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ABSTRACT. Renaturation of thermally denatured firefly luciferase in rabbit reticulocyte lysate (RRL) requires
hsp90, hsc70, and other as yet unidentified RRL components [SchumachergRalJ(1994)J. Biol.

Chem. 2699493-9499]. Benzoquinonoid ansamycins (BAs) have recently been shown to specifically
bind hsp90 and inhibit its function. In this report, we present data that indicate BAs are specific inhibitors
of hsp90 function. The effects of the BA geldanamycin (GA) on the kinetics of the luciferase renaturation

in RRL were examined to gain insight into the mechanism by which GA inhibits the function of the
hsp90 chaperone machinery. Chaperone-mediated renaturation of luciferase obeyed Mibtereks

kinetics. The GA inhibited luciferase renaturation uncompetitively with respect to ATP concentration
and noncompetitively with respect to luciferase concentration, indicating that GA binds after the binding
of ATP and that it binds to both the hsp90 chaperone machine/ATP complex and the hsp90 chaperone
machine/ATP/luciferase complex. GA markedly decreasedthgeof the hsp90 chaperone machine for

ATP, suggesting that GA increases the binding affinity of the hsp90 chaperone machinery for ATP or it
slows the rate of ATP hydrolysis. Consistent with the notion that GA specifically binds hsp90 and inhibits

its function, addition of hsp90, but not hsc70, p60, or p23, reversed GA-induced inhibition of luciferase
renaturation in RRL. Hsp90, hsc70, and the hsp cohorts p60, p48, and p23 were coimmunoprecipitated
with luciferase from RRL. GA increased the steady-state levels of luciferase associated with hsp90/
hsp70 chaperone machine complexes that contain p60 and blocked the association of the hsp90 cohort
p23 with chaperone-bound luciferase. The data suggest that the function of the hsp90 chaperone machinery
is not specific to its previously described interaction with steroid hormone receptors, and that it carries
out some more generalized functionvivo.

Protein folding and renaturatidn vivo are facilitated by modulate the interactions of hsps with their protein substrates;
a group of proteins referred to as heat shock proteins (hsps) or they may modulate the rate of ATP hydrolysis or
or molecular chaperones [reviewed in Becker & Craig nucleotide exchange. Chaperones appear to facilitate protein
(1994), Craig et al. (1994), Georgopoulos (1992), Gething folding primarily by reducing the number of molecules that

and Sambrook (1992), and Hartl (1995)]. Molecular chap- follow nonproductive folding pathways that would lead to
erones appear to function in complexes referred to as gggregation of the protein.

chaperone machines (Georgopoulos, 1992). Chaperones . o

primarily interact with hydrophobic regions of newly syn- Hsp90 is an egtreme_ly abu_ndant constitutively expressed
thesized or denatured protein substrates to prevent illicit N€at shock protein [reviewed in Jacob and Buchner (1994)].
interactions between the bound protein and other cellular Genetic (Bohen & Yamamoto, 1993; Picard et al., 1990; Xu
components. The affinity of Chaperones for p0|ypeptide & Lindquist, 1993) and biochemical (Jacob etal., 1995; Pratt
substrates is modulated by associated proteins (cohorts) and Welsh, 1994; Schumacher et al., 1994; Wiech et al., 1992,
conformational changes induced by the binding and hydroly- 1993) studies indicate that members of the hsp90 gene family
sis of ATP (Becker & Craig, 1994; Georgopoulos, 1992; are involved in protein folding and renaturation under normal
Hartl, 1995). Chaperone-associated cohorts modulate chapand adverse physiological conditions. Little is known,
erone function by a number of mechanisms: they may however, about the mechanism of action of hsp90 in the
interact with chaperone-bound substrates directly; they mayfolding and renaturation of proteins, but it appears to act at
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hormone receptors (SHRS) in rabbit reticulocyte lysate (RRL) complexes. Additionally, we have investigated whether
(Hutchinson et al., 1994a,b, 1995; Johnson & Toft, 1995; steady-state kinetics can be used to analyze the mechanism
Smith, 1993; Smith et al.,, 1990, 1992, 1995). ATP- by which luciferase renaturation occurs in RRL. Steady-
dependent binding of hsc70 to SHR is required for the state kinetics indicate GA maintains the hsp90 chaperone
subsequent interaction of hsp90 and its associated cohortsnachinery in a high-affinity ATP binding conformation and/
with SHR (Hutchinson et al., 1994a; Smith et al., 1992). or inhibits the subsequent ATP hydrolysis that is required
Hsp90, hsc70, p60, and p48 are present in chaperonefor the formation of mature hsp90 chaperone machinery
complexes at intermediate times during SHR reconstitution, complexes that contain the cohort p23.

while hsp90, p23, and individual immunophilins are present

in later complexes formed just prior to or at the point of EXPERIMENTAL PROCEDURES

SHR reconstitution (Johnson & Toft, 1994, 1995; Smith, . . . .

