type HSP82 gene as the tem-
plate in the initial PCR, well-characterized mutant hsp82
alleles from an earlier study were used (Prodromou et al
2000). Presence of the correct hsp82-BD fusion gene was
checked by PCR reamplification from the PJ694a trans-
formant, as above, followed by DNA sequencing.

Two-hybrid screening of protein interactions

Baits in PJ69-4a were checked for self-activation by plat-
ing onto minus tryptophan and histidine dropout medi-
um (Adams et al 1997) containing increasing concentra-
tions (0 to 8 mM) of 3-amino-1,24-triazole (3-AT). Baits
that resulted in growth at 30°C in the absence of histidine
but the presence of 2 mM or higher 3-AT were deemed
self-activating and therefore not used to screen the array
of AD-ORF fusions. The remaining baits in PJ69-4a were
mated by pinning to the 16-plate, 384-well format array
of yeast AD-protein fusions carried in the strain of op-
posite mating type (PJ69-4a [James et al 1996]). This array,
described in an earlier report (Uetz et al 2000), was rou-
tinely maintained at 4°C except that once a month it was
replica plated onto dropout agar medium lacking leucine
and then incubated for 2 days at 30°C. All replications
and inoculations were carried out using the 384-pin re-
plicator of a Biomek® 2000 Laboratory Automation Work-
station (Beckman), with movements programmed using
the BioWorks™ Version software (Beckman).

After mating, the diploids were selected by plating on
dropout medium lacking leucine and tryptophan. Screen-
ing for protein-protein interactions was by the pinning of
these diploids onto dropout medium lacking leucine,
tryptophan, and histidine, supplemented with increasing
concentrations (04 mM) of 3-AT. Growth on the latter
plates was scored after 10 days at 30°C. As with earlier
screens of this array of yeast AD-protein fusions (Uetz et
al 2000), 2 matings of each bait to the fusion array fol-



lowed by selection for HIS3 activation were conducted,
with the “double hits” identified in both these automated
screens being counted as the positive interacting part-
ners.

LacZ expression measurements

For measurement of the B-galactosidase activity resulting
from expression of the interaction-responsive, GAL7 pro-
moter-regulated LacZ gene of PJ69-4, the exponential
phase cultures of diploid strains (grown at 25°C on drop-
out medium minus tryptophan and leucine) were initially
aliquoted (8 X 100 pL) into the wells of replicate 96-well
microtitre plates, using the 8-channel pipettor tool of Bio-
mek. For stress experiments, 1 plate was maintained for
1 hour at 25°C, whereas the other was incubated for 1
hour at 39°C (heat shock) or 42°C (severe heat shock). For
osmostress experiments, cells were diluted into sorbitol-
containing medium (to a final concentration of 1.2 M)
immediately before being subjected to the same regimen.
The plates were centrifuged 1000 X g 5 minutes, the pel-
lets resuspended in 100 wL Z-buffer (100 mM phosphate,
pH 7.0, 10 mM MgSO,, 5 mM KCl, 50 mM B-mercapto-
ethanol), and the cells freeze-thawed twice. O-nitrophen-
yl-B-D-galactopyranoside (50 pL) (4 mg/mL in Z-buffer)
was then added to each well, and the plates were incu-
bated for 1 hour at 25°C. Fifty microliter 1 M sodium
carbonate was then added and the cells were then col-
lected by centrifugation for measurements of LacZ activ-
ity, as previously described (Harris et al 2001). Both op-
tical density (600 nm) and total LacZ expression were
then measured using a microtitre plate reader (Multiscan
Ascent, ThermoLabsystems). The p-galactosidase data
shown are the mean and standard deviations of each set
of 8 individual assays. It is expressed relative to that of
control diploid PJ69-4 cells containing both the empty
pBDC (Millson et al 2003) with no gene insert and the
plasmid for expression of the AD-fusion of interest (be-
cause the low basal expression of the GAL7 promoter-
regulated LacZ gene in this system is generally attribut-
able to the latter AD-protein fusion (unpublished data)).

