Novobiocin and Related Coumarins and Depletion of
Heat Shock Protein 90-Dependent Signaling Proteins
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Heat shock protein 90 (Hsp90) is one of the most abundan

Background: Heat shock protein 90 (Hsp90) interacts with heat shock proteins in eukaryotes and plays a key role in thg
and stabilizes several oncogenic protein kinases (e.g.Stability and function of multiple cell-signaling molecules. A 3
p185°™B2 p60'S" and Raf-1) and is required for the stabil- variety of transcription factors, including the dioxin recef(tby, :5
ity and dominant—negative function of mutated p53 protein. steroid hormone recepto(g8—4),and mutated p5%,6),as well &
Two unrelated antibiotics, geldanamycin and radicicol, bind as several oncogenic tyrosine and serine—threonine kinases, ié-
specifically to an atypical nucleotide-binding pocket of cluding p60~" (7), Raf-1(8-10), and p185™"* (Her2/Neu) &

Hsp90, a site that shares homology with the adenosine tri- (11), can be recovered as heterocomplexes containing Hsp9Gs
phosphate (ATP)-binding domain of bacterial DNA gyrase Two structurally unrelated antibiotics, the benzoquinone ansa%
B. This interaction leads to destabilization of proteins that Mmycins (e.g., geldanamycin) and radicicol, specifically interact:s

interact with Hsp90. Since the nucleotide-binding site of gy- With an Hsp90 amino-terminal nucleotide-binding domain, dis-&
rase B is targeted by coumarin antibiotics (e.g., novobiocin), "upting the chaperone’s association with its client-signaling pro-2
we investigated whether these drugs can also interact with teins and Ieading to their subsequent destabilization and protg
Hsp90 and affect its activity. Methods:We used immobilized Olysis (12-16). Q
novobiocin, geldanamycin, or radicicol to isolate either en- ~ Since Hsp90 is considered to be a novel molecular target fof2
dogenous Hsp90 from cell lysates or Hsp90 deletion frag- anticancer therapeuti¢d2), we have focused our attention on S
ments translatedin vitro. Effects of the coumarin antibiotics discovering less toxic agents that are capable of inhibiting™
novobiocin, chlorobiocin, and Coumermycin Al on several HSp9O function in a manner similar to that seen with the ansaé’
proteins interacting with Hsp90 were assesseith vitro andin ~ mycins and radicicol. Both drugs bind to an atypical nucleotide-2
vivo. Results:Hsp90 binding to immobilized novobiocin was binding pocket in the amino terminus of Hsp90 that shares hor
competed by soluble coumarins and ATP but not by gel- mology to the adenosine triphosphate (ATP)-binding domain ofg
danamycin or radicicol. A carboxy-terminal Hsp90 fragment  the bacterial DNA gyrase B protei{16—21).Since the nucleo-
bound immobilized novobiocin but not immobilized geldana- tide-binding site of gyrase B is the target of the coumarin anti-
mycin, while a geldanamycin-binding amino-terminal frag- biotics, including novobiocin, chlorobiocin, and coumermycin
ment did not bind novobiocin. All three coumarins markedly Al (Fig. 1), we investigated whether these agents could also
reduced cellular levels of p185rb52, pGOV'S"C, Raf-1, and mu- interact with Hsp90 and, if so, whether they could affect its
tated p53. Furthermore, novobiocin reduced Raf-1 levels in chaperone activity. Since novobiocin, in particular, has been a
the Sp|eens of mice treated with the drugCondusions:These cIinicaIIy utilized antibiotic with tolerable tOXiCity, we were par-
coumarin antibiotics, particularly novobiocin, represent a
first-generation alternative to other Hsp90-targeting drugs
that are not as well tolerated. Novobiocin’s unique interac- Affiliation of authors: Department of Cell and Cancer Biology, Medicine
tion with Hsp90 identifies an additional site on this protein Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD.

amenable to pharmacologic nterference with small mo- , S2ESEente ot ke, D, haona oo e, 510
ecules. [J Natl Cancer Inst 2000;92:242-8] B ’ ’ ' '

nih.gov).
See“Note” following “References.”
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then equilibrated in 25 M HEPES (pH 8) containing 1 M EDTA, 10%
ethylene glycol, and 200 k KCI and kept at 4 °C protected from ligki22).