1993; Smith et al., 1995). These studies indicate that these Mat_erlals. Bovine creatine ph(_)sphoklnase (type 1), serum
complexes represent dynamic, reiterative, ATP-dependentalbumln (acetylated), herbimycin Ay-luciferase, and lu-

cycles of association of the SHRs with the hsp90 chaperonedferi.n were purchased from S?gma. Geldanamycin was
machine that maintain these SHRs in a conformation provided by the Drug Synthesis and Chemistry Branch,

competent to bind hormone. _[I_)eviloprrlen[zlaltl'l'he[ageutlcs ITrotg'tratm, DGIVIIS(QOH of Cancer
Benzoquinonoid ansamycins are antibiotics of fungal reatment, -National f.ancer nstilute.  eldampicin was

origin that revert cell transformation mediated by P60 provided by Dr. Kenneth L. Rinehart (University of Illinois,

and several other tyrosine kinases (Uehara et al., 1986, 1988)2;?323?és-rh2r25 ?gt'.'dpsg snthrheD??’ dagtr'{]ptf(&?nggc}tnal
Benzoquinonoid ansamycins such as geldanamycin (GA) and IbodIES Were provi y Dr. bavi ; Iversity

. ; " . of Nebraska, Omaha) and Dr. David Toft (Mayo Medical
herbimycin A (HbA) were traditionally thought to be direct School. Rochester. MN). tively. The 4322 anti-hsp70/
inhibitors of tyrosine kinases (Uehara et al., 1989). However, 98 ood, ot(': hes SO 84356espet(? ely. ihe .3 q bspD
recent work suggests that benzoquinonoid ansamycinsinhibits,{(;’lﬂenar&I'I'r.srﬁJ N((ZI an)(ja'cgésgm'r?h;visop;g}c{lseer my a;
the tyrosine kinase activity of p8C' through an indirect rop'ded b IDr (\N'II';’m Welch (UCIISFI;) Ant'—; c'thjerasvc\;
mechanism (Whitesell et al., 1994). In extracts of cells provi y Dr. Wil oA : I-ucl
transformed by p60S", hsp90 was the predominant protein affinity-purified polyclonal antibodies were purchased from

bound by immobilized GA (Whitesell et al., 1994). Binding & omega.
of hsp90 to immobilized GA was specifically blocked by ~ Buffers and ReagentsThe buffers used were as follows:
soluble HbA and soluble GA. Immobilized GA did not bind ~ SSay buffer (AB) consisting of 25 mM Tricine-HCI (pH 7.8),
p60~sT, GA treatment disrupted the interaction of hsp9o 8 MM MgSQ, 0.1 mM EDTA, 33 mM dithiothreitol, 470
with p60—s'®in »ivo, concomitant with reversion of peG™ #M p-luciferin, 240uM coenzyme A, and 0.5 mM ATP;
transformation. Since genetic studies have previously dem-Stability buffer (SB) consisting of 25 mM Tricine-HCI (pH
onstrated that hsp90 function is required for maturation or /-8). 8 MM MgSQ, 0.1 mM EDTA, 10 mg/mL bovine serum
support of pe0s" function (Xu & Lindquist, 1993), these albumin, 10% glycerol, and 1% Tr|ton X-100; dialysis buffer
results strongly argue that the mechanism of GA and HbA (DB) consisting of 10 mM Tris-HCI (pH 7.4), 3 mM
action involves the disruption of hsp90 function. Consistent MJ(OAC),;, 100 mM KCl, and 2 mM dithiothreitol; Tris
with this putative mechanism, GA induces loss of function Puffer (TB) consisting of 10 mM Tris-HCI (pH 7.4); Tris-
for the erb-B2 gene product (Chavany et al., 1996), the buffered salm_e _(TBS) consisting of TB and 150 mM NacCl,
progesterone receptor (Johnson & Toft, 1995; Smith et al., 1B/500 consisting TB and 500 mM NaCl; and TB/S0
1995), the glucocorticoid receptor (Whitesell et al., 1995), consisting of TB and 50 mM KCl.
and theraf kinase (Schulte et al., 1995) and disrupts the Luciferase Renaturation AssayReticulocyte lysate was
normal interaction of these proteins with hsp90 or with the prepared as described (Matts et al., 1991). Dialyzed RRL
hsp90 homolog GRP94. Two studies address the mechanisnwas prepared by dialysis of 2.5 mL of RRL against 500 mL
of GA inhibition of hsp90 chaperone machinery (Johnson of DB buffer for 6 h at 4°C with buffer changes every 1.5
& Toft, 1995; Smith et al., 1995). These studies indicate h. The endogenous ATP concentration in undialyzed lysate
that GA decreases the recovery of progesterone receptors irand the ATP and ADP concentrations remaining in the
mature complexes with hsp90 that contain the p23 and dialyzed lysate were analyzed as described (BioOrbit, 1991).
immunophilin cohorts. Instead, receptor accumulates in  Firefly luciferase (2 mg/mL) in SB was denatured by
intermediate complexes containing hsp90, hsp70, and twoincubation at 41°C for 10 min (Schumacher et al., 1994)
hsp cohorts, p60 and p48. unless otherwise specified. After being cooled on ice,
In this report, we have utilized RRL as a high-fidelity aliquots were diluted 20-fold into heme-deficient protein
model of the eukaryotic cytosol to identify the active synthesis mixes (Matts et al., 1991) containing/Medeine
principles responsible for facilitating protein renaturation. or dialyzed reticulocyte lysate containing 10 mM creatine
Both pharmacological and immunological approaches were phosphate, 20 units/mL creatine phosphokinase, and varying
used to identify the chaperones involved in the renaturation concentrations of ATP. Samples were incubated at@8
of thermally denatured firefly luciferase. We report here and at various time points (usually 10 min), the luciferase
that: (i) GA inhibits the rate of luciferase renaturation in activity present in 2«L aliquots (unless otherwise stated)
RRL, indicating that hsp90 plays a role in luciferase was determined by dilution into 5@L of AB. Light
renaturation; (ii) the chaperone machinery associated with production was measured for 10 s in a Lumac (3M)
denatured luciferase is identical to that previously described Bioluminometer. The rate of luciferase renaturation was
for SHRs; and (iii) the association of components of hsp90 determined to be linear over the time period for all assays,
chaperone machinery with luciferase is modulated by GA and the rate of luciferase renaturation is expressed in the
in a fashion identical to that previously described for GA figures and table as light-producing units renatured per 10
inhibition of reconstitution of progesterone receptor hetero- min interval (light units/10 min). For the kinetic analysis,
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less than 1% of the denatured luciferase was renatured over

