
Copyright  1999 by the Genetics Society of America

Genetic Analysis of Viable Hsp90 Alleles Reveals a Critical Role
in Drosophila Spermatogenesis

Lin Yue,*,1 Timothy L. Karr,† Debra F. Nathan,*,2 Hewson Swift,* Shaila Srinivasan§,3

and Susan Lindquist*,‡

*Department of Molecular Genetics and Cell Biology, †Department of Organismal Biology and Anatomy, ‡Howard Hughes Medical Institute,
The University of Chicago, Chicago, Illinois 60637 and §Department of Biochemistry, University of Illinois, Urbana, Illinois 61801

Manuscript received September 16, 1998
Accepted for publication December 4, 1998

ABSTRACT
The Hsp90 chaperone protein maintains the activities of a remarkable variety of signal transducers, but

its most critical functions in the context of the whole organism are unknown. Point mutations of Hsp83
(the Drosophila Hsp90 gene) obtained in two different screens are lethal as homozygotes. We report that
eight transheterozygous mutant combinations produce viable adults. All exhibit the same developmental
defects: sterile males and sterile or weakly fertile females. We also report that scratch, a previously identified
male-sterile mutation, is an allele of Hsp82 with a P-element insertion in the intron that reduces expression.
Thus, it is a simple reduction in Hsp90 function, rather than possible altered functions in the point
mutants, that leads to male sterility. As shown by light and electron microscopy, all stages of spermatogenesis
involving microtubule function are affected, from early mitotic divisions to later stages of sperm maturation,
individualization, and motility. Aberrant microtubules are prominent in yeast cells carrying mutations in
HSP82 (the yeast Hsp90 gene), confirming that Hsp90 function is connected to microtubule dynamics
and that this connection is highly conserved. A small fraction of Hsp90 copurifies with taxol-stabilized
microtubule proteins in Drosophila embryo extracts, but Hsp90 does not remain associated with microtu-
bules through repeated temperature-induced assembly and disassembly reactions. If the spermatogenesis
phenotypes are due to defects in microtubule dynamics, we suggest these are indirect, reflecting a role
for Hsp90 in maintaining critical signal transduction pathways and microtubule effectors, rather than a
direct role in the assembly and disassembly of microtubules themselves.

HEAT-SHOCK proteins (Hsp’s) play roles in an to the Drosophila protein as Hsp90, and the gene as
Hsp83.) In addition to being induced by heat, mostextraordinary variety of normal cellular pro-
Hsp90 proteins are constitutively expressed and in-cesses, including protein trafficking, signal transduc-
duced in response to certain developmental signals.tion, DNA replication, and protein synthesis (Hartl

Deletion of the Escherichia coli Hsp90 homolog HptG1996). However, our understanding of the most critical
produces only subtle growth defects (Bardwell andin vivo functions of Hsp’s is still limited, and the roles
Craig 1988). But in the budding yeast Saccharomycesplayed by heat-shock proteins in the development of
cerevisiae, cells that lack Hsp90 die at all temperaturesmulticellular organisms are just beginning to be un-
tested and the quantity of Hsp90 required for growthveiled (Cutforth and Rubin 1994; Parsell and Lind-
increases as the temperature increases (Borkovich etquist 1994; van der Straten et al. 1997).
al. 1989). Hsp90 is also essential in the only other eukary-Hsp’s comprise several highly conserved, distinct fami-
otes in which it has been tested, Drosophila melanogasterlies of proteins. The Hsp 90 family includes proteins
(Cutforth and Rubin 1994; van der Straten et al.encoded by the Hsp90 and GRP94 genes of human,
1997) and Schizosaccharomyces pombe (Aligue et al. 1994).mouse, and chicken cells, the yeast HSP82 and HSC82
Although the bacterial Hsp90 (HtpG) protein cannotgenes, the HtpG gene of bacteria, and the Hsp83 gene
rescue yeast cells that lack Hsp90, the human Hsp90of Drosophila. (Following conventional usage, we refer
(Picard et al. 1990; Minami et al. 1994) and Drosophila
Hsp90 (L. Yue and S. Lindquist, unpublished results)
proteins not only rescue Hsp90-deficient S. cerevisiae
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nase c-Raf (Stancato et al. 1993), the heme-regulated in the stocks, which sensitized different developmental
pathways in different flies to the reduction in Hsp90.eIF-2-alpha kinase (Rose et al. 1989), casein kinase II

(CKII; Miyata and Yahara 1992, 1995), calmodulin These studies reveal a capacity for Hsp90 to function
in a wide variety of morphogenetic processes. However,(Minami et al. 1993), actin (Nishida et al. 1986), and

tubulin (Redmond et al. 1989). In vitro, at very high because the defects were associated with mutant or vari-
ant morphogenetic elements in the stocks, they do notprotein concentrations, Hsp90 functions as a general

molecular chaperone, preventing the aggregation of tell us whether Hsp90 normally functions in these path-
ways, nor do they reveal the most critical general path-unstable or denatured proteins (Jakob et al. 1995; Bose

et al. 1996; Freeman et al. 1996; Kimura et al. 1997). In ways that depend upon this chaperone.
The lethality of all known hsp83 mutations makes de-vivo, however, Hsp90 chaperone functions are required

only with proteins that are destabilized by heat or have termining its most critical functions difficult. We have
discovered that several of the hsp83 mutants, isolated indifficulty reaching stable conformations at normal tem-

peratures (Nathan et al. 1997). Most notably, the latter the above-mentioned screens, are viable as transhetero-
zygotes. Moreover, a previously characterized viable mu-include a variety of proteins involved in signal transduc-

tion. Data from several laboratories indicate that Hsp90 tation that mapped to the vicinity of hsp83 (Castrillon
et al. 1993) is a P-element insertion that reduces themaintains these signal transducers in inactive, but

readily activatable states in fungi (Picard et al. 1990; level of Hsp90 expression. Our analysis demonstrates a
critical function for Hsp90 during germline develop-Xu and Lindquist 1993; Nathan and Lindquist 1995)

and animals (Pongratz et al. 1992; Nordeen et al. 1994; ment in Drosophila. Spermatogenesis, in particular, is
the developmental process most sensitive to the loss ofAntonsson et al. 1995; Enan and Matsumura 1995;

Holley and Yamamoto 1995; Kimura et al. 1995; Jais- Hsp90 function. Light and electron microscopic analy-
ses of testes suggest that Hsp90 plays a critical role inwal et al. 1996; Jaskoll et al. 1996; Louvion et al. 1996;

Pettersson et al. 1996). A curious aspect of Hsp90 microtubule dynamics. Moreover, defects in tubulin dis-
tributions in yeast hsp82 mutants indicate this functionfunction in such pathways is the paradox between the

breadth and the specificity of its functions: it functions is highly conserved. Analysis of the association of Dro-
sophila Hsp90 with microtubules suggests that if Hsp90with transducers as diverse as glucocorticoid and dioxin

receptors, PIP2-dependent phospholipase D, and Raf affects microtubule dynamics it does so indirectly by
altering the activities of the regulators of microtubulekinase, yet the Hsp90 dependence of even closely re-

lated proteins varies widely. For example, v-src is far function.
more dependent on Hsp90 than c-src for activity (Xu
and Lindquist 1993; Kimura et al. 1995; Dey et al. 1996;