RESULTS

Assessing the extent to which an Hsc82-BD fusion is
functional as a chaperone

Hsp90 of Saccharomyces cerevisiae is encoded by 2 paralo-
gous genes, HSC82 and HSP82, either of which can confer
the essential Hsp90 function (Borkovich et al 1989). The
encoded Hsp90 isoforms, denoted Hsc82 and HspS82,
share no less than 97% sequence identity. We have pre-
viously shown that the C-terminal fusion of the Gal4p BD
to Hsc82 (Hsc82-BD) is functional as an Hsp90 in yeast,
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Fig 1. Phase-contrast images (100X magnification) of represen-
tative cells of the hsc82A hsp82A double mutant (Millson et al 2003)
expressing either the wild-type Hsc82 (left) or the Hsc82-BD 2-hybrid
bait fusion (right) as the sole form of Hsp90.

Hsc82-BD

whereas the corresponding N-terminal fusion (BD-Hsc82)
is not, by determining whether these BD fusions can con-
fer the essential Hsp90 function in a hsc82A hsp82A dou-
ble mutant strain (Millson et al 2003). Therefore, this
study used 2-hybrid baits that comprise Hsc82 and
Hsp82 with C-terminal BD extensions (Hsc82-BD and
Hsp82-BD, respectively) on the premise that a bait that is
substantially functional as a chaperone would be more
likely to display authentic interactions than one that is
nonfunctional.

Further studies revealed that the 15c82A hsp82A double
mutant cells expressing the Hsc82-BD 2-hybrid bait as
their sole form of Hsp90 (Millson et al 2003) were growth
arrested when exposed to the mating pheromone a-factor.
They are therefore not defective in this Hsp90-dependent
response (Louvion et al 1998). Also, when rendered his-
tidine prototrophs through the introduction of a HIS3
vector, these cells were capable of efficient growth at 30°C
in the presence of 30 mM 3-AT (showing that they are
not defective in the Hsp90-dependent activation of the
Gen2 kinase [Donze and Picard 1999]). These hsc82A
hsp82A double mutant cells expressing the Hsc82-BD fu-
sion as their sole form of Hsp90 are, though, greatly en-
larged during 30°C growth (Fig 1). They are also slightly
caffeine and temperature sensitive (not growing above
35°C; not shown). These latter defects are all corrected
with an osmotic stabilization of the medium or with high-
er levels of expression of the Hsc82-BD fusion (yeast
needs higher levels of Hsp90 to grow at high tempera-
tures; Borkovich et al 1989). Swollen cell appearance, tem-
perature sensitivity, and caffeine sensitivity are all char-
acteristic phenotypes of mutants defective in cell wall
maintenance (Gustin et al 1998; Martin et al 2000). Our
preliminary growth tests indicate therefore that the ad-
dition of the Gal4p BD to the C-terminus of Hsc82 does
not abrogate several functions, including the essential
functions, of this chaperone in yeast. However, in those
cells that express this fusion as their sole form of Hsp90,
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Fig 2. Summary diagram of the
Hsp90 (Hsp82) and Hsp90 system co- Hch1
chaperone interactions detected on the |
basis of HIS3 activation (growth during
10 days in the absence of histidine and Yol029 [—| Hsp82 | Ahal
the presence of 3-amino-1,2,4-triazole T Nup157
[3-AT]). Baits used (BD fusions) are Spt2
boxed with a thick line, and their puta- YIr282
tive interactors (AD-protein fusions) are ] I Vps71
boxed in thinner lines. Only the inter-
actions detected in 2 separate screens Nmd5 Gen2 Gend Mcm6 Cdc37 Hal5
of the array are shown, the thickness / AN
of the line denoting the apparent Pol32 Fob1
strength of interaction (thin, growth to 1 Ygro4s Ypri15
mM 3-AT; medium, growth to 2 mM 3- |
AT; thick, growth at 3 mM or higher 3- Tid3 Ask10
AT). Ydj1 i
Adr1 Cns1
Taf1
Sba1
Cpr6 Ppt1
Yjlo10 Plb1 Ymri111

it appears to cause a partial defect in the maintenance of
cell integrity (Fig 1).

