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erable or few myosin heads are active. The
ratio of one Rng3p per 50 myosin-II heads in
the contractile ring (Table 1 and fig. S7) sup-
ports the latter hypothesis. In the temperature-
sensitive myo2-E1 mutant, the concentration
of Rng3p is higher by threefold globally and
~60-fold in the contractile ring, perhaps to
compensate for the minimal motor activity
of this mutant (/4). Large pools of most
contractile-ring proteins remain in the cyto-
plasm during cytokinesis (Table 1) available
for exchange with assembled rings, as ob-
served in FRAP experiments (38, 39).

The number of conventional myosin-II
(Myo2p, Cdc4p, and Rlclp) molecules in con-
tractile rings is roughly constant from the time
that a ring condenses through constriction (Fig.
3), so the local myosin concentration and
force-producing capacity increase dramatical-
ly as the diameter of the ring declines. Cdc15p
not only participates in ring assembly, but its
number of molecules increases ~10-fold as
rings mature during anaphase in preparations
for septum formation. As rings constrict, the
local concentrations of actin-binding proteins
IQGAP Rng2p, Cdcl5p, formin Cdcl12p, and
alpha-actinin Ainlp are nearly constant, so all
are lost in proportion to the decline in the
volume of ring. Septins Spnlp and Spndp
arrive late at the division site, forming rings
with 15 to 22 uM septin that do not constrict as
the septum forms (Fig. 3, C and D).

If used with caution, microscopy with
fluorescent fusion proteins provides a precision
measuring tool for quantitative biology. Our
calibration method can be used to determine
the concentration of any protein in yeast or
other organisms with homologous recom-
bination. Episomal expression of a YFP-fusion
protein with measurement of the ratio of tagged
and untagged proteins can be used where ho-
mologous gene replacement is impossible.
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Calorie Restriction Promotes
Mitochondrial Biogenesis by
Inducing the Expression of eNOS
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Calorie restriction extends life span in organisms ranging from yeast to mam-
mals. Here, we report that calorie restriction for either 3 or 12 months induced
endothelial nitric oxide synthase (eNOS) expression and 3',5"-cyclic guanosine
monophosphate formation in various tissues of male mice. This was accom-
panied by mitochondrial biogenesis, with increased oxygen consumption and
adenosine triphosphate production, and an enhanced expression of sirtuin 1.
These effects were strongly attenuated in eNOS null-mutant mice. Thus, nitric
oxide plays a fundamental role in the processes induced by calorie restriction
and may be involved in the extension of life span in mammals.

Calorie restriction (CR) extends life span in
numerous organisms from yeast (/) to rodents
and possibly primates (2). In mammals, CR
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delays the onset of age-associated diseases in-
cluding cancer, atherosclerosis, and diabetes (3).
A decrease in oxidative damage has been
proposed as a mechanism (4); however, a lack
of correlation between reactive oxygen species
(ROS) production and life span was recently
reported in Drosophila (5). Furthermore, in-
creasing evidence suggests that SIRT1, the mam-
malian ortholog of the SIR2 gene that mediates
the life-extending effect of CR in yeast (1, 6), is
a key regulator of cell defenses and survival in
mammals in response to stress (7).
Eight-week-old male wild-type mice were
fed either ad libitum (AL) or with a CR diet
(food provided on alternate days) for 3 or 12
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months (8). Mice maintained on a CR feeding
schedule consume 30 to 40% fewer calories
over time compared with animals fed AL, have
a lower body weight (fig. S1), and are known to
have an extended life span (9). At 3 months of
treatment, the amounts of mitochondrial DNA
(mtDNA, a marker of mitochondrial content),
the expression of peroxisome proliferator-
activated receptor—y coactivator lo. (PGC-1a),
nuclear respiratory factor—1 (NRF-1), and mito-
chondrial transcription factor A (Tfam) [master
regulators of mitochondrial biogenesis (/0)], and
expression of cytochrome ¢ oxidase (COX-IV)
and cytochrome ¢ (Cyt ¢) (two mitochondrial
proteins involved in cell respiration) were higher
in white adipose tissue (WAT) and many other
tissues of CR mice when compared with AL
mice (Figs. 1A and 2A). This was consistent
with increased mitochondrial biogenesis and
mitochondrial gene expression (//—13).

To confirm that CR increases mitochondrial
function, we measured oxygen consumption
and expression of mitofusin (Mfn) 1 and 2 [the
mitochondrial transmembrane guanosine tri-
phosphatases crucial to the mitochondrial fu-
sion process and metabolism (74, 15)]. These
parameters were higher in several tissues,
particularly in WAT, of CR than in AL ani-
mals (Figs. 1, A and B, and 2). This suggests
that CR induces mitochondrial biogenesis with
increased respiration and expression of genes

crucial for the dynamic fusion processes
required for oxidative function. We then
investigated whether the increase in respiration
was associated with an increase in adenosine
triphosphate (ATP) synthesis and found that CR
increased ATP concentrations in WAT (0.025 +
0.001 nmol/mg tissue in CR mice compared
with 0.018 + 0.002 nmol/mg tissue in AL mice,
P < 0.001, n = 4 animals) and in other tissues
(table S1). Similar results were obtained in mice
treated for 12 months. Thus, the molecular
changes induced by CR occur early and are
long-lasting, consistent with the early onset and
persistent effect of CR on life span (9).

