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Caloric restriction extends lifespan in numerous species. In the
budding yeast Saccharomyces cerevisiae this effect requires Sir2
(ref. 1), a member of the sirtuin family of NAD"-dependent
deacetylases®. Sirtuin activating compounds (STACs) can pro-
mote the survival of human cells and extend the replicative
lifespan of yeast®. Here we show that resveratrol and other
STAGC:s activate sirtuins from Caenorhabditis elegans and Droso-
phila melanogaster, and extend the lifespan of these animals
without reducing fecundity. Lifespan extension is dependent on
functional Sir2, and is not observed when nutrients are
restricted. Together these data indicate that STACs slow
metazoan ageing by mechanisms that may be related to caloric
restriction.

Sir2-like proteins (sirtuins) are a family of NAD'-dependent
deacetylases conserved from Escherichia coli to humans®® (Fig. la)
that play important roles in gene silencing, DNA repair, rDNA
recombination and ageing in model organisms™'*"'?. When diet is
restricted (caloric restriction), lifespan is extended in diverse
species, suggesting that there is a conserved mechanism for nutrient
regulation of ageing>™". In budding yeast, extra copies of SIR2
extend lifespan by 30%, apparently by mimicking caloric restric-
tion"'®. We recently described a group of compounds (STACs) that
stimulate the catalytic activity of yeast and human sirtuins, and
extend the replicative lifespan of yeast cells by up to 60% (ref. 4).

To establish whether STACs could activate sirtuins from multi-
cellular animals, we developed a cell-based deacetylation assay for
D. melanogaster S2 cells. Unlike other classes of deacetylases, the
sirtuins are insensitive to the inhibitor trichostatin A (TSA). Several
classes of polyphenolic STACs, including chalcones, flavones and
stilbenes, increased the rate of TSA-insensitive deacetylation
(Fig. 1b). To determine whether this activity was due to direct
stimulation of a Sir2 homologue, we purified recombinant SIR-2.1
of C. elegans and Sir2 of D. melanogaster and determined the effect
of various STACs on enzymatic activity in vitro (Fig. lc, d). In a
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dose-dependent manner, resveratrol stimulated deacetylation up to
2.5-fold for SIR-2.1 (Fig. le) and 2.4-fold for Sir2 (Fig. 1f). As
previously observed with the yeast and human Sir2 enzymes,
resveratrol lowered the K, of SIR-2.1 for the co-substrate NAD™
(Fig. 1g).

Because resveratrol can significantly extend replicative lifespan in
yeast!, we asked whether STACs could also extend lifespan in the
metazoans C. elegans and D. melanogaster. Wild-type worms were
transferred to plates containing 0 or 100 pM of resveratrol shortly
after reaching adulthood. Lifespan was extended up to 14%, using
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Figure 1 Effect of polyphenolic STACs on sirtuins. a, Sir2 polypeptides from various
species. The NAD*-binding pocket (grey), substrate-binding groove (black) and per cent
homology to SIRT1 are shown. b, Effect of polyphenolic STACs (500 wM) on TSA-
insensitive deacetylase activity in Drosophila S2 cells. ¢, Fold stimulation of SIR-2.1 by
STACs (10 wM). d, Fold stimulation of Drosophila Sir2 by STACs (10 wM). Values are the
mean of at least three determinations (*s.e.). e, f, Activation of C. elegansSIR-2.1 (e) and
Drosophila Sir2 (f) by resveratrol (+s.e.). g, SIR-2.1 initial rate as a function of NAD™
concentration (*s.e.). AFU, arbitrary fluorescence units.
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Figure 2 C. elegans survival on resveratrol. a, Survivorship of adult wild-type N2 C.
elegans treated with resveratrol fed with heat-killed OP50 E. coli. b, Survivorship of sir-2.1
mutants treated with resveratrol fed with heat-killed OP50. Adult lifespan of sir-2.1
animals does not differ significantly from N2 controls. ¢, Survivorship of wild-type N2
C. eleganson 100 wM resveratrol fed with live OP50. d, Survivorship of sir-2. 7 mutants on
100 wM resveratrol fed with live OP50. e, Fecundity of adult hermaphrodites on 100 pM
resveratrol (+s.d.). f, Feeding rates of L4 larval and adult hermaphrodites treated with
100 uM resveratrol (%s.d.).
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either heat-killed or live E. coli as food supply (Fig. 2a, ¢, respect-
ively; Supplementary Table ST1; averaged across trials at 100 pM
resveratrol, lifespan was extended 10% on live and dead E. coli), and
mortality was decreased across all adult ages (Supplementary
Fig. S1). To test whether the lifespan extension depends on functional
SIR-2.1, we constructed a sir-2.1 null mutant. The lifespan of this
strain was not appreciably shorter than the wild-type N2 control, and
adults treated with resveratrol did not exhibit a significant lifespan
extension relative to untreated worms (Fig. 2b, d; Supplementary
Table ST1). There was no decrease in fecundity associated with
resveratrol treatment (Fig. 2e). To rule out the possibility that
resveratrol was causing the animals to eat less, thereby inducing a
caloric restriction effect indirectly, we measured feeding rates of
both L4 larval and adult worms with or without resveratrol and
found no differences (Fig. 2f). Throughout the lifespan trials, we
used the reproductive suppressant FUDR to prevent accumulation
of progeny on the treatment plates.