MATERIALS AND METHODSXu et al. 1999). Hsp90 does not recognize its targets
through specific elements, but rather through structural Fly stocks and genetic crosses: All wild-type flies used in
features of their folding intermediates. The inherent this study were D. melanogaster Oregon R. The Hsp83 gene has
conformational instability of signal transducers likely been mapped to cytological position 63 B11-C1. The hsp83

mutant stocks were obtained from two sources. Enhancers offacilitates the conformational changes they employ to
Sevenless were provided by T. Cutforth and G. Rubin (Cut-regulate growth and development. Presumably, small
forth and Rubin 1994). Suppressors of activated Raf (Raf torY9)differences in the stability of the folded states of these
were obtained from E. Hafen (van der Straten et al. 1997).

proteins and the structures of their folding intermedi- Consistent with common practice, we refer to the alleles of
ates dictate the degree to which they are dependent hsp83 according to their known amino acid substitutions; thus,
upon Hsp90. R48C, a substitution of cysteine for arginine at amino acid 48,

is referred to as R48C, 3A as S574C, 4A as S655F, 6A as S592F,Consistent with a role for Hsp90 protein in main-
1D as S38L, 6D as E317K, and 9J1 as E377K.taining the structure and function of key elements in

A P-element insertion allele of hsp83 (P582) was recoveredsignal transduction pathways, Drosophila hsp83 muta- initially by lack of complementation with the hsp83 mutations
tions were recovered in screens designed to identify that act as suppressors of activated Raf (van der Straten et
enhancers of Sevenless and suppressors of Raf (Cut- al. 1997; A. van der Straten, B. Dickson and E. Hafen,

personal communication). The P-element insertion site in thisforth and Rubin 1994; Dickson et al. 1996; van der
mutant allele (P582) was found to reside in the first exon ofStraten et al. 1997). Moreover, when the hsp83 muta-
hsp83 gene (A. van der Straten, B. Dickson and E. Hafen,tions isolated in these screens were crossed into diverse personal communication). The lethality reverted when the

genetic backgrounds, a small percentage (z1–2%) of inserted P element was excised (L. Yue and S. Lindquist,
adult progeny exhibited developmental abnormalities unpublished results). The stock corresponding to the male-

sterile allele of hsp83, scratch, was obtained from the stock(Rutherford and Lindquist 1998). The abnormalities
center at Indiana University. Visible mutations and balancerappearing in Hsp83 heterozygotes were diverse and, in
chromosomes are as described (Lindsley and Zimm 1992).different flies, virtually every structure could be affected.

All genetic crosses were performed at room temperature.
Each particular abnormality was specific to a different Viability of homozygous (mutant 1/mutant 1) or transhetero-
genetic background and further analysis revealed that zygous (mutant 1/mutant 2) hsp83 flies was compared with the

viability of heterozygous (mutant/wild-type) flies with similarthey arose from hidden, preexisting genetic variation
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genotypes. To test for sterility, three to five males (or females) Morphological examination of testes by microscopy: Testes
from males ,1 wk old were dissected in Ringer’s buffer. Forwere crossed to an equal or greater number of virgin wild-

type females (or wild-type males), with at least six tests per- transmission electron microscopy, testes were fixed and pro-
cessed as described (Yue and Spradling 1992). For light mi-formed on each genotype. Crosses were designated as male

(or female) sterile if they produced no progeny, and as weakly croscopy, testes were torn open and gently squashed under
the weight of a cover slip as described (Fuller 1993). Greatfertile if they produced fewer than 20% of the number of

progeny produced by mating heterozygous siblings. care was taken to distinguish common squashing artifacts from
mutant phenotypes. Only defects that were consistently ob-Yeast strains: All yeast strains used were derivatives of W303

(ade2-1 can1-100 his3-12,16 leu2-3,112 trp1-1 ura3-1: R. Roth- served in heteroallelic hsp83 mutants but not in wild-type con-
stein). The diploid strains iP82 and iG170D were produced trols prepared at the same time and in the same manner are
from DPCLD, a diploid with both copies of HSP82 and of reported. Spermatogenic cells at various stages were visualized
HSC82 disrupted, i.e., rescued from the lethality of these dis- by phase-contrast microscopy. For immunostaining, squashed
ruptions by a wild-type HSC82 expression plasmid (Nathan testes on slides were frozen in liquid nitrogen, thawed, fixed
and Lindquist 1995). Plasmids piHGpd/P82 and piHGpd/ with 4% formaldehyde in 13 PBS, dehydrated by ethanol, and
G170D (Nathan et al. 1997), containing, respectively, wild- immunologically stained as described (Graner et al. 1994).
type or G170D mutant sequences under the control of the The monoclonal antibody 3F6 was used at a 1:2000 dilution;
strong constitutive GPD promoter, were linearized with NheI a polyclonal rabbit serum against Drosophila Hsp90 (gift of Dr.
and transformed into DPCLD. Transformants were grown on J. Bonner, Indiana University) was used at a 1:1000 dilution;
5-fluoroorotic acid media [1.7 g yeast nitrogen base without monospecific anti-DROP-1 antibody was used at a 1:10 dilution
amino acids or ammonium sulfate per liter; 1 g proline/liter; (Graner et al. 1994). Immune complexes were visualized with
20 g glucose/liter supplemented with essential amino acid Texas red-, or FITC-conjugated AffiniPure goat anti-mouse
and nutrients (McCusker and Davis 1991)] to select for loss IgG (or anti-rabbit IgG, or anti-rat IgG) from Jackson Immu-
of the wild-type HSC82 expression plasmid. noResearch Laboratories, Inc. (West Grove, PA). The stained

Polymerase chain reaction (PCR) experiments: Genomic testes were incubated in 13 PBS containing 1 mg/ml Hoechst
DNA from wild-type or scratch adult flies was isolated as de- dye 22578 for at least 5 min for DNA staining and then
scribed (Ashburner 1989). A primer, specific to the P-ele- mounted in PBS buffer with 50% glycerol and 1 mg/ml anti-
ment termini (Pend: CGA CGG GAC CAC CTT ATG TTA quenching agent, phenylenediamine. Slides were viewed on
TTT CAT C) was used with two Hsp90-specific primers (P1: a Zeiss (Thornwood, NY) Laser Scan Microscope, a confocal
TGG GCT TTG CTC AAT CGT TCG GAC CAC T; P2: GGA microscope equipped with a UV laser to visualize DNA stained
TCA CCT TTA GGA CCT TGT TCT GCT G) for PCR reac- by Hoechst dye. Images were collected using Zeiss LSM soft-
tions. ware and processed using Adobe Photoshop.

