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PBEF is up-regulated by serum starvation and oxidative stress in MEFs

A. Western blot

B. Relative folds of PBEF in MEFs upon stresses by integration
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PBEF is up-regulated in cardiomyocytes by serum starvation and hypoxia

A. Western blot

=0
Normoxia 18 hr

Control t

N -
[ve]
-—
[}

b3
o
£
S
e}
=

Hypoxia 18 hr

Hypoxia 18 hr

Serum free 18 hr

Serum free 18 hr
Hypoxia plus

B. Relative fold increase in of PBEF in cardiomyocytes by stress

Relative folds

4.5 -
4
3.5
34

- N
2 0N O
L 1

normoxia 18hr

hypoxia 18hr

|

l

serum free
18hr

hypoxia plus
serum free 18hr

HH

serum free 18 hr

Hypoxia plus

serum free 18 hr

Figure 24

+— GAPDH
loading
control

Jued ‘SN

1102 ‘71 e

97 J0 ST INYS

79 6V0°LL6'L SN



Figure 25

PBEF transcription is up-regulated by fasting in vivo in rats

Relative mRNA copies
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METHODS AND COMPOSITIONS FOR
EXTENDING THE LIFE SPAN AND
INCREASING THE STRESS RESISTANCE OF
CELLS AND ORGANISMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of International Appli-
cation No. PCT/US2003/025016, filed Aug. 8, 2003 and pub-
lished in English under PCT article 21(2), which claims the
benefit of U.S. Provisional Application No. 60/402,254, filed
Aug. 9, 2002 and U.S. Provisional Application 60/428,614,
filed Nov. 22,2002. These applications are specifically incor-
porated by reference herein.

STATEMENT OF RIGHTS

This invention was made with government support under
ROl GM068072 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Physiological studies and, more recently, DNA array
analysis of gene expression patterns have confirmed that
aging is a complex biological process. In contrast, genetic
studies in model organisms have demonstrated that relatively
minor changes to an organism’s environment or genetic
makeup can dramatically slow the aging process. For
example, the life span of many diverse organisms can be
greatly extended simply by limiting calorie intake, in a
dietary regime known as caloric restriction (1-3).

How can simple changes have such profound effects on a
complex process such as aging? A picture is emerging in
which all eukaryotes possess a surprisingly conserved regu-
latory system that governs the pace of aging (4,5). Such a
regulatory system may have arisen in evolution to allow
organisms to survive in adverse conditions by redirecting
resources from growth and reproduction to pathways that
provide stress resistance (4,6).

One model that has proven particularly useful in the iden-
tification of regulatory factors of aging is the budding yeast, S.
cerevisiae. Replicative life span in S. cerevisiae is typically
defined as the number of buds or “daughter cells” produced
by an individual “mother cell” (7). Mother cells undergo
age-dependent changes including an increase in size, a slow-
ing of the cell cycle, enlargement of the nucleolus, an increase
in steady-state NAD™ levels, increased gluconeogenesis and
energy storage, and sterility resulting from the loss of silenc-
ing at telomeres and mating-type loci (8-13). An alternative
measure of yeast life span, known as chronological aging, is
the length of time a population of non-dividing cells remains
viable when deprived of nutrients (14). Increased chronologi-
cal life span correlates with increased resistance to heat shock
and oxidative stress, suggesting that cumulative damage to
cellular components is a major cause of this type of aging
(14,15). The extent of overlap between replicative and chro-
nological aging is currently unclear.

One cause of yeast replicative aging has been shown to
stem from the instability of the repeated ribosomal DNA
(rDNA) locus (16). This instability gives rise to circular forms
of rDNA called ERCs that replicate but fail to segregate to
daughter cells. Eventually, ERCs accumulate to over 1000
copies, which are thought to kill cells by titrating essential
transcription and/or replication factors. (16-18). Regimens
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that reduce DNA recombination such as caloric restriction or
a fob1 deletion extend replicative life span (17,19,20).

A key regulator of aging in yeast is the Sir2 silencing
protein (17), a nicotinamide adenine dinucleotide (NAD*)-
dependent deacetylase (21-24). Sir2 is a component of the
heterotrimeric Sir2/3/4 complex that catalyzes the formation
of silent heterochromatin at telomeres and the two silent
mating-type loci (25). Sir2 is also a component of the RENT
complex that is required for silencing at the rDNA locus and
exit from telophase (26,27). This complex has also recently
been shown to directly stimulate transcription of rRNA by Pol
T and to be involved in regulation of nucleolar structure (28).

Biochemical studies have shown that Sir2 can readily
deacetylate the amino-terminal tails of histones H3 and H4,
resulting in the formation of 1-O-acetyl-ADP-ribose and
nicotinamide (21-23,29). Strains with additional copies of
SIR2 display increased rDNA silencing (30) and a 30%
longer life span (17). It has recently been shown that addi-
tional copies of the C. elegans SIR2 homolog, sir-2.1, greatly
extend life span in that organism (31). This implies that the
SIR2-dependent regulatory pathway for aging arose early in
evolution and has been well conserved (4). Yeast life span,
like that of metazoans, is also extended by interventions that
resemble caloric restriction (19,32). Mutations that reduce
the activity of the glucose-responsive cAMP (adenosine 3'5'-
monophosphate)-dependent (PKA) pathway extend life span
in wild type cells but not in mutant sir2 strains, demonstrating
that SIR2 is a key downstream component of the caloric
restriction pathway (19).

In most organisms, there are two pathways of NAD+ bio-
synthesis (see FIG. 1). NAD+ may be synthesized de novo
from tryptophan or recycled in four steps from nicotinamide
via the NAD+ salvage pathway. The first step in the bacterial
NAD" salvage pathway, the hydrolysis of nicotinamide to
nicotinic acid and ammonia, is catalyzed by the pncA gene
product (33). An S. cerevisiae gene with homology to pncA,
YGLO037, was recently assigned the name PNC1 (SGD) (34).
A nicotinate phosphoribosyltransferase, encoded by the
NPTI1 gene in S. cerevisiae, converts the nicotinic acid from
this reaction to nicotinic acid mononucleotide (NaMN) (35-
38). At this point, the NAD™ salvage pathway and the de novo
NAD* pathway converge and NaMN is converted to desa-
mido-NAD* (NaAD) by a nicotinate mononucleotide adeny-
lyltransferase (NaMNAT). In S. cerevisiae, there are two
putative ORFs with homology to bacterial NaMNAT genes,
YLR328 (39) and an uncharacterized ORF, YGR010 (23,39).
We refer to these two ORFs as NMA1 and NMA2, respec-
tively. In Salmonella, the final step in the regeneration of
NAD* is catalyzed by an NAD synthetase (40). An as yet
uncharacterized ORF, QNS1, is predicted to encode a NAD
synthetase (23).

Inyeast, null mutations in NPT1 reduce steady-state NAD™*
levels by ~2-fold (23) and abolish the longevity provided by
limiting calories (19). One current hypothesis explaining how
caloric restriction extends replicative life span is that
decreased metabolic activity causes an increase in NAD*
levels, which then stimulate Sir2 activity (reviewed in
Campisi, 2000 and Guarente, 2000).

Transcriptional silencing involves the heritable modifica-
tion of chromatin at distinct sites in the genome. Silencing is
referred to as long-range repression as it is promoter non-
specific and often encompasses an entire genomic locus (1',
2"). In yeast these silent regions of DNA, which are similar to
the heterochromatin of higher eukaryotes, are subject to a
wide variety of modifications (3'). Among the most well stud-
ied of these modifications is the reversible acetylation of
histones (reviewed in 4',5").
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There are two classes of enzymes that affect the acetylation
state of histones: histone acetyltransferases (HATSs) and the
opposing histone deacetylases (HDACs). Compared with
more transcriptionally active areas of the genome, histones
within silent regions of chromatin are known to be hypoacety-
lated, specifically on the NH,-terminal tails of core histones
H3 and H4 (6"). Three classes of histone deacetylases have
been described and classified based on homology to yeast
proteins. Proteins in class I (Rpd3-like) and class IT (Hdal-
like) are characterized by their sensitivity to the inhibitor
trichostatin A (TSA) (7'.8"). Studies using this inhibitor have
provided a wealth of information regarding the cellular func-
tion of these proteins, including their involvement in the
expression of regulators of cell cycle, differentiation, and
apoptosis (reviewed in 9').

Yeast Sir2 is the founding member of Class 111 HDACs.
Sir2-like deacetylases are not inhibited by TSA and have the
unique characteristic of being NAD*-dependent (10'-13").
Proteins of this class are found in a wide array of organisms,
ranging from bacteria to humans. At least two Sir2 homo-
logues, yeast Hst2 and human SIRT2, are localized to the
cytoplasm and human SIRT1 has recently been shown to
target p53 for deacetylation (11',13'-15"). These results indi-
cate that not all members of this family are specific for his-
tones or other nuclear substrates.

The term, silent information regulator (SIR), was first
coined to describe a set of non-essential genes required for
repression of the mating type loci (HML and HMR) in S.
cerevisiae (16"). Silencing in yeast is also observed at telom-
eres and the ribosomal DNA (rDNA) locus (2',17"). The for-
mation of heterochromatin at mating type loci and the poly
(TG, ;) tracts of yeast telomeres is mediated by a
heterotrimeric complex of Sir2, Sir3 and Sir4 (18',19"). At the
rDNA locus, Sir2 is part of the RENT (regulator of nuleolar
silencing and telophase exit) complex, which includes Netl
and Cdc14 (20',21"). Of these proteins, Sir2 is the only factor
that is indispensable for silencing at all three silent regions
(221241,

The yeast rDNA locus (RLN1) consists of 100-200 tan-
demly-repeated 9 kb units encoding ribosomal RNAs. A
major cause of yeast aging has been shown to stem from
recombination between these repeats (25'-27") which can lead
to the excision of an extrachromosomal rDNA circle (ERC).
ERCs are replicated but they fail to segregate to daughter
cells, resulting in their exponential amplification as cells
divide. ERCs can accumulate to a DNA content greater than
that of the entire yeast genome in old cells and are thought to
kill cells by titrating essential transcription and/or replication
factors (28'). Although Sir2 silences Pol II-transcribed genes
integrated at the rDNA, there is evidence that its primary
function at this locus is to suppress recombination. Deletion
of SIR2 eliminates rDNA silencing and increases the fre-
quency that a marker gene is recombined out of the rDNA
10-fold (29"). This results in increased ERC formation and a
dramatic shortening of life span (29',30").

Sir2 is a limiting component of yeast longevity. A single
extra copy of the SIR2 gene suppresses recombination and
extends life span by 40% (26',31',32"). Recently, it has been
shown that SIR2 is essential for the increased longevity pro-
vided by calorie restriction (31"), a regimen that extends the
life span of every organism it has been tested on. Moreover,
increased dosage of the Sir2 homologue sir2.1 has been
shown to extend the life span of the nematode C. elegans (33")
and the nearest human homologue SIRT1, has been shown to
inhibit apoptosis through deacetylation of p53 (34'35").
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These findings suggest that Sir2 and its homologues have a
conserved role in the regulation of survival at the cellular and
organismal level.

Recently, a great deal of insight has been gained into the
biochemistry of Sir2-like deacetylases (reviewed by 36"). In
vitro, Sir2 has specificity for lysine 16 of histone H4 and
lysines 9 and 14 of histone H3 (10',12',13"). Although TSA
sensitive HDACs catalyze deacetylation without the need ofa
cofactor, the Sir2 reaction requires NAD™, This allows for
regulation of Sir2 activity through changes in availability of
this co-substrate (10'-13"). Sir2 deacetylation is coupled to
cleavage of the high-energy glycosidic bond that joins the
ADP-ribose moiety of NAD* to nicotinamide. Upon cleav-
age, Sir2 catalyzes the transfer of an acetyl group to ADP-
ribose (10%,11',15",37"). The product of this transfer reaction is
O-acetyl-ADP-ribose, a novel metabolite, which has recently
been shown to cause a delay/block in the cell cycle and oocyte
maturation of embryos (38").

The other product of deacetylation is nicotinamide, a pre-
cursor of nicotinic acid and a form of vitamin B3 (39'). High
doses of nicotinamide and nicotinic acid are often used inter-
changeably to self-treat a range of conditions including anxi-
ety, osteoarthritis, psychosis, and nicotinamide is currently in
clinical trials as a therapy for cancer and type I diabetes (40").
The long-term safety of the high doses used in these treat-
ments has been questioned (41') and the possible effects of
these compounds at the molecular level are not clear.

SUMMARY OF THE INVENTION

In one embodidment, the invention provides methods for
modulating the life span of a cell or its resistance to stress,
comprising modulating the flux through the NAD+ salvage
pathway in the cell. The method may comprise increasing or
extending the life of a cell or increasing its resistance against
stress, comprising increasing the flux through the NAD+
salvage pathway in the cell. Modulating the flux through the
NAD+ salvage pathway may occur essentially without
changing steady state levels of NAD+ and NADH and essen-
tially by maintaining the NAD+/NADH ratio in the cell.

Increasing the flux through the NAD+ salvage pathway
may comprise increasing the level or activity of a protein
selected from the group consisting of NPT1, PNC1, NMA1
and NMA2. The method may comprise introducing into the
cell at least one nucleic acid encoding a protein selected from
the group consisting of NPT1, PNC1, NMA1 and NMAZ2, or
a nucleic acid comprising at least 5 copies of a gene. Alter-
natively, the method may comprise introducing into the cell at
least one protein selected from the group consisting of NPT,
PNC1, NMA1 and NMA2. The method may comprise con-
tacting the cell with an agent that upregulates the expression
of a gene selected from the group consisting of NPT1, PNC1,
NMAI1 and NMA2. The cell may live at least about 40%
longer, or at least about 60% longer.

The invention also provides methods for increasing the
resistance of the cell against stress, e.g., heat shock, osmotic
stress, DNA damaging agents (e.g., U.V.), and inadequate
nitrogen levels, comprising increasing the flux through the
NAD+ salvage pathway in the cell.

In one embodiment, modulating the life span of a cell
comprises modulating silencing in the cell. Silencing may
include telomeric silencing and rDNA recombination.

The cell whose life span can be extended or who can be
protected against stress can be a eukaryotic cell, such as a
yeast cell or a prokaryotic cell, such as a bacterial cell. The
cell can be in vitro or in vivo.
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In another embodiment, modulating the life span of a cell
or its resistance to stress comprises modulating the amount of
nicotinamide and/or the ratio of NAD:nicotinamide in the
cell. The ratio of NAD:nicotinamide may be modulated by a
factor of at least about 50%, 2, 3, 5, 10 or more. For example,
reducing the life span of a cell or rendering a cell more
sensitive to stress may comprise increasing the level of nico-
tinamide in the cell. This may comprise contacting the cell
with an amount of nicotinamide of about 1 to 20 mM, pref-
erably of about 2 to 10mM. The level of nicotinamide in a cell
may also be increased by increasing the level or activity of
enzymes involved in the biosynthesis of nicotinamide or by
decreasing the level or activity of enzymes that degrade or
inactivate nicotinamide. Enzymes which directly or indi-
rectly inactivate nicotinamide include PNC1; nicotinamide
N-methyl transferase (NNMT and NNT1); NPT1, and human
homologs thereof; nicotinamide phosphoribosyltransferase
(NAMPRT); and optionally nicotinamide mononucleotide
adenylyltransferase (NMNAT-1 and 2); NMA1 and 2 and
human homologs thereof.

On the contrary, extending the life span of a cell or render-
ing the cell more resistant (i.e., less sensitive) to stress may
comprise decreasing the level of nicotinamide in the cell. This
may be achieved by decreasing the level or activity of
enzymes involved in the biosynthesis of nicotinamide or by
increasing the level or activity of enzymes that degrade or
inactivate nicotinamide. Accordingly, increasing lifespan or
stress resistance in a cell can be achieved by increasing the
activity or level of expression of a protein selected from the
group consisting of NPT1, PNC1, NMA1, NMA2, NNMT,
NAMPRT, NMNAT-1, and NMNAT-2. Increasing lifespan or
stress resistance can also be achieved by contacting the cell
with nicotinamide riboside, an NAD+ precursor, or a biologi-
cally active analog thereof or prodrug thereof, and optionally
increasing the protein level or activity of nicotinamide ribo-
side kinase, e.g., Nrkl and Nrk2 (see, Bieganowski et al.
(2004) Cell 117:495).

The invention further provides methods for identifying
compounds that modulate the life span of a cell or its resis-
tance to stress, comprising (i) contacting a protein selected
from the group consisting of NPT1, PNC1, NMA1, NMA2,
NNMT, NAMPRT, NMNAT-1, and NMNAT-2 with a test
compound for an amount of time that would be sufficient to
affect the activity of the protein; and (ii) determining the
activity of the enzynie, wherein a difference in the activity of
the enzyme in the presence of the test compound relative to
the absence of the test compound indicates that the test com-
pound is a compound that modulates the life span of the cell
or its resistance to stress. The method may further comprise
contacting a cell with the test compound and determining
whether the life span of the cell has been modulated. The
method may also further comprise contacting a cell with the
test compound and determining whether the resistance of the
cell to stress has been modulated.

In another embodiment, the invention provides a method
for identifying a compound that modulates the life span of a
cell or its resistance to certain types of stresses, comprising (i)
contacting a cell or a lysate, comprising a transcriptional
regulatory nucleic acid of a gene selected from the group
consisting of NPT1, PNC1, NMA1, NMA2, NNMT, NAM-
PRT, NMNAT-1, and NMNAT-2 operably linked to a reporter
gene, with a test compound for an amount of time that would
be sufficient to affect the transcriptional regulatory nucleic
acid; and (ii) determining the level or activity of the reporter
gene, wherein a difference in the level or activity of the
reporter gene in the presence of the test compound relative to
the absence of the test compound indicates that the test com-
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pound is a compound that modulates the life span of the cell
or its resistance to certain types of stresses. The method may
further comprise contacting a cell with the test compound and
determining whether the life span of the cell has been modu-
lated. The method may also further comprise contacting a cell
with the test compound and determining whether the resis-
tance of the cell to stress has been modulated.