We also tested whether STACs could extend lifespan in
D. melanogaster using the standard laboratory wild-type strain
Canton-S and normal fly culturing conditions (vials), and a yw
marked wild-type strain and demographic culturing conditions
(cages) (Supplementary Table ST2). Across independent tests in
males and females on abundant diet, lifespan was extended up to
23% with fisetin and up to 29% with resveratrol (Fig. 3a, ¢, e;
Supplementary Table ST2; averaged across these trials with 100 pM
resveratrol, lifespan was extended 20% in females and 16% in
males). Increased longevity was associated with reduced mortality
before day 40 (Supplementary Fig. S1). A restricted diet increased
lifespan by 40% in females and by 14% in males (averaged across
trials), and under these conditions neither resveratrol nor fisetin
further increased longevity (Fig. 3b, d, f). The lack of an additive
effect of resveratrol and a low calorie diet suggests that resveratrol
extends lifespan through a mechanism related to caloric restriction.
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Figure 3 Survival of wild-type female D. melanogaster adults fed resveratrol or fisetin.
a, Canton-S on 15% SY media. b, Canton-S on 5% SY media. ¢, ywon 3% CSY media.
d, ywon 2% CSY media. e, ywon 3% CSY media. f, ywon 2% CSY media. g, Mean 5 day
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Figure 4 Survival of D. melanogaster adults with mutant alleles of Sir2fed resveratrol (100 wM). Females (a) and males (b) with loss-of-function genotype Sir2 45/5ir252° Females (c)

and males (d) with strong hypomorphic genotype Sir2 '7/Sir2 KG90871,

Surprisingly, while diet manipulations that extend D. melanoga-
ster longevity typically reduce fecundity'>*’, longevity-extending
doses of resveratrol modestly increased egg production (10pM
resveratrol: 69.8 eggs/5 days, s.e. = 2.2; control: 59.9 eggs/5 days,
s.e. = 2.2;t=3.17, P = 0.0017), particularly in the earliest days of
adult life (Fig. 3g). The increase in egg production suggests that the
lifespan extending effect of resveratrol in D. melanogaster was not
due to caloric restriction induced by food aversion or lack of
appetite. Consistent with this, no decrease in food uptake was
seen with resveratrol-fed flies (Fig. 3h). Furthermore, resveratrol-
fed flies maintained normal weight (Fig. 3i), except during days 3—6
when resveratrol fed females were laying significantly more eggs
than control fed females.

To determine whether resveratrol extends fly lifespan in a Sir2-
dependent manner, we analysed a Sir2 allelic series with increasing
amounts of Sir2. Adult offspring from crosses between indepen-
dently derived alleles of Sir2 were tested. Resveratrol failed to extend
lifespan in flies completely lacking functional Sir2 (Sir2**/Sir2”°)
(Fig. 4a, b) or in flies in which Sir2 is severely decreased (Sir2'7;
Sir2KGUO871y (Fig, 4c, d). Resveratrol increased longevity a small but
statistically significant amount in flies homozygous for a hypo-
morphic Sir2 allele (Sir2X“°%7/5ir2X%%7) (Supplementary Table
ST2, trial 6) and increased lifespan up to 17% in flies with one copy
of the hypomorphic allele and one copy of a wild-type Sir2 (Canton-
S/Sir2X9"%7) (Supplementary Table ST2, trial 7). These data suggest
that the ability of resveratrol to extend fly lifespan requires func-
tional Sir2.

We previously reported that STACs extend the replicative lifespan
of yeast cells by mimicking caloric restriction*. Here we show that
STAC: can extend lifespan in C. elegans and D. melanogaster, both of
which are composed of primarily non-dividing (post-mitotic) cells
as adults, and whose somatic and reproductive ageing are indepen-
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dent measures of senescence. In both species, resveratrol increases
lifespan in a Sir2-dependent manner and, at least for the fly, this
action appears to function through a pathway related to caloric
restriction.