Screening the Hsc82-BD and Hsp82-BD 2-hybrid bait
fusions against the array of yeast AD-protein fusions

Robotic procedures were used to introduce the Hsc82-BD
and Hsp82-BD 2-hybrid bait fusions, expressed in
PJ6%4a, into the array of AD-yeast protein fusions ex-
pressed in the strain of opposite mating type, PJ694a (see
Methods). This AD-fusion expression array consists of
6000 yeast transformants on 16 plates in 384-colony for-
mat (Uetz et al 2000). After mating, the cells were pinned
onto the medium without tryptophan or leucine, so as to
select the diploids expressing both Hsc82-BD (or Hsp82-
BD) and an AD-yeast protein fusion. Diploid colonies
were next transferred to the medium without tryptophan,
leucine, or histidine but containing 1, 2, or 3 mM 3-AT.
Then, after 10 days at 30°C, colonies scoring positive for
activation of the GAL1 promoter-regulated HIS3 gene
were identified from their positions on the arrays.

Discounting the known false positives in the array, no
strong interactors to these Hsc82-BD and Hsp82-BD bait
fusions were identified (interactions leading to growth in
excess of 1 mM 3-AT). The strongest reproducible inter-
actions (though permitting growth to only 0.5-1 mM 3-
AT) were to known Hsp90 system cochaperones (Hchlp
and Ahalp [Panaretou et al 2002], Cdc37p) and also to
the products of 2 ORFs of unknown function, YLR282¢c
and YOL029c¢ (Fig 2; Table 1).

HIS3 activation, measured as growth during 10 days in
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the absence of histidine and presence of 3-AT, probably
requires a relatively long-lived association of both bait
and prey fusions (see Discussion). These results are there-
fore consistent with a general transience of the interac-
tions involving the Hsp90 chaperone. The interaction-re-
sponsive, GAL7 promoter-regulated LacZ gene of the tes-
ter yeast strain, PJ69-4, is probably much more suitable
for monitoring such transient (or stress-induced) inter-
actions. Therefore, we automated the expression mea-
surements of this LacZ reporter in 96- and 384-format ar-
rayed yeast cultures (see Methods). This way we could
conduct several replicate measurements for each relative-
ly weak interaction and obtain quantitative LacZ data on
how these interactions might be affected by stress. Figure
3 shows the use of this approach to monitor the effects
of both heat and osmotic stress on the few, relatively weak
Hsp82-BD and Hsc82-BD interactions detected in the
above screens of the AD-protein fusion array. An inter-
action of these 2 baits to Shedp (the yeast equivalent of
the [Hsp90 interacting] UNC45 myosin-specific chaper-
one of metazoans [Barral et al 2002]) also was monitored.
In yeast, Hsp90 interaction with this myosin-specific
chaperone may be indirect (“bridged” through another
protein) because She4p of fungi lacks the Hsp90-interact-
ing tetratricopeptide repeat (TPR) domain of metazoan
UNC45 (Hutagalung et al 2002).

As shown in Figure 3, heat shock generally leads to a
stronger interaction signal of Hsp82-BD and Hsc82-BD
with AD-YIr282p, AD-Yol029p, AD-Cdc37p, and AD-
She4p (an effect especially apparent with the AD-Cdc37p
and AD-She4p prey fusions). With AD-Yol029p, only the
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Table 1 Summary of Hsp90 and Hsp90 cochaperone interactions detected on the basis of HIS3 activation

Interac-
Bait ORF Gene tionar Function
Hsp82-BD; YDR214w AHA1 1 Activator of Hsp90 ATPase (Panaretou et al, 2002)
Hsc82-BD
Hsp82-BD; YNL281w HCH1 1 High-copy suppressor of E381Khsp82 allele (Nathan et al, 1999)
Hsc82-BD
Hsp82-BD; YLR282¢c 1 Doubtful ORF
Hsc82-BD
Hsp82-BD; YOL029c 1 Hypothetical ORF; function unknown
Hsc82-BD

BD-Cdc37 YER161c SPT2 2 Protein involved in negative regulation of transcription, exhibits regulated inter-
actions with both histones and SWI-SNF components, has similarity to
mammalian HMG1 proteins

BD-Cdc37 YMLO41c VPS71 2 Vacuolar protein targeting; localized to nucleus

BD-Cdc37 YJL165¢ HAL5 1 Putative protein kinase; overexpression increases sodium and lithium toler-
ance, whereas gene disruption increases cation and low pH sensitivity and
impairs potassium uptake, suggesting a role in regulation of Trk1lp and/or
Trk2p transporters