n 8 T T
the time course of the assay, so the concentration of E T = — -
denatured luciferase effectively remained constant. Curve < 6l B i
fitting was done with the nonlinear least-squares program *E E\
STEPT (Chandler, 1988) using weighting factors equal to ‘cg i SHS\ ]
the reciprocal of the variances of each data point. As o 45 7
described previously (Schumacher et al., 1994), (i) luciferase g r YA
renaturation was ATP-dependent; (ii) no significant spon- 5 oL i
taneous (chaperone-independent) renaturation of the lu- = i
ciferase was observed when the denatured luciferase stock X
was incubated at 28C in the absence of RRL; and (iii) at e oor ?1 1' 0

very limiting luciferase congentrations (0:68.3 nM) 60— logIGM/HDA (uM)]

L00% of the denatured luciferase could be renatured uponFIGURE 1: Concentration dependence for benzoquinonoid ansa-

prolonged incubation (#590 min) in RRL. . mycin-induced inhibition of luciferase renaturation in RRL. Heme-
Several factors were found to affect the rate of luciferase geficient protein synthesis mixes (100) containing 1M edeine

renaturation in the assay. As previously reported, different were preincubated for 20 min at 3C in the presence of 0,4L

lysate preparations renatured luciferase at different ratesof DMSO (vehicle control), or 0.kL of DMSO containing varying

because the preparations contain different quantities of h:sps1°°n‘3'3””""“0”s of GAQ) or HbA (). Five microliters of denatured

. uciferase (1Q:g/mL) was then diluted into 100L of lysate. After
(Matts & Hurst, 1992; Schumacher et al., 1994). Because 10 min, the amount of luciferase activity present in au2Galiquot

of the expense of the enzyme, stock solutions of native of each reaction was measured as described under Experimental
luciferase were stored at°€ and used over the period of a Procedures. Light-forming units renatured per 10 min of incubation
week. Aliquots of the stock solution were clarified by is plotted versus the final concentration of GA or HbA.
centrifugation prior to use. The rate of luciferase renaturation )
was observed to decrease with time of storage of the stockGa@R—agarose was then washed with 5@0each of TBS,
solution. This correlated with the accumulation of some TB/500, TBS, and TB/50. RRLs (3pL), diluted 1:1 to
insoluble material in the stock solution over the storage contain 10 mM creatine phosphate, 20 units/mL creatine
period. Ongoing protein synthesis in RRL was also observed Phosphokinase, 75 mM KCI, and either DMSO or GM (1
to inhibit luciferase renaturatich. Undialyzed lysate was 49/mL), were then added to Gafagarose. The mixtures
thawed rapidly at 30C, followed by the addition of ediene ~ Were incubated for 5 min at 3T with periodic mixing to
to ensure that translation was fully inhibited. All data points Prevent settling of the agarose. The unadsorbed proteins
reported in the figures represent measurements determinedVere separated from adsorbed proteins (pellets) by centrifu-
in a single experiment using a single lysate preparation andgation. Pellets were washed 4 times with TB/50.
luciferase stock. All experiments were carried out at least _ Western Blot AnalysisSamples were prepared for SBS
3 times. PAGE, separated in 10% gels, and transferred to PVDF
Purification of Hsps and Hsp Cohortsdsc70 was purified ~ Mémbrane as previously described (Matts & Hurst, 1992;
to apparent homogeneity from postribosomal supernatant ofMatts et al., 1992). Hsp70 and hsp 90 were detected by
rabbit reticulocyte lysate as described for the purification of Western blotting with the 4322 anti-hsp70/hsp90 antiserum
supernatant factor (Gross, 1976; Gross et al., 1994). The(Ehrhart et al., 1988) or an anti-hsp90 (anti-mouse hsp84/
initial steps in the purification of the hsp90 were similar to 86 antipeptide) antiserum provided by Dr. Stephen Ullrich
the steps for the purification of supernatant factor: precipita- (NCI) as previously described (Matts & Hurst, 1992; Matts
tion at pH 5.4; reprecipitation at 480% saturated am- €t al., 1992). p60, p48, and p23 were detected by Western
monium sulfate; and chromatography on DEAE-cellulose. Plotting with the F5 anti-p60 (Smith et al., 1993), the 3G6
These steps were followed by chromatography on Superose2nti-p48 (Smith et al., 1995), and the JJ3 anti-p23 (Johnson
12/HR and monoQ columns as previously described (Denis, &t @l-, 1994) mAb, respectively.
1988). p60 copurified with hsc70 up to the AFBgarose RESULTS
affinity chromatography step, where p60 was present in the
fraction of proteins that did not bind to the column in buffer ~ GA and HbA Inhibit Luciferase RefoldindRecent studies
containing 0.1 M KCI (Gross et al., 1994). The p60 was suggest that benzoquinonoid ansamycins bind hsp90 and
approximately 67% pure at this stage, with hsc70 being the inhibit its function (Whitesell et al., 1994). Since we have
primary contaminating protein (p60:766:1). Chicken p23  previously demonstrated that purified fractions enriched in
(Johnson & Toft, 1994) was generously provided by Dr. hsp90 stimulated renaturation of denatured luciferase in RRL
David Toft (Mayo Medical School). Western blotting with  (Schumacher et al., 1994), we examined the effect of GA
an anti-hsp40 antiserum indicated that none of these preparaand HbA on the renaturation of luciferase. While neither
tions were contaminated with hsp40. GA nor HbA had any effect on the activity of native
Immunoadsorptions of ProteinsGoat anti-rabbit IgG was  luciferase (not shown), they inhibited luciferase renaturation
cross-linked to agarose (GaRgarose) as previously de- in a concentration-dependent manner (Figure 1). The
scribed (Matts et al., 1992). Affinity-pure anti-luciferase concentrations of GA and HbA that inhibited luciferase
antibody (10uL) was adsorbed to 2L of GaR—agarose renaturation by 50% of the maximally induced inhibition
(diluted 1:1 in TBS) in the presence or absence (control) of (ICso) were estimated to be 0.2 and 1u®1, respectively.
luciferase (4Qug) for 2 h onice. In the absence of stability Maximum inhibition of luciferase renaturation was observed
buffer, purified luciferase spontaneously denatures. The at a GA concentration of 0.4M. Addition of the DMSO
vehicle at concentrations up to 0.2% (v/v) had no effect on
28. D. Hartson, V. Thulasiraman, and R. L. Matts, manuscript in the rate of luciferase renaturation. The pharmacologically
preparation. inactive BA geldampicin (Whitesell et al., 1994) did not
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Table 1: Degree of GA-Induced Inhibition of Luciferase
Renaturation Depends on the Temperature of Denatufation