Our observation that resveratrol can increase longevity without
an apparent cost of reproduction is counter to prevalent concepts of
senescence evolution. However, STACs may still entail trade-offs
that involve other traits, or that occur only under some environ-
mental conditions®"**. Plants synthesize STACs such as resveratrol
in response to stress and nutrient limitation®, possibly to activate
their own sirtuin pathways*. These molecules may activate animal
sirtuins because they serve as plant defence mechanisms against
consumers or because they are ancestrally orthologous to endogen-
ous activators within metazoans. Alternatively, animals may use
plant stress molecules as a cue to prepare for a decline in their
environment or food supply*. Understanding the adaptive signifi-
cance, endogenous function and evolutionary origin of sirtuin
activators will lead to further insights into the underlying mechan-
isms of longevity regulation, and could aid in the development of
interventions that provide the health benefits of caloric
restriction. O

Methods

C. elegans media, strains, lifespan and feeding assays

Bristol N2 (Caenorhabditis Genetics Center) was used as the wild-type strain. The sir-2.1
mutant strain was generated by backcrossing VC199 (sir-2.1(0k434)) to N2 four times. For
the lifespan assays, synchronized animals were transferred to treatment plates as young
adults (2 days after hatching, day 0 of assay), and were transferred to fresh treatment plates
every 2 days for the first 6 to 8 days of the assay. Treatment plates were standard NGM
media with the reproductive suppressant FUDR (Sigma; 100 mg1™") containing
resveratrol or solvent (DMSO, which does not affect lifespan) added either directly into
the agar before pouring (for live OP50 trials) or diluted into PBS and added to the surface
of a dry plate to the indicated final concentration (for dead OP50 trials). For heat-killed E.
coli trials, OP50 cultures were heated to 65 °C for 30 min, then pelleted and resuspended in
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1/10 volume in S Basal supplemented with 10 mM MgSO,. For E. coli killed by ampicillin
and kanamycin, overnight cultures of OP50 were treated with 500 ug ml~" ampicillin and
250 pgml™" kanamycin overnight at 37 °C. In all assays, worms were monitored daily for
mortality by gently probing with a platinum pick. Assays were performed at 24 °C.

To assay worm feeding rates, worms at the indicated stages were placed on treatment
plates (no FUDR) for 4-5 h, then videoed for 1 min using a Pixelink PL-662 camera. The
frame rate was slowed and the pumping rate of the pharynx was counted. To assay
fecundity, gravid hermaphrodites (5 per plate, raised from synchronized L1s on normal or
treatment plates) were allowed to lay eggs on their respective media for 5h, and the total
number of eggs was counted.

D. melanogaster media, strains, feeding assay and lifespan assays

Survival assays were conducted independently with adult D. melanogaster in two
laboratories. At Brown University, all trials used an yw marked wild-type strain. Larvae
were reared on standard cornmeal-sugar-yeast (CSY) agar diet (cornmeal 5%, sucrose
10.5%, SAF yeast 2% and agar 0.7%). Newly eclosed adults were placed in 1-litre
demography cages with approximately 75 males and 75 females. Three to four replicate
1-litre demography cages were used for each treatment group in each trial. Every two days,
dead flies were removed and scored, and food vials were replenished. Food vials contained
CSY diet with SAF yeast as either 2% or 3% by weight. Test compounds in 100 pl of EtOH
(or blank EtOH in controls) were mixed into melted aliquots of the adult food media to
make a final concentration of 0, 10 or 100 pM. Fresh stock solutions and adult media were
prepared weekly. At the University of Connecticut Health Center, lifespan trials were
conducted with the wild type strain Canton-S, Sir2™ and $ir2>%° (S. Smolik), Sir2"7

(S. Astrom) and Sir2 KG00871 (Drosophila Stock Center). Larvae for all tests were reared on
standard CSY diet. Newly eclosed adults were incubated in plastic shell vials containing
5 ml of 15% sugar-yeast diet (15% SY) or 5% sugar-yeast (5% SY) diet (15% SY: 15% yeast,
15% sucrose, 2% agar; 5% SY: 5% yeast, 5% sucrose, 2% agar as per ref. 20.). In all trials,
~20 males with ~20 females were placed into each of 10 vials per treatment group. Every
two days, flies were passed into new vials and dead flies were counted. Resveratrol in EtOH
(or EtOH alone in controls) was added to the media during its preparation after it had
cooled to 65 °C and mixed vigorously. Final compound concentrations were 0, 10, 100 or
200 pM. Fresh stock solution and adult media was prepared weekly.