BD-Cdc37 YGL201c MCM6 3 One of the Mcm2-7 proteins, which together form a hexameric complex that is
present at origins of DNA replication between the late M phase and the G1/
S transition. It is believed to be part of the prereplicative complex and to
melt replication origin DNA, and to migrate with the replication fork during
elongation acting as a helicase at replication forks (possibly “spooling” the
DNA)

BD-Cnsl YIL144w TID3 2 Part of a 190-kDa complex that appears to have conserved roles in kineto-
chore assembly, chromosome congression, and spindle checkpoint signal-
ing. Similarity to myosin heavy chain

BD-Cnsl YGR274c TAF1 2 TFIID subunit (145 kDa), involved in RNA polymerase Il transcription initiation,
has histone acetyltransferase activity, involved in promoter binding and G1/
S progression

BD-Cnsl YDR216w ADR1 3 Zinc-finger transcription factor. Controls the expression of ADHZ2, peroxisomal
protein genes, and genes required for ethanol, glycerol, and fatty acid use

BD-Sbhal YLR216¢c CPR6 3 Hsp90 system cochaperone with peptidyl-prolyl cis-trans isomerase activity
(cyclophilin)

BD-Shal YBR155w CNS1 1 Essential TPR-containing Hsp90 system cochaperone with similarity to Stilp.
High-copy suppressor of E381Khsp82 allele (Nathan et al, 1999)

BD-Shal YGR123C PPT1 3 Nonessential TPR repeat protein; protein serine-threonine phosphatase of un-
known function but related to mammalian PP5 phosphatases

BD-Sbal YMR111C 2 Hypothetical ORF; function unknown

BD-Shal YMRO008C PLB1 2 Phospholipase B (lysophospholipase); releases fatty acids from lysophospholi-
pids

BD-Shal YJLO10C DOT5 1 Nuclear thiol peroxidase; functions as an alkyl-hydroperoxide reductase during
postdiauxic growth

BD-Shal YGR274C TAF1 2 Component of the TAF(Il) complex (TBP-associated protein complex) required
for activated transcription by RNA polymerase I

BD-Shal YDR216W ADR1 3 Zinc-finger transcription factor. Controls the expression of ADH2, peroxisomal
protein genes, and genes required for ethanol, glycerol, and fatty acid use

BD-Ydj1 YGR045C 1 Hypothetical ORF; function unknown

a Strength of interaction. 1, 2, and 3 indicate growth to 0.5-1 mM, 1-2 mM, and at 3 mM or greater 3-AT, respectively.
® ORF, open reading frame; 3-AT, 3-amino-1,2,4-triazole; TBP, TATA box-binding protein; TAF, TBP-associated factor; DNA, deoxyribo-

nucleic acid; RNA, ribonucleic acid.

interaction of with Hsp82-BD was strengthened by heat
shock, not the interaction with Hsc82-BD (Fig 3a,b), even
though these latter 2 bait fusions are expressing to similar
levels in this yeast (Millson et al 2003). Because the
growth defect of hsc82A hsp82A double mutant cells ex-
press the Hsc82-BD bait fusion as their sole Hsp90 can
be largely corrected by osmotic stabilization of the me-
dium (see above), and we also investigated how osmotic
stress would affect these interactions. In the presence of
1.2 M sorbitol, the heat-induced increase of the interaction
signal of Hsp82-BD with AD-Shedp was still apparent

(Fig 3d), but the heat-induced increase in the Hsp82-BD—
AD-Cdc37p signal was largely abolished (Fig 3c).