Also provided herein are methods for identifying an agent,
e.g., a small molecule that modulates the nicotinamide level
in a cell. The method may comprise (i) providing a cell or cell
lysate comprising a reporter construct that is sensitive to the
level of nicotinamide in a cell; (ii) contacting the cell with a
test agent; and (iii) determining the level of nicotinamide in
the cell contacted with the test agent, wherein a different level
of nicotinamide in the cell treated with the test agent relative
to a cell not treated with the test agent indicates that the test
agent modulates the level of nicotinamide in the cell. The cell
may further comprise a vector encoding a fusion protein that
can bind to a DNA binding element operably linked to the
reporter gene. The fusion protein may comprise at least an
NAD+ binding pocket of a nicotinamide sensitive enzyme,
e.g., a Sir2 family member, and a heterologous polypeptide.
The heterologous polypeptide may be a transactivation
domain of a transcription factor. The method may further
comprise contacting a cell with the test compound and deter-
mining whether the life span of the cell or its resistance to
stress has been modulated.

Also within the scope of the invention are computer-as-
sisted methods for identifying an inhibitor of the activity of a
Sir2 family member comprising: (i) supplying a computer
modeling application with a set of structure coordinates of a
molecule or molecular complex, the molecule or molecular
complex including at least a portion of a Sir2 family member
comprising a C pocket; (ii) supplying the computer modeling
application with a set of structure coordinates of a chemical
entity; and (iii) determining whether the chemical entity is an
inhibitor expected to bind to or interfere with the molecule or
molecular complex, wherein binding to or interfering with the
molecule or molecular complex is indicative of potential inhi-
bition of the activity of the Sir2 family member. The chemical
entity may be an analog of nicotinamide. Another method for
identifying an inhibitor of the activity of a Sir2 family mem-
ber comprises: (i) contacting a protein of the Sir2 family
comprising at least the C pocket with a test compound for a
time sufficient for the test compound to potentially bind to the
C pocket of the protein of the Sir2 family; and (ii) determining
the activity of protein; wherein a lower activity of the protein
in the presence of the test compound relative to the absence of
the test compound indicates that the test compound is an
inhibitor of the activity of a Sir2 family member.

In addition, the invention provides methods for treating or
preventing diseases that are associated with aging or cell
death (e.g., apoptosis) in a subject or diseases that may benefit
from the effects of calorie restriction. A method may com-
prise administering to a subject in need thereof an agent that
increases the flux through the NAD+ salvage pathway or
reduces nicotinamide levels or the ratio of nicotinamide/
NAD+ in the cells susceptible or subject to cell death. Dis-
eases can be chronic or acute and include Alzheimer’s dis-
ease, Parkinson’s disease, stroke, myocardial infarction or a
metabolic disease, such as insulin resistance. The methods of
the invention for extending life span or increasing resistance
to stress can also be used to reduce aging, e.g., for cosmetic
purposes. The agent can be administered locally or systemi-
cally. Methods for extending life span or increasing resistance
to stress can also be used on cells, tissues or organs outside of
a subject, e.g., in an organ or tissue prior to transplantation.
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The invention also provides methods for treating or pre-
venting diseases in which reducing the life span of cells or
rendering cells sensitive to stress is beneficial. Such diseases
include those in which cells are undesirable, e.g., cancer and
autoimniune diseases. Methods may also sensitize cells to
killing by other agents. e.g., chemotherapeutic agents.

The methods of the invention can also be used to modulate
the lifespan and stress resistance of organisms other than
mammals. For example, the method can be used in microor-
ganisms and plants. In particular, the methods of the invention
permit to increase the resistance of plants to high salt, drought
or disease, e.g., by treating these with a chemical that lowers
nicotinamide levels or by genetically modifying genes that
modulate the NAD+ salvage pathway or the level of nicoti-
namide in cells.

Also provided are diagnostic methods, e.g., a method for
determining the general health of a subject or whether a
subject has been exposed, e.g., unknowingly exposed, to a
stress condition. A diagnostic method may also be used for
diagnosing the presence or likelihood of developing cancer. A
method may comprise (i) providing a sample of cells or
bodily fluid, e.g., blood or serum, from a subject; and (ii)
determining the level of expression of a gene or level of
protein or activity thereof encoded thereby selected from the
group consisting of NPT1, PNC1, NMA1, NMA2, NNMT,
NAMPRT,NMNAT-1, and NMNAT-2, wherein a higher level
of expression ofa gene or the level of protein encoded thereby
or activity thereof relative to a control sample indicates that
the general health of the subject is not adequate, acceptable or
optimal. A diagnostic method may also comprise determining
the level of NAD+, NADH, nicotinamide or other intermedi-
ate compound of the NAD+ salvage pathway. In one embodi-
ment, the method comprises determining the level of NAM-
PRT in serum of a subject.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Increased dosage of NPT1 delays aging by mim-
icking caloric restriction. Life span was determined by scor-
ing the number of daughter cells produced by each mother
cell before cessation of cell division (7,10). Cells were pre-
grown for a minimum of 48 h on complete glucose medium.
A, Mortality curves for wild type (PSY316AT, circles),

2xNPT1 (YDS1544, diamonds) and SxNPT1 (YDS1548,

triangles) on medium with 2% glucose. Average life spans
are 21.9, 30.8 and 35.1 generations respectively.

B, Mortality curves for wild type (PSY316AT, circles), sir2::
TRP1 (YDS1594, downward triangles), 2xNPT1
(YDS1544, squares), sir2::TRPP 2xNPT1 (YDS1573, dia-
monds) and SxNPT1 2xSIR2 (YDS1577, upward tri-
angles) on 2% glucose medium. Average life spans were
23.7,14.4,13.9,31.0 and 31.9 generations respectively.

C, Mortality curves for wild type on 2% glucose (PSY316AT,
circles) and 0.5% glucose medium (PSY316AT, squares)
and for 2xNPT1 on 0.5% glucose medium (YDS1544,
triangles). Average life spans are 21.9, 31.7 and 34.5 gen-
erations respectively.

FI1G.2.NPT1 and SIR2 provide resistance to heat shock. A,
Strains were grown for three days post-diauxic shift in SC
medium and incubated for 1 hat 55° C. before plating 10-fold
dilutions on SC plates. B, Strains were treated as in A and
plated on SC atlow density. Colonies that aroze after 24 hours
were scored and expressed as a percentage of colonies arizing
from the untreated sample. Values represent the avarage of
three independent experiments (+/-s.d.). Strains: W303AR
URA3 (YDS1568), W303AR URA3 LEU2 (YDS1563) and
isogenic  derivatives of W303AR, 2xNPT1-URA3
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(YDS1503), 2xSIR2-URA3 (YDS1572) and 2xNPT1-
URA3 2xSIR2-LEU2 (YDS1561).

FIG. 3. Additional NPT1 increases silencing and tDNA
stability. A, Strains with an ADE2 marker at the tDNA were
pre-grown on SC plates and spotted as 10-fold serial dilutions
on SC plates. Increased silencing is indicated by growth retar-
dation on media lacking adenine. Strains: W303-1A ADE2
(YDS1596), W303-1A RDNI1:ADE2 (W303AR5) and
W303ARS derivatives 2xNPT1 (YDS1503), 2xSIR2
(YDS1572) and 2xNPT1 2xSIR2 (YDS1561). B, Silencing
of METI15 at the tDNA locus was assayed by streaking
1sogenic derivatives of JS237 on rich medium containing
0.07% PbNO, and incubating for 5 days at 30° C. Increased
silencing is indicated by accumulation of a brown pigment.
Relevant genotypes: metl5SA (JS209), MET15 (IS241),
RNDI:MET15 (JS237), sir2::TRP1 (JS218), 2xSIR2
(YDS1583), 2uSIR2 (YDS1522), nptl:kan” (YDS1580),
2xNPT1 (YDS1581) and 2 uNPT1 (YDS1493). C, Silencing
of an ADE2 marker at the rDNA locus was determined in
strains with 1xXNPT1,2xNPT1, and 2 uNPT1 in the following
backgrounds: wild type (W303ARS, YDS1503, YDS1496),
sir2::TRP1 (YDS878, YDS1504, YDS1494), sir3::HIS3
(YDS924, YDS1505, YDS1587), and sir4::HIS3 (YDS882,
YDS1506,YDS1495). D, Strains with an ADE2 marker at the
telomere were streaked onto SC medium containing limiting
amounts of adenine. Increased silencing is indicated by accu-
mulation of red pigment. Relevant genotypes: (PSY316AT),
2xNPT1 (YDS1544), 5xNPT1 (YDS1548), 5xNPT12xSIR2
(YDS1577) and 5xNPT1 SIR2::TRP1 (YDS1573). sir2:
TRP1 (YDS1594). E, Strains in A were assayed for IDNA
stability by examining the rate of loss of an ADE2 marker
integrated at the tDNA locus. Cells were plated on YPD
medium and the frequency of half-sectored colonies, reflect-
ing a marker loss event at the first cell division, was measured.
More than 10,000 colonies were examined for each strain and
each experiment was performed in triplicate. Average recom-
bination frequencies (+/-s.d.) per cell division are shown. F,
Ribosomal DNA recombination rates for wild type
(W303AR), sir2::.TRP1 (YDS878) and 2xNPTT1 sir2::TRP1
(YDS1504) strains. Assays were performed as in (E).

FIG. 4. Expression of NPT1 in response to caloric restric-
tion and stress. A, 3xHA Tag sequence (SEQ ID NO: 49) was
inserted in frame with the 3' end of the native NPT1 ORF in
W303ARS (YDS1531) and W303cdel0-25 (YDS1537).
Cells were grown in YPD medium at 30° C. and treated as
described. Levels of NPT1 mRNA were examined for
W303ARS5 grown in YPD (0.5% and 2.0% glucose) and
W303¢dc25-10 grown in YPD (2% glucose). A 1.8 kb NPT!
transcript was detected and levels were normalized to actin
(ACT1) control. Similar results were obtained in the PSY316
strain background (not shown). B, Protein extracts from cul-
tures in A were analyzed by Western blot to detect the HA-
tagged Npt1 using c-HA antibody. Two bands of 53 kD and
40 kD were detected in the Npt1-HA strains and no bands
were detected in the untagged control strain (not shown).
Actin levels served as a loading control. Similar results were
obtained in the PSY316 strain background (not shown). C,
Levels of NPT1 mRNA were examined in wild type
W303ARS5 (YDS1531) log phase cultures after 1 h exposure
to the following: MMS (0.02% v/v), paraquat (S mM), or heat
shock (55° C.). D, Protein extracts of cultures in C were
analyzed as in B. E and F. A green fluorescent protein (GFP)
sequence was inserted in-frame at the 3' end of the native
NPT1 and NMA2 ORFs in W303ARS (YDS1611 and
YDS1624, respectively). Cells were grown in YPD medium
at 30° C. to mid log phase and photographed live. Regions of
overlap between GFP (green) and Hoechst DNA stain (false
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color red) appear yellow in the merged image. Regions of
overlap between GFP (green) and Hoechst DNA stain (false
color red) appear yellow in the merged image.

FIG. 5. Multiple limiting components in the NAD™ salvage
pathway. A, The putative steps in NAD™ biosynthesis in S.
cerevisiae based on the known steps in Salmonella. The yeast
genes that are thought to mediate each step are shown in
italics. NaMN, nicotinic acid mononucleotide; NaAD, desa-
mido-NAD*; NaM, nicotinamide; Na, nicotinic acid.
Adapted from Smith etal. (2000). B, Silencing of ADE?2 at the
rDNA locus in strains ADE2 (YDS1596), wild type
(W303ARS), 2xNPT1 (YDS1503), 2xPNC1 (YDS1588),
2xNMA2 (YDS1589), 2xNMA1 (YDS1590), and 2xQNS1
(YDS1614). Increased silencing is indicated by growth retar-
dation on media lacking adenine. C, Strains with an ADE2
marker at the telomere were streaked onto SC medium con-
taining limiting amounts of adenine. Silencing is indicated by
the accumulation of a red pigment. Strains tested: wild type
(PSY316AT), 2xNPT1 (YDS1544), 5xNPT1 (YDS 1548),
sir2::TRP1 (YDS1594), 2xPNC1 (YDS1591), 2xNMA2
(YDS1592) and 2xNMAL1 (YDS1593).

FIG. 6. Model for life span extension via increased flux
through the NAD™* salvage pathway. Type I1T histone deacety-
lases such as Sir2 and Hst1-4 catalyze a key step in the salvage
pathway by converting NAD* to nicotinamide. Additional
copies of PNC1, NPT1, NMA1 and NMA2 increase flux
through the NAD* salvage pathway, which stimulates Sir2
activity and increases life span. Additional copies of QNS1
fail to increase silencing because, unlike other steps in the
pathway, its substrate cannot be supplied from a source out-
side the salvage pathway and is therefore limiting for the
reaction. Abbreviations: NAD*, nicotinamide adenine
dinucleotide; NaMN, nicotinic acid mononucleotide; NaAD,
desamido-NAD".

FIG. 7. The NAD" salvage pathway. Nicotinamide gener-
ated by Sir2 is converted into nicotinic acid by Pncl and
subsequently back to NAD™ in three steps. Abbreviations:
NAD™, nicotinamide adenine dinucleotide; NaMN, nicotinic
acid mononuclectide; NaAD, desamido-NAD™.

FIG. 8. Nicotinamide inhibits telomeric and rDNA silenc-
ing. A, Silencing at the rDNA locus was assayed by streaking
isogenic derivatives of JS237 (RDN1:MET1S) on rich
medium containing 0.07% PbNO; and either 0, 1, or 5 mM
nicotinamide. Silencing of the MET15 marker is indicated by
the accumulation of a brown pigment. Single dark brown
colonies in RDN1::MET1S5 strains represent marker loss
events. Relevant genotypes: metl5A (JS209), MET15
(IS241), RDNI1:MET15 (JS237), sir2:TRP1 (JS218),
2xSIR2 (YDS1583). B, Strains with an ADE2 marker at the
telomere were streaked onto SC medium containing limiting
amounts of adenine and either 0 or 5 mM nicotinamide.
Silencing of the ADE2 marker results in the accumulation of
ared pigment. Relevant genotypes: (PSY316AT), W303-1 A
ADE2 (YDS1596) and W303-1A ade2 (YDS 1595).

FIG. 9. Nicotinamide increases rDNA recombination and
shortens yeast life span. A, Strains were assayed for rDNA
stability by examining the rate of loss of an ADE2 marker
integrated at the rDNA locus. Cells were plated on 2% glu-
cose YPD medium with or without 5 mM nicotinamide
(NAM) and the frequency of half-sectored colonies, reflect-
ing amarker loss event at the first cell division, was measured.
More than 10,000 colonies were examined for each strain and
each experiment was performed in triplicate. Average recom-
bination frequencies (+/-s.d.) per cell division are shown.
Relevant strains: W303-1A RDN1::ADE2 (W303ARS5) and
W303ARS derivatives 2xSIR2 (YDS1572) and sir2::TRP1
(YDS878). B, Comparison of structures for nicotinamide
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(NAM) and nicotinic acid (NA). C and D, Life spans were
determined by scoring the number of daughter cells produced
by each mother cell before cessation of cell division (68',69").
Cells were pre-grown for a minimum of 48 h on complete
glucose medium. C, Mortality curves for wild type
(PSY316AT)and sir2:: TRP1 (YDS1594) strains in 0 or 5 mM
nicotinamide (NAM). Average life spans were wt: 22.4, 12.1
and sir2: 12.1, 11.7 respectively. D, Mortality curves for wild
type and sir2 strains from C, in the presence of either 0, > mM
or 50 mM nicotinic acid (NA). Average life spans were wt:
22.4,26,25 and sir2: 12.1,12.2.

FIG. 10. Nicotinamide derepresses the silent mating type
locus (HMR) in the both cycling and G1 arrested cells. A,
PSY316 cells containing an ADH driven GFP transcript
inserted at the HMR locus (YDS970) were grown in YPD
medium at 30° C. to mid-log phase and treated with 5 mM
nicotinamide (NAM) for the indicated times. Cells were pho-
tographed live. B, Strain YDS970 or the isogenic sirdA
mutant (YDS1499) were treated with either 5 mM nicotina-
mide (NAM), 5 mM nicotinic acid (NA) or S mM quinolinic
acid (QA). Cells were analyzed by fluorescent activated cell
sorting (FACS) to determine the extent of ADH-GFP expres-
sion. C, A MATa derivative of strain YDS970 (YDS1005) was
deleted for HML and treated with 10 pg/ml alpha-factor for 3
hours. Cells were then grown in the presence of 5 mM nico-
tinamide for the indicated times and examined by FACS as
above. Cell cycle progression was monitored at each time
point by FACS analysis of propidium iodide stained cells.

FIG. 11. Nicotinamide does not alter the localization of Sir
proteins. Wild type strains containing either SIR2-GFP
(YDS1078) (C and D), SIR3-GFP (YDS1099) (E and F), or
GFP-SIR4 (YDS1097) (G and H) and an isogenic sir2 deriva-
tive expressing SIR3-GFP (YDS1109) (A and B), were
grown for 2 hours inthe presence of 5 mM nicotinamide. GFP
fluorescence was detected in live cells.

FIG. 12. Sir2 does not associate with DNA from telomeres
or mating type loci in the presence of nicotinamide. A and B,
Chromatin immunoprecipitation using a polyclonal a-Sir2
antibody was performed on extracts from either a sir2
(YDS878) (A) or wild type (W303ARS5) (B) strains in the
presence of 5 mM nicotinamide (NAM). PCR amplification
of both input DNA from whole cell extracts and immunopre-
cipitated chromatin are shown. PCR was performed using
primer pairs specific for the CUP1 gene (top panels), 5S
rDNA (second panels), the HMR locus (third panels), or
subtelomeric DNA 1.4 and 0.6 kb from telomeres (bottom
panels). Primer sequences are listed in Table 4.

FIG. 13. Nicotinamide is a potent non-competitive inhibi-
tor of yeast Sir2 and human SIRT1 in vitro. A, Recombinant
GST-tagged Sir2 was incubated with acetylated substrate for
30 minutes at 30° C. in the presence of 1 mM DTT, 200, 350,
500 or 750 pM NAD" and the indicated concentrations of
nicotinamide. Reactions were terminated by the addition of
developer and samples were analyzed by fluorometry (exci-
tation set at 360 nm and emission at 460 nm). Experiments
were performed in triplicate. Data is shown as a Lineweaver-
Burk double reciprocal plot of arbitrary fluorescence units
(AFUs) min™" versus NAD* (uM). B, Experiments were per-
formed as in A, except that recombinant human SIRT1 was
used and reactions were carried outat37° C. C, Deacetylation
reactions were performed in triplicate with 2.5 pg of SIRT1,
1 mM DTT, 200 uM NAD™ and either 50 uM water blank,
DMSO blank, nicotinic acid, sirtinol, M15, splitomicin or
nicotinamide. Reactions were carried out at 37° C. for 30
minutes and fluorescence was measured as in A.