Feeding rate was measured in yw females with the crop-filling assay**. Females were
held overnight with water and placed on 2% CSY diet containing food colour (FDA Blue 1)
and 0, 10 or 100 pM resveratrol with EtOH. The presence of dye-marked food in the crop
was scored in sets of 20 females across five 5-min intervals. For body mass measurements,
10 vials with 20 males and 20 females each of wild type CS-5 flies were kept on 15% SY diet
with EtOH or with resveratrol in EtOH (10 pM). Males and females were weighed daily.

Sirtuin purification and deacetylation assays
These are described in Supplementary Methods.
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Planar cell polarity signalling
controls cell division orientation
during zebrafish gastrulation

Ying Gong'%, Chunhui Mo’ & Scott E. Fraser'*

' Biological Imaging Center, Beckman Institute, *Biochemistry and Molecular
Biophysics, Division of Biology, California Institute of Technology, Pasadena,
California 91125, USA

Oriented cell division is an integral part of pattern development
in processes ranging from asymmetric segregation of cell-fate
determinants to the shaping of tissues"?. Despite proposals that it
has an important function in tissue elongation®*, the mecha-
nisms regulating division orientation have been little studied
outside of the invertebrates Caenorhabditis elegans and Droso-
phila melanogaster'. Here, we have analysed mitotic divisions
during zebrafish gastrulation using in vivo confocal imaging and
found that cells in dorsal tissues preferentially divide along the
animal-vegetal axis of the embryo. Establishment of this animal-
vegetal polarity requires the Wnt pathway components Silber-
blick/Wntl11, Dishevelled and Strabismus. Our findings demon-
strate an important role for non-canonical Wnt signalling in
oriented cell division during zebrafish gastrulation, and indicate
that oriented cell division is a driving force for axis elongation.
Furthermore, we propose that non-canonical Wnt signalling has
a conserved role in vertebrate axis elongation, orienting both cell
intercalation and mitotic division.

Gastrulation in zebrafish starts as the blastoderm begins to cover
the yolk cell. Mesendoderm precursors internalize near the blasto-
derm margin to form an inner blastoderm stratum termed the
hypoblast. Cells remaining in the outer stratum constitute the
epiblast, which give rise to neural ectoderm on the dorsal side
and epidermis on the ventral side>®. The dorsal epiblast consists of
two—three layers of cells, most of which divide twice during
gastrulation: once near the start of gastrulation and another in
mid gastrulation”®. Mitotic divisions at different stages appear to be
random, oriented along the animal-vegetal axis, or oriented medio-
laterally”®. Neither the full extent nor the mechanisms that regulate
division orientation have been explored. Thus, we have character-
ized the patterns of cell division throughout the depth of the dorsal

689




6. Gardel, M. L. et al. Elastic behavior of cross-linked and bundled actin networks. Science 304,
1301-1305 (2004).

7. Sherman, M. B. et al. The three-dimensional structure of the Limulus acrosomal process: a dynamic
actin bundle. J. Mol. Biol. 294, 139-149 (1999).

8. Schmid, M. F. Cross-correlation and merging of crystallographic reflections derived from
cryoelectron micrographs of 3D crystals: application to the Limulus acrosomal bundle. J. Struct. Biol.
144, 195-208 (2003).

9. Schmid, M. E, Agris, J. M., Jakana, J., Matsudaira, P. & Chiu, W. Three-dimensional structure of a
single filament in the Limulus acrosomal bundle: scruin binds to homologous helix-loop—beta motifs
in actin. J. Cell Biol. 124, 341-350 (1994).

10. Galkin, V. E. et al. The location of ubiquitin in Lethocerus arthrin. J. Mol. Biol. 325, 623-628 (2003).

11. Galkin, V. E. et al. The bacterial protein SipA polymerizes G-actin and mimics muscle nebulin. Nature

Struct. Biol. 9, 518521 (2002).
. Galkin, V. E. ef al. The utrophin actin-binding domain binds F-actin in two different modes:

~

implications for the spectrin superfamily of proteins. J. Cell Biol. 157, 243-251 (2002).
13. Orlova, A. et al. Probing the structure of F-actin: cross-links constrain atomic models and modify
actin dynamics. J. Mol. Biol. 312, 95-106 (2001).
14. Galkin, V. E., Orlova, A., Lukoyanova, N., Wriggers, W. & Egelman, E. H. Actin depolymerizing factor
stabilizes an existing state of F-actin and can change the tilt of F-actin subunits. J. Cell Biol. 153, 75-86
(2001).
. McGough, A., Pope, B., Chiu, W. & Weeds, A. Cofilin changes the twist of F-actin: implications for
actin filament dynamics and cellular function. J. Cell Biol. 138, 771-781 (1997).
16. Jiang, W., Baker, M. L., Ludtke, S. J. & Chiu, W. Bridging the information gap: computational tools for
intermediate resolution structure interpretation. J. Mol. Biol. 308, 10331044 (2001).