OH CHy

- Cell lysates were prepared in TNESV buffer (i.e., 5Mmris—HCI (pH 7.4),

i m \Qi\)\m Novobiocin 1% Nonidet P-40, 2 il EDTA, 100 nM NaCl, and 1 nv sodium orthovana-
A N L 0 o date), containing 1 M phenylmethylsulfonyl fluoride, 2@.g of aprotinin, and
B o 20 n.g of leupeptin per milliliter. Total protein (30@g per assay) was incubated

with novobiocin-coupled resin (10Q.L) in TNESV buffer, with or without

previous addition of various drugs or ATP, for 1 hour at 4°C with gentle

rotation. The beads were then thoroughly washed with ice-cold TNESV buffer.
oH CHy Bound proteins were eluted by being boiled in reducing loading buffer and were
o SN NH_CD\@i\)\CH; analyzed by sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS—

O i 00 0N o Chl bioci PAGE), followed by either silver staining (Bio-Rad Laboratories, Hercules, CA)

’ o orobiocin or western blotting with appropriate antibodies.
CN\C:O ™ Preparation of Geldanamycin—AffiGel Beads

Geldanamycin was derivatized and immobilized as previously rep¢t@d
Briefly, 1,6-hexanediamine was added to geldanamycin (imchloroform)
at a 10-fold molar excess and allowed to react for 2 hours. After aqueou
extraction, 17-hexamethylenediamine-17-demethoxygeldanamycin was dried?
redissolved in DMSO, and reacted with AffiGel 10 resin (Bio-Rad Laboratories). 5.
Before use, the geldanamycin—AffiGel beads were washed in TNESV buffer ancg
blocked with 1% bovine serum albumin.

Coumermycin A1 Preparation of Radicicol-Sepharose Beads

dpy wouy pa

Twenty-five milligrams of the radicicol derivative KF66658 (Kyowa Hakko
Kogyo Co., Ltd., Tokyo, Japan) was dissolved in tetrahydrofuran and added td”.
1 mL of epoxy-activated hydroxyapatite—Sepharose beads (Pharmacia LKB Bio§
technology AB, Uppsala, Sweden). After 5 days of end-over-end mixing at roomg
temperature, the beads were transferred into tetrahydrofuran/methanol (1:3
vol/vol) and then 20 mg of acetic anhydride was added. After end-over-end>
mixing at room temperature for 1 hour, two volumes d#1ITris—HCI (pH 7.5) _§
Fig. 1. Structures of novobiocin and the structurally related coumarins chlory®'® added for 15 minutes. Finally, the resin was washed three times in TNES\

biocin and coumermycin AL. buffer_lacking vanadate and, before use, was blocked in 1% bovine seruni
albumin. 3

Preparation of Hsp90 Constructs S

ticularly interested in this compound’s potential as an anti- &
y P P Full-length chicken Hsp90 complementary DNA (cDNA) and #&80-728 %
Hsp90 agent. S

carboxyl-terminal chicken Hsp90 deletion fragment, both subcloned in pGEM-=
7Z vector (Promega Corp., Madison, WI), were gifts of Dr. David Toft (Mayo
Clinic, Rochester, MN), and their method of preparation was described previ
ously (23). The amino-terminaA1-222 fragment of chicken Hsp90 was ob-

tained from full-length chicken Hsp90 cDNA by polymerase chain reaction with

the use of two primers designed to cont&anH| and EcoRlI restriction sites,

SKBRS and MCF7 human preast carcinoma cells were purchased from gy e pna fragment was then subcloned in pBluescript Il SK vector (Strata-
American Type Culture Collection (Manassas, VA), and v-src-transformed Nlé'lene Cloning Systems, La Jolla, CA).

3T3 mouse fibroblasts were obtained from the National Cancer Institute,

Bethesda, MD. The cells were maintained in Dulbecco’s modified Eagle medidm Vitro Transcription and Translation

(DMEM) with 10% fetal bovine serum (Whittaker Bioproducts, Walkersville, . . . o

MD), 1 mM glutamine, and 10 M HEPES (pH 7.3) at 37 °C in an atmosphere Recqm_blnant protems'were. expressed fromug of plasmids byin v_|tro _

of 5% carbon dioxide. When they were approximately 70% confluent, the cef[@nscription and translation with the use of the TnT™ Coupled Rabbit Reticu-
were treated with various agents. Stock novobiocin, etoposide, and doxorubl@fyte Lysate Kit (Promega Corp.) in the presence of translat|on-gFﬁSM§-
(Sigma Chemical Co., St. Louis, MO) solutions were prepared in distilled watdpionine (1458 Ci/mmol; ICN Pharmaceuticals, Inc., Costa M?Sfav CA), using thez,
Chlorobiocin and geldanamycin (both from the Developmental Therapeutf@@Propriate DNA polymerase and following the manufacturer's instructions. The§
Program, National Cancer Institute) and coumermycin Al (Sigma Chemical cBIterial fromin vitro translation reactions (12-24L) was incubated with 5

