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mean-square error if multiplied with a given time series (say, movement
velocity) and subtracted from the original signal at each time point. This
pattern is given by P; = (v(t)H,())/{v*(1)), where P; is the pattern at the location
of the ith sensor, H(t) is the activity in this sensor, v(¢) is the time series (here,
movement velocity) and (...) denotes a temporal average.
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Successful pollination and fertilization are absolute requirements
for sexual reproduction in higher plants. Pollen hydration, ger-
mination and penetration of the stigma by pollen tubes are
influenced by the exudate on wet stigmas' and by the pollen
coat in species with dry stigmas’. The exudate allows pollen
tubes to grow directly into the stigma, whereas the pollen coat
establishes the contact with the stigma. Pollen tubes then grow
into the papillae, which are covered by a cuticle. The components
of the exudate or pollen coat that are responsible for pollen tube
penetration are not known. To discover the role of the exudate, we
tested selected compounds for their ability to act as functional
substitutes for exudate in the initial stages of pollen-tube growth
on transgenic stigmaless tobacco plants' that did not produce
exudate. Here we show that lipids are the essential factor needed
for pollen tubes to penetrate the stigma, and that, in the presence
of these lipids, pollen tubes will also penetrate leaves. We propose
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that lipids direct pollen-tube growth by controlling the flow of
water to pollen in species with dry and wet stigmas.

In transgenic, female-sterile tobacco plants in which the secretory
zone of the stigma is ablated by expression of the cytotoxic gene
STIG I-barnase, pollen tubes only penetrate the stigma and success-
fully fertilize ovules when stigma exudate of wild-type plants is
applied to the ablated stigmas"®. To determine whether stigma
function is also restored by exudates of other plant species, we
applied the lipid-rich’ exudate of Petunia (a close relative of
tobacco), and the carbohydrate-rich® exudate of lily (a distantly
related species) to the stigmas. With Petunia exudate, pollen tube
penetration and seed setting occurred (Fig. 1a). Application of lily
exudate resulted in pollen hydration and germination, but not
penetration (Fig. 1b), indicating that lipids in the exudate may
play a role in pollen tube penetration.

The lipid fraction of the exudate contains many saturated and
unsaturated fatty acids, which usually occur as triacylglycerides™'.
To determine whether triacylglycerides are involved in pollen tube
penetration, we applied a purified oil with a fatty-acid composition
similar to that of exudate to stigmaless pistils. Application of this oil
restored stigma function and resulted in seed production. Addition
of the same oil in a 1:1 mixture of oil and lily exudate also restored
the ability of pollen tubes to penetrate the stigma (see Methods). To
investigate the effect of individual components of the purified oil,
we applied the unsaturated triacylglycerides triolein, trilinolein and
trilinolenin. Only application of trilinolein allowed penetration of
enough pollen tubes into the style (Fig. 1c) to result in seed
production. In contrast, a liquid mixture of saturated triacylglycerides
did not result in pollen tube penetration (Fig. 1d; see Methods).

We investigated the effects of the products of breakdown of
triacylglycerides by applying glycerol, free fatty acids (oleic, linoleic
or linolenic acid), monolinolein or dilinolein. None of these
products allowed penetration of enough pollen tubes into the
style (see Methods). In the presence of trilinolelaidin, the trans
form of trilinolein, pollen tubes penetrated the stylar tissue, but
were immediately arrested and exhibited severe deformations. Oils
that are not based on triacylglycerides, such as silicon oils, did not
restore stigma function (see Methods). These data indicate that cis-
unsaturated triacylglycerides are sufficient and essential for the
normal functioning of the exudate.