17. Kabsch, W., Mannherz, H. G., Suck, D, Pai, E. F. & Holmes, K. C. Atomic structure of the actin:DNase
I complex. Nature 347, 37-44 (1990).

18. Holmes, K. C., Popp, D., Gebhard, W. & Kabsch, W. Atomic model of the actin filament. Nature 347,
44-49 (1990).

19. Dominguez, R. & Graceffa, P. Solution properties of TMR-actin: when biochemical and crystal data
agree. Biophys. J. 85, 2073-2074 (2003).

. Graceffa, P. & Dominguez, R. Crystal structure of monomeric actin in the ATP state. Structural basis of
nucleotide-dependent actin dynamics. J. Biol. Chem. 278, 34172—34180 (2003 ).

. Sablin, E. P. et al. How does ATP hydrolysis control actin’s associations? Proc. Natl Acad. Sci. USA 99,
10945-10947 (2002).

. Holmes, K. C., Angert, I, Kull, F. J., Jahn, W. & Schroder, R. R. Electron cryo-microscopy shows how

5

2

=]

2

2!

)

strong binding of myosin to actin releases nucleotide. Nature 425, 423-427 (2003).
2.

<@

. Borovikov, Y. S. et al. Fluorescence depolarization of actin filaments in reconstructed myofibers: the
effect of S1 or pPDM-S1 on movements of distinct areas of actin. Biophys. J. 86, 3020-3029 (2004).

24. Otterbein, L. R., Graceffa, P. & Dominguez, R. The crystal structure of uncomplexed actin in the ADP
state. Science 293, 708-711 (2001).

. Egelman, E. H. Actin allostery again? Nature Struct. Biol. 8, 735-736 (2001).

. Egelman, E. H., Francis, N. & DeRosier, D. J. F-actin is a helix with a random variable twist. Nature
298, 131-135 (1982).

27. Way, M., Sanders, M., Garcia, C., Sakai, J. & Matsudaira, P. Sequence and domain organization of
scruin, an actin-cross-linking protein in the acrosomal process of Limulus sperm. J. Cell Biol. 128,
51-60 (1995).

. Bullitt, E. S., DeRosier, D. J., Coluccio, L. M. & Tilney, L. G. Three-dimensional reconstruction of an
actin bundle. J. Cell Biol. 107, 597-611 (1988).

. Sanders, M., Way, M., Sakai, J. & Matsudaira, P. Characterization of the actin crosslinking properties

2.
2

> G

2i

*®

2!

°

of the scruin-calmodulin complex from the acrosomal process of Limulus sperm. J. Biol. Chem. 271,
2651-2657 (1996).

. Mahadevan, L. & Matsudaira, P. Motility powered by supramolecular springs and ratchets. Science
288, 95-100 (2000).

3

=]

Supplementary Information accompanies the paper on www.nature.com/nature.
Acknowledgements This research is supported by the NCRR and NIGMS of NIH. We thank

M. Baker for assistance in the helixhunter and foldhunter searches, and M. Dougherty for advice
on graphical display.

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to W.C. (wah@bcm.tmc.edu).
The accession number is EMD-1088.

NATURE | VOL 431 | 3 SEPTEMBER 2004 | www.nature.com/nature

©2004 Nature Publishing Group

letters to nature

Pathways towards and away from
Alzheimer’s disease
Mark P. Mattson

Nature 430, 631-639 (2004).

In the list of treatments given in Fig. 3 of this Review Article, I would
like to add “Glutamate-receptor modulating agents (2, 3, 4, 6)”,
where the numbers in bold indicate the sites of action in the
pathogenesis pathway. O

corrigendum

Sirtuin activators mimic caloric
restriction and delay ageing in
metazoans

Jason G. Wood, Blanka Rogina, Siva Lavu, Konrad Howitz,
Stephen L. Helfand, Marc Tatar & David Sinclair

Nature 430, 686—689 (2004).

There are errors in Fig. 4 of this Letter: panels a and d are correct;
however, panel c was incorrectly published as a duplicate of panel a,
and panel b should have been labelled as panel c instead. The new
panel b is shown here. O
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