€

MATERIALS AND METHODS

Cell Culture and Reagents

05962/2¥2/

q 6%
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were prepared in 100% dimethyl sulfoxide (DMSO). various concentrations of novobiocin or geldanamycin. After mixing at 4 °C for
30 minutes, 40uL of resin with immobilized geldanamycin or 10QL of

Preparation of Novobiocin—Sepharose 6B and the novobiogin resin was ad_ded, and the mixture was incupated for 60 minutes at

Solid-Phase Novobiocin-Binding Assay 4 °C while rotating. Resins were washed three times with TNESV buffer and

boiled in sample buffer. After separation by SDS—-PAGE, proteins were visual-
Novobiocin-Sepharose was prepared as follows: Three grams of epoffd Py silver stain or autoradiography.

activate(_j Sepharose 6I_3 (_Sigma Chemical Co.) was thoroughly washed and ‘_W@stern Blotting
swollen in 100 mL of distilled water for 1 hour at room temperature. The resin
was washed further with coupling buffer (0MBsodium carbonate [pH 9.5]). The  Cells were lysed with TNESV buffer containing protease inhibitors. Total
gel was mixed with 400 mg of novobiocin (sodium salt; Sigma Chemical Co.) protein (50.g) was separated on 10% polyacrylamide gels containing SDS,
10 mL of coupling buffer and incubated at 37 °C with gentle rotation for 2@ansferred to a nitrocellulose membrane by electroblotting, and blocked for 2
hours. The excess ligand was washed away with coupling buffer, and the meurs with a solution containing 5% nonfat dry milk, 10nTris—HCI (pH 7.5),
maining epoxy-active groups were blocked witiMlethanolamine in coupling 2.5 mM EDTA (pH 8), 50 nM NaCl, and 0.05% Tween 20. The membranes
buffer for 12 hours at 30 °C with gentle shaking. The gel was thoroughly washe@re probed with the indicated primary antibodies and then by secondary anti-
sequentially with coupling buffer, 0J8 NaCl in coupling buffer, distilled water, bodies conjugated to horseradish peroxidase, and the signal was detected with
0.5M NacCl in 0.1M sodium acetate (pH 4), and again in distilled water; it wathe use of chemiluminescence reagents (Pierce Chemical Co., Rockford, IL).
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Mononuclear Cell Preparation eukaryotic homologue of bacterial DNA gyrase(®). Immo-

Thirty milliliters of human blood collected in a heparinized syringe was Iayk?Illzed novobiocin bound in a hydmphOblc manner (I'e" bmdmg

ered on a 20-mL Ficoll-Paque (Pharmacia LKB Biotechnology AB) cushion aiyas resistant to multiple washes in O_‘IBNaCI) to elth_er pure
centrifuged for 30 minutes at 10§@t 20 °C to separate the mononuclear cellsHSP90 (not shown) or Hsp90 present in cell lysate (Fig. 2, A and
After isolation, the cells were washed twice with sterile phosphate-buffer@l). Preincubation of the lysate for 30 minutes with either excess
saline (PBS), collected by centrifugation at 1§G0r 10 minutes at 20 °C, and spluble novobiocin, chlorobiocin, coumermycin Al, or ATP in-
Lhe” i”Ch”bated in DIMEM s"“pp'ememed é"’“hhlo% fzt.a' .bo"i”defse[]“m: Aﬁg'ﬁigited, in a dose-dependent manner, subsequent Hsp90 binding
ours, the mononuclear cells were treated with novobiocin and further incu L . L :
at 37 °C overnight. ) noyobmcm—Sepharqsg (Fig. 2, A gnd C). ltis interesting that
we failed to observe efficient competition between either soluble
Treatment of Mice With Novobiocin geldanamycin or radicicol and immobilized novobiocin for bind-
Mice were maintained in accordance with the guidelines of the NationI g to Hsp90 (data ,nOt shown), althoth soluble nqvpbmcm V\.Ias
Institutes of Health. Healthy C57BL/6 mice weighing approximately 15 g werd le to compete with both geldanamycm- and rad|C|C0|'aﬁm'ty
placed on a 5-day treatment schedule consisting of twice-daily intraperitonBgads for binding of Hsp90 (Fig. 3).
injections of novobiocin (100 mg/kg body weight) formulated as a 15-mg/mL

solution in sterile water. The animals were killed 3 hours after the last injectioB.inding Domains on Hsp90 for Novobiocin and