In genera with dry stigmas, such as Brassica and Arabidopsis, the

Figure 1 Fluorescence micrographs of longitudinal sections of stigmaless pistils
24 h after pollination. a, After application of Petunia exudate, pollen grains on the
stigmaless surface become hydrated and germinate and the pollen tubes
penetrate the stylar tissue. The effects of application of b, Lilium exudate, ¢,
trilinolein, and d, saturated triacylglycerides are also shown (see Methods). Bars
represent 100 wm. Abbreviations are as follows: pg, pollen grain; pt, pollen tube; tt,
transmitting tissue; vb, vascular bundle.
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pollen coat flows out from the exine to form a ‘foot’ (contact zone)
between the grain and the stigma surface''. The pollen coat
contains lipids that are required for pollen hydration®>"'. It has
been suggested that, during the evolution of dry stigmas, the pollen
coat assumed the role of the exudate of wet stigmas'™'®. Our
transgenic tobacco plants have lost the stigma’s secretory zone
and thereby the capacity to secrete exudate', but have retained the
presence of a thin cuticle'” (Fig. 2c). Therefore, one could infer that
stigmaless pistils may function as dry stigmas. Pollen of Brassica
napus, B. oleracea and Arabidopsis thaliana, when placed on the
ablated stigmas, formed a foot (Fig. 2a,b), and pollen tubes
penetrated the pistil, but they were arrested at a length of
~100 pwm (Fig. 2¢). This supports the view that the pollen coat is
functionally equivalent to the exudate, and suggests that lipids may
also be required for pollen-tube penetration in species with dry
stigmas.

The Arabidopsis mutants cerl, cer3, cer6 and pop1 are defective in
synthesis of long-chain lipids and their pollen does not become
hydrated on stigmas>'® (Fig. 2d). Application of trilinolein enabled
mutant pollen grains to produce tubes that penetrated the stigma
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(Fig. 2e) and siliquae developed. Thus, triacylglycerides restore
hydraulic contact between pollen grain and stigma in these mutants,
allowing pollen to become hydrated.

The flower is the only part of the plant in which fluid or semifluid
lipids are secreted at maturity on external surfaces, such as the
stigma and pollen exine”*". To determine whether exudate can
replace the stigmatoid tissue, we removed the cuticle of a mature
leaf, applied Petunia exudate or trilinolein and added pollen.
Tobacco pollen applied alone to the stripped leaf surface did not
germinate, but, in the presence of exudate or trilinolein, pollen
tubes penetrated the intercellular spaces of the parenchyma cells of
the leaf and grew towards the abaxial side (Fig. 3a). Application of
Brassica pollen grains (in the absence of exudate or oil) also resulted
in penetration of the leaf by pollen tubes (Fig. 3b). No penetration
occurred when pollen-germination medium, saturated triacyl-
glycerides, dilinolein or silicon oils were applied to the leaf surface.
Germination does not occur on a mature leaf when the cuticle is still
present. However, pollen grains of tobacco in the presence of
trilinolein or pollen grains of Brassica (in the absence of oil) were
able to germinate and penetrate a young leaf with a thin cuticle (data

Figure 2 Growth of Brassica pollen on stigmaless pistils, and lack of growth of
Arabidopsis pop1 mutant pollen after self-pollination of Arabidopsis. a-c,
Germination and tube growth of Brassica pollen on stigmaless pistils 24 h after
pollination. a, SEM image showing the foot between the pollen grain and the
stigmaless surface (arrow). b, TEM image showing the electron-opaque
appearance in the foot characteristic of compatible pollen-stigma interactions.
c, Pollen tubes penetrated the stigmaless pistii and grew between the
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compressed, degenerated cells (asterix) of the ablated stigma. Bar represents
1um. d,e, Effect of lipids on Arabidopsis pop1 mutants 24 h after self-pollination.
d, Pollen grains did not adhere to the papillae and were washed away during the
preparation. e, After application of trilinolein to the stigma, pollen tubes
penetrated the style. Bars represent 50 um. Abbreviations are as follows: cu,
cuticle; cw, cell wall; e, exine; f, foot; pa, papilla; pg, pollen grain; pt, pollen tube; s,
surface; st, style; vb, vascular bundle.