Nitric oxide (NO) generated by eNOS in-
creases mitochondrial biogenesis and enhances
respiration and ATP content in various mamma-
lian cells by acting through its second messenger,
3',5-cyclic guanosine monophosphate (cGMP)
(11, 16). We investigated whether eNOS and
c¢GMP play a role in the mitochondrial bio-
genesis induced by CR. The expression of
eNOS, unlike neuronal and inducible NOS, was
higher in CR than in AL mice (Figs. 1A and 2)
and was accompanied by higher concentrations
of ¢cGMP (Figs. 1C and 2) in WAT and in
several other tissues. The increased serum
concentrations of nitrite and nitrate (an index of
NO production) and plasma cGMP in obese
subjects exposed to CR in controlled weight loss
trials (17, 18) are consistent with our findings.

Fig. 1. CRiinduces mito- A wit B
chondrial biogenesis in 6.0 i 2 150 e
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To verify the role of eNOS in the mito-
chondrial biogenesis induced by CR, we fed 8-
week-old male eNOS null-mutant (eNOS™/7)
mice either an AL or a CR diet for 3 months (Fig.
1, D to F, and fig. S2, A to C). In particular,
mtDNA content and PGC-1o, NRF-1, Tfam,
Mfnl, and Mfn2 mRNA amounts, although
different from those in wild-type animals, were
not significantly greater in CR eNOS~/~ mice
compared to in AL eNOS~/~ animals. More-
over, COX IV and Cyt ¢ expression did not
increase significantly in CR animals except in
WAT and brain, where these parameters
increased to a much lesser extent than those in
wild-type animals (Fig. 1D and fig. S2A). Thus,
CR was unable to induce significant mitochon-
drial biogenesis in a number of tissues of
eNOS ™/~ mice, including WAT. To confirm
this, we measured oxygen consumption (Fig.
1E and fig. S2B) and ¢cGMP (Fig. 1F and fig.
S2C) and ATP concentrations (table S1) in WAT
and other tissues (table S1) of both CR and AL
eNOS ™/~ animals. These parameters also did
not increase significantly as a result of CR in
knock-out compared to in wild-type mice. AL
eNOS~/~ mice displayed greater feed efficien-
cy (body weight gain per food intake) than their
wild-type counterparts (//), suggesting that
both energy expenditure and oxidative metabo-
lism are partly NO-dependent. The CR wild-
type mice showed lower feed efficiency values
than AL wild-type animals (0.295 + 0.023
compared with 0.488 + 0.028, respectively;
P <0.001, n = 10 animals), whereas there was
no difference between CR eNOS™~ mice and
AL eNOS~/~ animals (0.67 + 0.025 and
0.654 = 0.019, respectively; n = 10 animals).
Thus, the CR-induced increase in oxidative
metabolism appears to be blunted in the
absence of eNOS expression in mammals.

Given the role of yeast SIR2 protein in life
span extension by CR (/, 6), we studied the
expression of SIRT1 and found it to be higher in
many tissues (fig. S3) of CR wild-type animals
than of AL wild-type mice, including WAT (Fig.
3A) (19), where SIRT1 triggers lipolysis and
loss of fat (20). SIRT1 mRNA and protein were
~threefold higher in cultured white adipocytes
exposed either to NO donors, such as (Z)-1-
[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]
diazen-1-ium-1,2 diolate (DETA-NO) and S-
nitrosoacetyl penicillamine (SNAP), or to a
c¢GMP analog (8 Br-cGMP) than in untreated
cells (Fig. 3B) and ~80% lower in WAT of
eNOS~/~ mice when compared with wild-type
animals (Fig. 3, C and D). Thus, the expression
of SIRT1 in WAT during CR might be partly
mediated by NO acting via cGMP.

To investigate whether the CR-induced
SIRT1 expression was dependent on eNOS-
derived NO, we performed immunoblot analysis
in WAT of eNOS~/~ mice fed either an AL or
a CR diet. In eNOS~/~ mice fed a CR diet,
SIRT1 expression was also increased (~30%)
in WAT compared with that of eNOS™'~ mice
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SEM of densitometric measurements performed in 10 animals per group. The histogram values were
obtained by densitometric analysis, with values measured in the AL mice taken as 1.0. (B) SIRT1
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fed an AL diet (Fig. 3A), although the change
was much smaller than that in wild-type ani-
mals (~120%, P < 0.001). Similar results were
obtained in the other tissues tested (fig. S3).