Interaction of mutant Hsp82 forms and individual
domains of Hsp82 with Cdc37p

We were intrigued as to whether such automated mea-
surement of the interaction-responsive LacZ expression in
the tester yeast strain PJ69-4 could reveal the conforma-
tion of Hsp90 participating in an interaction. Can the
technique provide in vivo evidence for models of the
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Fig 3. Stress effects on interactions involving Hsp90 bait fusions. (a) Interactions of Hsp82 with Yol029p and YIr282p. (b) Interactions of
Hsc82 with Yol029p and YIr282p. (c) Interaction of Hsp82 with Cdc37p. (d) Interaction of Hsp82 with She4p. Cells were either unstressed
or stressed for 1 hour under the conditions detailed in Methods. Because the low basal expression of the GAL7 promoter-regulated LacZ
gene in this system is generally due to the AD-protein fusion, LacZ expression values are in all cases expressed relative to the control PJ69-
4 cells containing the plasmid for expression of this AD-fusion and empty pBDC. Control experiments showed that the interaction signal for
the Hsp82-BD or Hsc82-BD “bait” fusion plus empty AD vector was unaffected by all these stress treatments (mean and standard deviation
in 4 separate experiments being 1.8 = 0.3, 2.1 = 0.3, 2.1 = 0.5, and 1.5 = 0.4 units of B-galactosidase per 1 X 10¢ cells for the unstressed,
heat shocked, sorbitol-treated, and heat shocked plus sorbitol-treated samples, respectively).

chaperone cycle built on in vitro studies? We focused on
the Hsp82-BD-AD-Cdc37p interaction because the direct
binding of Hsp90 to Cdc37p is already well established
(Abbas-Terki et al 2001; Siligardi et al 2002; Roe et al
2004) and the AD-Cdc37p prey fusion is largely function-
al in yeast (cells expressing this fusion as their sole
Cdc37p being slightly temperature sensitive but other-
wise normal in growth; S. Millson, unpublished data).
A pronounced conformation change is induced by
adenosine triphosphate (ATP) binding to the N-terminal
domains of the 2 Hsp90 molecules in the Hsp90 dimer.
This appears to be driven by the self-association of a hy-
drophobic surface, exposed when a “lid” segment closes
over the bound ATP (Prodromou et al 2000). The pro-
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gression of Hsp90 from its “relaxed”” conformation to this
“tight” complex where the N-domains are associated is
an integral part of the chaperone cycle and essential for
client protein activation. In vitro studies indicate that
Cdc37p, an adaptor protein that facilitates the interaction
of protein kinase clients with the Hsp90 machine (Ste-
panova et al 1996; Lee et al 2002), only binds to the re-
laxed, non-ATP-bound conformation of Hsp90 (Siligardi
et al 2002; Roe et al 2004).

This ATP-induced switching of Hsp90 from its relaxed
to its tight conformation is facilitated by the T22I muta-
tion in yeast Hsp82 but hindered sterically by other mu-
tations such as T101I (Prodromou et al 2000). We intro-
duced these 2 mutations into the Hsp82-BD bait fusion
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Fig 4. The effects of mutations in the Hsp82-BD “bait” or AD-
Cdc37p “prey” fusions on the strength of Hsp82-BD-AD-Cdc37p
interaction, measured at 22°C (relative to LacZ expression values of
the control PJ69-4 cells containing empty pBDC and the plasmid for
expression of the corresponding AD-Cdc37p fusion).

(see Methods). We then measured their effects on the
Hsp82-BD-AD-Cdc37p interaction in the 2-hybrid sys-
tem. The T101I mutation substantially reinforced, where-
as the T22I mutation greatly weakened, Hsp82-BD-AD-
Cdc37p interaction (Fig 4). This result can be expected if
Cdc37p binds to Hsp90 only when the latter is in its re-
laxed conformation. The data, therefore, provides in vivo
corroboration that Cdc37p binds to the relaxed, non—ATP-
bound state of Hsp90, a conclusion that was previously
based only on the data of in vitro studies (Siligardi et al
2002; Roe et al 2004).

Hsp90 binds a central region of Cdc37p, but it is the
N-terminus of Cdc37p that is most conserved in sequence
and the sole region necessary for the essential function
of Cdc37p in yeast (see Lee et al 2002; MacLean and Pi-
card, 2003; Roe et al 2004). It is thought that this N-ter-
minal region interacts with protein kinases so as to facil-
itate their interaction with Hsp90 (Stepanova et al 1996).
Conservative mutation of 2 serines within this conserved
N-terminus (514A, S17A) severely impairs Cdc37p func-
tion (Bandhakavi et al 2003). In parallel with other evi-
dence, this indicates that the efficient operation of Cdc37p
requires the phosphorylation of these serines in vivo by
protein kinase CKII (Bandhakavi et al 2003). We tested
how the same conservative mutations would affect the
Hsp82-BD interaction with the AD-Cdc37p prey fusion.
The S14A, S17A mutations, introduced either singly or in
combination into the Cdc37p-coding part of the AD-
Cdc37p fusion, substantially abolished any 2-hybrid in-
teraction with Hsp82-BD (Fig 4). This indicates that
Cdc37p, a cochaperone that actively participates in reg-
ulation of the Hsp90 chaperone cycle (Siligardi et al 2002),
only binds to Hsp90 in vivo when these residues are ca-
pable of phosphorylation. This phosphorylation may be