Figure 3 Growth of pollen on leaves and in oil bordering gelled germination
medium. a,b, Germination and tube growth of pollen on the abaxial side of
tobacco leaves from which the cuticle was removed (transverse sections, 24 h
after pollen application). a, When trilinolein was applied to leaves, tobacco pollen
became hydrated and germinated, and pollen tubes penetrated into the leaf. b,
Brassica pollen applied to leaves also germinated and tubes penetrated the
tissue. Bar represents 100 um. e-g, Germination and tube growth of tobacco
pollen in oil bordering gelled germination medium (3 h after establishment of
cultures). The gradient of blue indicates hydration of the pollen (toluidine blue was
incorporated in the medium). ¢, The pollen grains in trilinolein that are nearest to
the gel (white dashed line) produce tubes that grew towards and into the agarose.
Further away from the boundary, growth is non-directional (black dashed line);
some pollen grains became hydrated but did not germinate and the furthest away
did not hydrate. Bar represents 5um. d, Diagrammatic representation of the
events shown in ¢. e, Close-up view of €. Bars represent 10 um f, Pollen grains in
saturated triacylglycerides. Bar represents 5 um. g, Diagrammatic representation
of the events shown in f. Abbreviations are as follows: ab, abaxial; pg, pollen
grain; pt, pollen tube; tr, trichome; vb, vascular bundle.
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not shown). This indicates that the state of the cuticle is also crucial
for pollen tube penetration'>***'. Our results show that penetration
of tissues by pollen tubes depends on the presence of lipid carried
either by the coat on the pollen of Brassica or by the exudate, and it
can occur regardless of the cell type that the pollen encounters.

We have shown that cis-unsaturated triacylglycerides and the
pollen coat enable pollen-tube growth within specialized (dry or wet
stigmas) or unspecialized (leaf) tissues. The hydraulic contact
between pollen grain and the underlying tissue is established by
the pollen coat or exudate®’. To investigate the role of triacyl-
glycerides in water transfer between the underlying tissue and the
pollen, we created artificial boundaries between oil and a pollen-
germination medium. Pollen grains were placed in the oil and a
gelled germination medium containing toluidine blue replaced the
plant tissue. In cis-unsaturated triacylglycerides, pollen grains
nearest to the interface became hydrated and germinated, and the
pollen tubes grew towards and into the agarose (Fig. 3c—e). In
contrast, in saturated triacylglycerides, fewer pollen grains ger-
minated and their tubes did not grow directionally (Fig. 3f, g).
Similar results were obtained when water replaced the germination
medium in the gel. Differences in the distribution of toluidine blue
stain indicate a difference in water supply when different oils were
used. The results show that the two oils have different effects on
pollen germination and pollen-tube growth.

To confirm that directional growth was a response to a directional
supply of water, we disordered the oil phase by replacing it with an
emulsion of unsaturated triacylglycerides and germination medium
(ratio 1:1). Pollen-tube growth was no longer directional, and
tobacco pollen tubes did not penetrate wild-type stigmas bearing
exudate when the grains were pre-imbibed in germination medium
(data not shown). Thus, directed pollen-tube growth in vivo and
in vitro occurs only when there is a directional supply of water. The
control that lipids exert on the movement of water depends on the
physicochemical characteristics of the lipids. This control may be a
direct consequence of the properties of the lipid as a matrix in which
water is distributed®, or an indirect consequence resulting from
effects of unsaturated lipids on the permeability of the plasma
membrane of the pollen and/or stigmatic cells. The importance of
controlled water flow concurs with findings that this flow plays a
crucial role in pollen—pistil interactions™**.

Cis-unsaturated triacylglycerides are therefore required for pene-
tration of the stigma by tobacco pollen tubes. These lipids can
functionally replace both the exudate and the stigmatoid tissue, and
even allow pollen tubes to penetrate leaf tissue. The pollen coat of
species with dry stigmas has the same function as the exudate. We
propose that the lipids present during pollen—stigma interactions
are necessary to regulate water uptake by the pollen grain/tube,
establishing an external water gradient. The strength of the gradient,
which in pollen—stigma interactions is determined by the composi-

tion of the lipids, steers directional growth”~.

Methods

Plant material. Transgenic STIG I-barnase tobacco plants', Nicotiana tabacum
cv. Petit Havana SR1, Petunia hybrida W166K, Arabidopsis thaliana, Arabidopsis
eceriferum cerl, cer3, cer6 and popl mutant plants, Brassica napus, Brassica
oleracea and Lilium longiflorum cv. Snow Queen were grown under growth-
chamber conditions (day phase: 15 h 20 °C, 65% relative humidity; dark phase:
9 h 18°C, 65% relative humidity).