Protein analysis in Drosophila tissues: Developmentally Immunofluorescent staining of yeast cells: Immunofluores-
staged embryos, larvae, and pupae were collected and washed cence of yeast cells was performed by a variation of the method
with distilled water. Testes and ovaries from adult males and of Pringle et al. (1991). Cells were grown to 5 3 106 cells/
females were hand dissected in Ringer’s buffer (130 mm NaCl, ml in YPD media at 258 and then transferred to YPD media
5 mm KCl, 2 mm CaCl2, and 10 mm Hepes at pH 6.9). Embryos, prewarmed to either 25 or 378 for 3 hr. Formaldehyde (Elec-
larvae, pupae, testes, ovaries, and the remaining body of adult tron Microscopy Sciences, Fort Washington, PA) was added
flies (minus testes or ovaries), were placed in Eppendorf tubes to a final concentration of 4% and the cells were incubated
in a solution of 13 phosphate-buffered saline (PBS) with 0.1% for 1 hr at room temperature. The fixed cells were recovered
Triton X-100. Samples were frozen in liquid nitrogen, ground by centrifugation (2000 rpm for 5 min), washed once with
with a pestle, and refrozen in liquid nitrogen after z1 min. buffer B (0.1 m potassium phosphate, pH 6.8, 0.5 mm MgCl2),
This freeze/thaw process was repeated five times. Samples washed once with buffer C (Buffer B 1 1.2 m sorbitol), and
were spun in a microfuge for 30 sec, supernatants were recov- resuspended in 1 ml buffer C. The cell wall was permeabilized
ered, and protein concentrations were determined by the by incubation with Zymolyase T-100 (50 mg/ml) and 2-mer-
BCA method (Bio-Rad, Richmond, CA). Protein samples were capto-ethanol (0.5%) for 30 min at room temperature. Cells
mixed with 23 sample buffer (4% SDS, 20% glycerol, 10% were recovered by centrifugation (500 rpm for 7 min), resus-
2-mercapto-ethanol), and heated at 958 for 2 min. Proteins pended in buffer C, and attached to polylysine-coated slides.
(10 mg) were electrophoretically separated on 7.5% SDS gels The cells were further permeabilized by incubation in PBS
and transferred to Immobilon (Millipore, Bedford, MA). containing 0.2% Triton X-100 for 10 min at room tempera-

A monoclonal antibody specific for Drosophila Hsp90 (3F6, ture, washed three times with PBS, and incubated in blocking
gift of Dr. R. Tanguay; Carbajal et al. 1990) was used at a solution (PBS containing 5% sheep serum, 5% fetal calf serum,
dilution of 1:40,000; a monoclonal antibody specific for tu- and 0.5% BSA) for 10 min at room temperature. The cells were
bulin (Dm1a; Amersham, Arlington Heights, IL) was used at then incubated overnight at room temperature with tubulin-
1:2000; a monoclonal antibody that recognizes both Hsp70 specific antisera (TAT1, gift of Dr. S. Uzawa and Dr. H. Joshi
and its constitutive relatives (7.10; Velazquez et al. 1983) of Emory University, diluted 1:50 in blocking solution) andwas used at 1:1000; a polyclonal antibody specific for TATA- washed four times with PBS and twice for 5 min with blockingbinding protein (TBP; gift of Dr. J. Kadonaga, University of solution. They were then incubated for 1 hr at room tempera-California, San Diego) was used at 1:2000. Immunodetection ture with Texas red-conjugated F(ab9)2 affinity-purified sheepwas performed using either ECL (Amersham) according to anti-mouse IgG (Cappel; diluted 1:500 in blocking solution)the manufacturer’s instructions, or radioactive-labeled [125I]- and washed as before. Finally, the cells were incubated withprotein A (Amersham) with phosphor-image analysis (Molecu- 4,6-diamidino-2-phenylindole (1 mg/ml) for 15 min at roomlar Dynamics, Sunnyvale, CA) for quantification. temperature and washed four times with PBS.Purification of microtubule proteins: Microtubules were pu-
rified from Drosophila embryos by taxol-induced assembly
(Goldstein et al. 1986) or by repeated cycles of assembly

RESULTSand disassembly as described (Olmsted and Borisy 1973;
Srinivasan and Karr 1995). Fractions of each stage of the

hsp83 mutations impair germline development: Eachpurification were analyzed on SDS-PAGE, immunoblotted,
and probed using specific antisera as described above. of the seven point mutations of hsp83 used in this study



1068 L. Yue et al.

TABLE 1

Viable transheterozygotes of hsp83 mutants

Mutant
allele S38L R48C E317K E377K S574C S592F S655F

S38L — ms, fwf — ms, fwf — — —
R48C ms, fwf — — — ms, fwf ms, fs —
E317K — — — ms, fwf — — —
E377K ms, fwf — ms, fwf — ms, fwf ms, fwf ms, fwf
S574C — ms, fwf — ms, fwf — — —
S592F — ms, fs — ms, fwf — — —
S655F — — — ms, fwf — — —

The transheterozygous progeny from a cross between two hsp83 balanced stocks were identified by the lack
of dominant visible markers carried on the balancer chromosomes and were tested for fertility. Horizontal
row, allele of female heterozygotes; vertical row, allele of male heterozygotes. The phenotypes of the transhetero-
zygous progeny depended only on the genotype of the zygote. ms, male sterile; ff, female fertile; fwf, female
weakly fertile; fs, female sterile; a dash indicates lethal.

is homozygous lethal (Cutforth and Rubin 1994; Dick- except scratch (Castrillon et al. 1993) complemented
the hsp83 mutations (Table 3), indicating they are lo-son et al. 1996; van der Straten et al. 1997). However,

when we crossed these mutations inter se (Table 1), 8 cated in separate genes. scratch did not complement
three of the seven point mutations of hsp83 for viability,out of 21 transheterozygous combinations developed to

adulthood. (Alleles are here designated according to and failed to complement the remainder for fertility
(Table 3). An independently isolated homozygous le-their known amino-acid substitutions; e.g., R48C is a

substitution of cysteine for arginine at amino acid 48.) thal hsp83 mutation, P582, that has a P element inserted
into the exon 1 (A. van der Straten, B. Dickson and E.Of the 8 viable transheterozygotes, 1 exhibited severely

reduced viability and another had somewhat reduced Hafen, personal communication), fails to complement
any of the hsp83 point mutations for viability (data notviability (,1% and 18% mutant adults emerged vs. the

expected 33%, Table 2). The other 6 crosses were fully shown). However, P582 did complement scratch for fly
viability and female fertility but not male sterility (Tableviable, producing transheterozygous adult progeny at

expected genotypic frequencies. Remarkably, although 3). Thus, scratch, P582, and the hsp83 point mutations
define a locus that comprises a single complementationthe mutations involved are scattered throughout the

hsp83 gene, all 8 viable transheterozygotes exhibited the group.
scratch was obtained in a single P-element insertionalsame phenotype, producing sterile males and either

sterile or weakly fertile females (Table 1). mutagenesis screen (Karpen and Spradling 1992; Cas-
trillon et al. 1993). We employed PCR to determinescratch is an allele of Hsp83: Previously identified

male-sterile mutants that have been mapped to the vicin- if the P element is located in hsp83. The position of the
P element was determined by examining the sizes ofity of hsp83 (cytological location: 63 B11-C1) were tested

for their ability to complement the hsp83 mutations. All amplified products from reactions using primers within