Their spleens were removed, minced, and briefly sonicated while suspendegsigldanamycin

cold PBS and centrifuged at 4§€r 2 minutes at 4 °C. The supernatant (isolate

cells) was then separated, and the cells were collected by centrifugationgat 900

for 10 minutes at 4 °C. Cells were lysed with TNESV buffer containing protease Intrigued by the fact that neither geldanamycin nor radicicol
inhibitors. The amount of total protein was assessed by the Bradford methagy|d effectively compete Hsp90 binding to immobilized novo- &

(Bio-Rad Laboratories). Cell extracts were subjected to denaturing PAGE, elfﬁOCin we investigated the possibility that novobiocin bound to=
trotransferred, and blotted for Raf-1 protein. Films were scanned into a PO\A%% ' g

opEOJUMO(]

r . . . i 3
Macintosh 9500 computer, and the optical density of the Raf-1-specific ban unique location on Hsp90. Both crystallographic and bio

was determined with the use of National Institutes of Health Image Softwar& emical studies of the gmlno—termlnal region O_f HS.KI%)—ZO?
have revealed the location of the geldanamycin-binding site toz

Statistical Methods be uniquely contained within the first 221 amino acids. Thus, ang
. . . .. . =1
The means and standard deviations were determined and the statistical ar%W—'nO'termmal fragment (de&gnatéd), consisting of amino ¢

; . : > . 3
sis was performed with the use of Microsoft Excel ®8values reported are acids 1-221 of chicken Hsp90, binds immobilized geldanamycirs:

sdny

two-sided. [see (18\nd Fig. 4]. To our surprise, however, this fragment didg
not bind to novobiocin—Sepharose beads (Fig. 4). In contrast, a
RESuLTS COOH-terminal fragment of Hsp90 (designat&d, represent- 3

[

10U

ing amino acids 380-728) that does not bind to immobilized

Binding of Hsp90 to Novobiocin—Sepharose
Incing P voblodt P geldanamycin does bind efficiently to novobiocin—Sepharose
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. . . ) A Silver Stain B Western blot
Fig. 2. Novobiocin—Sepharose binding to heat shock protein 90 (Hsp9 -_— —=semae

Binding is competed by free novobiocin, chlorobiocin, coumermycin A1,

and adenosine triphosphate (ATP). Cell lysates, prepared in lysis buffe as E"E' < Hsp90
a b

—

described in the “Materials and Methods” section, of human breast carfi- Novobioci
noma SKBR3 cells were incubated with novobiocin—Sepharose alone|or vobiocin (mM) 0 2 3 4 68
after preincubation on ice with increasing concentrations of soluble novo-

biocin, chlorobiocin, coumermycin Al, or ATP for 30 minutes.panels

220z 18nbny |z uo1senb Aq 6¥05962/212/€/26/°

. L c Silver Stain
A andC, bound Hsp90 was detected by silver stainingpémel B, no-
vobiocin—Sepharose was added to cell lysate without competition, ahd
bound Hsp90 was visualized by western blot analylsise a, panel B: EX ['¥ ﬂ Il:l & Hsp90
novobiocin-bound Hsp90 affinity-purified from SKBR3 cell lysalgne b, -
panel B: the Hsp90 signal obtained by blotting pg of SKBR3 cell lysate 0 3 5 2 0 35 10 15
directly. Chlorobiocin Coumermycin ATP (mM)

Fig. 3. Novobiocin competes with immobilized gel-
danamycin and immobilized radicicol for binding to GA beads Rd beads
heat shock protein 90 (Hsp90). Lysates were prg-
pared from NIH 3T3 mouse fibroblasts, preincubate r’

on ice with soluble novobiocin for 30 minutes, and
then incubated with immobilized geldanamycin or
immobilized radicicol. Affinity-purified proteins 0 1 3 & 10 2
were separated by sodium dodecyl sulfate—polyacryj
amide gel electrophoresis and visualized by silve
stain. Binding of Hsp90 to the resins was competi Novobiocin (mM) GA (M)
tively blocked by novobiocin in a dose-dependen
fashion. GA = geldanamycin; Rd= radicicol.