e
(o2}

light units renatured/10 min s
" 3
temp of upon addition of ratio o i
denaturationC) DMSO GA (DMSO/GA) ';:
38 40176 20505 1.96 S, |
41 39357 9883 3.98 &
o

aLuciferase (0.7uM), denatured at 38 or 41C for 10 min, was
diluted 20-fold into heme-deficient protein synthesis mixes supple-
mented with edeine and containing either GA (M) or DMSO (1
uL/mL). The amount of luciferase renatured after incubation for 10 0
min at 28°C was measured as described under Experimental Proce- 4 ) . .
dures. The rate of luciferase renaturation is reported as light units 107" v (Luciferase activity/10mins)
renatured/10 min. The experiment was repeated 2 times with similar Figure 2: Eadie-Hofstee plot of kinetics of luciferase renaturation.
results. The rate of luciferase renaturation was measured in dialyzed RRL
in the presence of varying ATP and luciferase concentrations as

L . . . described under Experimental Procedures. Concentration of lu-
inhibit luciferase renaturation when added at concentrations cjterase present in the renaturation assay was AM30), 0.77

up to 15u4M (not shown). uM (<), 0.51 uM (@), and 0.26uM (#), respectively. ATP
The extent of GA-induced inhibition of the rate of concentrations were varied between 0.02 and 0.1 mM. The
luciferase renaturation was observed to be dependent on th&XPeriment was repeated 3 times with similar results. Lines were
hich the lucif d d bl analyzed as described under Experimental Procedures. As noted
temperature at which the luciferase was denatured (Table,nqer Experimental Procedures, in repeats of the experiment the
1). GA decreased the initial velocity of luciferase renatur- rate of luciferase renaturation varied between different lysate
ation by 50% when the luciferase was denatured at@38 preparations and the age of the luciferase stock.Rygfor ATP
and by 80% when the luciferase was denatured at@1 varied from 40 to 8QuM, and theKjp, for luciferase varied from
. . .8 to 1.5uM. The Vna for the reaction varied from 40 000 to
These observations suggest that the more severely Iumferasgoo 000 light units/10 min.