FIG. 14A-C. Nicotinamide docked in the conserved C
pocket of Sir2-Afl. (A) The left panel shows a frontal view of
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the surface representation of Sir2-Afl, with bound NAD™ in
purple and a red arrow pointing at the acetyl-lysine binding
tunnel. The C site is traced with a dashed teal curve. The right
panel shows the protein cut through the dashed line and
rotated 90 degrees along its vertical axis. The surface of the
conserved residues in the C site is colored teal. (B) Close-up
view of the black rectangle drawn on the right panel of A,
showing the nicotinamide docked deeply inside the C pocket
of Sir2-Afl. (C) Stereo view of the docked nicotinamide
(green) surrounded by the conserved residues in the C pocket.
The putative interactions are shown as dashed lines, including
H-bonds (blue), electrostatic (magenta) and Van der Waals
(yellow).

FIG. 15 shows an alignment of NPT1 homologs (SEQ 1D
NOS 41-44, respectively in order of appearance).

FIG. 16 shows an alignment of PNC1 homologs (SEQ 1D
NOS 16. 45-48, and 4, respectively in order of appearance).

FIG. 17 A-E. Calorie restriction and heat stress extend
lifespan in a PNC1-dependent manner. (A) Pnc1 catalyses the
conversion of nicotinamide to nicotinic acid. (B) In yeast
NAD" is synthesised de novo from tryptophan and recycled
from nicotinamide via the NAD" salvage pathway. (C)
Lifespan extension by glucose restriction requires PNCI.
Average lifespan on complete media containing 2.0% (w/v)
glucose were: wild-type, (21.6); pnclA, (19.1); sir2A, (14.2).
Average lifespans on 0.5% glucose were: wild-type, (32.7);
pnclA, (18.1); sir2A, (14.7). (D) Extension of life span by
exposure to mild heat stress. At 30° C., average lifespans
were: wild-type, (19.4);pnclA, (18.5); sir2A, (12.0). At 37°
C., average lifespans were: wild-type, (23.4); pnclA, (17.5);
sir2A, (10.6). (E) Additional PNCI extends lifespan in a
SIR2-dependent manner. Average lifespans on 2.0% glucose/
30° C.: wild-type, (19.7); SxPNC1, (36.1); sir2A, (14.2);
SxPNCI1 sir2A, (15.1); pnclAsir2A, (14.4).

FIG. 18A-D. Pncl levels and activity are elevated in
response to calorie restriction and stress. (A) Detection of
Pncl-GFP in yeast whole cell extracts using an anti-GFP
antibody. Actin levels are included as a loading control.
Extracts were made from mid-log phase wild-type cultures
grown in complete media with 2.0%, 0.5% or 0.1% glucose
(w/v). (B) Pncl-GFP levels in extracts from mid-log phase
wild-type, cdc25-10 or bna6A cultures detected as above. (C)
Detection of Pncl-GFP in extracts from mid-log phase wild-
type cultures as described above. Cultures were grown under
the following conditions: complete medium (no treatment),
defined medium (SD), amino acid (a.a.) restriction (SD lack-
ing non-essential amino acids), salt stress (NaCl, 300 mM),
heat stress (37° C.), sorbitol (1M). (D) Measurement of nico-
tinamide deamination by Pnc 1 from cell extracts of mid-log
phase wild-type cultures grown under the indicated condi-
tions. Values shown are the average of three independent
experiments. Activity is expressed as nmol ammonia pro-
duced/min/mg of total protein, +s.d: 2.0% glucose 0.90+0.26,
0.1% glucose 4.38+0.43, 37° C. 3.2820.32, sorbitol (1 M)
3.75+0.65.

FIG. 19A-C. PNCI confers resistance to acute stress. (A)
Additional PNC1 confers resistance to salt stress. Cells from
mid-log phase colonies were struck out on complete medium
containing 600 mM NaCl or 200 mM LiCl and incubated for
4 dat 25° C. On standard yeast medium (2% glucose, 25° C.),
there was no detectable difference in growth rate between
wild-type, SXPNC1, or SxPNC1 sir2A strains. (B) Additional
PNCI protects against UV induced damage in a SIR2 inde-
pendent manner. Cells from mid-log phase cultures were
plated at low density on complete medium and exposed to UV
(5 mJ/em?, 254 nm). Viability was determined by the ability
to form colonies after 3 d growth in the dark at 30° C. Values

15

35

40

45

55

12

are expressed as percent viablexs.e. (C) PNC1 provides
SIR2-independent protection against mitochondrial DNA
damage. Microcolony analysis of log-phase cells streaked on
complete 3% (v/v) glycerol medium and 10 pg/ml ethidium
bromide (EtBr). At least 100 microcolonies were scored after
3 d in two independent experiments. Number of cells per
colonyzs.e. were: wild-type 6.9220.06, 5xPNC1 18.72+0.53,
and SxPNC1 sir2A 16.15+2.82. No difference in growth was
detected between these strains on complete 2% (w/v) glucose
medium with EtBr

FIG. 20A-D. Pnc1-GFP is localized in the cytoplasm and
nucleus and is concentrated in peroxisomes. (A) Pncl-GFP
fluorescence was detected in cells taken from mid-log phase
wild-type cultures grown in complete media containing 2.0%
glucose (unrestricted), or 0.5% or 0.1% glucose (Glu). (B)
Detection of Pncl-GFP in cells from wild-type cultures
grown under the following conditions: amino acid (a.a)
restriction (SD lacking non-essential amino acids), salt stress
(300 mM NaCl), heat stress (37° C.). (C) Co-localisation of
Pnc1-GFP (green) and RFP-PTS1 (Peroxisomal Targeting
Signal 1) (red) in cells from mid-log phase wild-type cultures.
Yellow indicates overlap. Cultures were grown in complete
media containing 0.5% glucose to facilitate visualization of
fluorescence. (D) Localisation of Pnc1-GFP in cells from
mid-log phase cultures of peroxisomal mutant strains, pex6A,
pexSA and pex7A. Cultures were grown in complete media
containing 0.5% glucose to enhance visualization of fluores-
cence. All images were taken with the same exposure of 1 s.

FIG. 21A-B. Manipulation of nicotinamide metabolism
affects SIR2 dependent silencing. (A) To measure silencing,
an ADE2 reporter was integrated at the ribosomal DNA
(rDNA) locus. In this system, increased growth on media
lacking adenine indicates decreased ADE2 silencing. Strains
were spotted in 10-fold serial dilutions on plates with or
without adenine. An Ade* strain served as a control. (B)
Model for regulation of lifespan and stress resistance by
nicotinamide. Disparate environmental stimuli including
calorie restriction, heat and osmotic stress serve as inputs to a
common pathway of longevity and stress resistance. Cells
coordinate a response to these inputs by inducing transcrip-
tion of PNC1, which encodes an enzyme that converts nico-
tinamide to nicotinic acid. In addition to alleviating inhibition
of Sir2 and promoting longevity, depletion of nicotinamide
activates a number of additional target proteins involved in
stress resistance and possibly other cellular processes.

FIG. 22 shows that extracellular NAMPRT protein levels
are higher in the serum of rats subjected to calorie restriction.

FIG. 23A is a Western blot showing the intracellular level
of NAMPRT and beta-tubulin in MEF cells subjected to no
treatment, serum starvation or oxidative stress with H,O,.

FIG. 23B is a diagram showing the relative levels of intra-
cellular NAMPRT from the Western blot of FIG. 23A.

FIG. 24A is a Western blot showing the level of intracel-
lular NAMPRT and GAPDH in cardiomyocytes subjected to
no treatment, serum starvation or hypoxia.

FIG. 24B is a diagram showing the relative levels of NAM-
PRT from the Western blot of FIG. 24A.

FIG. 25 is a histogram showing the relative number of
NAMPRT mRNA copies measured by real time RT-PCR
compared with number of beta-actin mRNA copies in cells of
mice having a normal diet and mice fasted for 48 hours.

DETAILED DESCRIPTION OF THE INVENTION

The invention is based at least in part on the discovery that
the life span of yeast cells can be extended by at least about
60% by increasing the flux through the nicotinamide adenine
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dinucleotide (NAD)+ salvage pathway (shown in FIG. 1). In
addition, it was shown herein that this increase in flux through
the NAD+ salvage pathway occurs essentially without
increase in NAD+ and NADH levels and essentially by main-
taining the ratio of NAD+/NADH constant. As shown in the
Examples, increasing the flux through the NAD+ salvage
pathway and thereby increasing the life span of cells can be
achieved by introducing into the cells additional copies of a
gene involved in the NAD+ salvage pathway, e.g., NPT1,
PNCI1, NMAI1 and NMA2. It has also been shown in the
Examples, that increasing the flux through the NAD+ salvage
pathway protects yeast cells against certain types of stresses,
e.g., heatshock. In addition, overexpression of PNC1
increases silencing, lifespan, as well as stress resistance, e.g.,
protects cells from DNA breakage caused by ultraviolet
(U.V.) light and ethidium bromide and osmotic stress. On the
other hand, deletion of PNC1 prevents lifespan extension and
renders cells sensitive to stress.

The invention is also based at least in part on the discovery
that nicotinamide inhibits silencing in yeast and thereby
decreases the life span of cells. Nicotinamide was also shown
to render cells more sensitive to stress. In particular, it was
shown that overexpression of nicotinamide methyl trans-
ferase (NNMT), an enzyme that is involved in the secretion of
nicotinamide from cells, stimulated silencing and thus
extended life span, and increased tolerance to stress (e.g.,
radiation exposure), whereas the deletion of this enzyme had
the opposite effect.

Based at least on the strong conservation of the NAD+
salvage pathway and de novo pathways and silencing events
from prokaryotes to eukaryotes, the methods of the invention
are expected to be applicable to any eukaryotic cell, in addi-
tion to yeast cells, and to prokaryotic cells.

1. Definitions

As used herein, the following terms and phrases shall have
the meanings set forth below. Unless defined otherwise, all
technical and scientific terms used herein have the same
meaning as commonly understood to one of ordinary skill in
the art to which this invention belongs.

The singular forms “a,” “an,” and “the” include plural
reference unless the context clearly dictates otherwise.

The term “agent” is used herein to denote a chemical com-
pound, a mixture of chemical compounds, a biological mac-
romolecule (such as a nucleic acid, an antibody, a protein ot
portion thereof, e.g., a peptide), or an extract made from
biological materials such as bacteria, plants, fungi, or animal
(particularly mammalian) cells or tissues. The activity of such
agents may render it suitable as a “therapeutic agent” which is
a biologically, physiologically, or pharmacologically active
substance (or substances) that acts locally or systemically in
a subject.

“Diabetes” refers to high blood sugar or ketoacidosis, as
well as chronic, general metabolic abnormalities arising from
a prolonged high blood sugar status or a decrease in glucose
tolerance. “Diabetes” encompasses both the type I and type 11
(Non Insulin Dependent Diabetes Mellitus or NIDDM) forms
of the disease. The risk factors for diabetes include the fol-
lowing factors: waistline of more than 40 inches for men or 35
inches for women, blood pressure of 130/85 mmHg or higher,
triglycerides above 150 mg/dl, fasting blood glucose greater
than 100 mg/dl or high-density lipoprotein of less than 40
mg/dl in men or 50 mg/dl in women.

The term “ED,” is art-recognized. In certain embodi-
ments, ED,, means the dose of a drug which produces 50% of
its maximum response or effect, or alternatively, the dose
which produces a pre-determined response in 50% of test
subjects or preparations. The term “LDy,” is art-recognized.
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In certain embodiments, LD, means the dose ofa drug which
is lethal in 50% of test subjects. The term “therapeutic index”
is an art-recognized term which refers to the therapeutic index
of a drug, defined as L.D4,/EDs,.

The term “insulin resistance” refers to a state in which a
normal amount of insulin produces a subnormal biologic
response relative to the biological response in a subject that
does not have insulin resistance.

An “insulin resistance disorder,” as discussed herein, refers
to any disease or condition that is caused by or contributed to
by insulin resistance. Examples include: diabetes, gestational
diabetes, obesity, metabolic syndrome, insulin-resistance
syndromes, syndrome X, insulin resistance, high blood pres-
sure, hypertension, high blood cholesterol, dyslipidemia,
hyperlipidemia, dyslipidemia, atherosclerotic disease includ-
ing stroke, coronary artery disease or myocardial infarction,
hyperglycemia, hyperinsulinemia and/or hyperproinsuline-
mia, impaired glucose tolerance, delayed insulin release, dia-
betic complications, including coronary heart disease, angina
pectoris, congestive heart failure, stroke, cognitive functions
in dementia, retinopathy, peripheral neuropathy, nephropa-
thy, glomerulonephritis, glomerulosclerosis, nephrotic syn-
drome, hypertensive nephrosclerosis some types of cancer
(such as endometrial, breast, prostate, and colon), complica-
tions of pregnancy, poor female reproductive health (such as
menstrual irregularities, infertility, irregular ovulation, poly-
cystic ovarian syndrome (PCOS)), lipodystrophy, cholesterol
related disorders, such as gallstones, cholescystitis and
cholelithiasis, gout, obstructive sleep apnea and respiratory
problems, osteoarthritis, and prevention and treatment of
bone loss, e.g. osteoporosis.

The term “isolated” as used herein with respect to nucleic
acids, such as DNA or RNA, refers to molecules separated
from other DNAs, or RNAs, respectively, that are present in
the natural source of the macromolecule. The term isolated as
used herein also refers to a nucleic acid or peptide that is
substantially free of cellular material, viral material, or cul-
ture medium when produced by recombinant DNA tech-
niques, or chemical precursors or other chemicals when
chemically synthesized. Moreover, an “isolated nucleic acid”
is meant to include nucleic acid fragments which are not
naturally occurring as fragments and would not be found in
the natural state. The term “isolated” is also used herein to
refer to polypeptides which are isolated from other cellular
proteins and is meant to encompass both purified and recom-
binant polypeptides.

“Modulating the flux through the NAD+ salvage pathway
ofa cell” refers to an action resulting in increasing or decreas-
ing the number of NAD+ molecules that are generated by the
NAD#+ salvage pathway, e.g. shown in FIG. 1.

Asused herein, the term “nucleic acid” refers to polynucle-
otides such as deoxyribonucleic acid (DNA), and, where
appropriate, ribonucleic acid (RNA). The term should also be
understood to include, as equivalents, analogs of either RNA
or DNA made from nucleotide analogs, and, as applicable to
the embodiment being described, single (sense or antisense)
and double-stranded polynucleotides. ESTs, chromosomes,
cDNAs, mRNAs, and rRNAs are representative examples of
molecules that may be referred to as nucleic acids.

The phrase “nucleic acid corresponding to a gene” refers to
a nucleic acid that can be used for detecting the gene, e.g., a
nucleic acid which is capable of hybridizing specifically to
the gene.

The term “percent identical” refers to sequence identity
between two amino acid sequences or between two nucle-
otide sequences. Identity can each be determined by compar-
ing a position in each sequence which may be aligned for
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purposes of comparison. When an equivalent position in the
compared sequences is occupied by the same base or amino
acid, then the molecules are identical at that position; when
the equivalent site occupied by the same or a similar amino
acid residue (e.g., similar in steric and/or electronic nature),
then the molecules can be referred to as homologous (similar)
at that position. Expression as a percentage of homology,
similarity, or identity refers to a function of the number of
identical or similar amino acids at positions shared by the
compared sequences. Various alignment algorithms and/or
programs may be used, including FASTA, BLAST, or
ENTREZ. FASTA and BLAST are available as a part of the
GCG sequence analysis package (University of Wisconsin,
Madison, Wis.), and can be used with, e.g., default settings.
ENTREZ is available through the National Center for Bio-
technology Information, National Library of Medicine,
National Institutes of Health, Bethesda, Md. In one embodi-
ment, the percent identity of two sequences can be deter-
mined by the GCG program with a gap weight of 1, e.g., each
amino acid gap is weighted as if it were a single amino acid or
nucleotide mismatch between the two sequences. Other tech-
niques for alignment are described in Methods in Enzymol-
ogy, vol. 266: Computer Methods for Macromolecular
Sequence Analysis (1996), ed. Doolittle, Academic Press,
Inc., a division of Harcourt Brace & Co., San Diego, Calif,,
USA. Preferably, an alignment program that permits gaps in
the sequence is utilized to align the sequences. The Smith-
Waterman is one type of algorithm that permits gaps in
sequence alignments. See Meth. Mol. Biol. 70: 173-187
(1997). Also, the GAP program using the Needleman and
Wunsch alignment method can be utilized to align sequences.
An alternative search strategy uses MPSRCH software,
which runs on a MASPAR computer. MPSRCH uses a Smith-
Waterman algorithm to score sequences on a massively par-
allel computer. This approach improves ability to pick up
distantly related matches, and is especially tolerant of small
gaps and nucleotide sequence errors. Nucleic acid-encoded
amino acid sequences can be used to search both protein and
DNA databases. Databases with individual sequences are
described in Methods in Enzymology, ed. Doolittle, supra.
Databases include Genbank, EMBL, and DNA Database of
Japan (DDBI).

“Obese” individuals or individuals suffering from obesity
are generally individuals having a body mass index (BMI) of
at least 25 or greater. Obesity may or may not be associated
with insulin resistance.

“Replicative life span” which is used interchangeably
herein with “life span” or “lifespan™ of a cell refers to the
number of daughter cells produced by an individual “mother
cell.” “Chronological aging,” on the other hand, refers to the
length of time a population of non-dividing cells remains
viable when deprived of nutrients. The life span of cells canbe
increased by at least about 20%, 30%, 40%, 50%, 60% or
between 20% and 70%, 30% and 60%, 40 and 60% or more
using the methods of the invention.

“Sir2 family members” or “Sir2 protein family members”
refers to S. cerevisiae Sir2 protein as well as any histone
deacetylases having substantial structural similarities to Sir2,
e.g., the human homologs hSIRT1, hSIRT2, hSIRT3,
hSIRT4, hSIRTS, hSIRT6 and hSIRT7; and Sir-2.1.

“Small molecule” as used herein, is meant to refer to a
composition, which has a molecular weight of less than about
5 kD and most preferably less than about 4 kD. Small mol-
ecules can be nucleic acids, peptides, polypeptides, peptido-
mimetics, carbohydrates, lipids or other organic (carbon-con-
taining) or inorganic molecules. Many pharmaceutical
companies have extensive libraries of chemical and/or bio-
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logical mixtures, often fungal, bacterial, or algal extracts,
which can be screened with any of the assays described
herein.