- Hsp90 —-— e . <~ Hsp%0

T
o
©«
-]
=
o

2

Novobiocin (mM) Radicicol {uM)

244 ARTICLES Journal of the National Cancer Institute, Vol. 92, No. 3, February 2, 2000



Hsp90

Al
1

221

Al Al

Binds

Novobiocin GA™
728 + +

— +

728 + —

A2 A2 A2 Al

P...,@

0 2
uM GA

0 5 10 0
mM Novobiocin

GA beads

Novobiocin beads

[¢

)

and mutant p53 levels were also markedly reduced after 16 hours
of novobiocin treatment. In v-src-transformed NIH 3T3 fibro-
blasts, the level of p6C°" protein was reduced by 50% after
exposure to 60@.M novobiocin (Fig. 5, B). Similar to geldana-
mycin (5), novobiocin lowered mutant p53 protein levels in
SKBR3 cells while depleting Raf protein to an undetectable
level in the same cells (Fig. 5, A). As controls for protein loading
and nonspecific toxicity, the steady-state levels of scinderin, an
actin-associated protein, and glucose-regulated protein 78 (BiP
or Grp78), an Hsp70 family chaperone localized to the endo-
plasmic reticulum, were monitored; they were found not to be
altered by the doses/exposure times of novobiocin used in these
experiments (Fig. 5, B). General interference with protein syn-
thesis is not a likely explanation for these results, since overnight
cycloheximide treatment of SKBR3 cells did not affect the

steady-state levels of the proteins affected by novobiocin (data,
not shown). Finally, although novobiocin inhibits topoisomerase2

Fig. 4. Schematic representation of full-length heat shock protein 90 (Hsp90) and - _
NH,- and COOH-terminal deletion mutants and their ability to bind to immgﬂ at the concentrations used (100 1O@M)’ the druQ had no

bilized novobiocin or immobilized geldanamycin. The two deletion mutats, effect on the stability of this protein (Fig. 5, A).
and A2, obtained as described in the “Materials and Methods” section, were
translatedn vitro, then incubated with geldanamycin (GA) or novobiocin beadEffect of Other Topoisomerase Il Inhibitors on
in the presence of increasing concentrations of free GA or free novobioctdsp90-Dependent Signaling Proteins
respectively. Bound®S-labeled proteins were resolved by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis, and the gel was dried and visualized byTg determine whether the effects of novobiocin described;,?'
autoradiograpy. (apee (18)or the data describing the behavior 82 and its - ahove could be observed with structurally related coumarin ans
binding to GA. tibiotics, we tested whether chlorobiocin and coumermycin A1%
could deplete Hsp90 client proteins. Both p188°and Raf-1
site on Hsp90 is different from the previously described aminesere depleted by these drugs in a manner similar to novobiocirs
terminal geldanamycin/nucleotide-binding site. treatment, although at lower drug concentrations (Fig. 6, A and
B). Maximal depletion of Raf-1 and p188%2occurred with 500
wM chlorobiocin and 10QuM coumermycin Al, respectively.
Scinderin, the related actin-binding protein gelsolin, and the=
A number of client protein kinases and transcription factochaperone Hsc70 all were unaffected by either of these drugs
are recovered from cells associated with Hsp90. Both geldaifgig. 6, A and B).
mycin and radicicol dissociate these complexes and cause theSince the coumarin antibiotics are recognized inhibitors ofis
destabilization and depletion of associated client proteitgpoisomerase Il, we tested whether other topoisomerase Il in¥
(5,10,11).Because novobiocin binds to a unique site on Hsp9hibitors, which do not act at the nucleotide-binding site, could$
we wished to test its ability and the ability of structurally relatedimilarly deplete Hsp90-dependent client proteins. In contrast t@
coumarin antibiotics to manifest similar effects. the results obtained with the coumarins, two structurally distinct?
We treated SKBR3 cells and v-src-transformed NIH 3T3 ftopoisomerase |l inhibitors, doxorubicin (i.e., Adriamycin) and 5
broblasts with increasing concentrations of these drugs for é®poside (i.e., VP16), failed to affect pP8%2protein level in
hours and then assessed the protein levels of Raf-1,°F85 SKBRS3 cells at concentrations that maximally inhibit topoisom- 5
mutant p53, and p8C' The level of p188*®?was reduced by erase Il activity (Fig. 6, C). Therefore, it seems reasonable tas
80% relative to untreated controls after overnight treatment witlonclude that the ability of the coumarins to deplete Hsp90-»
800 M novobiocin and by 40% compared with controls aftedependent proteins is related to their direct interaction With§
overnight treatment with 30QM drug (Fig. 5, A). Raf-1, p60®, Hsp90 and not to their activity as topoisomerase Il inhibitors.

sdyiy wouy papeoju

Effect of Novobiocin on Hsp90-Dependent Signaling
Proteins
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A 0.1 .2 .3 .5 .8 Novobiocin (mM)

Fig. 5. Novobiocin depletes cells of heat shock protein 90-dependent
signaling molecules. SKBR3 human breast carcinoma cells or v-sic-
transformed mouse NIH 3T3 fibroblasts (the source of'F6) were
incubated for 16 hours with increasing concentrations of novobiocih.

|

« PI85™E Novaobiocin (mM)