was denatured, the more dependent luciferase became on a

GA-inhibitable event for rapid renaturation. renaturation in the presence of GA to gain insight into the
Kinetic Analysis of Chaperone-Mediated Luciferase Rena- mechanism by which GA inhibited chaperone-mediated
turation. We next examined the kinetics of luciferase |yciferase renaturation. Luciferase renaturation rates were
renaturation in reticulocyte to determine whether the mech- getermined at saturating ATP and varying luciferase and GA
anism by which BAs inhibit the renaturation of luciferase cgncentrations. EadieHofstee plots of the data indicated
could be analyzed using steady-state kinetics. At saturatingthat GA inhibited luciferase renaturation noncompetitively,
ATP concentrations, the rate of luciferase renaturation was affecting both thé/appand theVaedKapp (Figure 3A). Replots
saturable with respect to the concentration of denatured of VapdKapp versus[GA] (Figure 3B) and 1V, versus/GA]
luciferase present, and followed a rectangular hyperbolic were hyperbolic (Figure 3C), indicating that luciferase
curve that is characteristic of enzymes following Michaelis  renaturation could not be completely inhibited even at
Menten kinetics (not shown). Thay, and Vap, for the  satyrating concentrations of GA. Concentrations of GA up
reaction were calculated to be 1400.17uM and (1.0+ to 3.54M inhibited luciferase renaturation no more than that
0.097)x 1P light units/10 min, respectively. THe€,p,was observed with 0.%M GA.
calculated assuming that the luciferase preparation was \wWe next examined the effect of GA on the kinetics of
homogeneous, and that all the denatured luciferase (MW |yciferase renaturation at near-saturating luciferase and
65 000) present represented soluble monomeric substrate withyarying ATP concentrations in a dialyzed RRL as described
a single chaperone bind_ing site. Ther_efore, this e_stimatedabove (Figure 4A). EadieHofstee plots of the data gener-
Kapp represented a maximum value, since some insoluble ated a series of straight lines that intersected at a single point,
material was noted to be present in the luciferase stock. 3 pattern which is characteristic of uncompetitive inhibition.
The renaturation of luciferase in RRL requires the presence However, the lines intersected to the right of thaxis,
of an optimum concentration of & Mg?", and ATP indicating that GA should theoretically stimulate luciferase
(Schumacher et al., 1994). To allow the kinetic analysis of renaturation in a competitive manner with respect to ATP,
the effects of varying ATP concentrations on the rate of at very low ATP concentrations. The replots Kfy/Vapp
luciferase renaturation, RRL was dialyzed to remove en- yersusGA] (Figure 4B) and 1V, versus[GA] (Figure 4C)
dogenous ATP. The ATP remaining in the lysate was appeared nonlinear. The best-fit of th&/3} versus[GA]
quantified and was found to be 5 and 20 in the absence  replot was parabolic, but a rigorous exclusion of a linear fit
and presence of a CP/CPK ATP regenerating system,would require more data. While the stimulatory effect of
respectively. The rate of luciferase renaturation was deter-GA on luciferase renaturation that is predicted to occur at
mined at a near-saturating concentration of denatured lu-very low ATP concentrations is curious, it is physiologically
ciferase and varying ATP concentrations. Hagy,andVapp irrelevant, since the parabolic shape of the [GAISUS1/Napp
for ATP in the reaction were estimated to be £18.0 uM replot indicates that this phenomenon does not occur at higher
and (4.24+ 0.25) x 10* light units/10 min, respectively.  ATP concentrations where GA inhibits luciferase renatur-
Renaturation rate was next determined while varying both ation.
ATP and luciferase concentrations. An Eadi¢ofstee plot Effects of GA on the Interaction of Components of the
of the data generated a series of nearly parallel lines that isHsp90 Chaperone Machine with Denatured Luciferake.
characteristic of sequential reaction mechanisms (Figure 2).further elucidate the mechanism by which GA inhibits
Kinetic Analysis of GA-Induced Inhibition of Luciferase luciferase renaturation, the components of the hsp90 chap-
Renaturation. We next examined the kinetics of luciferase erone machine that were coimmunoprecipitable with dena-
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Ficure 3: Effect of GA on the rate of luciferase renaturation in the presence of saturating ATP and varying luciferase concentrations. (A)
Eadie—Hofstee plot of the kinetics of luciferase renaturation measured at saturating ATP (1.7 mM endogenous) and varying luciferase and
GA concentrations. The rate of luciferase renaturation was measured iaL160heme-deficient protein synthesis mixes containing 10

uM edeine and 0.LL of DMSO (O) or 0.17uM (<), 0.34uM (@), and 0.67uM (®) GA as described under Experimental Procedures.

(B) Replot ofKapdVapp Versus [GA]. (C) Replot of My, versus [GA]. The experiment was repeated 5 times with similar results. The data
were analyzed as described under Experimental Procedures. The smooth curves (B and C) represent the best-fit hyperbola. A linear fit can
be excluded by &? probability >0.9995 for theKapdVapp curve, and~0.90 for the ¥y, curve.
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Ficure 4: Effect of GA on the rate of luciferase renaturation in the presence of saturating luciferase and varying ATP concentrations. (A)
Eadie-Hofstee plot of the kinetics of luciferase renaturation measured at saturating luciferase and varying ATP and GA concentrations.
The rate of luciferase renaturation was measured inil06f dialyzed lysate containing 2/4M luciferase and varying ATP concentrations

in the presence of 04L of DMSO (O), or 0.17uM (<), 0.34uM (@), and 0.67«M (®) GA as described under Experimental Procedures.

(B) Replot ofKapdVapp Versus [GA]. (C) Replot of My, versus [GA]. The experiment was repeated 3 times with similar results. The data
were analyzed as described under Experimental Procedures. The smooth curves (B and C) represent the best-fit parabola.

tured luciferase in RRL were characterized. Hsp90, hsc70,
and the cohorts p60, p48, and p23 were observed to interact
with luciferase (Figure 5). The interaction of hsc70 with
luciferase was indicated by the increase in the amount of
hsc70 present in the immune pellet relative to the nonspecific
binding apparent in the minus luciferase control (Figure 5,
lane 1vslanes 2 and 3). GA treatment was found to increase
the steady-state level of p60, while it decreased the steady-
state level of p23 interacting with luciferase relative to the
control (Figure 5, lane 2s lane 3).