TABLE 2

Viability of hsp83 transheterozygous mutants

Cross 1/mut1 and 1/mut2 mut1/mut2 %

S38L 3 R48C 474 223 32
S38L 3 E377K 181 90 33
R48C 3 S574C 375 82 18
R48C 3 S592F .1000 6 ,1
E317K 3 E377K 361 140 28
E377K 3 S574C 329 134 29
E377K 3 S592F 246 137 36
E377K 3 S655F 307 125 29

The progeny from a cross between two balanced hsp83 stocks are expected in a 1:1:1:1 ratio. Flies that receive
two balancer chromosomes die because balancer chromosomes carry recessive lethal markers. Thus, the number
of hsp83 transheterozygotes is expected to be z33%, unless the viability of the transheterozygous mutants is
reduced.
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TABLE 3

Male sterile mutation scratch fails to complement hsp83 mutants

Mutant allele Total progeny scratch/mut % of total Germline

S38L (1D) 455 0 0 —
R48C (19F2) 1231 0 0 —
E317K (6D) 369 112 30 ms, fs
E377K (9J1) 443 0 0 —
S574C (3A) 439 146 33 ms, fs
S592F (6A) 667 35 5 ms, fs
S655F (4A) 658 162 25 ms, fs
P582 557 214 38 ms, ff
scratch z1200 z600 z33 ms, ff

The transheterozygous progeny from a cross between two hsp83 balanced stocks (scratch and a hsp83 point
mutation) were identified by the lack of dominant visible markers carried by the balancer chromosomes.
Transheterozygous progeny were tested for fertility. Abbreviations are as defined in Table 1.

hsp83 and a primer specific for the P-element termini sequence of hsp83 (Holmgren et al. 1979) predicts that
the distance between primer P1 and the end of the first(Pend). For example, a primer located just upstream

of the first exon (P1, Figure 1A) produced a product exon is 386 bp (Figure 1A). Given that the amplified
product is .386 bp, the insertion point must be in theof z450 bp when used with the primer Pend (Figure

1B, lane 2) and DNA from scratch flies. The genomic intron, z60 bp from the junction of the first exon and
the intron. Other experiments using additional PCR
primers produced PCR fragments consistent with this
conclusion (e.g., the P2 and Pend primers produced
a 2.2-kb fragment, Figure 1). No DNA fragment was
amplified using the same primer sets when DNA from
wild-type flies was used. Therefore, both genetic and
molecular analyses demonstrate that scratch is an allele
of hsp83. The phenotype of scratch is consistent with
this conclusion. Homozygous scratch flies are viable and
female fertile, but male sterile (Castrillon et al. 1993).

Hsp90 expression in Drosophila: To determine if the
mutant phenotypes correlate with Hsp90 expression
patterns, we analyzed Hsp90 levels during fly develop-
ment using SDS-PAGE immunoblots and a monoclonal
antibody specific for Drosophila Hsp90 (Figure 2). In
wild-type flies Hsp90 levels remained essentially con-
stant throughout the first 20 hr of embryogenesis (Fig-
ure 2A). Similarly, Hsp90 levels in whole animal tissue
extracts during embryogenesis, larval, pupal, and adult
stages were comparable (Figure 2B, lanes E, L, P, F,
and M). Hsp90 levels were, however, increased in adult
gonadal tissues (Figure 2B, compare lanes Fc, O, Mc,
and T), particularly in males (Figure 2C). (Equal quanti-
ties of total protein were loaded on each lane.) This was
particularly evident in males where testes (T) contained

Figure 1.—The P element in scratch is inserted in the intron high levels of Hsp90 relative to male carcasses (Mc). As
of the hsp83 gene. (A) A schematic drawing of hsp83 gene previously suggested (Kemphues et al. 1983), tubulinstructure showing the two exons (black bars) and one intron

also exhibited a dramatic increase in expression in testes(open bar). hsp83-specific primers P1 and P2 (sequences in
relative to carcasses (Figure 2B, Mc, and T). Hsp90 wasmaterials and methods) were used together with a P-ele-

ment-specific primer Pend to determine the P-element inser- somewhat enriched in ovaries (Figure 2B, Fc and O);
tion site in scratch. The triangle represents the inserted P tubulin was not (Figure 2B, Fc and O).
element and the arrows on the triangle represent the primer Reduced levels of Hsp90 protein lead to male sterility
Pend, located at the P-element termini. (B) Representative

in scratch: Immunoblot analyses were performed to de-results of PCR amplifications. Molecular size markers (lane
termine the effect of scratch on Hsp90 protein expres-1); PCR products obtained by using primer P1 and Pend (lane

2, 450 bp) and the primers P2 and Pend (lane 3, 2.2 kb). sion (Figure 3). Using phosphoimaging and radiola-
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in testes, and scratch mutants contained all three (data
not shown). Thus, scratch appears to cause a general
decrease in Hsp90 levels rather than the loss of a par-
ticular isoform. As no reduction in female fertility was
observed in scratch homozygotes, these data and the
genetic analyses presented above suggest that spermato-
genesis is particularly sensitive to reductions in Hsp90
function. Because the effects of Hsp83 mutations on
female fertility varied greatly between genotypes and
male sterility was fully penetrant in all crosses, we con-
centrated further analysis on the process of spermato-
genesis.

Hsp90 expression patterns during spermatogenesis:
First, the cellular location of Hsp90 in wild-type flies
was determined by confocal microscopy and indirect
immunofluorescence using an anti-Hsp90 antibody,
along with anti-DROP-1 antibody (a monoclonal anti-
body that recognizes both immature and mature sperm;
Graner et al. 1994). In general, strong Hsp90 staining
was detected throughout spermatogenesis. As expected
from studies of Hsp90 localization in other cell types
(Pratt 1992; Perdew et al. 1993; Ohsako et al. 1995;
Perrot-Applanat et al. 1995; Biggiogera et al. 1996;Figure 2.—Hsp90 is induced during germline develop-

ment. Proteins, 10 mg per lane, were separated by SDS-PAGE Czar et al. 1996), Hsp90 staining was observed in the
and transferred to filters. (A) Immunodetection of Hsp90 cytoplasm of spermatocytes (Figure 4, A and B). We also
(top) and tubulin (bottom) expression during embryogenesis.

detected weak but reproducible staining in the nuclei ofFertilized eggs were collected and aged at 258 for the times
primary spermatocytes (Figure 4B, arrow) and stainingshown prior to sample preparation. (B) Immunodetection of

Hsp90 (top) and tubulin (bottom) protein expression during of a mesh-like structure in the cortical regions of sperm-
various stages of fly development. E, 0- to 18-hr embryos; L, atocytes (Figure 4C). During late stages of sperm devel-
larvae; P, pupae; F, whole females; M, whole males; Fc, female opment, strong staining of spermatid bundles was ob-
carcasses with ovaries removed; O, ovary; Mc, male carcasses

served (Figure 4D). Hsp90 immunostaining decreasedwith testes removed; T, testis. (C) Hsp90 protein levels in
significantly following sperm individualization (Figuremale tissues. Proteins of whole males (M) and testes (T) were

separated by SDS-PAGE, transferred to a filter, and visualized 4F, arrow). Sporadic punctate staining of Hsp90 was
by Coomassie blue staining (left) and reaction with anti-Hsp90 observed along the length of the sperm tail in sperm
antibody (right). bundles and individual sperm (Figure 4F, arrowhead).