: . <4 pBQv-sre
Cells were lysed in ice-cold lysis buffer as described in the “Material * Scinderin st P
and Methods” section, and protein levels were assessed by western
analysis.Panel A: Protein levels of p185°22 scinderin, p53, Raf-1, - _ « BiP
and topoisomerase |l (Topo2) were measured in SKBR3 cell lysgte E". o “ p53
after exposure of the cells to increasing concentrations of novobioc|n.
Panel B: p60s" and glucose-regulated protein 78 (Grp78 or BiP <« Raf-1
levels were measured in v-src-transformed mouse NIH 3T3 fibroblgst
cell lysate after exposure of the cells to 0.8/nmovobiocin. " e |« Topoll
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Fig. 6. Chlorobiocin and coumermycin A1, but not etoposidd
(i.e., VP16) or doxorubicin (i.e., Adriamycin) (structurally
unrelated topoisomerase Il inhibitors), deplete cells of heat A o 05 1 2 5 Chlorobiocin (mM)
shock protein 90 (Hsp90)-dependent signaling proteins. ]
SKBR3 human breast carcinoma cells were treated with in- |--- ~ | -« Raf1 B 0 01 .02.05 .1 Coumermycin A1 (mM)

creasing concentrations of drugs for 16 hours and lysed [n
lysis buffer, and specific protein levels were measured by — p18s
' <& Rai-1

- Hsc70

e

western blot analysis. In the case of VP16 and Adriamycin,
concentrations known to inhibit topoisomerase Il were usedl.
Panel A: Raf-1, heat shock chaperone protein 70 (Hsc70}),
pl185™B2 and scinderin protein levels after exposure o
SKBR3 cells to increasing concentrations of chlorobiocin
Panel B: p185™52 Raf-1, and gelsolin protein levels after

- Gelsolin

exposure of SKBR3 cells to increasing concentrations qf C VP16 Adriamycin
coumermycin Al. Ipanels AandB, the levels of scinderin EI 0 05 pM

and gelsolin, respectively, were measured to confirm equgl

protein loading of all lanes, since these proteins are not dg- - -4 p185eB2
pendent on Hsp90 for stabilitPanel C: p185™E2 protein

level was measured after treatment of SKBR3 cells witl
VP16 and Adriamycin.

Effect of Novobiocin on Raf-1 in Normal Human
Peripheral Blood Cells and in Mouse Splenocytes

To determine whether novobiocin could affect Raf-1 in ht
man peripheral blood mononuclear (PBM) cells, we culturgd
freshly prepared, nonstimulated PBM cells with novobiocin fd
14 hours and found Raf-1 protein to be depleted in a doge-
dependent manner (Fig. 7, A). Gelsolin levels remained unfl- R
tered, even at the highest drug concentration tested, and treated i
cells remained viable as assessed by trypan blue dye exclusjon.

A human PBM

=

Next, we examined whethén vivo administration of novo- «— Gelsolin
biocin could affect Raf-1 levels in murine splenocytes. Because
Raf-1 depletion in PBM cells required several hours of exposyre 0 2 5 .8 Novobiocin (mM)
to the drug and because novobiocin is cleared relatively quickly
from murine plasma (plasma clearance half-Ee80 minutes) B murine splenocvies
_murine splenocytes

(24), we chose to treat mice by intraperitoneal injection (1J0

220z 1snbny |z uo1senb Aq 6¥05962/212/€/Z6/2191e/10ul/woo dnoolwspede)/:sdyy woll pspeojumoq

mg/kg) for 5 days at 12-hour intervals. At this dose, the serym Raf-1 -
level of the drug has been reported to vary betweenl@onL %0 ;; :']_88
and 450pg/mL during the first hour24). Our data show that control .
spleens removed from mice receiving novobiocin contained sfa- c ;_f 7 ;‘;1%22
tistically significantly less Raf-1 protein than did spleens from l- i - :l ‘Eg _i_ . o
vehicle-treated controls (Fig. 7, B). On average, the Raf-1 pio- novobiocin = B .
tein in the novobiocin-treated group @& 10) was reduced by §§ o
34% compared with vehicle-treated controls €1 5; P<.002, = 2
Student’st test). In seven of 10 treated mice, the mean splerjic Gelsolin T
Raf-1 protein level was reduced even further, to 29% of contrgl. 107 i
The splenic content of gelsolin remained unchanged in all mige. control
DiscussioN [cememecmas] g 3
. . o o
Recently, it has become clear that heat shock proteins interfact noveblocin ° g

with a variety of proteins involved in cell proliferation [for re-
view, see (25). It is interesting that Hsp90 is constitutively — — il _
expressed at twofold to 10-fold higher levels in tumor cells théﬁl\g' 7. Novobiocin depletes Raf-1 protein in human peripheral blood mono-