The term “specific hybridization” of a probe to a target site
of a template nucleic acid refers to hybridization of the probe
predominantly to the target, such that the hybridization signal
can be clearly interpreted. As further described herein, such
conditions resulting in specific hybridization vary depending
on the length of the region of homology, the GC content of the
region, the melting temperature “Tm” of the hybrid. Hybrid-
ization conditions will thus vary in the salt content, acidity,
and temperature of the hybridization solution and the washes.

“Stress” refers to any non-optimal condition for growth,
development or reproduction. A “stress condition” can be
exposure to heatshock; osmotic stress; a DNA damaging
agent; inadequate salt level; inadequate nitrogen levels; inad-
equate nutrient level; radiation or a toxic compound, e.g., a
toxin or chemical warfare agent (such as dirty bombs and
other weapons that may be used in bioterrorism). “Inadequate
levels” refer to levels that result in non-optimal condition for
growth, development or reproduction.

“Treating” a condition or disease refers to curing as well as
ameliorating at least one symptom of the condition or disease.

The term “therapeutic agent” is art-recognized and refers
to any chemical moiety that is a biologically, physiologically,
or pharmacologically active substance that acts locally or
systemically in a subject. The term also means any substance
intended for use in the diagnosis, cure, mitigation, treatment
or prevention of disease or in the enhancement of desirable
physical or mental development and/or conditions in an ani-
mal or human.

The term “therapeutic effect” is art-recognized and refers
to alocal or systemic effect in animals, particularly mammals,
and more particularly humans caused by a pharmacologically
active substance. The phrase “therapeutically-effective
amount” means that amount of such a substance that produces
some desired local or systemic effect at a reasonable benefit/
risk ratio applicable to any treatment. The therapeutically
effective amount of such substance will vary depending upon
the subject and disease or condition being treated, the weight
and age of the subject, the severity of the disease or condition,
the manner of administration and the like, which can readily
be determined by one of ordinary skill in the art. For example,
certain compositions described herein may be administered
in a sufficient amount to produce a desired effect at a reason-
able benefit/risk ratio applicable to such treatment.

A “variant” of a polypeptide refers to a polypeptide having
the amino acid sequence of the polypeptide in which is altered
in one or more amino acid residues. The variant may have
“conservative” changes, wherein a substituted amino acid has
similar structural or chemical properties (e.g., replacement of
leucine with isoleucine). A variant may have “nonconserva-
tive” changes (e.g.. replacement of glycine with tryptophan).
Analogous minor variations may also include amino acid
deletions or insertions, or both. Guidance in determining
which amino acid residues may be substituted, inserted, or
deleted without abolishing biological or immunological
activity may be found using computer programs well known
inthe art, for example, LASERGENE software (DNASTAR).

The term “variant.” when used in the context of a poly-
nucleotide sequence, may encompass a polynucleotide
sequence related to that of a particular gene or the coding
sequence thereof. This definition may also include, for
example, “allelic,” “splice,” “species,” or “polymorphic”
variants. A splice variant may have significant identity to a
reference molecule, but will generally have a greater or lesser
number of polynucleotides due to alternate splicing of exons
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during mRNA processing. The corresponding polypeptide
may possess additional functional domains or an absence of
domains. Species variants are polynucleotide sequences that
vary from one species to another. The resulting polypeptides
generally will have significant amino acid identity relative to
each other. A polymorphic variantion is a variation in the
polynucleotide sequence of a particular gene between indi-
viduals of a given species. Polymorphic variants also may
encompass “single nucleotide polymorphisms” (SNPs) in
which the polynucleotide sequence varies by one base. The
presence of SNPs may be indicative of, for example, a certain
population, a disease state, or a propensity for a disease state.

The term “aliphatic” is art-recognized and refers to a linear,
branched, cyclic alkane, alkene, or alkyne. In certain embodi-
ments, aliphatic groups in the present invention are linear or
branched and have from 1 to about 20 carbon atoms.

The term “alkyl” is art-recognized, and includes saturated
aliphatic groups, including straight-chain alkyl groups,
branched-chain alkyl groups, cycloalkyl(alicyclic) groups,
alkyl substituted cycloalkyl groups, and cycloalkyl substi-
tuted alkyl groups. In certain embodiments, a straight chain or
branched chain alkyl has about 30 or fewer carbon atoms in its
backbone (e.g., C,-C;, for straight chain, C;-C;, for
branched chain), and alternatively, about 20 or fewer. Like-
wise, cycloalkyls have from about 3 to about 10 carbon atoms
in their ring structure, and alternatively about 5, 6 or 7 carbons
in the ring structure. The term “alkyl” is also defined to
include halosubstituted alkyls.

The term “aralkyl” is art-recognized and refers to an alkyl
group substituted with an aryl group (e.g., an aromatic or
heteroaromatic group).

The terms “alkenyl” and “alkynyl” are art-recognized and
refer to unsaturated aliphatic groups analogous in length and
possible substitution to the alkyls described above, but that
contain at least one double or triple bond respectively.

Unless the number of carbons is otherwise specified,
“lower alkyl” refers to an alkyl group, as defined above, but
having from one to about ten carbons, alternatively from one
to about six carbon atoms in its backbone structure. Likewise,
“lower alkenyl” and “lower alkynyl” have similar chain
lengths.

The term “heteroatom” is art-recognized and refers to an
atom of any element other than carbon or hydrogen. Illustra-
tive heteroatoms include boron, nitrogen, oxygen, phospho-
rus, sulfur and selenium.

The term “aryl” is art-recognized and refers to 5-, 6-and
7-membered single-ring aromatic groups that may include
from zero to four heteroatoms, for example, benzene, pyrrole,
furan, thiophene, imidazole, oxazole, thiazole, triazole, pyra-
zole, pyridine, pyrazine, pyridazine and pyrimidine, and the
like. Those aryl groups having heteroatoms in the ring struc-
ture may also be referred to as “aryl heterocycles” or “het-
eroaromatics.” The aromatic ring may be substituted at one or
more ring positions with such substituents as described
above, for example, halogen, azide, alkyl, aralkyl, alkenyl,
alkynyl, cycloalkyl, hydroxyl, alkoxyl, amino, nitro, sulthy-
dryl, imino, amido, phosphonate, phosphinate, carbonyl, car-
boxyl, silyl, ether, alkylthio, sulfonyl, sulfonamido, ketone,
aldehyde, ester, heterocyclyl, aromatic or heteroaromatic
moieties, —CF;, —CN; or the like. The term “aryl” also
includes polycyclic ring systems having two or more cyclic
rings in which two or more carbons are common to two
adjoining rings (the rings are “fused rings”) wherein at least
one of the rings is aromatic, e.g., the other cyclic rings may be
cycloalkyls, cycloalkenyls, cycloalkynyls, aryls and/or het-
erocyclyls.
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The terms ortho, meta and para are art-recognized and refer
to 1,2-, 1,3-and 1.4-disubstituted benzenes, respectively. For
example, the names 1,2-dimethylbenzene and ortho-dimeth-
ylbenzene are synonymous.

The terms “heterocyclyl” or “heterocyclic group” are art-
recognized and refer to 3-to about 10-membered ring struc-
tures, alternatively 3-to about 7-membered rings, whose ring
structures include one to four heteroatoms. Heterocycles may
also bepolycycles. Heterocyclyl groups include, for example,
thiophene, thianthrene, fliran, pyran, isobenzofuran,
chromene, xanthene, phenoxanthene, pyrrole, imidazole,
pyrazole, isothiazole, isoxazole, pyridine, pyrazine, pyrimi-
dine, pyridazine, indolizine, isoindole, indole, indazole,
purine, quinolizine, isoquinoline, quinoline, phthalazine,
naphthyridine, quinoxaline, quinazoline, cinnoline, pteri-
dine, carbazole, carboline, phenanthridine, acridine, pyrimi-
dine, phenanthroline, phenazine, phenarsazine, phenothiaz-
ine, furazan, phenoxazine, pyrrolidine, oxolane, thiolane,
oxazole, piperidine, piperazine, morpholine, lactones, lac-
tams such as azetidinones and pyrrolidinones, sultams, sul-
tones, and the like. The heterocyclic ring may be substituted
at one or more positions with such substituents as described
above, as for example, halogen, alkyl, aralkyl, alkenyl, alky-
nyl, cycloalkyl, hydroxyl, amino, nitro, sulthydryl, imino,
amido, phosphonate, phosphinate, carbonyl, carboxyl, silyl,
ether, alkylthio, sulfonyl, ketone, aldehyde, ester, a heterocy-
clyl, an aromatic or heteroaromatic moiety, —CF,, —CN, or
the like.

The terms “polycyclyl” or “polycyclic group” are art-rec-
ognized and refer to two or more rings (e.g., cycloalkyls,
cycloalkenyls, cycloalkynyls, aryls and/or heterocyclyls) in
which two or more carbons are common to two adjoining
rings, e.g., the rings are “fused rings”. Rings that are joined
through non-adjacent atoms are termed “bridged” rings. Each
of the rings of the polycycle may be substituted with such
substituents as described above, as for example, halogen,
alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl, amino,
nitro, sulthydryl, imino, amido, phosphonate, phosphinate,
carbonyl, carboxyl, silyl, ether, alkylthio, sulfonyl, ketone,
aldehyde, ester, a heterocyclyl, an aromatic or heteroaromatic
moiety, —CF;, —CN, or the like.

The term “carbocycle” is art-recognized and refers to an
aromatic or non-aromatic ring in which each atom of the ring
is carbon.

The term “nitro” is art-recognized and refers to —NO,; the
term “halogen” is art-recognized and refers to —F, —Cl,
—Bror—I; the term “sulthydryl”is art-recognized and refers
to —SH; the term “hydroxyl” means —OH; and the term
“sulfonyl” is art-recognized and refers to —SO,™. “Halide”
designates the corresponding anion of the halogens, and
“pseudohalide” has the definition set forth on 560 of
“Advanced Inorganic Chemistry” by Cotton and Wilkinson.

The terms “amine” and “amino” are art-recognized and
refer to both unsubstituted and substituted amines, e.g., a
moiety that may be represented by the general formulas:

RS0 R50
—N —N*"—R53
R51 RS2

wherein R50, R51 and R52 each independently represent a
hydrogen, an alkyl, an alkenyl, —(CH,),,—R61, or R50 and
R51, taken together with the N atom to which they are
attached complete a heterocycle having from 4 to 8 atoms in
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the ring structure; R61 represents an aryl, a cycloalkyl, a
cycloalkenyl, a heterocycle or a polycycle; and m is zero or an
integer in the range of 1 to 8. In certain embodiments, only
one of R50 or R51 may be a carbonyl, e.g., R50, R51 and the
nitrogen together do not form an imide. In other embodi-
ments, R50 and R51 (and optionally R52) each independently
represent a hydrogen, an alkyl, an alkenyl, or —(CH,),—
R61. Thus, the term “alkylamine” includes an amine group,
as defined above, having a substituted or unsubstituted alkyl
attached thereto, i.e., at least one of R50 and R51 is an alkyl
group.

The term “acylamino” is art-recognized and refers to a
moiety that may be represented by the general formula:

o]

—I|\IJ'|—R54

R50

wherein R50 is as defined above, and R54 represents a hydro-
gen, an alkyl, an alkenyl or —(CH,),,—R61, where m and
R61 are as defined above.

The term “amido” is art recognized as an amino-substi-
tuted carbonyl and includes a moiety that may be represented
by the general formula:

wherein R50 and R51 are as defined above. Certain embodi-
ments of the amide in the present invention will not include
imides which may be unstable.

The term “alkylthio” refers to an alkyl group, as defined
above, having a sulfur radical attached thereto. In certain
embodiments, the “alkylthio” moiety is represented by one of
—S-alkyl, —S-alkenyl, —S-alkynyl, and —S—(CH,),—
R61, wherein m and R61 are defined above. Representative
alkylthio groups include methylthio, ethyl thio, and the like.

The term “carbonyl” is art recognized and includes such
moieties as may be represented by the general formulas:

0
Nt
< Ny R56

wherein X50 is abond or represents an oxygen or a sulfur, and
R55 and R56 represents a hydrogen, an alkyl, an alkenyl,
—(CH,),,—R61 or a pharmaceutically acceptable salt, R56
represents a hydrogen, an alkyl, an alkenyl or —(CH,),—
R61, where m and R61 are defined above. Where X50 is an
oxygen and R55 or R56 is not hydrogen, the formula repre-
sents an “ester”. Where X50 is an oxygen, and R55 is as
defined above, the moiety is referred to herein as a carboxyl
group, and particularly when R55 is a hydrogen, the formula
represents a “carboxylic acid”. Where X50 is an oxygen, and
R56 is hydrogen, the formula represents a “formate”. In gen-
eral, where the oxygen atom of the above formula is replaced
by sulfur, the formula represents a “thiolcarbonyl” group.
Where X50 is a sulfur and R55 or R56 is not hydrogen, the

X50
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formula represents a “thiolester”” Where X50 is a sulfur and
R55 is hydrogen, the formula represents a “thiolcarboxylic
acid” Where X501is a sulfur and R56 is hydrogen, the formula
represents a “thiolformate.” On the other hand, where X50 is
a bond, and R55 is not hydrogen, the above formula repre-
sents a “ketone” group. Where X50 is a bond, and R55 is
hydrogen, the above formula represents an “aldehyde” group.

The terms “alkoxyl” or “alkoxy” are art-recognized and
refer to an alkyl group, as defined above, having an oxygen
radical attached thereto. Representative alkoxyl groups
include methoxy, ethoxy, propyloxy, tert-butoxy and the like.
An “ether” is two hydrocarbons covalently linked by an oxy-
gen. Accordingly, the substituent of an alkyl that renders that
alkyl an ether is or resembles an alkoxyl, such as may be
represented by one of —O-alkyl, —O-alkenyl, —O-alkynyl,
—O—(CH,),—R61, where m and R61 are described above.

The definition of each expression, e.g. alkyl, m, n, and the
like, when it occurs more than once in any structure, is
intended to be independent of its definition elsewhere in the
same structure.

The terms triflyl, tosyl, mesyl, and nonaflyl are art-recog-
nized and refer to trifluoromethanesulfonyl, p-toluenesulfo-
nyl, methanesulfonyl, and nonafluorobutanesulfonyl groups,
respectively. The terms triflate, tosylate, mesylate, and non-
aflate are art-recognized and refer to trifluoromethane-
sulfonate ester, p-toluenesulfonate ester, methanesulfonate
ester, and nonafluorobutanesulfonate ester functional groups
and molecules that contain said groups, respectively.

The abbreviations Me, Et, Ph, T, Nf, Ts, and Ms represent
methyl, ethyl, phenyl, trifluvoromethanesulfonyl, nonafluo-
robutanesulfonyl, p-toluenesulfonyl and methanesulfonyl,
respectively. A more comprehensive list of the abbreviations
utilized by organic chemists of ordinary skill in the art
appears in the first issue of each volume of the Journal of
Organic Chemistry; this list is typically presented in a table
entitled Standard List of Abbreviations.

Certain compounds contained in compositions of the
present invention may exist in particular geometric or stere-
oisomeric forms. In addition, polymers of the present inven-
tion may also be optically active. The present invention con-
templates all such compounds, including cis-and trans-
isomers, R-and S-enantiomers, diastereomers, (D)-isomers,
(L)-isomers, the racemic mixtures thereof, and other mixtures
thereof, as falling within the scope of the invention. Addi-
tional asymmetric carbon atoms may be present in a substitu-
ent such as an alkyl group. All such isomers, as well as
mixtures thereof, are intended to be included in this invention.

If, for instance, a particular enantiomer of compound of the
present invention is desired, it may be prepared by asymmet-
ric synthesis, or by derivation with a chiral auxiliary, where
the resulting diastereomeric mixture is separated and the aux-
iliary group cleaved to provide the pure desired enantiomers.
Alternatively, where the molecule contains a basic functional
group, such as amino, or an acidic functional group, such as
carboxyl, diastereomeric salts are formed with an appropriate
optically-active acid or base, followed by resolution of the
diastereomers thus formed by fractional crystallization or
chromatographic means well known in the art, and subse-
quent recovery of the pure enantiomers.

It will be understood that “substitution” or “substituted
with” includes the implicit proviso that such substitution is in
accordance with permitted valence of the substituted atom
and the substituent, and that the substitution results in a stable
compound, e.g., which does not spontaneously undergo
transformation such as by rearrangement, cyclization, elimi-
nation, or other reaction.
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The term “substituted” is also contemplated to include all
permissible substituents of organic compounds. In a broad
aspect, the permissible substituents include acyclic and
cyclic, branched and unbranched, carbocyclic and heterocy-
clic, aromatic and nonaromatic substituents of organic com-
pounds. llustrative substituents include, for example, those
described herein above. The permissible substituents may be
one or more and the same or different for appropriate organic
compounds. For purposes of this invention, the heteroatoms
such as nitrogen may have hydrogen substituents and/or any
permissible substituents of organic compounds described
herein which satisfy the valences of the heteroatoms. This
invention is not intended to be limited in any manner by the
permissible substituents of organic compounds.

For purposes of this invention, the chemical elements are
identified in accordance with the Periodic Table of the Fle-
ments, CAS version, Handbook of Chemistry and Physics,
67th Ed., 1986-87, inside cover. Also for purposes of this
invention, the term “hydrocarbon” is contemplated to include
all permissible compounds having at least one hydrogen and
one carbon atom. In a broad aspect, the permissible hydro-
carbons include acyclic and cyclic, branched and
unbranched, carbocyclic and heterocyclic, aromatic and non-
aromatic organic compounds that may be substituted or
unsubstituted.

The definition of each expression, e.g. lower alkyl, m, n, p
and the like, when it occurs more than once in any structure,
is intended to be independent of its definition elsewhere in the
same structure.

The term “pharmaceutically-acceptable salts™ is art-recog-
nized and refers to the relatively non-toxic, inorganic and
organic acid addition salts of compounds, including, for
example, those contained in compositions of the present
invention.