Two-hybrid interactions of the yeast Hsp90 system 365

needed for the loading of protein kinase clients onto
Cdc37p, before the association with Hsp90 in its non-
ATP-bound relaxed state (Siligardi et al 2002; Bandhakavi
et al 2003; Roe et al 2004).

Genome-wide screens for the interactions of different
Hsp90 system cochaperone baits

Several cochaperone proteins assist the activation of client
proteins by Hsp90. In many cases these may increase
overall efficiency of Hsp90 function, in part, by stabilizing
the discrete multiprotein complexes that are intermedi-
ates of the Hsp90 chaperone cycle. Cochaperones also al-
ter several of the properties of Hsp90, including its
ATPase activity, its conformation, and its interaction with
substrates (Prodromou et al 1999; Young and Hartl, 2000;
Barral et al 2002; Davies et al 2002; Panaretou et al 2002;
Pratt and Toft 2003).

At least 9 cochaperones have now been firmly linked
to Hsp90 function in yeast (Stilp-p60-Hop, Cdc37p-p50,
Cnslp, Sbalp(p23), Cprép, Cpr7p, Sselp, Hchlp, and
Ahalp (Chang et al 1997; Dolinski et al 1997; Liu et al
1999; Panaretou et al 2002; Siligardi et al 2002; Tesic et al
2003). Stilp, Cpr6-7p, Cdc37p, and Sbalp correspond to
the Hop, cyclophilin-40, p50<4<7, and p23 of higher or-
ganisms. A few of these cochaperones are essential (eg,
Cdc37p and Cnslp), though the loss of some (eg, the ma-
jor Cprép cyclophilin) does not appear to be associated
with any obvious phenotype. Losses of other cochapero-
nes exert intermediate effects (eg, losses of the Cpr7p cy-
clophilin, Stilp, or Sbalp(p23) result in temperature-sen-
sitive growth) (Duina et al 1996; Chang et al 1997; Bohen,
1998; Dolinski et al 1998; Marsh et al 1998; Tesic et al
2003). Such mild phenotypic effects are often enhanced
with multiple cochaperone defects (eg, combinatorial
losses of both Stilp and Sbalp, or both Hchlp and
Ahalp, generate stronger temperature-sensitive pheno-
types than are seen with the corresponding single gene
deletes [Fang et al 1998; Panaretou et al 2002]).

Strain PJ469a was engineered to express N-terminal fu-
sions of the Gal4p BD to the above cochaperones. These
fusions did not self-activate except in the case of Cprép
and Cpr7p, where it was necessary to construct the cor-
responding C-terminal BD fusions (Cpr6-BD; Cpr7-BD).
Cells of strain PJ694a expressing these BD fusions were
then mated to the array of AD-yeast protein fusions ex-
pressed in the strain of opposite mating type (PJ469a)
(Uetz et al 2000). The diploids, now containing both BD-
and AD-fusions, were next selected on medium lacking
tryptophan and leucine. They were then transferred to
medium without tryptophan, leucine, or histidine but
containing 1, 2, or 3 mM 3-AT. After 10 days at 30°C, the
colonies positive for activation of the reporter HIS3 gene
were identified from their positions on the arrays. Du-
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plicate matings of each cochaperone bait to the AD-yeast
protein fusion array and then selection for HIS3 activation
were performed, with the positive interacting partners
being the double hits identified in both the identical
screens.