. . . . nuclear (PBM) cellsn vitro and in murine splenocytes vivo. Panel A: Human
in their normal counterpar(&6). The benzoquinone ansamycm% M cells were incubated overnight with increasing concentrations of novobio-

96|danam¥0'” E}n.d .hefb'”?YC'” A, together with an anelat and washed twice in cold phosphate-buffered saline, and Raf-1 and gelsolin
macrocyclic antibiotic, radicicol, have been shown to bind to &jotein levels were measured by western blot analy2imel B: Mice were
amino-terminal nucleotide-binding pocket in Hsp90, thus integiven intraperitoneal injections of novobiocin (100 mg/kg body weight) twice
fering with its chaperone functiqﬂz16,21,27,28pe|danamy- daily at 12-hour intervals for 5 days. Mice were killed 3 hours after receiving the
cin, in particular, has been very useful in identifying previouslg\;(; injection, and their spleens were removed, washed in sterile phosphate-

unrecognized client proteins that depend on Hsp90 for stabil ered saline, and minced. Splenocytes were collected as described in the
Materials and Methods” section and analyzed for Raf-1 and gelsolin proteins by

and function, and a reasonably well tolerated geldanamycm q\%_stern blot. The scatter graph depicts individual optical densities (arbitrary

rivati\_/ey _17'a|!ylamin(_)geldanamydn, has entered phase | C”rﬂxjﬁits) of the Raf-1 protein bands for each animal. The black ba#§ ¢epresent
cal trial in patients with cancer. the means (¥ of each group. SB- standard deviation.
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While the ansamycins and radicicol are exciting lead com- Novobiocin is a well-studied antibiotic, whose pharmacoki-
pounds with promising clinical utility, they may have a lownetics and toxicity profile are clearly understood. In humans,
therapeutic index, and these drugs displayivo toxic effects doses of 4 g/day (well below the maximum tolerated dose) yield
that appear to be unrelated to their Hsp90 antagonism. Theaeplasma level of 200-30@g/mL or higher, 2 hours after oral
fore, we have been searching for other compounds capableadministration, corresponding to a drug concentration of 300—
interfering with Hsp90 function in a manner similar to that of th&00 wM (32,33).Since our results demonstrated that novobiocin
ansamycins. In 1997, Bergerat et €l7) described a glycine- can deplete Raf-1 in human PBM cells exposed to the drug at
rich ATP-binding motif in bacterial DNA gyrase, and these inthese concentratioria vitro, we examined whethen vivo ac-
vestigators reported that Hsp90 contained a highly homologdisty could also be documented. None of the mice receiving
region in its amino-terminal domain. This domain is fully conintraperitoneal bolus injections of novobiocin twice daily for 5
tained within the ansamycin-binding pocket, and it has beeays displayed any visible signs of toxicity, and their motor
shown to be the binding site for ATP, geldanamycin, and radi@ctivity or body weight was not affected (data not shown). How-
col (16,18-21)The homology between DNA gyrase and Hsp98ver, seven of 10 treated mice displayed significantly reduced
nucleotide-binding domains prompted us to investigate whetHevels of splenic Raf-1 protein (29% of control) when compared
topoisomerase (gyrase) ATP-binding site inhibitors might alswith vehicle-treated animals.
bind to and interfere with the function of Hsp90. Although the plasma clearance half-life of novobiocin in