Thus, CR induces an increase in eNOS
expression, which in turn is involved in both
mitochondrial biogenesis and SIRT1 expression
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of SIRT1 by CR is consistent with a potential
increase in life span. This transcription factor
may be an evolutionarily ancient biological
stress response that slows aging, promoting the
mobilization of fat into the blood from WAT
stores (20), the down-regulation of adipogenesis
(20), and the long-term survival of irreplaceable
cells (7, 19). The increase in mitochondrial
activity, i.e., in oxidative metabolism, that we
see in CR animals is intriguing in view of the
widely accepted hypothesis that CR increases
longevity by slowing metabolism and reducing
mitochondrial ROS and accompanying cellular
damage (4). In fact, metabolic rate normalized
to body weight does not decline in CR mice, and
the lifetime metabolic output of these animals is
therefore larger than that of their AL cohorts
(21). Respiration actually increases during CR
in yeast (22) and the nematode worm Caeno-
rhabditis elegans (23). The effects of CR on life
span may be independent of excessive ROS
production.

The effects of CR in mammals are com-
plex, affecting many organs and physiological
pathways. Nevertheless, the significantly re-
duced effects observed in eNOS™/~ animals
point to a role for NO in the response to CR.
eNOS '~ mice are characterized by a reduced
life span (24) due to age-related diseases (25).
One possibility is that in wild-type CR animals
NO, acting via mitochondrial biogenesis and
expression of SIRT1, increases B-oxidation and
lipolysis. This would result in a reduction in the
accumulation of fat, which is known to have an
impact on life span (26, 27).
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Sequence Variants in SLITRK1
Are Associated with
Tourette's Syndrome
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Tourette’s syndrome (TS) is a genetically influenced developmental neuropsy-
chiatric disorder characterized by chronic vocal and motor tics. We studied
Slit and Trk-like 1 (SLITRK1) as a candidate gene on chromosome 13g31.1 be-
cause of its proximity to a de novo chromosomal inversion in a child with TS.
Among 174 unrelated probands, we identified a frameshift mutation and two
independent occurrences of the identical variant in the binding site for microRNA
hsa-miR-189. These variants were absent from 3600 control chromosomes.
SLITRKT mRNA and hsa-miR-189 showed an overlapping expression pattern in
brain regions previously implicated in TS. Wild-type SLITRK1, but not the frame-
shift mutant, enhanced dendritic growth in primary neuronal cultures. Collect-
ively, these findings support the association of rare SLITRK7 sequence variants

with TS.

TS is a potentially debilitating developmental
neuropsychiatric disorder, characterized by the
combination of persistent vocal and motor tics,
that affects as many as 1 in 100 individuals (Z, 2).
A substantial portion of clinically referred TS
patients also suffer from obsessive-compulsive
disorder (OCD), attention deficit hyperactivity
disorder (ADHD), or depression (3). A TS
spectrum of disorders that includes chronic
vocal or motor tics as well as tic-related OCD
and ADHD is widely recognized. Phenome-
nological and neurobiological evidence also
supports the inclusion of some habit disor-
ders, including trichotillomania (TTM), in
this phenotypic spectrum (4, 5).

Several decades of investigation have con-
firmed a substantial genetic contribution to TS
(6). Early segregation analyses suggested that the
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disorder was inherited as a rare, autosomal
dominant trait (7). However, more recent studies
have supported poly- or oligogenic inheritance
(8). Genome-wide analysis of linkage has
implicated intervals on chromosomes 4, 5, 8,
11, and 17 (9-12), but to date no disease-
related mutations have been identified. These
investigations have been complicated by a
phenotype that typically decreases in severity
with age, a high population prevalence of
transient tics, and symptoms that overlap with
common disorders such as ADHD and OCD
(13). In addition, marked locus heterogeneity,
gene-environment interactions, and the further
confounding of assortative mating (14, 15)
have all likely hindered gene-mapping efforts.

We focused on a rare subset of TS patients
with chromosomal anomalies to circumvent
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some of these obstacles and identify candidate
genes for intensive mutational screening. Such a
strategy provides the opportunity to characterize
functional sequence variants largely irrespective
of their mode of inheritance. We identified a
patient presenting with TS and ADHD and
carrying a de novo chromosome 13 inversion,
inv(13)(q31.1;q33.1) (16). There was no family
history of tics, TS, OCD, TTM, or ADHD (Fig.
1). Genotyping with multiple short tandem
repeat (STR) markers confirmed paternity (/6)
(table S1). The co-occurrence of a de novo
chromosomal abnormality with the only known
case of TS in the pedigree led us to fine map
the rearrangement with the use of fluorescence
in situ hybridization (FISH). We found that
bacterial artificial chromosomes (BACs)
RP11-375K12 and RP11-255P5 span the
13g31.1 and 13qg33.1 breakpoints, respec-
tively (Fig. 1, C to F, and table S2).

Three genes map within 500 kilobases (kb) of
these two breakpoints (Fig. 1, E and F). Of these,
Slit and Trk-like family member 1 (SLITRKI),
encoding a single-pass transmembrane protein
with two leucine-rich repeat (LRR) motifs in its
extracellular domain, was considered the stron-
gest candidate for further study because of its
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