The term “pharmaceutically acceptable carrier” is art-rec-
ognized and refers to a pharmaceutically-acceptable material,
composition or vehicle, such as aliquid or solid filler, diluent,
excipient, solvent or encapsulating material, involved in car-
rying or transporting any subject composition or component
thereof from one organ, or portion of the body, to another
organ, or portion of the body. Each carrier must be “accept-
able” in the sense of being compatible with the subject com-
position and its components and not injurious to the patient.
Some examples of materials which may serve as pharmaceu-
tically acceptable carriers include: (1) sugars, such as lactose,
glucose and sucrose; (2) starches, such as corn starch and
potato starch; (3) cellulose, and its derivatives, such as
sodium carboxymethy! cellulose, ethyl cellulose and cellu-
lose acetate; (4) powdered tragacanth; (5) malt; (6) gelatin;
(7) talc; (8) excipients, such as cocoa butter and suppository
waxes; (9) oils, such as peanut oil, cottonseed oil, safflower
oil, sesame oil, olive oil, corn oil and soybean oil; (10) gly-
cols, such as propylene glycol; (11) polyols, such as glycerin,
sorbitol, mannitol and polyethylene glycol; (12) esters, such
as ethyl oleate and ethyl laurate; (13) agar; (14) buffering
agents, such as magnesium hydroxide and aluminum hydrox-
ide; (15) alginic acid; (16) pyrogen-free water; (17) isotonic
saline; (18) Ringer’s solution; (19) ethyl alcohol; (20) phos-
phate buffer solutions; and (21) other non-toxic compatible
substances employed in pharmaceutical formulations.

The terms “systemic administration,” “administered sys-
temically,” “peripheral administration” and “administered
peripherally” are art-recognized and refer to the administra-
tion of a subject composition, therapeutic or other material
other than directly into the central nervous system, such that
it enters the patient’s system and, thus, is subject to metabo-
lism and other like processes, for example, subcutaneous
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administration. The terms “parenteral administration” and
“administered parenterally” are art-recognized and refer to
modes of administration other than enteral and topical admin-
istration, usually by injection, and includes, without limita-
tion, intravenous, intramuscular, intraarterial, intrathecal, int-
racapsular,  intraorbital,  intracardiac, intradermal,
intraperitoneal, transtracheal, subcutaneous, subcuticulat,
intra-articulare, subcapsular, subarachnoid, intraspinal, and
intrastemal injection and infusion.

2. Methods for Increasing the Life Span of a Cell or Protecting
it Against Certain Stresses

In one embodiment, the life span of a cell is increased
and/or the cell is protected against certain stresses by increas-
ing the flux through the NAD+ salvage pathway. This can be
achieved, e.g., increasing the level or activity of at least one
protein involved in the NAD+ salvage pathway, such as a
protein selected from the group consisting of NPT1, PNC1,
NMAI and NMA2.

The level of protein can be increased in a cell, e.g., by
introducing into the cell a nucleic acid encoding the protein
operably linked to a transcriptional regulatory sequence
directing the expression of the protein in the cell. Methods for
expressing nucleic acids in cells and appropriate transcrip-
tional regulatory elements for doing so are well known in the
art. Alternatively, a protein can be introduced into a cell,
usually in the presence of a vector facilitating the entry of the
protein into the cells, e.g., liposomes. Proteins can also be
linked to transcytosis peptides for that purpose. Yet in other
methods, an agent that stimulates expression of the endog-
enous gene is contacted with a cell. Such agents can be
identified as further described herein.

A nucleotide sequence encoding S. cerevisiae nicotinate
phosphoribosyltransferase (NPT1) and the protein encoded
thereby are set forth as SEQ ID Nos: 1 and 2, respectively.
NPT1 is also known as “L.SR2.” The S. cerevisiae NPT1
complete cDNA and encoded protein are provided by Gen-
Bank Accession numbers NC 001147 and AABS59317,
respectively, which are set forth as SEQ 1D NOs: 1 and 2,
respectively. Accession numbers [.11274 and AAB59317
also appear toreferto S. cerevisiae nucleotide and amino acid
sequences, respectively. The NPT1 homolog in bacteria is
PocB (35, 37 and 38). The E. coli NPT1 is provided as
GenBank accession number J05568. The human nucleotide
and amino acid sequences are provided by GenBank Acces-
sion numbers BC006284 and AAH06284, respectively, and
X71355 and CAA50490, respectively, AAH32466 and
BC032466 and are described in Chong et al. (1993) Genom-
ics 18:355. The human nucleotide and amino acid sequences
are also set forth as SEQID NOs: 13 and 14, respectively (and
correspond to GenBank Accession No. BC032466). The
human protein is also referred to as a “renal sodium phosphate
transport protein.” A mouse NPT1 nucleotide and amino acid
sequences are provided by GenBank Accession numbers
X77241 and CAA54459 and are described in Chong et al.
(1995) Am. J. Physiol. 268:1038. The promoter region of
mouse NPT1 is provided as GenBank Accession number
AF361762 and is described in Soumounou et al. (2001) Am J.
Physiol. 281: F1082. NPT1 is also set forth as an IMAGE
Clone, under number 3957135. An alignment of NPT1
homologs is set forth in FIG. 15.

A nucleotide sequence encoding S. cerevisiae PNC1 and
the protein encoded thereby are set forth as SEQ ID Nos: 3
and 4, respectively, which correspond to GenBank Accession
numbers NC__ 001139 and NP_ 011478, respectively. PNC1
is the yeast homologue of the bacterial protein pncA, which
catalyzes the hydrolysis of nicotinamide to nicotinic acid and
ammonia. S. cerevisiae PNC 1, also referred to as open read-
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ing frame (ORF) YGLO37 is described in Ghislain et al.
(2002) Yeast 19:215. The nucleotide and amino acid
sequences of an Arachis hypogaea PNC1 is provided by Gen-
Bank Accession numbers M37636 and AAB06183 and are
described in Buffard et al. (1990) PNAS 87:8874. Nucleotide
and amino acid sequences of potential human homologs are
provided by GenBank Accession numbers BC017344 and
AAH17344, respectively; AK027122 and NP_ (78986,
respectively; XM_ 041059 and XP_ 041059, respectively;
and NM__ 016048 and NP__ 057132, respectively. The nucle-
otide and amino acid sequences of a potential human PNC1
are set forth as SEQ ID NOs: 15 and 16, respectively and
correspond to GenBank Accession No. BC017344. An align-
ment of human, fly and S. cerevisiae PNC1 is set forth in FIG.
16. A human functional homolog of PNC1 is NAMPRT,
further described herein.

A nucleotide sequence encoding S. cerevisae NMA1 and
the protein encoded thereby are set forth as SEQ ID Nos: 5
and 6, respectively, which correspond to GenBank Accession
Numbers NC__001144.2 and NP_ 013432, respectively. The
S. cerevisiae NMAL corresponds to ORF YL.R328, described
in Smith et al. (2000) PNAS 97:6658. NMAL is the S. cerevi-
sae homolog of the bacterial NaMNAT gene. Nucleotide and
amino acid sequences of human homologs are provided by
GenBank  Accession numbers NM_ 022787 and
NP_ 073624, respectively; AK026065 and BAB15345,
respectively, AF459819 and AAL76934, respectively;
XM_ 087387 and XP_ 087387, respectively; and AF345564
and AAKS52726, respectively, and NP-073624; AAL76934,
NP_073624; and AF3 14163. The nucleotide and amino acid
sequence of human NMAL is set forth as SEQID NOs: 17 and
18, respectively, and correspond to GenBank Accession num-
ber NM_022787. An IMAGE Clone is provided under num-
ber 4874147 and HRC clone hrc08458. Bacterial homologs
are described, e.g., in Zhang et al. (2002) Structure 10:69.

A nucleotide sequence encoding S. cerevisiae NMA2 and
the protein encoded thereby are set forth as SEQ ID Nos: 7
and 8, respectively, which correspond to GenBank Accession
numbers NC__ 001139 and NP__ 011524, respectively. The S.
cerevisiiae NMA2 corresponds to ORF YGRO10, described
in Emanuelli et al. (1999) FEBS Lett. 455:13. NMA2 is the S.
cerevisiae homolog of the bacterial NaMNAT gene. Nucle-
otide and amino acid sequences of human homologs are pro-
vided by GenBank Accession numbers NM__015039 and
NP__ 055854, respectively. The nucleotide and amino acid
sequences of human NMA?2 are set forth as SEQ ID NOs: 19
and 20, respectively, and correspond to GenBank Accession
number NM__015039.

It will be apparent to a person of skill in the art that a full
length protein or nucleic acid encoding such or a portion
thereof can be used according to the methods described
herein. A portion of a protein is preferably a biologically
active portion thereof. Portions that are biologically active
can be identified according to methods known in the art and
using an assay that can monitor the activity of the particular
protein. Assays for determining the activity of an NPT1 pro-
tein are described, e.g., in Pescanglini et al. (1994) Clin.
Chim. Acta 229: 15-25 and Sestini et al. (2000) Archives of
Biochem. Biophys. 379:277. Assays for determining the
activity of a PNCI protein are described, e.g., in Ghislain et
al. Yeast 19:215. Assays for determining the activity of an
NMA1 and NMA2 proteinare described, e.g., in Sestini et al.,
supra. Alternatively, the activity of such a protein can be
tested inanassay in which the life span of a cell is determined.
For example, a cell is transfected with a nucleic acid com-
prising one or more copies of a sequence encoding a portion
of an NPT1, PNC1, NMA1 or NMA?2 protein or a control
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nucleic acid, and the life span of the cells is compared. A
longer life span of a cell transfected with a portion of one of
the proteins indicates that the portion of the protein is a
biologically active portion. Assays for determining the life
span of a cell are known in the art and are also further
described herein. In particular, assays for determining the life
span of a mammalian cell can be conducted as described, e.g.,
in Cell Growth, Differentiation and Senescence: A Practical
Approach. George P. Studzinski (ed.). Instead of measuring
the life span, one can also measure the resistance of a trans-
fected cell to certain stresses, e.g., heatshock, for determining
whether a portion of a protein is a biologically active portion.
Methods for measuring resistance to certain stresses are
known in the art and are also further described herein. In
particular, assays for determining the resistance of a mamma-
lian cell to heatshock can be conducted as described, e.g., in
Bunelli et al. (1999) Exp. Cell Res. 262: 20.

In addition to portions of NPT1, PNC1, NMA1 or NMA2
proteins, other variants, such as proteins containing a dele-
tion, insertion or addition of one or more amino acids can be
used, provided that the protein is biologically active. Exem-
plary amino acid changes include conservative amino acid
substitutions. Other changes include substitutions for non-
naturally occurring amino acids. Proteins encoded by nucleic
acids that hybridize to a nucleic acid encoding NPT1, PNCI,
NMA1 or NMA2 under high or medium stringency condi-
tions and which are biologically active can also be used. For
example, nucleic acids that hybridize under high stringency
conditions of 0.2 to 1xSSC at 65° C. followed by a wash at
0.2xSSC at 65° C. to a gene encoding NPT1, PNC1, NMA1
or NMAZ2 can be used. Nucleic acids that hybridize under low
stringency conditions of 6xSSC at room temperature fol-
lowed by a wash at 2xSSC at room temperature to a gene
encoding NPT1, PNC1, NMA1 or NMA2 can be used. Other
hybridization conditions include 3xSSC at 40 or 50° C., fol-
lowed by a washin 1 or 2xSSC at 20, 30, 40, 50, 60, or 65° C.
Hybridizations can be conducted in the presence of formal-
dehyde, e.g.. 10%, 20%, 30% 40% or 50%, which further
increases the stringency ofhybridization. Theory and practice
of nucleic acid hybridization is described, e.g., in S. Agrawal
(ed.) Methods in Molecular Biology, volume 20; and Tijssen
(1993) Laboratory Techniques in biochemistry and molecular
biology-hybridization with nucleic acid probes, e.g., part
chapter 2 “Overview of principles of hybridization and the
strategy of nucleic acid probe assays,” Elsevier, N.Y. provide
a basic guide to nucleic acid hybridization.

Exemplary proteins may have at least about 50%, 70%,
80%, 90%, preferably at least about 95%, even more prefer-
ably at least about 98% and most preferably at least 99%
homology or identity with a wild-type NPT1, PNC1, NMA1
or NMA2 protein or a domain thereof, e.g., the catalytic
domain. Other exemplary proteins may be encoded by a
nucleic acid that is at least about 90%, preferably at least
about 95%, even more preferably at least about 98% and most
preferably atleast 99% homology or identity with a wild-type
NPT1, PNC1, NMA1 or NMA2 nucleic acid, e.g., those
described herein.

In other embodiments proteins are fusion proteins, e.g.,
proteins fused to a transcytosis peptide. Fusion proteins may
also comprise a heterologous peptide that can be used to
purify the protein and/or to detect it.

In other embodiments, non-naturally occurring protein
variants are used. Such variants can be peptidomimetics.

In yet other embodiments, the activity of one or more
proteins selected from the group consisting of NPT1, PNC1,
NMAI and NMA2 is enhanced or increased. This can be
achieved, e.g., by contacting a cell with a compound that
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increases the activity, e.g., enzymatic activity, of one of these
proteins. Assays for identifying such compounds are further
described herein.

In preferred embodiments, the flux through the NAD+
salvage pathway is increased without substantially changing
the level of NAD+, NADH and the ratio of NAD+/NADH in
a cell. Levels of NAD+ and NADH and ratios of these two
molecules can be determined, e.g., as described in the
Examples.

Any means for the introduction of polynucleotides into
mammals, human or non-human, or cells thereof may be
adapted to the practice of this invention for the delivery of the
various constructs of the invention into the intended recipient.
In one embodiment of the invention, the DNA constructs are
delivered to cells by transfection, i.e., by delivery of “naked”
DNA or in a complex with a colloidal dispersion system. A
colloidal system includes macromolecule complexes, nano-
capsules, microspheres, beads, and lipid-based systems
including oil-in-water emulsions, micelles, mixed micelles,
and liposomes. The preferred colloidal system of this inven-
tion is a lipid-complexed or liposome-formulated DNA. In
the former approach, prior to formulation of DNA, e.g., with
lipid, a plasmid containing a transgene bearing the desired
DNA constructs may first be experimentally optimized for
expression (e.g., inclusion of an intron in the 5' untranslated
region and elimination of unnecessary sequences (Felgner, et
al.,, Ann NY Acad Sci 126-139, 1995). Formulation of DNA,
e.g. with various lipid or liposome materials, may then be
effected using known methods and materials and delivered to
the recipient mammal. See, e.g., Canonico et al, Am J Respir
Cell Mol Biol 10:24-29, 1994; Tsan et al, Am J Physiol 268,
Alton et al., Nat Genet. 5:135-142, 1993 and U.S. Pat. No.
5,679,647 by Carson et al.

The targeting of liposomes can be classified based on ana-
tomical and mechanistic factors. Anatomical classification is
based on the level of selectivity, for example, organ-specific,
cell-specific, and organelle-specific. Mechanistic targeting
can be distinguished based upon whether it is passive or
active. Passive targeting utilizes the natural tendency of lipo-
somes to distribute to cells of the reticulo-endothelial system
(RES) in organs, which contain sinusoidal capillaries. Active
targeting, on the other hand, involves alteration of the lipo-
some by coupling the liposome to a specific ligand such as a
monoclonal antibody, sugar, glycolipid, or protein, or by
changing the composition or size of the liposome in order to
achieve targeting to organs and cell types other than the
naturally occurring sites of localization.

The surface of the targeted delivery system may be modi-
fied in a variety of ways. In the case of a liposomal targeted
delivery system, lipid groups can be incorporated into the
lipid bilayer of the liposome in order to maintain the targeting
ligand in stable association with the liposomal bilayer. Vari-
ous linking groups can be used for joining the lipid chains to
the targeting ligand. Naked DNA or DNA associated with a
delivery vehicle, e.g., liposomes, can be administered to sev-
eral sites in a subject (see below).

In a preferred method of the invention, the DNA constructs
are delivered using viral vectors. The transgene may be incor-
porated into any of a variety of viral vectors useful in gene
therapy, such as recombinant retroviruses, adenovirus,
adeno-associated virus (AAV), and herpes simplex virus-1, or
recombinant bacterial or eukaryotic plasmids. While various
viral vectors may be used in the practice of this invention,
AAV- and adenovirus-based approaches are of particular
interest. Such vectors are generally understood to be the
recombinant gene delivery system of choice for the transfer of
exogenous genes in vivo, particularly into humans. The fol-
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lowing additional guidance on the choice and use of viral
vectors may be helpful to the practitioner. As described in
greater detail below, such embodiments of the subject expres-
sion constructs are specifically contemplated for use in vari-
ous in vivo and ex vivo gene therapy protocols.

A viral gene delivery system useful in the present invention
utilizes adenovirus-derived vectors. Knowledge of the
genetic organization of adenovirus, a 36 kB, linear and
double-stranded DNA virus, allows substitution of a large
piece of adenoviral DNA with foreign sequences up to 8 kB.
In contrast to retrovirus, the infection of adenoviral DNA into
host cells does not result in chromosomal integration because
adenoviral DNA can replicate in an episomal manner without
potential genotoxicity. Also, adenoviruses are structurally
stable, and no genome rearrangement has been detected after
extensive amplification. Adenovirus can infect virtually all
epithelial cells regardless of their cell cycle stage. So far,
adenoviral infection appears to be linked only to mild disease
such as acute respiratory disease in the human.

Adenovirus is particularly suitable for use as a gene trans-
fer vector because of its mid-sized genome, ease of manipu-
lation, high titer, wide target-cell range, and high infectivity.
The virus particle is relatively stable and amenable to purifi-
cation and concentration, and as above, can be modified so as
to affect the spectrum of infectivity. Additionally, adenovirus
is easy to grow and manipulate and exhibits broad host range
in vitro and in vivo. This group of viruses can be obtained in
high titers, e.g., 10°-10"! plaque-forming unit (PFU)/ml, and
they are highly infective. The life cycle of adenovirus does not
require integration into the host cell genome. The foreign
genes delivered by adenovirus vectors are episomal, and
therefore, have low genotoxicity to host cells. No side effects
have been reported in studies of vaccination with wild-type
adenovirus (Couchetal., 1963; Topetal., 1971), demonstrat-
ing their safety and therapeutic potential as in vivo gene
transfer vectors. Moreover, the carrying capacity of the aden-
oviral genome for foreign DNA is large (up to 8 kilobases)
relative to other gene delivery vectors (Berkner et al., supra;
Haj-Ahmand and Graham (1986) J. Virol. 57:267). Most
replication-defective adenoviral vectors currently in use and
therefore favored by the present invention are deleted for all
orparts of the viral E1 and E3 genes but retain as much as 80%
of the adenoviral genetic material (see, e.g., Jones et al.,
(1979) Cell 16:683; Berkner et al., supra; and Graham et al.,
in Methods in Molecular Biology, E. I. Murray, Ed. (Humana,
Clifton, N.J., 1991) vol. 7. pp. 109-127). Expression of the
inserted polynucleotide of the invention can be under control
of, for example, the E1A promoter, the major late promoter
(MLP) and associated leader sequences, the viral E3 pro-
moter, or exogenously added promoter sequences.