Thus, these data suggest that Hsp90 levels are highest
in developing sperm and are dramatically reduced in

beled 125I-protein A to measure Hsp90 levels, the protein mature sperm as cytoplasm is lost during individualiza-
was reduced approximately threefold in ovaries, testes, tion. These results are consistent with a role for Hsp90
and male bodies of homozygous scratch mutants. Immu- during spermatogenesis.
noblots of two-dimensional gels using anti-Hsp90 anti- Analysis of hsp83 mutant phenotypes during sperma-
body detected three major isoforms of Hsp90 present togenesis: Drosophila is an especially useful model sys-

tem for the study of spermatogenesis because of its in-
herent spatio-temporal pattern of development (for
reviews, see Lindsley and Tokuyasu 1980; Fuller
1993). Spermatogenesis requires coordination of sev-
eral microtubule-mediated processes including mitosis,
meiosis, the shaping of the sperm nucleus, elongation
of the specialized mitochondrial derivative, and assem-
bly of the motile sperm tail axoneme. When we exam-
ined spermatogenesis in viable hsp83 mutants in detail,
we found that all stages involving microtubule-mediated

Figure 3.—Hsp90 protein production is reduced in scratch processes (Table 4, Figure 5) were affected.
mutants. Proteins from wild-type (Wt) and homozygous scratch During early stages of spermatogenesis, stem cells di-
(stc) male carcasses, ovaries, and testes were separated by SDS-

vide to produce a spermatogonial cell that undergoesPAGE, transferred to filters, and visualized by Coomassie blue
four rounds of mitosis to produce 16 primary spermato-staining (left) and reaction with anti-Hsp90 antibody (right).

Mc, male carcasses with testes removed; O, ovary; T, testis. cyte cyst cells (Fuller 1993). Phase-contrast microscopy
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Figure 4.—Indirect immunoflu-
orescence of Hsp90 and DROP-1
immunostaining in wild-type flies.
Adult testes were dissected, fixed,
and stained by indirect immuno-
fluorescence using anti-Hsp90 or
anti-DROP-1 antibody and Texas
red- or FITC-labeled secondary
antibody. (A) Low and (B and
C) high magnifications of Hsp90
staining from a region near the
apical end of a testis. (A and B)
Generalized strong cytoplasmic
staining (B, arrow) with weak nu-
clear staining in primary sperma-
tocytes and (C) cortical fibrillar
staining. (D) Hsp90 localization
along developing spermatid bun-
dles. Costaining with (E) anti-
DROP-1 and (F) anti-Hsp90 anti-
bodies demonstrates the relatively
low level of Hsp90 staining in ma-
ture sperm (arrows) compared to
the staining of immature sperm in
the sperm bundle at the left. The
insets show punctate staining in
mature sperm tails (arrowheads).
(A, D, E, and F) Bars, 50 mm. (B
and C) Bars, 10 mm.

of squashes of mutant testes revealed severe abnormali- tants (Castrillon et al. 1993), optically refractile nee-
dle-like structures, similar in size, shape, and locationties in the mitotic divisions that produce the 16 primary

spermatocytes in 3 of the 12 mutants examined (Table to those observed in the primary spermatocytes, were
also observed at this stage (Figure 5, B, C, E, and F).4). These mutants produced excessive numbers of pri-

mary spermatocytes (data not shown). In other transhet- Multiple nuclei and multiple mitochondrial derivatives
of abnormal shape and variable size were present inerozygous male-sterile mutant combinations, most pri-

mary spermatocyte cysts appeared normal, but 5–10% many individual spermatids (Figure 5, E and F).
In the final stages of wild-type development, sperma-showed abnormal morphologies, containing novel sub-

cellular structures, variable numbers of cells (Figure 5, tids, nuclei, axonemes, and mitochondrial derivatives
synchronously elongate (Fuller 1993). Following thisB and C), and/or large vacuolated cysts (Figure 5C).

One other consistent abnormality observed was the pres- growth phase, spermatids individualize and move into
the seminal vesicle (Figure 5I). hsp83 mutants also ex-ence of long, thin needle-like structures (Figure 5, B

and C), which resemble those described in the mutant hibited abnormalities in these stages (Figure 5, H and
J): both the synchrony and morphology of the spermStellate (Livak 1984; Pimpinelli et al. 1985; Palumbo et

al. 1994; Bozzetti et al. 1995). within a bundle were altered (Figure 5, G and H). This
was particularly evident in mature sperm in the seminalIn the next stage of spermatogenesis, primary sper-

matocytes undergo meiosis, forming bundles of 64 sper- vesicle where sperm nuclei were often kinked and short-
ened relative to the wild type (Figure 5, I and J). Individ-matids, which then undergo nuclear maturation and

axoneme elongation. During the early stages of this ual sperm tails were fragile and broke more easily than
wild-type sperm during dissections. Sperm motility wasdevelopmental period in wild-type flies, the paired nu-

clei and nebenkern (Figure 5D, light and dark bodies, examined in mutant, transheterozygote, and wild-type
crosses. No mutant crosses, except S574C/S38L, whichrespectively) are prominent (Fuller 1993). The neb-

enkern is a mitochondrial derivative produced as mito- had very weak motility, displayed evidence of the rapid
sine wave motion typical of the transheterozygotes andchondria fuse directly next to the nucleus. In 11 of the

13 mutant combinations analyzed, .90% of primary wild type (data not shown).
Ultrastructural analysis of spermatogenesis in scratch:spermatocytes showed defects in meiosis (Figure 5, E

and F; Table 4). Both nuclear and nebenkern morphol- Defects in spermatogenesis were further analyzed by
transmission electron microscopy. We focused on theogies were substantially altered in hsp83 mutants (Fig-

ure 5, E and F). The size and shape of spermatids were scratch mutation because, as a P-element insertion in the
intron, it results only in a reduction in wild-type Hsp90abnormal and the number appeared to be reduced

(data not shown). As previously observed in scratch mu- function, eliminating the possibility that any defects
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TABLE 4