Studies of pollen-tube growth in vivo. Flowers of transgenic STIG I-barnase
tobacco plants were emasculated before anthesis. Exudate or 2 pl selected
medium was applied to the stigmaless surface before it was pollinated with
excess fresh pollen. In general, when =15 pollen tubes penetrated the style, seed
production occurred.

Applied compounds. Germination medium was 10% sucrose and 0.01%
boric acid. The different oil and lipid compounds used were as follows:
chromatographically purified olive oil (fatty acids 10% palmitic acid (16:0), 2%
stearic acid (18:0), 83% oleic acid (18:1,[cis]-9), 4% linoleic acid (18:2,[cis,cis]-

820

Nature © Macmillan Publishers Ltd 1998

9,12) and 1% linolenic acid (18:3,[cis,cis,cis]-9,12,15)) (Larodan, Sweden); the
triacylglycerides triolein (C18:1,[cis]-9), trilinolein (18:2,[cis,cis]-9,12), tri-
linolenin (18:3,[cis,cis,cis]-9,12,15) and trilinolelaidin (C18:2,[trans,trans]-
9,12) (Sigma); a mix of saturated triacylglycerides (equal parts by mass of
trihexanoin (C6:0), triheptanoin (C7:0), trioctanoin (C8:0), trinonanoin
(C9:0) and tridecanoin (C:10)) (Larodan, Sweden); 1,3 dilinolein (18:2,[cis,cis]-
9,12) (Sigma); 1-monolinolein (18:2,[cis,cis]-9,12) (Sigma); the fatty acids
oleic acid (C18:1,[cis]-9), linoleic acid (C18:2,[cis,cis]-9,12) and linolenic acid
(18:3,[cis,cis,cis]-9,12,15) (Sigma); glycerol (Sigma); and the silicon oils AR20,
AR200 (phenylmethyl-polysiloxane), CR350 (chlorphenylmethyl siloxane)
(Wacker—Chemie, Germany), DC200 (60,000 mm? s dimethyl siloxane
polymer) and DC344 (polydimethyl cyclosiloxane tetramer) (Dow Corning
Europe, Belgium).

24 h after application of compounds and pollination, we collected pistils.
Vibratome-cut sections of ~150 pm were placed in a drop of aniline blue stain
(0.1% in 0.1M K;PO,) and examined with a Leitz Wetzler orthoplan
microscope equipped for ultraviolet epifluorescence, using the appropriate
filters. Hand-cut sections of pollinated leaves and pistils of Arabidopsis were
pretreated in 2M NaOH at 60 °C for 10 min to soften the tissue. Pistil squashes
were used to count the number of pollen tubes that had penetrated the stigma.
Pistils were fixed in ethanol/acetic acid (3:1) for 12 h or more at 4 °C and in 2M
NaOH for 1 h at 60 °C, and were then rinsed with water and placed directly into
a drop of aniline blue stain.

Statistical analysis. We used the Wilcoxon test (SAS system version 6.07). We
counted pollen tubes in each pistil after treatment with the above compounds
(20 pistils per treatment) and compared this number with the numbers of
pollen tubes in pollinations with tobacco exudate. If the P value was <0.05, the
difference between the two pollination experiments was taken to be significant.
Using the following compounds, the average number of penetrated pollen
tubes in the stigma and associated P values were: tobacco exudate, 21; Petunia
exudate, 46 (P = 0.03); Lilium exudate, 0; purified oil, 25 (P = 0.86); purified
oil:Lilium exudate 1:1, 24 (P = 0.96); trilinolein, 33 (P = 0.28); triolein, 15
(P = 0.33); trilinolenin, 11 (P = 0.02); saturated triacylglycerides, 1 (P =
0.0001); trilinolelaidin, 2 (P = 0.0001); glycerol, 0; oleic acid, 8 (P = 0.002);
linoleic acid, 0; linolenic acid, 0; monolinolein, 0; dilinolein, 3 (P = 0.0001);
AR20, 0; AR200, 3 (P = 0.0001); CR350, 0; DC344, 0; DC200, 1 (P = 0.0001).
Transmission electron microscopy (TEM) was performed as described"”.
Scanning electron microscopy (SEM). Fresh pistils were mounted on stubs
and sputtered with gold. The samples were examined with a JEOL JSM-T300.
In vitro germination. An artificial boundary between oil and germination
medium or between oil and water was created by applying 1 ml germination
medium or water (agarose, 0.7%; toluidine blue, 0.01%) to a glass slide. After
polymerization, the gel was cut with a razor blade to produce a sharp edge. A
coverslip was placed on the gel with an overlap at the edges of 2—3 mm. After
this, 50 pl of a suspension of pollen in oil was applied to the edge of the gel.
Pollen germination and pollen-tube growth were viewed with a Leitz dialux 20
EB microscope.