Hsp90 Specifically Rerses Inhibition of Luciferase - 3
Renaturation Induced by Geldanamycifio further test the e —p23
hypothesis that GA binds hsp90 and inhibits its function, L
we examined the effect of purified hsps and hsp cohorts on FiIGURE 5:  Effect of GA on the interaction of denatured luciferase

luciferase renaturation in reticulocyte lysate (Figure 6). In With heat shock proteins. Luciferase was adsorbed to affinity-
yee y (Fig ) 3 purified anti-luciferase antibody bound to GaRgarose as de-

the absence of GA, addition of purlfled_ hsp90, p60, or 92 scribed under Experimental Procedures. The immobilized luciferase
to control RRL had no effect on luciferase renaturation \yasincubated for 5 min at 3 in heme-deficient protein synthesis
(Figure 6, closed bars: cors 90, 23, or 60). Luciferase  mixes in the presence (lane 3) or absence (lane 2) of GAg(1
renaturation was stimulated by 70% upon the addition of mL). A control incubation containing anti-luciferase antibody

ie : . i adsorbed to GaRagarose, but no luciferase, is shown in lane 1.
purified hsc70 (Figure 6: 70). Addition of both hsp90 and The agarose pellets were quickly washed, and analyzed by-SDS

hsc70 stimulated luciferase _r?naturation by 80% (Figt!re 6: PAGE and Western blotting as described under Experimental
90+70). A small (an additional 5%) but reproducible procedures. The experiment was repeated 4 times with similar
stimulation of luciferase renaturation was observed when p23resuilts.

hsp90
hsp70
p60
ab hc
p48
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16 T T T T T T T T T 1 A.
(7)) — ATP Luc Pi
c ] ] t
e hsc70-ATP hsc70-ATP hsc70-ATP-Luc
o 12 T hsp90 hsp90- (ATP?) hsp90- (ATP?)
- +Gal +GAd
E - hsc70-ATP hsc70-ATP-Luc
?é‘ GA-hsp90- (ATP?) GA-hsp90- (ATP?)
S5 8 - B
— .
< GA-Y
R n +Gat
— Luc X + ATP-Y Pi
X 4 4 1 I |
N hsc70-ATP hsc70-ATP-Luc hsc70-ATP-Luc/Y
o hsp90- (ATP?) hsp90- (ATP?) hsp90- (ATP?)
- T +Gal +Gald +Gal
hsc70-ATP hsc70-ATP-Luc hsc70-ATP-Luc/Y-GA
0 GA-hsp90- (ATP?)  GA-hsp90- (ATP?) GA-hsp90- (ATP?)

con 23 90 70 60 23 90 90 90 90 60 23
+ + 470 + + + 4+
70 70 +23 23 60 70 60

FicUre 7: Possible schemes for GA-induced inhibition of luciferase
renaturation. (A) A possible reaction sequence for the hsp90

Heat shock proteins added

Ficure 6: Effects of purified hsps and hsp cohorts on GA-induced
inhibition of luciferase renaturation in RRL. Rabbit reticulocyte

lysate containing 10 mM creatine phosphate, 20 units/mL creatine

phosphokinase, 75 mM KCI, 1 mM Mg(OAg)and 1ulL/mL
DMSO (closed bars) or 0,ZM GA (open bars) was supplemente
with: buffer (con); 2Qug/mL p23 (23); 16Q:g/mL hsp90 (90); 80
ug/mL hsc70 (70); 25(/mL p60 (60); or combinations of these
guantities of proteins. Denatured luciferase was diluted 20-fold into

chaperone machinery. The hsp90 chaperone machinery is assumed

to be a large complex (foldasome) containing p60, p48, p23, and
the immunophilins. Only hsp90 and hsc70 are shown. (B) An

alternate scheme in which there is an ATP-dependent assembly of
chaperones X (hsp90, p23, and immunophilins) to form complex

d Y Which then adds to the hsp90/hsc70 complex containing p60,

p48, and bound luciferase. The ? after ATP associated with hsp90
denotes the fact that the binding of ATP to hsp90 has recently been
guestioned (Jacob et al., 1996).

the reaction mixes, and the amount of luciferase renatured after o ) )
incubation for 10 min at 28C was measured as described under here indicate that the problem is at least partially tractable

Experimental Procedures. The experiment was repeated 3 times withto analysis using steady-state kinetics. Luciferase renatur-
similar results. ation showed substrate saturation with respect to both ATP

dded | . . ith hsc70 al ith hsc? and luciferase concentrations and followed Michaelis
was added in conjunction with hsc70 alone, or with NSC70 \;enten kinetics. EadieHofstee plots of the initial velocity

anhd hspg%(Fig_ure G: 2370 and 90;17?;23)' Additi?” (.)f data (Figure 2) were a family of nearly parallel lines
other combinations of components had no effect on luciferase ., acteristic of sequential mechanisms. The parallel pattern

renaturation. = observed for the chaperone-mediated luciferase renaturation
~ The effect of the purified hsps and hsp cohorts on GA- s study could be explained by either of the abbreviated
induced inhibition of luciferase renaturation was then ayernatives presented in Figure 7. Specifically, addition of
examined. Luciferase renaturation was inhibited by 60% in genatured Iuciferase could immediately follow addition of
RRL in the presence of 0.4M GA (Figure 6, closeds ATP to the chaperone machine (Figure 7A). In this scheme,
open bars: con). GA inhibited luciferase renaturation to a i, hsp90 chaperone machine would be a single large
similar degree (6670%) in RRL supplemented with purified  complex of proteins [e.g., a foldasome (Hutchinson et al.,
p23, p60, or hsc70 or any combination of these components)ggap, 1995)]. The data are also consistent with models
(Figure 6) compared to RRL that was supplemented with ,roh0sed by the laboratories of Smith and Toft (Johnson &
the purified components and incubated in the absence of GA. ¢t 1995: Prapapanich et al., 1996; Smith et al., 1995) in
In contrast to the other components, hsp90 was observedyhich there is an ATP-dependent assembly of an hsp90/
to specifically reverse GA-induced inhibition of the rate of p23/immunophilin complex which subsequently binds to
luciferase renaturation. In the presence of GA, addition of SHR/hsp90/hsc70/p60/p48 complexes and from which the
hsp90 to RRL stimulated luciferase renaturation by 100% previously bound chaperones dissociate (Figure 7B).
relative to the control containing GA but lacking hsp90 e gssociation of hsp90, hsc70, and cohorts p60, p48,
(Figure 6, open bars: coss 90). In hsp90-supplemented 54 n23 with denatured luciferase suggests that renaturation
RRL containing GA, the rate of luciferase renaturation was | ciferase occurs by a mechanism similar to that involved
restored to within 80% of the rate observed in hsp90- i, restoring the hormone binding activity of SHRs (Hutch-
supplemented RRL incubated in the absence of GA (Figure jnson et al., 1994a,b, 1995: Johnson & Toft, 1995: Smith,
6, closedss open bars: 90). In RRL supplemented with 1993- gmith et al., 1995). This observation implies that the
hsp90 in combination with the other purified components, f,nction of the hsp90 chaperone machine is not specific to