Phenotypic analysis of spermatogenesis in hsp90 mutants

Genotype Defectsa

E377K/S574C Number, shape of spermatocytes within 16-cell cysts are mostly normalb. No needle-shaped
crystals observed in developing spermatocytes, spermatids. Some motile sperm are present.c

E377K/S655F Number, shape of spermatocytes within 16-cell cysts and nuclei, nebenkern within spermatids
are mostly normalb. No needle-shaped crystals observed in developing spermatocytes, sperma-
tids. Individualized sperm are present, but not motile.

stc/stc Number, shape of spermatocytes within 16-cell cysts are mostly normalb. Spermatids with
stc/P582 variable number, size, shape of nuclei, nebenkern were observed throughout developing
S38L/R48C spermatids.d Needle-shaped crystals are present throughout developing spermatocytes, sper-
E377K/S592F matids. Individualized sperm are present, but not motile and break easily during dissection.
R48C/S574C
S38L/E377K
stc/S574Ce

stc/E317K Excessive number of primary spermatocytes in many developing cysts.f Spermatids with
stc/S592F variable number, size, shape of nuclei, nebenkern were observed throughout developing
E317K/E377K spermatids. Needle-shaped crystals are present throughout developing spermatocytes, sper-
stc/S655Fg matids. Individualized sperm are present, but not motile and break easily during squash.

a Listed in increasing severity of the phenotypic defects observed. Where more than one genotype is listed,
except where noted by superscript, phenotypes observed were essentially identical.

b Abnormal structures observed were 5–10%.
c Although some motile sperm were observed, males were not fertile (data not shown).
d Variable numbers (20–70%) and degree of severity, observed both within and between different heteroallelic

combinations.
e Crystal structures observed in some, but not all, stages of development in scratch/S574C.
f Greater than 90% abnormal.
g Phenotype of scratch/S655F identical to others in this group except no crystal structures were observed.

might be due to neomorphic effects of aberrant Hsp90 reported to do in other systems (Sanchez et al. 1988;
Redmond et al. 1989). Microtubules were purified fromprotein. A typical cross section of a wild-type sperm

bundle shows elongating spermatids, each containing embryonic extracts by taxol-induced assembly and ana-
lyzed on SDS-PAGE gels (Figure 7A). Total protein andtwo mitochondrial derivatives and one axoneme with

the expected 912 inner and outer microtubule ele- protein present in the supernatant following assembly
are shown in 7A, top, lanes 1 and 2, respectively. Thements (Figure 6, A and C). In scratch testes, bundles

containing aberrant axonemes (double axonemes, no microtubule pellet (Figure 7A, lane 3) was further puri-
fied by resuspension in buffer and centrifugationaxoneme) and variable numbers of mitochondrial deriv-

atives (1–10) were observed (Figure 6B). Empty spaces through a sucrose cushion (Figure 7A, lanes 4–7). Puri-
fication was evident from the prominent tubulin bandbetween elongating spermatids indicated that the pack-

ing and spacing of spermatid bundles were disrupted migrating at 55 kD (Figure 7A, arrow). (This band is a
minor component of total protein in the cell extract.)in scratch testes (Figure 6B). A double membrane struc-

ture normally encloses the axoneme (Figure 6C, arrow). Levels of Hsp90 were high in the cell extract, super-
natant, and first pellet (Figure 7A, bottom, lanesHowever, scratch sperm axonemes often had missing

or incomplete membranes (Figure 6D, arrow). Other 1–3), decreased significantly following centrifugation
through sucrose, and then remained constant for eachabnormalities were noted, including stretches of what

appeared to be outer doublet microtubules aligned successive wash and centrifugation (Figure 7A, bottom,
lanes 4–7). Thus, only a small fraction of Hsp90 copuri-along a double membranous structure (Figure 6D, large

arrow) but not associated with a central pair, double fied with the microtubule pellet.
To further probe the nature of Hsp90/microtubulemembranous structures around incomplete axonemes

(small arrow), and occasional individual outer doublet interactions, microtubule proteins were purified by re-
peated cycles of temperature-induced assembly and dis-microtubules in the cytoplasm (arrowhead).

Biochemical analysis of Hsp90 interactions with puri- assembly (Figure 7B). This method of purification dif-
fers from the taxol-induced method in that each cyclefied microtubule proteins: The extensive developmental

defects in sperm axonemes and associated structures represents the de novo assembly of microtubules. Again,
microtubule purification was apparent from the increas-in hsp83 mutants suggested that Hsp90 might directly

interact with microtubules in Drosophila, as it has been ing abundance of tubulin (Figure 7B, arrow) through
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Figure 5.—Spermatogenesis de-
fects in hsp83 mutants. Squash prep-
arations of wild-type and hsp83 mu-
tant testes. (A) Wild-type primary
spermatocytes displaying typical or-
ganization, with regular packing
and spacing of cells. (B) Primary
spermatocytes from transheterozy-
gous (P582/scratch) flies and (C)
transheterozygous (S574C/R48C)
flies, exhibiting needle-like struc-
tures and aberrant cell packing.
(D) Wild-type onion stage cells
following meiosis II, showing con-
densed nuclei and nebenkerne.
(E and F) Aberrant primary sper-
matocytes and early onion stages
in the transheterozygous mutant
S574C/R48C with prominent nee-
dle-like structures clearly visible.
(G–J) Sperm bundles in testes and
sperm in seminal vesicles. Testes,
including seminal vesicles, were
dissected, fixed, and stained with
a DNA-specific fluorochrome and
visualized by fluorescence. (G)
Wild-type and (H) S38L/R48C
sperm bundles showing cysts of
elongating sperm nuclei (arrows)
prior to individualization. (I) Wild-
type and (J) S574C/R48C sperm
in seminal vesicles. Arrows point
to highly fluorescent sperm heads.
( J) Bar, 10 mm. All panels are at
the same scale.

each round of assembly and disassembly. (The identity This loss of activity is due to a structurally destabilizing
glycine-to-aspartic-acid substitution in the hydrophobicof this band as tubulin was confirmed by immunoreactiv-

ity with an antitubulin monoclonal antibody, data not core of the N-terminal domain (Prodromou et al.
1997a,b; Stebbins et al. 1997). To determine whethershown.) Hsp90 and the constitutive relatives of Hsp70

(Hsc70) were monitored in these same fractions (Figure Hsp90’s role in microtubule dynamics is generally con-
served, we examined tubulin distributions after incuba-7B, bottom panels). TBP was included as a control for

nonspecific binding. Both Hsp90 and Hsc70 copurified tion at the nonpermissive temperature.
Diploid yeast cells expressing either wild-type Hsp90with microtubules through the first two rounds of puri-

fication (Figure 7B, Hsp90 and Hsp70, lanes 2–5), were or Hsp90G170D were grown to mid-log phase at 258 and
then incubated at permissive (258) or nonpermissiveweakly represented in the third (Figure 7B, Hsp90 and