Figure 2 summarizes the relatively small number of
interactions detected for these cochaperone bait fusions
on the basis of such HIS3 activation, together with their
relative strengths. Table 1 in turn lists the interactors,
their annotated functions in the Saccharomyces Genome
Database (SGD) (www.yeastgenome.org), and the appar-
ent strength of each interaction. It should be noted that,
for several cochaperone baits, no interactors in the array
were detected on the basis of HIS3 activation (BD-Stilp,
Stilp-BD, Cpr6-BD, Cpr7-BD, BD-Sselp, BD-Ahal, and
BD-Hchlp) (no diploids growing in the presence of 1 mM
or more 3-AT). With respect to the positive interaction
data (Fig 2), Cdc37p forms a distinct “outlier” in the in-
teraction diagram relative to all the other cochaperones.
This BD-Cdc37p bait strongly selected a replication origin
complex component, Mcmé6p, and a transcriptional reg-
ulator, Spt2p. Therefore, we prepared BD-Mcmép and
BD-Spt2p baits as well as a BD-Gen2p bait (the Gen2p
elF2a kinase being a known Hsp90 client protein in yeast
[Donze and Picard 1999]), all of which were also screened
against the AD-fusion array (Fig 2). BD-Mcm6p strongly
selected AD-Cdc37p, AD-Spt2p, the ribonucleic acid
(RNA) polymerase II holoenzyme component, AD-
Ask10p, and the nuclear pore complex component, AD-
Nup157. In contrast, BD-Gen2p only showed relatively
weak interactions, although one of these was to AD-
Gen4p (Fig 2).

An appreciable fraction of these interactions of cochap-
erone bait fusions represent interactions between 2 Hsp90
system cochaperones. Thus, p23 (the BD-Sbalp bait) dis-
played strong interactions with no less than 2 TPR-do-
main proteins (AD-Cprép, AD-Pptlp) and weak interac-
tion with yet another (AD-Cnslp). The BD-Sbalp and
BD-Cnslp baits in turn both selected 2 important com-
ponents of the yeast transcriptional machinery, AD-
Adrlp and AD-Taflp. BD-Cnslp also showed a moderate
strength interaction with AD-Tid3p (Ndc80p), a protein
that interacts with Nuf2p within a 190-kDa complex im-
portant in kinetochore assembly and spindle checkpoint
signaling (McCleland et al 2003).

DISCUSSION

This study set out to investigate the potential uses and
drawbacks of the 2-hybrid approach when analyzing the
interactions of the Hsp90 chaperone system. We com-
menced by monitoring HIS3 activation, a system that de-
tects relatively stable interactions. Just a few, relatively
weak Hsp90 interactions (interactions of the Hsc82-BD
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and Hsp82-BD baits) with the yeast proteome were de-
tected by this approach (Fig 2; Table 1). Three of the latter
interactions were with cochaperones already known ei-
ther to bind Hsp90 directly (Ahalp [Panaretou et al 2002],
Cdc37p [Abbas-Terki et al 2001; Siligardi et al 2002; Roe
et al 2004]) or influence Hsp90 function genetically
(Hch1p [Nathan et al 1999]). This is consistent with these
being bona fide interactions of Hsp90. The remaining 2
Hsp82-Hsc82 interactions were with the products of
ORFs of unknown function (YLR282c¢ and YOL029c; Figs
2 and 3). Of these, the Hsp82-BD-AD-YIr282c interaction
may not be of functional relevance because while this
work was in progress, YLR282c was reannotated as a
“questionable’” ORF in SGD.

Screening for HIS3 activation also uncovered a few can-
didate associations of Hsp90 system cochaperones with
the yeast proteome (Fig 2; Table 1). An appreciable pro-
portion of these are with other Hsp90 system cochape-
rones, again suggesting that some may be bona fide and
paving the way for further experimentation, by other ap-
proaches for analyzing protein interactions, to determine
if they represent cochaperone complexes of functional sig-
nificance. It should be noted though that several of the
well-established interactions of Hsp90 and its cochape-
rones (eg, interactions of Stilp, a known interactor with
Hsp90 [Chang et al 1997; Prodromou et al 1999]) were
not detected by this 2-hybrid screening approach. It is not
possible to attribute any significance to these negative
findings of an in vivo screening approach because there
are so many reasons as to why false negatives should
arise (eg, the fusion protein is either misfolded, unstable,
toxic, inactive, mislocalized, or lacking essential post-
translational modifications).