We show here that novobiocin and two related coumarinice is only 80 minutes, its plasma clearance half-life in human
antibiotics, chlorobiocin and coumermycin AdegFig. 1), bind has been measured to be 6 ho(88), and high doses of drug
to Hsp90. Thus, novobiocin—Sepharose is able to affinity pré&4—6 g) can be readily administer€d4). The importance of
cipitate Hsp90 from a cell lysate in a manner inhibited by excessducing the expression of particular signal transducers for im=
ATP, and soluble novobiocin can compete with either immobproved response to chemotherapeutic agents is now appreciated.
lized geldanamycin or radicicol for binding to Hsp90. Sinc€or example, recent clinical triai84) have shown that HER-
neither soluble geldanamycin nor radicicol is able to compe2eNeu antibody treatment nearly doubled the response rate tg
with novobiocin—Sepharose for Hsp90 binding, we thought éither paclitaxel or cyclophosphamide/doxorubicin regimens |nO
most likely that the novobiocin-binding site must be adjacent fmatients with metastatic breast cancer. Our current findings su%
or overlapping with, but not identical to, the ansamycingest that novobiocin, or other coumarin antibiotics, should bes
radicicol-binding pocket. Such a hypothesis is consistent withHf@rther investigated for theiin vivo anti-Hsp90 activity. These 8
report(29) that the DNA gyrase B novobiocin-binding site overagents may represent a clinically better tolerated alternative ta
laps, but is not identical to, the gyrase ATP-binding motif. It isnsamycins or radicicol for depletion of Hsp90-dependent ki- 3
intriguing, however, that the binding data that we have obtainedses and other signaling proteins, and their use might prové
with Hsp90 deletion mutants suggest that novobiocin specifieneficial in combination with standard chemotherapy. Our date
cally interacts with a previously unrecognized domain in thalso suggest that pharmacologic interference with Hsp90 funcg
carboxy-terminal portion of Hsp90, quite distinct from thdion at sites other than the chaperone’s amino terminus is pos3
amino-terminal site where geldanamycin binds. The hypothesible and should be further explored.
that the binding sites for novobiocin and geldanamycin are spa-
tially separated suggests a mechanism by which novobio@trerencES
binding to Hsp90 can interfere with the binding of geldanamycin
or radicicol, since the amino and carboxy termini of the Chapﬁ) Wilhelmsson A, Cuthill S, Denis M, Wikstrom AC, Gustafsson JA, Poel-
erone are thought to mterac_t closely with ea(?h (_)ther in solutio linger L. The specific DNA binding activity of the dioxin receptor is modu-
(30). Indeed, a molybdate-influenced domain in the extreme |ated by the 90 kd heat shock protein. EMBO J 1990;9:69-76.
carboxy terminus of Hsp90 has recently been suggested to regmy Catelli MG, Binart N, Jung-Testas |, Renoir JM, Baulieu EE, Feramisco JR,
late Hsp90 conformation and to affect geldanamycin bin@g1ig. et al. The common 90-kd protein component of non-transformed ‘8S’ ste->

Although novobiocin appears to bind to a site on Hsp90 that roid receptors is a heat-shock protein. EMBO J 1985;4:3131-5.
is different from the geldanamycin/radicicol-binding site, it, like® Sanchez ER, Toft DO, Schiesinger MJ, Pratt WB. Evidence that the 90-kDa>

. . . . g phosphoprotein associated with the untransformed L-cell glucocortlcom“Q
geldanamycm and radicicol, is able to interfere with the chap receptor is a murine heat shock protein. J Biol Chem 1985;260: 12398—r*
erone function of Hsp90 and to deplete tumor cells of a series of 41 o
Hsp90-dependent signaling proteins. Thus, in SKBR3 breagt) Bohen SP, Yamamoto KR. Modulation of steroid receptor signal transduc- N
cancer cells, a 16-hour exposure to novobiocin reduced tion by heatshock proteins. In: Morimoto RI, Tissieres A, Georgopoulos C,
p185efb52, mutated p53, and Raf-1 protein levels in a dose- editors. The biology of heat shock proteins and molecular chaperones. Cold
dependent fashion, with maximal activity occurring at 500—-800 Sp;'”394Harb°f (NY): Cold Spring Harbor Laboratory Press; 1994. p.
1M novobiocin. The p60°" protein was also reduced in v-src- (5) Blagosklonny MV, Toretsky J, Neckers L. Geldanamycin selectively de-
tranqurm,ed NIH 3T3 cells after a 1§-hour exposure to ﬁM? . stabilizes and conformationally alters mutated p53. Oncogene 1995;11:
novobiocin. Although the novobiocin analogues chlorobiocin  g33_g.
and coumermycin Al were similarly effective at depleting(e) Blagosklonny MV, Toretsky J, Bohen S, Neckers L. Mutant conformation
Hsp90-dependent signaling proteins, other topoisomerase inhibi- of p53 translatedn vitro or in vivo requires functional HSP90. Proc Natl
tors that do not bind topoisomerase at its nucleotide-binding Acad Sci US A 1996;93:8379-83.
domain, such as etoposide and doxorubicin, were inactive in thi§ Brugge JS. Interaction of the Rous sarcoma virus protein Hpadh the
regard. The actin-associated proteins scinderin and gelsolin, the ieguzlar proteins ppS0 and ppS0. Curr Top Microbiol Immunol 1986;123:
Hsp70 family member BiP (Grp78), and the constitutively ex (8) Stancato LF, Chow YH, Hutchison KA, Perdew GH, Jove R, Pratt WB. Raf
pressed Hsp70 homologue Hsc70 were not affected by novobio- exists in a native heterocomplex with hsp90 and p50 that can be reconsti-
cin or its analogues. tuted in a cell-free system. J Biol Chem 1993;268:21711-6.
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