Hsp70, lanes 2–5), and were undetectable in the fourth (378) temperature for 3 hr. At 258 wild-type and Hsp
90G170D cells had nearly identical, normal tubulin distri-(Figure 7B, Hsp90 and Hsp70, lanes 2–5). TBP showed

the same binding profile as Hsp90 and Hsc70. Thus, butions (Figure 8, top row). At 378 wild-type cells dis-
played similar structures with a somewhat different dis-no significant binding of Hsp90 to microtubules was

detected under these experimental conditions. tribution, consistent with the transient, partial block in
the cell cycle that occurs with such temperature shiftsMicrotubules are aberrantly distributed in yeast cells

expressing mutant Hsp90 proteins: Previously, we de- in yeast (Figure 8, bottom left). In marked contrast,
Hsp90G170D cells exhibited a grossly altered tubulin distri-scribed the isolation of several Hsp90 temperature-sensi-

tive point mutations in S. cerevisiae. Most of these have bution after incubation at 378, specifically, a remarkable
proliferation of cytoplasmic microtubules (Figure 8, bot-reduced function at all temperatures and are tempera-

ture-sensitive for growth simply because they cannot tom right). This increase in cytoplasmic microtubules
was not specific to this mutation. It was seen in strainssatisfy the increased demand for Hsp90 function at

higher temperatures (Nathan and Lindquist 1995). expressing other mutant hsp90 proteins and in strains
expressing very low levels of wild-type Hsp90. Further-One, however, behaves as a classic temperature-sensitive

mutant: Hsp90G170D has wild-type activity at 258 and very more, it was observed before cells lost viability (data not
shown). Thus, Hsp90 plays a crucial role in tubulinrapidly loses activity upon a shift to high temperature.
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Figure 6.—Transmission EM analysis of the scratch mutant phenotype. Developing spermatids of (A) wild-type and (B) scratch
testes. (A, arrow) Individual wild-type spermatids are close packed and contain a single axoneme and paired mitochondrial
derivatives enclosed by a membrane. (B, black arrow) scratch spermatids are loosely packed and contain (B, white arrow) various
numbers of axonemes and mitochondrial derivatives. (A) Bar, 1 mm. A and B are at the same scale. (C) At higher magnification,
wild-type axonemes contain 912 microtubule arrays (the arrowhead points to one microtubule outer doublet) closely opposed
to paired mitochondrial derivatives (md) surrounded by a double membrane (arrow). Numerous defects in axoneme organization
are observed in scratch spermatids including (D, large arrow) incomplete membranes and linear arrays of outer doublet microtu-
bules and (D, arrowhead) occasional solitary outer doublet microtubules. (C) Bar, 0.2 mm. C and D are at the same scale.

dynamics in at least two very different eukaryotic organ- however, are male sterile, whether derived from the
isms. transheterozygous combination of point mutations, or

from the homozygous P-element insertion. This estab-
lishes spermatogenesis as the single most sensitive devel-

DISCUSSION opmental process to Hsp90 function in Drosophila.
Spermatogenesis in Drosophila has been the subjectA function for Hsp90 in spermatogenesis: The essen-

of intense investigation over the past three decades (re-tial and central roles of Hsp’s in cellular metabolism
viewed in Lifschytz 1987; Fuller 1993). Male-sterileand regulation have made it very difficult to obtain
mutants are common: both classical genetic analysesthe viable alleles needed to establish the most critical
and P-element mutagenesis suggest male sterile mutantsfunctions of any Hsp’s in the developmental processes
represent z10–15% of the total number of recessiveof metazoans. Here, we have solved this problem for
lethal mutations (Wilkinson et al. 1974; Lifschytzthe Hsp90 protein of Drosophila by analyzing two classes
1978; Cooley et al. 1988). In most cases the first ob-of mutations. First, we found that several previously
served deficits in spermatogenesis were seen in primaryidentified point mutations that are lethal as homozy-
spermatocytes, resulting in either the complete absencegotes (Cutforth and Rubin 1994; van der Straten
of mature sperm or the presence of highly disorganized,et al. 1997) are viable as transheterozygotes. Second, we
nonmotile sperm (Fuller 1993). To date, only fourdiscovered that a previously studied homozygous viable
male-sterile mutants have been isolated and analyzedmutant, scratch, is an allele of hsp83, with a P-element
that produce mature, motile sperm. These are capableinsertion in the intron. The majority of adult flies car-
of egg penetration, but do not initiate egg developmentrying viable hsp83 mutations display no overt develop-
(Baker 1975; Fuyama 1984, 1986; Yasuda et al. 1995),mental defects. Indeed, most show full viability, emerg-
defining a class of paternal-effect lethal genes. The Hsp83ing in crosses at normal ratios. They also exhibit no
mutant phenotypes we have observed are unusual andovert changes in developmental timing or behavior in

the embryonic, larval, or pupal stages. All of the flies, fall in between these two extremes: spermatogenic de-
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Figure 8.—Effect of Hsp90 mutations on microtubule struc-
tures in yeast. Log-phase diploid yeast cells expressing either
wild-type Hsp90 or the Hsp90G170D mutant were incubated for
3 hr at either the permissive temperature (258) or the nonper-
missive temperature (378) and stained with anti-tubulin anti-
bodies. The normal distribution of tubulin-staining patterns,
characteristic of different stages in the cell cycle, is seen in
wild-type cells at both temperatures and in Hsp90G170D cells at
258. At 378, Hsp90G170D cells contain extensive, abnormal arrays
of cytoplasmic microtubules. Bar, 10 mm.

plementing alleles of Hsp83 have defects at different
steps and if substrates can shuttle between complexes
with different defects, they could be shepherded through
the entire pathway. The second explanation derives from
previous genetic and biochemical data indicating thatFigure 7.—Association of Hsp90 with purified microtubules
Hsp90 functions as a dimer (Minami et al. 1994). Pro-from embryo extracts. Microtubule proteins were purified
teins containing different individual defects might pro-from embryonic extracts by (A) taxol-induced microtubule

assembly and (B) temperature-induced cycles of assembly and duce a mixed dimer that is capable of guiding substrates
disassembly and separated by SDS-PAGE. Top panels, Coomas- through the entire pathway. Of course these observa-
sie blue staining; bottom panels: (A) immunological detection

tions are not mutually exclusive, but, in either case, oneof Hsp90 and (B) bottom panels, Hsp90, Hsc70, and TATA-
might expect that complementing alleles would havebinding proteins. Each lane contained 10 mg of protein. (A)
the tendency to map to different domains.lane 1, cell extract; lane 2, supernatant from first centrifuga-

tion; lanes 3–7, pellets from the first through fifth rounds of The domain structure of Hsp90 has been defined, in
centrifugation. (B) lane 1, cell extract; lanes 2, 4, 6, and 8, part, through the isolation of regions stable to proteoly-
pellets from the first, second, third, and fourth rounds of