In considering those potential interactions of Hsp90
system cochaperones that were uncovered (Fig 2; Table
1), it is important to remember that these may in many
cases not be direct but instead bridged through other pro-
teins. Thus, the data are indicative of stable in vivo BD-
Sbalp-AD-Cprép; BD-Sbalp-AD-Pptlp and BD-Sbalp-
AD-Cnslp associations. Many of these associations were,
though, not apparent when the AD and BD of the re-
spective fusions were transposed (eg, the Cpr6-BD and
BD-Cnslp baits did not select AD-Sbalp). The BD-Sbalp
and BD-Cnslp baits both selected components of the
transcriptional machinery (interacting with AD-Adrlp
and AD-Taflp). Adrlp, one of the major transcription fac-
tors of yeast, is an important controller of several of the
genes expressed in the absence of glucose repression (no-
tably genes for alcohol dehydrogenase 2, peroxisomal
proteins, as well as genes required for ethanol, glycerol,
and fatty acid use [Denis and Audino 1991]). Taflp is the
120-kDa component of TFIID, a complex that contains the
TATA box-binding protein (TBP) and 12 TBP-associated
factors (TAFs). As part of the general transcription ma-



chinery for RNA polymerase II, Taflp binds to TBP di-
rectly (Takahata et al 2003) so as to generate a TFIID com-
ponent that also possesses histone acetyltransferase and
protein kinase activities. As part of the transcriptional
machinery for ribosomal DNA, Taflp also binds the ac-
tivator UBF (Lin et al 2002). The Adrlp and Taflp inter-
actions in Fig 2 are therefore indicative of an involvement
of Hsp90 system cochaperones in transcriptional control
and chromatin remodeling. BD-Cnslp selected, in addi-
tion to Adrlp and Taflp, Tid3p. The latter is part of a
190-kDa complex that, with Nuf2p, associates with the
outer kinetochore from prometaphase through the ana-
phase stages of the cell cycle. This complex appears to
have conserved roles in kinetochore assembly, chromo-
some congression, and spindle checkpoint signaling. In
its absence, spindle checkpoint signaling is defective
(McCleland et al 2003). Hsp90 is known to be involved
in kinetochore-microtubule attachment and maintenance
of the spindle assembly checkpoint, with Cdc37p-Hsp90
being required in the functioning of the aurora kinase
regulators of centrosome function, bipolar spindle assem-
bly, and chromosome segregation (Lange et al 2002).
Many of the protein associations of a chaperone cycle
are transient and therefore not ideally suited for analysis
by a system designed to detect stable protein-protein in-
teraction. Interactions of Hsp90 client proteins probably
mostly fall into this category. Nevertheless, this study
shows that it is possible to adapt the 2-hybrid system to
monitor the effects of stress on interaction in vivo (Fig 3)
and also to obtain in vivo evidence for whether a muta-
tion in a chaperone component might be acting to slow
or accelerate a particular stage of a chaperone cycle. Such
mutations might help to “freeze’”” or “unfreeze” particu-
lar intermediate complexes, thereby either stabilizing or
destabilizing transient protein associations. We show that
a mutation in Hsp82 that disfavors the ATP-induced con-
formational switch in the Hsp90 chaperone cycle (T101I)
substantially reinforces Hsp82-BD-AD-Cdc37p interac-
tion, whereas another mutation favoring this conforma-
tional switch (T22I) has the opposite effect (Fig 4). This
effectively provides in vivo evidence that Cdc37p is in-
teracting with the relaxed, non-ATP-bound conformation
of Hsp90, thus confirming the conclusions emanating
from recent in vitro studies (Siligardi et al 2002) and a
crystal structure (Roe et al 2004). There may be other
instances where the 2-hybrid system can provide useful
evidence of the chaperone conformation or cochaperone
phosphorylation state (Fig 4) engaging in an interaction
in vivo. We are currently investigating whether the D79N
and E33A mutations in the Hsp82-BD bait (mutations that
substantially abolish either ATP binding to Hsp90 or the
ATPase of Hsp90, respectively) affect interactions of this
fusion with the yeast proteome in the 2-hybrid system.
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