GA-induced inhibition of the rate of luciferase renaturation s previously described interactions with signal transduction
ranged from 7 to 20%. In addition, the extent to which hsp90 proteins, and that it is capable of carrying out a more

reversed the inhibitory effect of GA was proportional to the generalized protein folding functioim zizo. This folding
amount of hsp90 added to the lysate (data not shown). Thegcyivity appears to target proteins containing partially
ability of hsp90 to protect against GA-induced inhibition of - ntoded structure. This notion is consistent with previous
the rate of luciferase renaturation was not simply an effect reports that indicate hsp90 interacts with late folding
of adding protein to the lysate, since addition of BSA showed jntermediates of proteins prior to their conversion to the
no protection against GA-induced inhibition of luciferase pative state (Hartson & Matts, 1994: Jacob et al., 1995:
renaturation. Melnick et al., 1992, 1994; Shue & Kohtz, 1994; Smith,
1993).

An Alternate Pathway for Luciferase Renaturation Exists
Kinetics of Chaperone-Facilitated Protein Renaturation in RRL. Kinetic analyses of GA-induced inhibition of
in RRL. While the mechanism by which protein renaturation luciferase renaturation at varying luciferase concentrations
occurs in RRL is undoubtedly complex, the data presentedindicate that luciferase can renature by more than one