Received 26 November 1997; accepted 5 March 1998.

1. Goldman, M. H. S., Goldberg, R. B. & Mariani, C. Female sterile tobacco plants are produced by
stigma specific cell ablation. EMBO J. 13, 2976-2984 (1994).

2. Preuss, D., Lemieux, B., Yen, G. & Davis, R. W. A conditional sterile mutation eliminates surface
components from Arabidopsis pollen and disrupts cell signalling during fertilization. Genes Dev. 7,
974-985 (1993).

3. Dickinson, H. G. Pollen dressed for success. Nature 364, 573—574 (1993).

4. Dickinson, H. G. Self-pollination: simply a social disease? Nature 367, 517-518 (1994).

5. Taylor, L. P. & Hepler, P. K. Pollen germination and tube growth. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 48, 461-491 (1997).

6. Mariani, C., De Beuckeleer, M., Truettner, ., Leemans, J. & Goldberg, R. B. Induction of male sterility
in plants by a chimaeric ribonuclease gene. Nature 347, 737-741 (1990).

7. Konar, R. N. & Linskens, H. F. Physiology and biochemistry of the stigmatic fluid of Petunia hybrida.
Planta 71, 378—387 (1966).

8. Labarca, C., Kroh, M. & Loewus, F. The composition of stigmatic exudate from Lilium longiflorum.
Labelling studies with myo-inositol, b-glucose, and L-proline. Plant Physiol. 46, 150—156 (1970).

9. Cresti, M., Keijzer, C. J., Tiezzi, A., Ciampolini, F. & Focardi, S. Stigma of Nicotiana: ultrastructural
and biochemical studies. Am. J. Bot. 73, 1713—1722 (1986).

10. Dumas, C. Lipochemistry of the progamic stage of a self-incompatible species: neutral lipids and fatty
acids of the secretory stigma during its glandular activity, and the solid style, the ovary and the anther
in Forsythia intermedia Zab. (heterostylic species). Planta 137, 177-184 (1977).

. Elleman, C. J., Franklin-Tong, V. & Dickinson, H. G. Pollination in species with dry stigma: the nature
of the early stigmatic response and the pathway taken by the pollen tubes. New Phytol. 121, 413-424
(1992).

12. Kandasamy, M. K., Nasrallah, J. B. & Nasrallah, M. E. Pollen pistil interactions and developmental

regulation of pollen tube growth in Arabidopsis. Development 120, 3405-3418 (1994).

NATURE|VOL 392 |23 APRIL 1998




13. Evans, D. E,, Sang, J. P., Cominos, X., Rothnie, N. E. & Knox, R. B. A study of phospholipids and
galactolipids in pollen of two lines of Brassica napus L. (rapeseed) with different ratios of linoleic to
linolenic acid. Plant Physiol. 92, 418—424 (1990).

14. Piffanelli, P, Ross, J. H. E. & Murphy, D. J. Intra and extracellular lipid composition and associated

gene expression patterns during pollen development in Brassica napus. Plant J. 11, 549-562 (1997).

. Dickinson, H. G. Dry stigmas, water and self-incompatability in Brassica. Sex. Plant Reprod. 8, 1-10

(1995).
. Elleman, C. J. & Dickinson, H. G. Identification of pollen components regulating pollination-specific
responses in the stigmatic papillae of Brassica oleracea. New Phytol. 133, 197-205 (1996).