sis. The crystal structure of the N-terminal domain hastemperature-induced assembly; lanes 3, 5, 7, and 9, superna-
been solved for the bovine and yeast proteins and corre-tants following the first, second, third, and fourth rounds of
sponds to approximately the first 225 amino acids oncold-induced disassembly; last lane, molecular weight markers.
the Drosophila sequence. Three a-helices and three
b-sheet strands in this domain form a deep pocket that
can bind both geldanamycin and ATP (Prodromou etfects are observed through all stages of spermatogenesis
al. 1997a,b; Stebbins et al. 1997). This domain is fol-and yet, in one allelic combination, some motile sperm
lowed by a middle domain (Stebbins et al. 1997), corre-are produced, but these do not fertilize eggs (T. L.
sponding approximately to amino acids 271–587 in theKarr, L. Yue and S. Rutherford, unpublished results).
Drosophila sequence. The C-terminal region containsComplementation patterns: The inviability of all Dro-
a dimerization activity (Minami et al. 1994; Wearschsophila point mutants as homozygotes and the viability
and Nicchitta 1996) and corresponds to Drosophilaof several in transheterozygous combinations has two
residues 596–677.possible explanations. The first follows from the obser-

The mutants we analyzed (Cutforth and Rubinvation that Hsp90 interacts with its substrates in a dy-
namic pathway that includes several other cochaperones 1994; van der Straten et al. 1997) map to each of the

three domains: the N-terminal region (S38L, R48C),that join and leave at various times (Smith 1993). If com-
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the middle region (E317K, E377K, S574C), or the C-ter- immobile and extremely fragile—fragmenting during
dissection and mounting. These observations suggestminal region (S592F, S655F). The complementation

patterns we observe are in part consistent with current that Hsp90 function is also necessary for establishing
the structural stability of the axoneme. Of course, it isinformation on Hsp90 domain structure, but also pro-

vide some puzzles. For example, none of the C-terminal entirely possible that all of these defects are a conse-
quence of just one early defect. However, because somemutants complement each other (Table 1), and the

one that maps closest to the dimerization region, S655F of the transheterozygous mutant combinations exhib-
ited no overt defects in early processes, it seems more(Minami et al. 1994), fails to complement most of the

other mutants. This is consistent with the notion that likely that Hsp90 functions at several steps in sperm
maturation.proteins with similar defects cannot compensate for

each other, and that dimerization is important for The nature of the defects we observed suggest a role
for Hsp90 in microtubule dynamics. However, microtu-Hsp90 function. Curiously, however, two mutations lo-

cated in the middle domain, E317K and E377K, do bule function is essential for all cell divisions. Why, then,
would flies defective in Hsp90 exhibit male sterility, onlycomplement each other. Underscoring the unexpected

nature of this complementation, E317K is one of the partial female infertility, and appear generally otherwise
normal? Sperm have evolved for motility and mass pro-strongest alleles and complements no other point muta-

tion. A similar puzzle is that the two mutations in the duction. Their development is therefore dependent on
the rapid and highly coordinated execution of severalN-terminal domain, S38L and R48C, complement each

other. Remarkably, in the crystal structure of this do- different microtubule-based processes, including the
synchronous mitotic divisions of primary spermatocytes,main, S38L and R48C map to the same helix, which lines

the ATP/geldanamycin binding pocket (Prodromou et two meiotic divisions, complex changes in cell shape,
and the structure of the sperm tail itself (Fuller 1993).al. 1997a,b; Stebbins et al. 1997). These complementa-

tion patterns represent fascinating subjects for further Moreover, Drosophila produce unusually elongated
sperm that contain concomitantly more microtubulesstructure/function analysis of Hsp90.

Phenotypic specificity of Hsp90 mutants: Because the than other organisms (Fuller 1993; Pitnick et al. 1995;
Karr 1996). Thus, we suggest that the extreme sensitiv-mutations we employed are located in different regions

of the protein, it is particularly striking that every viable ity of spermatogenesis to Hsp90 defects in Drosophila
points to a more general function for Hsp90 in microtu-transheterozygote exhibits the same phenotype. More-

over, this same phenotype occurs in flies homozygous bule-based processes. When Hsp90 function is compro-
mised, spermatogenesis is the first developmental pro-for a P-element insertion in the hsp83 intron that simply

reduces Hsp90 expression. Thus, male sterility is due cess overtly affected.
Consistent with this supposition, we find that abnor-to a reduction in Hsp90 function rather than to possible

neomorphic effects of the point mutations. The effects mal microtubule structures are among the first detect-
able defects when temperature-sensitive yeast hsp82 mu-of Hsp90 mutations on female fertility are less severe.

Most viable transheterozygous females produce prog- tants are transferred to nonpermissive temperatures.
These defects appear well before cells lose viability. Thateny, albeit generally at less than 20% the rates of their

heterozygous wild-type siblings (Table 2, and data not is, the cells retain the ability to form colonies upon
return to normal temperatures. Thus, the microtubuleshown). Furthermore, although scratch homozygotes are

100% penetrant for male sterility, they exhibit no overt defect is not a secondary effect on fitness. Again, these
observations point to a role for Hsp90 in microtubuledefects in female fertility.

Cytological and ultrastructural examination suggests dynamics and further indicate this role is highly con-
served.it is the microtubule-based processes in spermatogenesis

that are most affected in scratch. None of the defects is The possible role of Hsp90 in microtubule functions:
Immunofluorescent localization of Hsp90 in rat endo-fully penetrant. Rather, groups of developing cells are

affected at different stages. Defects begin with the first thelial and PtK1 epithelial cells has led to the suggestion
that most of the protein is associated with microtubulesmitotic divisions, where coordination of the stereotypic

and highly programmed pattern of sperm development (Redmond et al. 1989). However, this observation has
not been generally confirmed (Fostinis et al. 1992; Big-is lost. Meiotic divisions are also abnormal and most

sperm are not properly formed. The sperm tail is primar- giogera et al. 1996). In yeast, Hsp90 shows a general
and diffuse cytoplasmic localization with no apparentily composed of an axoneme containing microtubules

and associated proteins, and paired mitochondrial de- association with microtubules (L. Arwood and S. Lind-
quist, unpublished results). Similarly, our staining ofrivatives. The basic components of the 912 axonemal

structure are present (i.e., the a and b subfibrils and Drosophila testes with Hsp90 antibodies did not suggest
a particular association with microtubules. Only a verycentral pair microtubules), but in many cases they are

not properly configured in a functional structure. Fi- small portion of Drosophila Hsp90 cofractionated with
taxol-stabilized microtubules. And negligible levels ofnally, although some apparently mature sperm are pro-

duced and transferred to seminal vesicles, they are Hsp90 were bound to microtubules purified through



1077Hsp90 and Spermatogenesis in Drosophila

Institute and the National Institutes of Health. L.Y. and D.N. wererepeated rounds of assembly and disassembly. Thus,
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biochemical evidence suggest that the majority of Hsp90
protein does not stably interact with microtubules in
Drosophila.
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