DISCUSSION
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pathway. GA inhibited luciferase renaturation noncompeti- luciferase renaturation in GA-treated RRL, GA increased the
tively with respect to luciferase concentration, indicating that amount of p60 and decreased the amount of p23 associated
at saturating ATP concentrations GA binds to both the hsp90with the hsp90 chaperone machinery containing bound
chaperone machine/ATP complex and the hsp90 chaperonduciferase. Thus, as for the progesterone receptor, GA
machine/ATP/luciferase complex. The hyperbolic replots of appears to prevent the transition of hsp90/hsc70/p60/p48
GA concentrationversus1/Vap, and KapdVapp indicate that complexes that contain bound luciferase to hsp90 complexes
GA cannot completely inhibit luciferase renaturation even containing p23 and bound luciferase. We speculate that the
at saturation. This indicates that luciferase can renature byintermediate chaperone machinery may represent, in part,
a slower alternate reaction pathway in the presence of GA.the chaperone machinery responsible for the alternate folding
The existence of an alternate pathway is consistent with thepathway based on two observations. First, the chaperones
observations that: (i) folding of newly synthesized luciferase which interact with denatured luciferase in GA-treated lysate
in RRL requires hsc70, hsp40, and additional lysate chap-are characteristic of the intermediate chaperone machinery.
erone components (e.g., TRIiC), but does not appear toSecond, GA does not appear to inhibit the dynamic interac-
involve hsp90 (Frydman et al., 1994); and (ii) refolding of tion of this machinery with substrates (Smith et al., 1995).
luciferase that has been denatured by treatment with guani-However, the identities and roles of the individual chaperones
dine hydrochloride can be chaperoned by hsc70, hsp40, andhat are responsible for luciferase renaturation in RRL remain
Hip (p48) in vitro (Freeman et al., 1995; Hohfeld et al., to be elucidated. We have not yet examined whether
1995). immunophilins interact with hsp9gp23-bound luciferase or
The observations that the extent to which GA inhibits the whether GA blocks this interaction as has been reported for
rate of luciferase renaturation depends on the age of thethe progesterone receptor, but recent results indicate that
luciferase stock and the temperature at which it was hsp40 also binds to denatured luciferase present in the
denatured also suggest that denatured luciferase is a mixedntermediate complexes.
population of molecules whose rate of renaturation varies Mechanism of Action of GeldanamyciKinetic analysis
in their sensitivity to inhibition by GA. Evidence for the of GA-induced inhibition of luciferase renaturation with
existence of multiple unfolding intermediates of thermally respect to varying ATP concentration suggests a possible
denatured citrate synthase that renatured at different rates irmechanism by which the binding of GA to hsp90 inhibits
the presence of hsp90 vitro has been previously reported hsp90 function. Inhibition of luciferase renaturation by GA
(Jacob et al., 1995). was uncompetitive with respect to ATP (Figure 4A). This
Other observations reported here suggest that the GA-shows either that the inhibition by GA is not reversibly
sensitive folding pathway is normally preferred. GA inhib- connected with the addition of ATP or that GA inhibits an
ited the rate of luciferase renaturation by 70% in the RRL enzyme form downstream from that with which ATP
lysate supplemented with hsc70. However, a 35% inhibition combines. These possibilities are consistent with the schemes
would have been expected if hsc70 was stimulating luciferasepresented in Figure 7. The best-fit curve of the replot of
renaturation solely through a GA-insensitive pathway. In [GA] wversus 1/V,,, was parabolic, suggesting that two
addition, hsp90 reversed GA-induced inhibition of luciferase molecules of GA are binding to each hsp90 chaperone
renaturation in hsc70 supplemented lysate nearly completely.machine complex. This is consistent with the notion that
Thus, the exogenous hsc70 appeared to be preferentiallyhsp90 is present in the chaperone complex as a dimer (Jacob
stimulating luciferase renaturation through the GA-sensitive & Buchner, 1994), if the conformation of each hsp90 present
pathway in RRL. in the dimer is not equivelent. Alternatively, two GA binding
Effect of Geldanamycin on the Interactions of Hsps and sites may be present in each hsp90 monomer. Since no
Associated Cohorts with Denatured LuciferaséEhe data amount of ATP relieves the inhibitory effect of GA, GA and
presented here support the hypothesis that GA is a specificATP are clearly binding to different sites.
inhibitor of hsp90 function. GA inhibited luciferase rena- The data suggest that GA acts by inducing changes in the
turation in RRL, but had no direct effect on luciferase activity binding or hydrolysis of ATP by the hsp90 chaperone
in sitro or in RRL after its renaturation. The difference machinery. GA caused a significant reduction in g,
observed between the d§values for GA and HbA-induced  of the hsp90 chaperone machine for ATP fres60 to~12
inhibition of luciferase renaturation is similar to differences uM. This observation indicates that the binding of GA to
observed between the potency of the two drugsimivo the hsp90 chaperone machine complex either decreases the
assays of their tumoricidal activity (Whitesell et al., 1992). rate of ATP dissociation (e.g., increases the affinity of the
GA-induced inhibition of luciferase renaturation was specif- hsp90 chaperone machine for ATP) or slows the rate at which
ically reversed by the addition of hsp90 to RRL, but not by ATP is converted to product (e.g., inhibits the rate of ATP
the addition of hsc70, p60, or p23. hydrolysis). The effects of GA on th&,,for ATP and the
The binding of GA to hsp90 appears to inhibit the normal interaction of p23 with the hsp90 chaperone machine
sequential interaction of components of the hsp90 chaperonecontaining bound luciferase are consistent with previous
machinery with substrate. When progesterone receptor/reports that (a) p23 interacts with hsp90 in the presence of
hsp90 complexes are reconstituted in RRL in the presenceeither ATP or nonhydrolyzable ATP analogs; but (b) the
of GA, the progesterone receptor accumulates in intermediatepresence of hydrolyzable ATP is required for the stable
hsp90 complexes containing hsc70, p60, and p48 (Johnsorassociation of p23 with hsp90/progesterone receptor com-
& Toft, 1995; Smith et al., 1995). GA blocks the formation plexes (Johnson & Toft, 1995); and (c) the hsp90 cohort p23
of mature complexes of the progesterone receptor with hsp90does not interact with the hsp90 chaperone machinery
complexes that contain p23 and immunophilins. However, containing bound substrate (SHR) in the presence of GA
GA does not inhibit the dynamic cycling of the progesterone (Johnson & Toft, 1995; Smith et al., 1995; and Figure 5).
hormone receptor through the hsp90/hsc70/p60/p48 inter-
mediate complexes (Smith et al., 1995). Similarly, during  3V. Thulasiraman and R. L. Matts, unpublished observations.
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Based on the correlation between GA'’s effects on p23 Hutchinson, K. A, Dittmar, K. D., Czar, M. J., & Pratt, W. P.
binding to the hsp90 chaperone machinery and GA'’s effects  , (1994&)J. Biol. Chem. 2695043-5049.

- . Hutchi K. A., Ditt K. D., & Pratt, W. B. (19940) Biol.
on ATP affinity or hydrolysis, we speculate that p23 plays ”C°h4ﬁ0269278§;2@“§‘5’9_ el ( ) Blo

a role in regulating either ATP hydrolysis or nucleotide Hutchinson, K. A., Stancato, L. F., Owens-Grillo, J. K., Johnson,

exchange during the action of the hsp90 chaperone machine. J: L., Krishna, P., Toft, D. O., & Pratt, W. B. (1993) Biol.
The binding of GA to hsp90 could be directly affecting the Chem. 2701884118847,
9 P y g Jacob, U., & Buchner, J. (1994)ends Biochem. Sci. 1205—

ATP binding site that has been proposed to be present on 211.

hsp90 (Figure 7A) (Csermely et al., 1993; Johnson & Toft, Jag%), ;Jz"sléi—“?zgi Meyer, |., & Buchner, J. (1995)Biol. Chem.
1995; Nadeau et a!., 1,993),' However, since the eX|S,tenceJacob, (U Scheibei,T., Bose, S., Reinstein, J., & Buchner, J. (1996)
of the hsp90 ATP binding site has recently been questioned 3. Bjol. Chem. 27110035-10041.

(Jacob et al., 1996), the binding of GA to hsp90 may affect Johnson, J. L., & Toft, D. O. (1994). Biol. Chem. 26924989~

the ATP binding site present on some other component of
the hsp90 chaperone machinery, such as hsc70, throug
allosteric interactions.
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