17. Wolters-Arts, M., Derksen, J., Kooijman, J. W. & Mariani, C. Stigma development in Nicotiana
tabacum. Cell death in transgenic plants as a marker to follow cell fate at high resolution. Sex. Plant
Rep. 9, 243-254 (1996).

18. Hiilskamp, M., Kopczak, S. D., Horejsr, T. F, Kihl, B. K. & Pruitt, R.E. Identification of genes required
for pollen-stigma recognition in Arabidopsis thaliana. Plant J. 815, 703—714 (1995).

19. Cheung, A.Y., Zhan, X., Wang, H. & Wu, H. Organ-specific and AGAMOUS-related expression and

glycosylation of a pollen tube growth-promoting protein. Proc. Natl Acad. Sci. USA 93, 3853—3858

(1996).

Lolle, S. J. & Cheung, A. Y. Promiscuous germination and growth of wild type pollen from Arabidopsis

and related species on the shoot of the Arabidopsis mutant, fiddlehead. Dev. Biol. 155, 250-258 (1993).

. Lolle, S.J. et al. Developmental regulation of cell interactions in the Arabidopsis fiddlehead-1 mutant: a

role for the epidermal cell wall and cuticle. Dev. Biol. 189, 311-321 (1997).

22. Boden, N. in Micelles, Membranes, Microemulsions, and Monolayers (eds Gelbart, W. M., Ben-Shaul, A.
& Roux, D.) 153-211 (Springer, New York, 1994).

23. Ikeda, S., Nasrallah, J. B., Dixit, R., Preiss S. & Nasrallah, M. E. An aquaporin like gene required for the
Brassica self-incompatability response. Science 276, 1564—1566 (1997).

24. Pruitt, R. E. Molecular mechanics of smart stigmas. Trends Plant Sci. 2, 328-4329 (1997).

25. Baier, H. & Bonhoeffer, F. Axon guidance by gradients of a target-derived component. Science 255,

472-475 (1992).
. Maret, G. & Dransfeld, K. Biomolecules and polymers in high steady magnetic fields. Top. Appl. Phys.
57, 143-204 (1985).

27. Malho, R,, Feijo, J. A. & Pais, M. S. S. Effect of electrical fields and external ionic currents on pollen
tube orientation. Sex. Plant Reprod. 5, 57-63 (1992).

28. Reger, B. ], Chaubal, R. & Pressey, R. Chemotropic responses by pearl millet pollen tubes. Sex. Plant

Reprod. 5, 47-56 (1992).
. Robbertse, P.J., Lock, J. ]., Stoffberg, E. & Coetzer, L. A. Effect of boron on directionality of pollen tube
growth in Petunia and Agapanthus. South African J. Bot. 56, 487—492 (1990).

30. Hyde, G. J. & Heath, I. B. Ca-“-dependent polarization of axis establishment in the tip-growing
organism, Saprolegnia ferax, by gradients of the ionophore A23187. Eur. J. Cell Biol. 67, 356—362
(1995).

=

o

2

°

2

2

=N

2!

©

Acknowledgements. We thank A. Pereira for the gift of the cer and pop mutants, J. Derksen for reading the
manuscript and M.B. van Veen for artwork.

Correspondence and requests for materials should be addressed to M.W.-A. (e-mail: mwolters@sci.kun.nl).

Dynamic activation of
endothelial nitric oxide
synthase by Hsp90

Guillermo Garcia-Cardena*f, Roger Fan*, Vijay Shah,
Raffaella Sorrentinos, Giuseppe Cirinos,
Andreas Papapetropoulos* & William C. Sessa*

* Department of Pharmacology and Molecular Cardiobiology Program, and

¥ Department of Medicine, Boyer Center for Molecular Medicine, Yale University
School of Medicine, New Haven, Connecticut 06536, USA

§ Dipartimento di Farmacologia Sperimentale, Universita’ degli Studi di Napoli
“Federico 1I”, 80131 Napoli, Italy