The genome of an adenovirus can be manipulated such that
it encodes a gene product of interest, but is inactivated in
terms of its ability to replicate in a normal lytic viral life cycle
(see. for example, Berkner et al., (1988) BioTechniques
6:616; Rosenfeld et al., (1991) Science 252:431-434; and
Rosenfeld et al., (1992) Cell 68:143-155). Suitable adenovi-
ral vectors derived from the adenovirus strain Ad type 5 d1324
or other strains of adenovirus (e.g., Ad2, Ad3, Ad7 etc.) are
well known to those skilled in the art. Recombinant adenovi-
ruses can be advantageous in certain circumstances in that
they are not capable of infecting nondividing cells and can be
used to infect a wide variety of cell types, including airway
epithelium (Rosenfeld et al., (1992) cited supra), endothelial
cells (Lemarchand et al., (1992) PNAS USA 89:6482-6486),
hepatocytes (Herz and Gerard, (1993) PNAS USA 90:2812-
2816) and muscle cells (Quantin et al., (1992) PNAS USA
89:2581-2584).
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Adenoviruses can also be cell type specific, i.e., infect only
restricted types of cells and/or express a transgene only in
restricted types of cells. For example, the viruses comprise a
gene under the transcriptional control of a transcription ini-
tiation region specifically regulated by target host cells, as
described e.g., in U.S. Pat. No. 5,698,443, by Henderson and
Schuur, issued Dec. 16, 1997. Thus, replication competent
adenoviruses can be restricted to certain cells by, e.g., insert-
ing a cell specific response element to regulate a synthesis of
a protein necessary for replication, e.g., E1A or E1B.

DNA sequences of a number of adenovirus types are avail-
able from Genbank. For example, human adenovirus type 5
has GenBank Accession No.M73260. The adenovirus DNA
sequences may be obtained from any of the 42 human aden-
ovirus types currently identified. Various adenovirus strains
are available from the American Type Culture Collection,
Rockville, Md., or by request from a number of commercial
and academic sources. A transgene as described herein may
be incorporated into any adenoviral vector and delivery pro-
tocol, by restriction digest, linker ligation or filling in of ends,
and ligation.

Adenovirus producer cell lines can include one or more of
the adenoviral genes El, E2a, and E4 DNA sequence, for
packaging adenovirus vectors in which one or more of these
genes have been mutated or deleted are described, e.g., in
PCT/US95/15947 (WO 96/18418) by Kadan et al.; PCT/
US95/07341 (WO 95/346671) by Kovesdi et al.; PCT/FR94/
00624 (W094/28152) by Imler et al.;PCT/FR94/00851 (WO
95/02697) by Perrocaudet et al., PCT/US95/14793 (WQ96/
14061) by Wang et al.

Yet another viral vector system useful for delivery of the
subject polynucleotides is the adeno-associated virus (AAV).
Adeno-associated virus is a naturally occurring defective
virus that requires another virus, such as an adencovirus or a
herpes virus, as a helper virus for efficient replication and a
productive life cycle. (For a review, see Muzyczka et al., Curr.
Topics in Micro. and Immunol. (1992) 158:97-129).

A AV has not been associated with the cause of any disease.
AAV is not a transforming or oncogenic virus. AAV integra-
tion into chromosomes of human cell lines does not cause any
significant alteration in the growth properties or morphologi-
cal characteristics of the cells. These properties of AAV also
recommend it as a potentially useful human gene therapy
vector.

AAV is also one of the few viruses that may integrate its
DNA into non-dividing cells, e.g., pulmonary epithelial cells,
and exhibits a high frequency of stable integration (see for
example Flotte et al., (1992) Am. J. Respir. Cell. Mol. Biol.
7:349-356; Samulski et al., (1989) J. Virol. 63:3822-3828,;
and McLaughlin et al., (1989) J. Virol. 62:1963-1973). Vec-
tors containing as little as 300 base pairs of AAV can be
packaged and can integrate. Space for exogenous DNA is
limited to about 4.5 kb. An AAV vector such as that described
in Tratschin et al., (1985) Mol. Cell. Biol. 5:3251-3260 can be
used to introduce DNA into cells. A variety of nucleic acids
have been introduced into different cell types using AAV
vectors (see for example Hermonat et al., (1984) PNAS USA
81:6466-6470; Tratschin et al., (1985) Mol. Cell. Biol.
4:2072-2081; Wondisford et al., (1988) Mol. Endocrinol.
2:32-39; Tratschin et al., (1984) J. Virol. 51:611-619; and
Flotte et al., (1993) J. Biol. Chem. 268:3781-3790).

The AAV-based expression vector to be used typically
includes the 145 nucleotide AAV inverted terminal repeats
(ITRs) flanking a restriction site that can be used for subclon-
ing of the transgene, either directly using the restriction site
available, or by excision of the transgene with restriction
enzymes followed by blunting of the ends, ligation of appro-
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priate DNA linkers, restriction digestion, and ligation into the
site between the ITRs. The capacity of AAV vectors is about
4.4 kb (Kotin, R.M., Human Gene Therapy 5:793-801, 1994
and Flotte, et al. J. Biol. Chem. 268:3781-3790, 1993).

AAV stocks can be produced as described in Hermonat and
Muzyczka (1984) PNAS 81:6466, modified by using the
pAAV/Ad described by Samulski et al. (1989) 1. Virol.
63:3822. Concentration and purification of the virus can be
achieved by reported methods such as banding in cesium
chloride gradients, as was used for the initial report of AAV
vector expression in vivo (Flotte, et al. . Biol. Chem. 268:
3781-3790, 1993) or chromatographic purification, as
described in O’Riordan et al., W097/08298. Methods for in
vitro packaging AAV vectors are also available and have the
advantage that there is no size limitation of the DNA pack-
aged into the particles (see, U.S. Pat. No. 5,688,676, by Zhou
et al., issued Nov. 18, 1997). This procedure involves the
preparation of cell free packaging extracts.

Hybrid Adenovirus-AAV vectors represented by an aden-
ovirus capsid containing a nucleic acid comprising a portion
of an adenovirus, and 5' and 3' ITR sequences from an AAV
which flank a selected transgene under the control of a pro-
moter. See e.g. Wilson et al, International Patent Application
Publication No. WO 96/13598. This hybrid vector is charac-
terized by high titer transgene delivery to a host cell and the
ability to stably integrate the transgene into the host cell
chromosome in the presence of the rep gene. This virus is
capable of infecting virtually all cell types (conferred by its
adenovirus sequences) and stable long term transgene inte-
gration into the host cell genome (conferred by its AAV
sequences).

The adenovirus nucleic acid sequences employed in this
vector can range from a minimum sequence amount, which
requires the use of a helper virus to produce the hybrid virus
particle, to only selected deletions of adenovirus genes,
which deleted gene products can be supplied in the hybrid
viral process by a packaging cell. For example, a hybrid virus
can comprise the 5' and 3' inverted terminal repeat (ITR)
sequences of an adenovirus (which function as origins of
replication). The left terminal sequence (5') sequence of the
AdS5 genome that can be used spans bp 1 to about 360 of the
conventional adenovirus genome (also referred to as map
units 0-1) and includes the 5' ITR and the packaging/enhancer
domain. The 3' adenovirus sequences of the hybrid virus
include the right terminal 3' ITR sequence which is about 580
nucleotides (about bp 35353—end of the adenovirus,
referred to as about map units 98.4-100).

The preparation of the hybrid vector is further described in
detail in published PCT application entitled “Hybrid Aden-
ovirus-AAV Virus and Method of Use Thereof”, WO
96/13598 by Wilson et al. For additional detailed guidance on
adenovirus and hybrid adenovirus-AAV technology which
may be useful in the practice of the subject invention, includ-
ing methods and materials for the incorporation of a trans-
gene, the propagation and purification of recombinant virus
containing the transgene, and its use in transfecting cells and
mammals, see also Wilson et al, WO 94/28938, WO 96/13597
and WO 96/26285, and references cited therein.

In order to construct a retroviral vector, a nucleic acid of
interest is inserted into the viral genome in the place of certain
viral sequences to produce a virus that is replication-defec-
tive. In order to produce virions, a packaging cell line con-
taining the gag, pol, and env genes but without the LTR and
psi components is constructed (Mann et al. (1983) Cell
33:153). When a recombinant plasmid containing a human
¢DNA, together with the retroviral LTR and psi sequences is
introduced into this cell line (by calcium phosphate precipi-
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tation for example), the psi sequence allows the RNA tran-
script of the recombinant plasmid to be packaged into viral
particles, which are then secreted into the culture media
(Nicolas and Rubenstein (1988) “Retroviral Vectors”, In:
Rodriguez and Denhardt ed. Vectors: A Survey of Molecular
Cloning Vectors and their Uses. Stoneham:Butterworth;
Temin, (1986) “Retrovirus Vectors for Gene Transfer: Effi-
cient Integration into and Expression of Exogenous DNA in
Vertebrate Cell Genome”, In: Kucherlapati ed. Gene Transfer.
New York: Plenum Press; Mann et al., 1983, supra). The
media containing the recombinant retroviruses is then col-
lected, optionally concentrated, and used for gene transfer.
Retroviral vectors are able to infect a broad variety of cell
types. Integration and stable expression require the division
of host cells (Paskind et al. (1975) Virology 67:242). This
aspect is particularly relevant for the treatment of PVR, since
these vectors allow selective targeting of cells which prolif-
erate, i.e., selective targeting of the cells in the epiretinal
membrane, since these are the only ones proliferating in eyes
of PVR subjects.

A major prerequisite for the use of retroviruses is to ensure
the safety of their use, particularly with regard to the possi-
bility of the spread of wild-type virus in the cell population.
The development of specialized cell lines (termed “packaging
cells”) which produce only replication-defective retroviruses
has increased the utility of retroviruses for gene therapy, and
defective retroviruses are well characterized for use in gene
transfer for gene therapy purposes (for areview see Miller, A.
D. (1990) Blood 76:271). Thus, recombinant retrovirus can
be constructed in which part of the retroviral coding sequence
(gag, pol, env) has been replaced by nucleic acid encoding a
protein of the present invention, e.g., a transcriptional activa-
tor, rendering the retrovirus replication defective. The repli-
cation defective retrovirus is then packaged into virions
which can be used to infect a target cell through the use of a
helper virus by standard techniques. Protocols for producing
recombinant retroviruses and for infecting cells in vitro or in
vivo with such viruses can be found in Current Protocols in
Molecular Biology, Ausubel, F.M. et al., (eds.) Greene Pub-
lishing Associates, (1989), Sections 9.10-9.14 and other stan-
dard laboratory manuals. Examples of suitable retroviruses
include pLJ, pZIP, pWE and pEM which are well known to
those skilled in the art. A preferred retroviral vector is a pSR
MSVtkNeo (Muller et al. (1991) Mol. Cell Biol. 11:1785 and
pSR MSV(Xbal) (Sawyers et al. (1995) J. Exp. Med. 181:
307) and derivatives thereof. For example, the unique BamHI
sites in both of these vectors can be removed by digesting the
vectors with BamHI, filling in with Klenow and religating to
produce pSMTN2 and pSMTX2, respectively, as described in
PCTIUS96/09948 by Clackson et al. Examples of suitable
packaging virus lines for preparing both ecotropic and
amphotropic retroviral systems include Crip, Cre, 2 and Am.

Retroviruses, including lentiviruses, have been used to
introduce a variety of genes into many different cell types,
including neural cells, epithelial cells, retinal cells, endothe-
lial cells, lymphocytes, myoblasts, hepatocytes, bone marrow
cells, in vitro and/or in vivo (see for example, review by
Federico (1999) Curr. Opin. Biotechnol. 10:448; Eglitis et al.,
(1985) Science 230:1395-1398; Danos and Mulligan, (1988)
PNAS USA 85:6460-6464; Wilson et al., (1988) PNAS USA
85:3014-3018: Armentano et al, (1990) PNAS USA
87:6141-6145; Huber et al., (1991) PNAS USA 88:8039-
8043; Ferry et al., (1991) PNAS USA 88:8377-8381;
Chowdhury et al, (1991) Science 254:1802-1805; van
Beusechem et al., (1992) PNAS USA 89:7640-7644; Kay et
al., (1992) Human Gene Therapy 3:641-647; Dai et al.,
(1992) PNAS USA 89:10892-10895; Hwu et al., (1993) I.
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Imnunol. 150:4104-4115; U.S. Pat. No. 4,868,116; 4,980,
286; PCT Application WO 89/07136; PCT Application WO
89/02468; PCT Application WO 89/05345; and PCT Appli-
cation WO 92/07573).

Furthermore, it has been shown that it is possible to limit
the infection spectrum of retroviruses and consequently of
retroviral-based vectors, by modifying the viral packaging
proteins on the surface of the viral particle (see, for example
PCT publications W093/25234, W094/06920, and WO94/
11524). For instance, strategies for the modification of the
infection spectrum of retroviral vectors include: coupling
antibodies specific for cell surface antigens to the viral env
protein (Roux et al., (1989) PNAS USA 86:9079-9083; Julan
et al,, (1992) J. Gen Virol 73:3251-3255; and Goud et al.,
(1983) Virology 163:251-254); or coupling cell surface
ligands to the viral env proteins (Neda et al., (1991) J. Biol.
Chem. 266:14143-14146). Coupling can be in the form of the
chemical cross-linking with a protein or other variety (e.g.
lactose to convert the env protein to an asialoglycoprotein), as
well as by generating fusion proteins (e.g. single-chain anti-
body/env fusion proteins). This technique, while useful to
limit or otherwise direct the infection to certain tissue types,
and can also be used to convert an ecotropic vector in to an
amphotropic vector.

Other viral vector systems that can be used to deliver a
polynucleotide of the invention have been derived from her-
pes virus, e.g., Herpes Simplex Virus (U.S. Pat. No. 5,631,236
by Woo et al., issued May 20, 1997 and WO 00/08191 by
Neurovex), vaccinia virus (Ridgeway (1988) Ridgeway,
“Mammalian expression vectors,” In: Rodriguez R L, Den-
hardt D T, ed. Vectors: A survey of molecular cloning vectors
and their uses. Stoneham: Butterworth,; Baichwal and Sug-
den (1986) “Vectors for gene transfer derived from animal
DNA viruses: Transient and stable expression of transferred
genes,” In: Kucherlapati R, ed. Gene transfer. New York:
Plenum Press; Coupar et al. (1988) Gene, 68: 1-10), and
several RNA viruses. Preferred viruses include an alphavirus,
a poxivirus, an arena virus, a vaccinia virus, a polio virus, and
the like. They offer several attractive features for various
mammalian cells (Friedmann (1989) Science, 244:1275-
1281; Ridgeway, 1988, supra; Baichwal and Sugden, 1986,
supra; Coupar et al., 1988; Horwich et al.(1990) J. Virol.,
64:642-650).

The expression of a protein, e.g., a protein selected from
the group consisting of NPT1, PNC1, NMA1 and NMA2ora
biologically active variant thereof in cells of a subject to
whom, e.g., a nucleic acid encoding the protein was admin-
istered, can be determined, e.g., by obtaining a sample of the
cells of the patient and determining the level of the protein in
the sample, relative to a control sample.

In another embodiment, a protein or biologically active
variant thereof, is administered to the subject such that it
reaches the target cells, and traverses the cellular membrane.
Polypeptides can be synthesized in prokaryotes or eukaryotes
or cells thereof and purified according to methods known in
the art. For example, recombinant polypeptides can be syn-
thesized in human cells, mouse cells, rat cells, insect cells,
yeast cells, and plant cells. Polypeptides can also be synthe-
sized in cell free extracts, e.g., reticulocyte lysates or wheat
germ extracts. Purification of proteins can be done by various
methods, e.g., chromatographic methods (see, e.g., Robert K
Scopes “Protein Purification: Principles and Practice” Third
Ed. Springer-Verlag, N.Y. 1994). In one embodiment, the
polypeptide is produced as a fusion polypeptide comprising
an epitope tag consisting of about six consecutive histidine
residues. The fusion polypeptide can then be purified on a
Ni** column. By inserting a protease site between the tag and
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the polypeptide, the tag can be removed after purification of
the peptide on the Ni** column. These methods are well
known in the art and commercial vectors and affinity matrices
are commercially available.

Administration of polypeptides can be done by mixing
them with liposomes, as described above. The surface of the
liposomes can be modified by adding molecules that will
target the liposome to the desired physiological location.

In one embodiment, a protein is modified so that its rate of
traversing the cellular membrane is increased. For example,
the polypeptide can be fused to a second peptide which pro-
motes “transcytosis,” e.g., uptake of the peptide by cells. In
one embodiment, the peptide is a portion of the HIV transac-
tivator (TAT) protein, such as the fragment corresponding to
residues 37-62 or 48-60 of TAT, portions which are rapidly
taken up by cell in vitro (Green and Loewenstein, (1989) Cell
55:1179-1188). In another embodiment, the internalizing
peptide is derived from the Drosophila antennapedia protein,
or homologs thereof. The 60 amino acid long homeodomain
of the homeo-protein antennapedia has been demonstrated to
translocate through biological membranes and can facilitate
the translocation of heterologous polypeptides to which it is
couples. Thus, polypeptides can be fused to a peptide con-
sisting of about amino acids 42-58 of Drosophila antennape-
dia or shorter fragments for transcytosis. See for example
Derossi et al. (1996) J Biol Chem 271:18188-18193; Derossi
etal. (1994) ] Biol Chem 269:10444-10450; and Perez et al.
(1992) I Cell Sci 102:717-722.

In another embodiment, the amount of nicotinamide is
decreased 1n a cell. This can be achieved, e.g., by inhibiting
the expression of genes of the NAD+ salvage pathway or
other pathway that produce nicotinamide. Inhibition of the
genes can be conducted, e.g., as further described herein, such
as by performing RNAi on the NAD+ salvage pathway genes
that produce nicotinamide. One can also inhibit genes that are
involved in the de novo synthesis of nicotinamide. For
example, nicotinamide levels in cells can be regulated by
regulating the level or activity of poly(adenosine diphos-
phate-ribose) polymerase-1 (PARP). In particular, nicotina-
mide levels can be reduced by reducing the level or activity of
PARP, since this enzyme generates nicotinamide. Nicotina-
mide levels may also be decreased in cells by reducing the
level or activity of glycohydrolases (e.g., human CD38, an
ectoenzyme that is expressed on the surface of immune cells,
such as neutrophils; gi:4502665 and GenBank Accession No.
NP__001766), which cleave NAD to nicotinamide.

Nicotinamide levels may also be decreased by inhibiting
the de novo nicotinamide synthesis pathway. Genes involved
in this pathway include the BNA genes in S. cerevisiae
(BNA1-6). Alternatively, poly(adenosine diphosphate-ri-
bose) polymerase (PARP) family members, e.g., PARP-1 and
PARPv and tankyrase can also be inhibited to decrease nico-
tinamide levels.

It is also possible to reduce the level or activity of nicoti-
namide transporters to reduce the level of nicotinamide that is
imported into cells. For example, in yeast, nicotinic acid is
transported by the Tnal (nicotinate/nicotinamide mono-
nucleotide transport) protein. Human homologues of yeast
TNA1 have the following GenBank Accession numbers:
21:9719374 and AAF97769; gi:6912666 and NP__036566;
gi: 18676562 and AB84933; ¢i:12718201 and CAC28600;
2i:19263934 and AAH25312; gi:9966811 and NP_ 065079,
and gi:22761334 and BAC11546. Other nucleoside trans-
porters that can be modulated include bacterial and fly
nucleoside transporter and the following human genes that
are homologous thereto: gi1:8923160 and NP_ 060164,
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gi:14336678 and AAK61212; gi: 22749231
NP_ 689812; and gi: 18603939 and XP_ 091525.

Alternatively, nicotinamide levels can be decreased or
nicotinamide inactivated, e.g., by stimulating the activity or
increase the level of enzymes that metabolize, degrade or
inhibit nicotinamide, e.g., nicotinamide N-methyl trans-
ferase, also referred to as nicotinamide methyltransferase
(NNMT; EC 2.1.1.1; CAS registry number 9029-74-7). This
enzyme catalyzes the reaction S-adenosyl-L-methionine+
nicotinamide=S-adenosyl-L-homocysteine+1-methylnicoti-
namide and promotes excretion of nicotinamide from the cell
(seealso, Cantoni (1951)J. Biol. Chem. 203-216). The human
enzyme is referred to as NNMT and its complete sequence
can be found at GenBank Accession number U08021 and as
SEQ ID NO: 9 for the nucleotide sequence and SEQ ID NO:
10 for the protein (Aksoy et al. (1994) J. Biol. Chem. 269:
14835 ). The yeast version of this enzyme is referred to as
NNT1 (also referred to as YLR258w).

Yet another enzyme that metabolizes nicotinamide and
thereby reduces the level of nicotinamide is nicotinamide
phosphribosyltransferase (NAMPRT; E.C.2.4.2.12). The
human gene is also referred to as pre-B-cell colony enhancing
factor 1(PBEF1) and visfatin and exists as two isoforms (see,
e.g., Samal et al. (1994) Mol. Cell. Biol. 14:1431, Rongwaux
et al. (2002) Euro. J. Immunol. 32:3225 and Fukuhara et al.
Science 307:426-30 (2005); U.S. Pat. Nos. 5,874,399 and
6,844,163). The sequence of isoform a is available under
GenBank Accession numbers NM__005746, NP__ 005737
and UJ02020 and the sequence of isoform b is available under
GenBank Accession numbers NM_ 182790, NP_ 877591
and BC020691. The nucleotide and amino acid sequences of
human NAMPRT isoform a (NM__005746) are set forth as
SEQ ID NOs: 21 and 22. The nucleotide and amino acid
sequences of human NAMPRT isoform b (BC020691) are set
forth as SEQ ID NOs: 11 and 12, respectively. The sequence
of a genomic clone of human NAMPRT is provided in Gen-
Bank Accession No. AC007032. The structure of the human
gene is described in Ognjanovic et al. (2001) J. Mol. Endo-
crinol. 26:107. In yeast and human cells, the level of PNC1 or
functional human homolog or equivalent thereof can be
increased to reduce nicotinamide levels.

Another enzyme that metabolizes nicotinamide and may
thereby modulate, e.g., reduce, the level of nicotinamide is
nicotinamide mononucleotide (NMN) adenylyltransferase in
human cells. The human enzyme is referred to as NMNAT-1
(E.C.2.7.7.18). The following GenBank Accession numbers
are provided for the human enzyme: NP_073624;
NM__022787: AAL76934;, AF459819; and NP_073624;
AF314163. A variant of this gene is NMNAT-2 (KIAA0479),
the human version of which can be found under GenBank
Accessionnumbers NP__ 055854 and NM__ 015039 (Raffaelli
et al. (2002) Biochem Biophys Res Commun 297:835). In
yeast cells, the equivalent enzymes in the NAD+ salvage
pathway are nicotinate mononucleotide adenyltransferase 1
and 2 (NMA1 and NMAZ2, respectively) (E.C. 2.7.7.1).

Yet another enzyme that may be increased to decrease
nicotinamide levels is phosphoribosyl pyrophosphate (PRPP)
synthase (PRPS), which converts ribose S5-phosphate to
PRPP, the substrate of NPT1. There are several related
enzymes, having the following GenBank Accession numbers:
g1:4506127 and NP_002755 (Prpsl); gi:4506129 and
NP_ 002756 (Prps2); gi:20539448; ¢i:4506133 and
NP_ 002758 (Prps associated protein 2); gi:24418495 and
Q14558 (Prps associated protein 1); gi:17644236 and
CADI18892; gi:2160401 and BAAOS675 (Prps isoform 1);
and gi:2160402 and BAA05676 (Prps isoform 2).

and



US 7,977,049 B2

33

Reducing nicotinamide levels in cells may also provide
other advantages, such as stimulating DNA break repair.
Indeed, PARP is regulated by nicotinamide (nicotinamide
negatively regulates PARP). Thus, regulating the level of
nicotinamide in cells, e.g., as further described herein, will
regulate the activity of PARP. Accordingly, since PARP 1s
involved in numerous cellular functions, such as DNA break
repair, telomere-length regulation, and histone modification,
modulating nicotinamide levels will modulate these activi-
ties. For example, reducing nicotinamide levels in cells will
increase the activity of PARP and thereby further enhance the
DNA break repair mechanism of cells.

In addition to applying the methods of the invention in
eukaryotic cells, such as mammalian cells and yeast cells, the
methods can also be applied to plant cells, based at least on the
fact that Sir2 family members are present in plants. Accord-
ingly, the invention also provides methods for extending the
life span of plants and plant cells and for rendering the plant
and plant cells more resistant to stress, e.g., excessive salt
conditions. This can be achieved, e.g., by modulating the level
or activity of proteins in the plant cells that are essentially
homologous to the proteins described herein in the yeast and
mammalian systems as increasing the life span and/or the
stress resistance of cells. Alternatively, the level of nicotina-
mide in plant cells can be reduced, in particular, as described
herein for modulating their level in other eukaryotic cells.
Nucleic acids can be introduced into plant cells according to
methods known in the art.

For example, the following are genes form Arabidopsis
thalainia that are homologous to the genes described above
that can be modulated to modulate the flux through the NAD+
salvage pathway or nicotinamide levels in cells. Homologues
of yeast PNC1: gi 18401044 NP_566539.1 (a putative
hydrolase); gi 15237256 NP__1977131; and gi 15237258
NP__197714.1. Homologues of yeast NPT1: gi 2026021
AAMI13003.1; gi 15234571 NP_195412.1; gi 25054896
AANT1931.1;and g1 15227832 NP__179923.1. Homologues
of yeast NMA1/2: gi 22327861 NP_200392.2 and gi
9758615 BAB09248.1. Homologues of yeast NNTI
(YL285W): gi 20197178 AACI14529; gi 22325900
NP__565619.2; gi 15219438 NP__177475.1 (a Tumor related
Protein); gi 12324311 AA652120.1; gi:22330409
NP_683465; ¢i:15240506 NP_199767; gi 8778835
AAF79834.1; and gi 15231011 NP__188637. Homologue of
human NNMT: gi 15238203 NP_196623. Homologue of
yeast QNS1 (gene downstream of NMA1/2 in the NAD+
salvage pathway): gi:15221990 NP_ 175906. Homologues
of yeast BNAG6: gi:18379203 NP__565259 and gi:21555686
AAM63914.

The methods of the invention can also be used to increase
the lifespan and stress resistance in microorganisms, such as
prokaryotes, based on the fact that Sir2 family members are
also present in these organisms.

As set forth above, a full length protein described above
(e.g., PARP, TNA1, NNMT, PBEF, NMN, NMNAT-1, PRPP,
and homologs and equivalents of these proteins). or nucleic
acid encoding such, or any portion thereof, preferably a bio-
logically active portion, can be used. Homologs can be
homologous proteins from other species or proteins or
nucleic acids that have a certain degree or percentage identity
with a particular protein, as further describe above. Fusion
proteins, such as those comprising a peptide described above,
or nucleic acids encoding such can also be used. The proteins
or nucleic acids can be contacted with a cell, introduced into
a cell or expressed in a cell. For example, a nucleic acid
encoding a protein can be introduced into a cell, such as
decribed above. Alternatively, the level of a protein or its
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activity can be increased in a cell. For example, an agent that
stimulates the expression of the gene encoding the protein, or
an agent that increases the activity of a protein, can be con-
tacted with a cell.

In a particular embodiment, NAMPRT or homolog or
equivalent thereof or biologically active fragment (included
in the term “variant”) thereof is contacted with a cell. As
described in the Examples, NAMPRT is present in serum of
animals under certain conditions, and thus is presumed to act
on a cell. Accordingly, to extend the lifespan of a cell or to
protect it from stress or to induce any of the other biological
activities described herein, the cell may be contacted with an
effective amount of NAMPRT or variant thereof. In animals,
NAMPRT may be administered by any of the conventional
means for administration of pharmaceuticals, e.g., as further
described herein.

Exemplary biologically active portions of NAMPRT that
may be used include NAMPRT proteins or peptide fragments
capable of modulating the life span of a cell or its resistance
to stress; those having enzymatic activity and those capable of
binding and/or activating the insulin receptor ala Visfatin.
Fragments may also consist of about at least 20, 50, 100, 200
or300amino acids of eitherisoform. Exemplary fragments of
NAMPRT proteins include amino acids 15 or 32 to 491 of
isoform a (SEQ ID NO: 22), which is believed to be the
mature form of the protein (see, U.S. Pat. No. 5,874,399).
NAMPRT may be glycosylated, e.g., on Asn 29 and/or Asn
396, or non-glycosylated.

A NAMPRT protein or other extracellular protein
described herein may also be modified with a water soluble
polymer such as polyethylene glycol. Covalent attachment of
water soluble polymers to proteins may be carried out using
techniques known to those skilled in the art and have been
described in U.S. Pat. No. 4,179,937. The modified polypep-
tide may have desirable properties such as increased solubil-
ity in aqueous solutions, increased stability, longer in vivo
half-life and increased biological activity.

In addition, compounds or agents that stimulate the level of
expression of the NAMPRT gene or the activity of the protein
can be used. Known inducers include pokeweek mitogen,
lipopolysaccharide (LPS), interleukin (IL)-1f. tumor necro-
sis factor (INF)a and IL-6 (Ognjanovic et al. (2001) J. Mol.
Endocrinol. 26:107). Additional inducers of NAMPRT
expression levels can be identified in assays using the pro-
moter region of the gene, that is, e.g., included in the genomic
clone described above.

In another embodiment, stimulating the NAD+ salvage
pathway in a cell comprises contacting the cell with nicoti-
namide riboside, a precursor of NAD+, or a biologically
active analog and/or prodrug thereof. Nicotinamide riboside
can be prepared by treating NMN (from, e.g., Sigma) with a
phosphatase, as described, e.g., in Bieganowski et al. (2004)
Cell 117:495. Nicotinamide riboside can be in the oxidized or
reduced form, the latter of which appears to be more stable
(Friedlos et al. (1992) Biochem Pharmacol. 44:631. Nicoti-
namide riboside (1) is depicted below.

(6]
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Nicotinamide riboside and some of its analogs are repre-
sented by formula A:

RO

OR OR

wherein

R represents independently for each occurrence H, acetyl,
benzoyl, acyl, phosphate, sulfate, (alkyoxy)methyl, triarylm-
ethyl, (trialkyDsilyl, (dialkyl)(aryl)silyl, (alkyl)(diaryl)silyl,
or (triaryl)silyl; and

X represents O or S.

Nicotinamide riboside can be contacted with the cell at a
concentration of about 1 nM to 10 pM. A cell may be option-
ally contacted with an agent that increases protein or activity
levels of a nicotinamide riboside kinase (Nrk) enzyme, that
phosphorylates nicotinamide riboside to form nicotinamide
mononucleotide (NMN). Nrk exits in one form in yeast,
Nrkl, and in two forms in humans, Nrk1 (GenBank Acces-
sion Noa. NM__017881.1; NP_ 060351; SEQ ID NOs: 27
and 28, respectively) and Nrk2 (GenBank Accession Nos.
NM__170678; NP__733778; SEQ ID NOs: 29 and 30, respec-
tively).

3. Methods for Reducing the Life Span of a Cell or Rendering
it More Susceptible to Certain Stresses

In one embodiment, the level of expression or activity of a
protein selected from the group consisting of NPT1, PNC1,
NMA1 and NMA?2 is decreased inacell. This can be achieved
by introducing into the cell an agent that inhibits the expres-
sion of the corresponding gene. An agent can be a small
molecule that acts directly or indirectly on the promoter of the
corresponding gene to reduce or inhibit its transcription. An
agent can also be a compound that inhibits the biological
activity of the protein. An agent can also be an antisense
molecule, a triplex molecule or a si RNA. Yet other agents are
nucleic acids encoding a protein, such as a dominant negative
mutant or an intracellular antibody or other protein that inter-
feres with the biological activity of the protein. Such methods
are well known in the art. Exemplary methods are set forth
below.

One method for decreasing the level of expression of a gene
inacell is to introduce into the cell antisense molecules which
are complementary to at least a portion of the target gene or
RNA. An “antisense” nucleic acid as used herein refers to a
nucleic acid capable of hybridizing to a sequence-specific
(e.g., non-poly A) portion of the target RNA, for example its
translation initiation region, by virtue of some sequence
complementarity to a coding and/or non-coding region. The
antisense nucleic acids of the invention can be oligonucle-
otides that are double-stranded or single-stranded, RNA or
DNA or a modification or derivative thereof, which can be
directly administered in a controllable manner to a cell or

which can be produced intracellularly by transcription of

exogenous, introduced sequences in controllable quantities

sufficient to perturb translation of the target RNA.
Preferably, antisense nucleic acids are of at least six nucle-

otides and are preferably oligonucleotides (ranging from 6 to
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about 200 oligonucleotides). In specific aspects, the oligo-
nucleotide is at least 10 nucleotides, at least 15 nucleotides, at
least 100 nucleotides, or at least 200 nucleotides. The oligo-
nucleotides can be DNA or RNA or chimeric mixtures or
derivatives or modified versions thereof, single-stranded or
double-stranded. The oligonucleotide can be modified at the
base moiety, sugar moiety, or phosphate backbone. The oli-
gonucleotide may include other appending groups such as
peptides, or agents facilitating transport across the cell mem-
brane (see, e.g., Letsinger et al., 1989, Proc. Natl. Acad. Sci.
U.S.A. 86: 6553-6556; Lemaitre et al., 1987, Proc. Natl.
Acad. Sci. 84: 648-652: PCT Publication No. WO 88/09810,
published Dec. 15, 1988), hybridization-triggered cleavage
agents (see, e.g., Kroletal., 1988, BioTechniques 6: 958-976)
or intercalating agents (see, e.g., Zon, 1988, Pharm. Res. 5:
539-549).

In a preferred aspect of the invention, an antisense oligo-
nucleotide 1s provided, preferably as single-stranded DNA.
The oligonucleotide may be modified at any position on its
structure with constituents generally known in the art. For
example, the antisense oligonucleotides may comprise at
least one modified base moiety which is selected from the
group including but not limited to 5-fluorouracil, 5-bromou-
racil, 5-chlorouracil, 5-iodouracil, hypoxanthine, xanthine,
4-acetyleytosine, S-(carboxyhydroxylmethyljuracil, 5-car-
boxymethylaminomethyl-2-thiouridine,  5-carboxymethy-
laminomethyluracil, dihydrouracil, beta-D-galactosylque-
osine, inosine, N6-isopentenyladenine, 1-methylguanine,
1-methylinosine, 2,2-dimethylguanine, 2-methyladenine,
2-methylguanine, 3-methylcytosine, 5-methylcytosine,
N6-adenine, 7-methylguanine, 5-methylaminomethyluracil,
5-methoxyaminomethyl-2-thiouracil, beta-D-mannosylque-
osine, 5'-methoxycarboxymethyluracil, 5-methoxyuracil,
2-methylthio-N6-isopentenyladenine,  uracil-5-oxyacetic
acid (v), wybutoxosine, pseudouracil, queosine, 2-thiocy-
tosine, 5-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil,
5-methyluracil, uracil-5-oxyacetic acid methylester, uracil-5-
oxyacetic acid (v), S-methyl-2-thiouracil, 3-(3-amino-3-N-2-
carboxypropyluracil,(acp3)w, and 2,6-diaminopurine.

In another embodiment, the oligonucleotide comprises at
least one modified sugar moiety selected from the group
including, but not limited to, arabinose, 2-fluoroarabinose,
xylulose, and hexose.

In yet another embodiment, the oligonucleotide comprises
at least one modified phosphate backbone selected from the
group consisting of a phosphorothioate, a phosphorodithio-
ate, a phosphoramidothioate, a phosphoramidate, a phospho-
rdiamidate, a methylphosphonate, an alkyl phosphotriester,
and a formacetal or analog thereof.

In yet another embodiment, the oligonucleotide is a 2-a-
anomeric oligonucleotide. An a-anomeric oligonucleotide
forms specific double-stranded hybrids with complementary
RNA in which, contrary to the usual f-units, the strands run
parallel to each other (Gautier et al., 1987, Nucl. Acids Res.
15:6625-6641).