Heat-shock protein 90 (Hsp90) coordinates the trafficking and
regulation of diverse signalling proteins, but its precise role in
regulating specific cellular targets is not known"’. Here we show
that Hsp90 associates with endothelial nitric oxide synthase
(eNOS) and is rapidly recruited to the eNOS complex by agonists
that stimulate production of nitric oxide, namely vascular
endothelial growth factor, histamine and fluid shear stress. More-
over, the binding of Hsp90 to eNOS enhances the activation of
eNOS. Inhibition of signalling through Hsp90 attenuates both
agonist-stimulated production of nitric oxide and endothelium-
dependent relaxation of isolated blood vessels. Our results indi-
cate that Hsp90 facilitates signalling mediated by growth-factor,
G-protein and mechanotransduction pathways that lead to the
activation of eNOS. These observations indicate that in addition
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to its role as a molecular chaperone involved in protein folding
and maturation, Hsp90 may also be recruited to cellular targets
depending on the activation state of the cell.

Several peripheral membrane signalling proteins, including Src
and its family members, Raf, G-protein B-y subunits and mitogen-
activated protein kinase kinase (MEK) can exist in heterocomplexes
with Hsp90 (ref. 3). However, the regulation and function of the
binding of Hsp90 to its native cellular substrates in mammalian cells
remains unknown. Genetic studies in Saccharomyces cerevisiae and
Drosophila melanogaster have shown that hsp90 homologues are
essential genes. In S. cerevisiae, Hsp82 is an integral component
of reconstituted steroid-receptor- and v-Src-dependent signal-
transduction events, whereas in Drosophila Hsp83 is involved in
mediating receptor tyrosine kinase signalling pathways*'’. Potential
mechanisms to account for these effects include Hsp90-mediated
effects on protein folding, stability and targeting of signalling
proteins.

eNOS is the nitric oxide synthase (NOS) isoform that produces
endothelium-derived nitric oxide (NO)'". NO is a highly lipophilic
gas that is not stored in cells, but is immediately synthesized
and released upon stimulus-dependent activation of NOS. NO
derived from the endothelium is important in regulating cardio-
vascular haemodynamics, proliferation of vascular smooth muscle
cells, leukocyte adhesion and platelet aggregation'. eNOS is a
peripheral membrane protein in endothelial cells because of its
co-translational N-myristoylation and post-translational cysteine
palmitoylation®. Both fatty-acylation reactions are necessary for
specific targeting of eNOS to the Golgi, and cysteine palmitoylation
is necessary for movement from the Golgi into glycolipid- and
cholesterol-rich plasmalemmal microdomains, caveolae''. As
eNOS coprecipitates with a protein having a relative molecular
mass of 90K (refs 16, 17) and as Hsp90 may be involved in several
signal-transduction cascades”'®, we studied the possibility that
eNOS may exist as a component of an Hsp90 heterocomplex in
endothelial cells.

As seen in Fig. la, immunoprecipitation of eNOS from bovine
microvascular endothelial cell lysates results in the coprecipitation
of Hsp90. Immunoprecipitation with non-immune antisera does
not result in the precipitation or coprecipitation of the proteins.
Immunoprecipitation of Hsp90 also coprecipitates eNOS. As shown
for other Hsp90-containing complexes, the eNOS—Hsp90 complex
disassembles if immunocomplexes are washed with a high-ionic-
strength buffer (0.5 M NaCl). To determine whether eNOS interacts
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Figure 1 Association between eNOS and Hsp90. a, Lysates from BLMVECs were
immunoprecipitated with non-immune mouse immunoglobulin (IgG) or with
monoclonal antibody against eNOS and Hsp90. Immunoprecipitates (IPs) were
western blotted (WB) for eNOS (left), Hsp90 (centre) or both proteins (right) IgGH
and IgGL denote IgG heavy and light chains, respectively. b, Lysates from a single
rat aorta or cerebellum were immunopreciptiated with antibodies against eNOS
or nNOS. IPs were blotted for eNOS, nNOS and Hsp90. In b, the arrows (from left
to right) denote eNOS, Hsp90 and nNOS, respectively.
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