The oligonucleotide may be conjugated to another mol-
ecule, e.g., a peptide, hybridization triggered cross-linking
agent transport agent, hybridization-triggered cleavage
agent, etc. An antisense molecule can be a “peptide nucleic
acid” (PNA). PNA refers to an antisense molecule or anti-
gene agent which comprises an oligonucleotide of at least
about 5 nucleotides in length linked to a peptide backbone of
amino acid residues ending in lysine. The terminal lysine
confers solubility to the composition. PNAs preferentially
bind complementary single stranded DNA or RNA and stop
transcript elongation, and may be pegylated to extend their
lifespan in the cell.
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The antisense nucleic acids of the invention comprise a
sequence complementary to at least a portion of a target RNA
species. However, absolute complementarity, although pre-
ferred, is not required. A sequence “complementary to at least
a portion of an RNA,” as referred to herein, means a sequence
having sufficient complementarity to be able to hybridize
with the RNA, forming a stable duplex; in the case of double-
stranded antisense nucleic acids, a single strand of the duplex
DNA may thus be tested, or triplex formation may be assayed.
The ability to hybridize will depend on both the degree of
complementarity and the length of the antisense nucleic acid.
Generally, the longer the hybridizing nucleic acid, the more
base mismatches with a target RNA it may contain and still
form a stable duplex (or triplex, as the case may be). One
skilled in the art can ascertain a tolerable degree of mismatch
by use of standard procedures to determine the melting point
of the hybridized complex. The amount of antisense nucleic
acid that will be effective in the inhibiting translation of the
target RNA can be determined by standard assay techniques.

The synthesized antisense oligonucleotides can then be
administered to a cell in a controlled manner. For example,
the antisense oligonucleotides can be placed in the growth
environment of the cell at controlled levels where they may be
taken up by the cell. The uptake of the antisense oligonucle-
otides can be assisted by use of methods well known in the art.

In an alternative embodiment, the antisense nucleic acids
of the invention are controllably expressed intracellularly by
transcription from an exogenous sequence. For example, a
vector can be introduced in vivo such that it is taken up by a
cell, within which cell the vector or a portion thereof is
transcribed, producing an antisense nucleic acid (RNA) of the
invention. Such a vector would contain a sequence encoding
the antisense nucleic acid. Such a vector can remain episomal
or become chromosomally integrated, as long as it can be
transcribed to produce the desired antisense RNA. Such vec-
tors can be constructed by recombinant DNA technology
methods standard in the art. Vectors can be plasmid, viral, or
others known in the art, used for replication and expression in
mammalian cells. Expression of the sequences encoding the
antisense RNAs can be by any promoter known in the art to
act in a cell of interest. Such promoters can be inducible or
constitutive. Most preferably, promoters are controllable or
inducible by the administration of an exogenous moiety in
order to achieve controlled expression of the antisense oligo-
nucleotide. Such controllable promoters include the Tet pro-
moter. Other usable promoters for mammalian cells include,
but are not limited to: the SV40 early promoter region (Be-
moist and Chambon, 1981, Nature 290: 304-310), the pro-
moter contained in the 3' long terminal repeat of Rous sar-
coma virus (Yamamoto et al., 1980, Cell 22: 787-797), the
herpes thymidine kinase promoter (Wagner et al., 1981, Proc.
Natl. Acad. Sci. U.S.A. 78: 1441-1445), the regulatory
sequences of the metallothionein gene (Brinster et al., 1982,
Nature 296: 39-42), etc.

Antisense therapy for a variety of cancers is in clinical
phase and has been discussed extensively in the literature.
Reed reviewed antisense therapy directed at the Bcl-2 gene in
tumors; gene transfer-mediated overexpression of Bel-2 in
tumor cell lines conferred resistance to many types of cancer
drugs. (Reed, J. C., N.C.I. (1997) 89:988-990). The potential
for clinical development of antisense inhibitors of ras is dis-
cussed by Cowsert, L. M., Anti-Cancer Drug Design (1997)
12:359-371. Additional important antisense targets include
leukemia (Geurtz, A. M., Anti-Cancer Drug Design (1997)
12:341-358); human C-refkinase (Monia, B. P., Anti-Cancer
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Drug Design (1997) 12:327-339); and protein kinase C
(McGraw et al., Anti-Cancer Drug Design (1997) 12:315-
326.

In another embodiment, the level of a particular mMRNA or
polypeptide in a cell is reduced by introduction of a ribozyme
into the cell or nucleic acid encoding such. Ribozyme mol-
ecules designed to catalytically cleave mRNA transcripts can
also be introduced into, or expressed, in cells to inhibit
expression of a gene (see, e.g., Sarver et al., 1990, Science
247:1222-1225and U.S. Pat. No. 5,093,246). One commonly
used ribozyme motif is the hammerhead, for which the sub-
strate sequence requirements are minimal. Design of the ham-
merhead ribozymeis disclosed in Usman et al., Current Opin.
Struct. Biol. (1996) 6:527-533. Usman also discusses the
therapeutic uses of ribozymes. Ribozymes can also be pre-
pared and used as described in Long et al., FASEB J. (1993)
7:25; Symons, Ann. Rev. Biochem. (1992) 61:641; Perrotta et
al., Biochem. (1992) 31:16-17; Ojwang et al., Proc. Natl.
Acad. Seci. (USA) (1992) 89:10802-10806; and U.S. Pat. No.
5,254,678. Ribozyme cleavage of HIV-I RNA is described in
U.S. Pat. No. 5,144,019; methods of cleaving RNA using
ribozymes is described in U.S. Pat. No. 5,116,742; and meth-
ods for increasing the specificity of ribozymes are described
in U.S. Pat. No. 5,225,337 and Koizumi et al., Nucleic Acid
Res. (1989) 17:7059-7071. Preparation and use of ribozyme
fragments in a hammerhead structure are also described by
Koizumi et al., Nucleic Acids Res. (1989) 17:7059-7071.
Preparation and use of ribozyme fragments in a hairpin struc-
ture are described by Chowrira and Burke, Nucleic Acids Res.
(1992) 20:2835. Ribozymes can also be made by rolling
transcription as described in Daubendiek and Kool, Nat. Bio-
technol. (1997) 15(3):273-277.

Another method for decreasing or blocking gene expres-
sion is by introducing double stranded small interfering
RNAs (siRNAs), which mediate sequence specific mRNA
degradation. RNA interference (RNAi) is the process of
sequence-specific, post-transcriptional gene silencing in ani-
mals and plants, initiated by double-stranded RNA (dsRNA)
that is homologous in sequence to the silenced gene. In vivo,
long dsRNA are cleaved by ribonuclease III to generate
21-and 22-nucleotide siRNAs. It has been shown that
21-nucleotide siRNA duplexes specifically suppress expres-
sion of endogenous and heterologous genes in different mam-
malian cell lines, including human embryonic kidney (293)
and HeL a cells (Elbashir et al. Nature 2001;411(6836):494-
8). Accordingly, translation of'a gene in a cell can be inhibited
by contacting the cell with short doublestranded RNAs hav-
ing a length of about 15 to 30 nucleotides, preferably of about
181021 nucleotides and most preferably 19 to 21 nucleotides.
Alternatively, a vector encoding such siRNAs or hairpin
RNAs that are metabolized into siRNAs can be introduced
into atarget cell (see, e.g., McManus etal. (2002) RNA 8:842;
Xia et al. (2002) Nature Biotechnology 20:1006; and Brum-
melkamp et al. (2002) Science 296:550. Vectors that can be
used are commercially available, e.g., from OligoEngine
under the name pSuper RNAi System™.

Gene expression can also be reduced by targeting deoxyri-
bonucleotide sequences complementary to the regulatory
region of the target gene (i.c.. the gene promoter and/or
enhancers) to form triple helical structures that prevent tran-
scription of the gene in target cells in the body. (See generally,
Helene, C. 1991, Anticancer Drug Des., 6(6):569-84; Helene,
C.etal., 1992, Ann, N.Y. Accad. Sci., 660:27-36; and Maher,
L.J., 1992, Bioassays 14(12):807-15).

In a further embodiment, RNA aptamers can be introduced
into or expressed in a cell. RNA aptamers are specific RNA
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ligands for proteins, such as for Tatand Rev RNA (Good et al.,
1997, Gene Therapy 4: 45-54) that can specifically inhibit
their translation.

Yet another method of decreasing the biological activity of
a polypeptide is by introducing into the cell a dominant nega-
tive mutant. A dominant negative mutant polypeptide will
interact with a molecule with which the polypeptide normally
interacts, thereby competing for the molecule, but since it is
biologically inactive, it will inhibit the biological activity of
the polypeptide. A dominant negative mutant of a protein can
be created, e.g., by mutating the substrate-binding domain,
the catalytic domain, or a cellular localization domain of the
polypeptide. Preferably, the mutant polypeptide will be over-
produced. Point mutations are made that have such an effect.
In addition, fusion of different polypeptides of various
lengths to the terminus of a protein can yield dominant nega-
tive mutants. General strategies are available for making
dominant negative mutants. See Herskowitz, Nature (1987)
329:219-222.

In another embodiment, the activity of one or more pro-
teins selected from the group consisting of NPT1, PNCI,
NMALI and NMA2 is decreased. This can be accomplished,
e.g., by contacting a cell with a compound that inhibits the
activity, e.g., enzymatic activity, of one of these proteins.
Assays for identifying such compounds are further described
herein.

In another embodiment, the flux through the NAD+ sal-
vage pathway in a cell is decreased by contacting the cell with
nicotinamide or a variant thereof having substantially the
same biological activity. In a preferred embodiment, a cell is
contacted with an amount of nicotinamide of about 0.1 mM to
about 100 mM, preferably about 1 mM to about 20 mM, even
more preferably 2 mM to about 10 mM, and most preferably
about 5 mM. Nicotinamide is commercially available (see,
e.g., the source provided in the Examples). A cell is contacted
with nicotinamide for a time sufficient to exert the desired
effect. For example, a cell can be contacted for at least about
60 minutes or at least about 24 hours with nicotinamide. A
cell may also be contacted continously with nicotinamide.

In addition to nicotinamide, cells can be contacted with
analogs thereof. Exemplary analogs include Pyrazinamide,
which is sold as an antituberculous agent. Analogs can be
identified, e.g., by screening of combinatorial libraries of
analogs for those having the desired activity. For example, an
assay for measuring life span can be used. Alternatively,
analogs of nicotinamide or agents that interact with the C
pocket of Sir2 family members can be identified by rational
drug design, as further described herein.

Exemplary analogs or derivatives of nicotinamide include
compounds of formula I:

L

P

Het R,

wherein,

Lis O,NR,or S;

R is alkyl or phenyl;

R, is —NH,, —O-alkyl, —N(R),, or —NH(R); and

Het is heteroaryl or heterocycloalkyl.

Particular analogs that may be used include compounds of
formula I and the attendant definitions, wherein L is O; com-
pounds of formula T and the attendant definitions, wherein R,
is —NH,; compounds of formula I and the attendant defini-
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tions, wherein Het is selected from the group consisting of
pyridine, furan, oxazole, imidazole, thiazole, isoxazole, pyra-
zole, isothiazole, pyridazine, pyrimidine, pyrazine, pyrrole,
tetrahydrofuran, 1:4 dioxane, 1,3,5-trioxane, pyrrolidine,
piperidine, and piperazine; compounds of formula I and the
attendant definitions, wherein Het is pyridine; compounds of
formula I and the attendant definitions, wherein L.is O and R,
is —NH,; compounds of formula I and the attendant defini-
tions, wherein L is O and Het is pyridine; compounds of
formula T and the attendant definitions, wherein R, is —NH,
and Het is pyridine; and compounds of formula I and the
attendant definitions, wherein L is O, R | is —NH,, and Het is
pyridine.

Other exemplary analogs or derivatives of nicotinamide
that can be used include compounds of formula II:

(Xn

(A

35 .
wherein,

LisO,NR,orS;

R is alkyl or phenyl;

R, is —NH,, —O-alkyl, —N(R),, or —NH(R);

X is H, alkyl, —O-alkyl, OH, halide, or NH,; and

n is an integer from 1 to 4 inclusive.

Particular analogs that may be used include compounds of
formula II and the attendant definitions, wherein L is O;
compounds of formula 1T and the attendant definitions,
wherein R, is —NH,; compounds of formula IT and the atten-
dant definitions, wherein X is H and n is 4; compounds of
formula II and the attendant definitions, wherein L is O and
R, is —NH,; compounds of formula II and the attendant
definitions, wherein L is O, X is H, and n is 4; compounds of

0 formulall and the attendant definitions, wherein R, is—INH,,

X is H, and n is 4; and compounds of formula II and the
attendant definitions, wherein L is O, R, is —NH,, X is H, and
nis 4.

Pharmaceutically acceptable salts and prodrugs of the

5 compounds described herein may also be used.
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Generally, any inhibitor of a Sir2 family member can be
used to reduce the life span of cells. Preferred inhibitors are
molecules that bind to the C pocket of a Sir2 family member,
e.g., nicotinamide or analogs thereof.

Alternatively, the level or activity of enzymes that produce
nicotinamide can be increased in a cell in which it is desired
to reduce its lifespan or render it more susceptible to stress.
For example, the level or activity of enzymes involved in the
biosynthesis of nicotinamide in the NAD+ salvage pathway
or in de novo synthesis pathways can be increased. Exem-
plary enzymes are set forth above in the previous section. Yet
another method for increasing the level of nicotinamide in
cells includes inhibiting enzymes that directly or indirectly
inactivate or degrade nicotinamide, e.g., nicotinamide methyl
transferase in yeast and human cells; nicotinamide phospho-
ribosyltransferase in human cells (discussed above) and yeast
NPT1 or human homologs thereof (also described above).
Methods for modulating gene expression levels or protein
activity are further described herein and also known in the art.

Inhibitors of NAMPRT include FK866 (Hasmann and
Schemainda, Cancer Research, 63:7436-7442, 2003) and
compounds described in WO97/48397 and in WO03/080054.
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In yet other embodiments, nicotinamide levels can be
increased in cells by increasing the level or activity of glyco-
hydrolases, which cleave NAD to nicotinamide. It is also
possibleto increase the level or activity of nicotinamide trans-
porters to increase the level of nicotinamide in cells.

Decreasing the lifespan of cells or their resistance to stress
can also be achieved in plant cells and microorganisms, by
modulating plant genes that correspond to the genes
described above. These genes have been described in the
previous section.

4. Methods for Identifying Agents that Modulate the Flux
Through the NAD+ Salvage Pathway or the Level of Nicoti-
namide in Cells

Agents include small molecules, e.g., small organic mol-
ecules, or any biological macromolecule, e.g., a nucleic acid,
such as DNA or RNA, single stranded or double stranded; a
protein or peptide; a polysaccharide; a lipid; or molecular
combinations thereof.

In one embodiment, a method for identifying a compound
that modulates the life span of a cell or its resistance to certain
types of stresses, comprises (i) contacting a protein selected
from the group consisting of NPT1, PNC1, NMA1 and
NMA2 with a test compound for an amount of time that
would be sufficient to affect the activity of the protein; and (i)
determining the activity of the enzyme, wherein a difference
in the activity of the enzyme in the presence of the test
compound relative to the absence of the test compound indi-
cates that the test compound is a compound that modulates the
life span of the cell. The method may further comprise con-
tacting a cell with the test compound and determining
whether the life span of the cell has been modulated. Alter-
natively, the method may further comprise contacting a cell
with the test compound and determining whether the resis-
tance of the cell to certain stresses, e.g., heatshock, osmotic
stress, high temperature, calorie restriction, DNA damaging
agents (e.g., U.V. and the mitochondrial mutagen ethidium
bromide), inappropriate nitrogen conditions, has been modu-
lated. Determining the activity of the enzyme can be con-
ducted as further described herein. It can also consist of
measuring the effect of the test compounds on the life span of
a cell or on its resitance to stress, e.g.. heatshock, osmotic
stress, etc.

As will be understood by a person of skill in the art, the
above-assay can also be conducted with a biologically active
portion or variant of one of the above-described proteins, such
as those described above. For example, a portion of a protein
can consist of its catalytic site. The catalytic site of S. cerevi-
sae and human NPT1 is located between about amino acids
209 and 240. The catalytic site of S. cerevisiae PNCI1 is
located at about amino acids 150-186. The catalytic site of
human NMNAT (homolog of NMA1 and NMA?2) is located
at about amino acids 100-110 and 280-310 (both sequences
contribute to the active site).

In another embodiment, the invention provides a method
for 1dentifying a compound that modulates the life span of a
cell or its resistance to certain types of stresses, comprising (i)
contacting a cell or a lysate, comprising a transcriptional
regulatory nucleic acid of a gene selected from the group
consisting of NPT1, PNC1, NMA1 and NMA2 operably
linked to a reporter gene, with a test compound for an amount
of time that would be sufficient to affect the transcriptional
regulatory nucleic acid; and (i1) determining the level or activ-
ity of the reporter gene, wherein a difference in the level or
activity of the reporter gene in the presence of the test com-
pound relative to the absence of the test compound indicates
that the test compound is a compound that modulates the life
span of the cell or its resistance to certain types of stresses.
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The method may further comprise contacting a cell with the
test compound and determining whether the life span of the
cell has been modulated. The method may also further com-
prise contacting a cell with the test compound and determin-
ing whether the resistance of the cell to certain stresses, e.g.,
heatshock, has been modulated. Transcriptional regulatory
nucleic acids are either known in the art or can easily be
isolated according to methods well known in the art. The
reporter gene can be any gene encoding a protein whose
expression can be detected, e.g., by fluorescence activated
cell sorting. The cell can be a prokaryotic or eukaryotic cell.
The lysate can be a complete lysate of a cell, prepared accord-
ing to methods known in the art, or it can be a fraction of a cell
lysate or a combination of several cell lysates or fractions of
cell lysates. A lysate may also comprise one or more recom-
binant proteins.

The invention also provides methods for regulating the
level of nicotinamide in cells. Such methods may comprising
identifying agents that modulate an enzyme that directly or
indirectly increases or decreases nicotinamide levels in a cell.
Exemplary enzymes are described herein. Assays can be con-
ducted essentially as described above for identifying agents
that modulate the NAD+ salvage pathway.

5. Methods for [dentifving Inhibitors of Sir2 and Sir2 Family
Members

As shown herein, nicotinamide inhibits Sir2 and human
SRT1. It has also been shown that nicotinamide inhibits Sir2
non-competitively by binding to the C pocket of Sir2. Accord-
ingly, the invention provides assays, €.g., based on rational
drug design, for identifying analogs of nicotinamide that are
alsoinhibitors of Sir2 and other members of the Sir2 family of
proteins which comprise a C pocket.

Accordingly, the present invention provides methods of
identifying agents that can be used for reducing the life span
of cells, such as to treat conditions that may benefit from
reducing the life span of certain cells. One such embodiment
comprises a method of identifying an agent for use as an
inhibitor of a Sir2 family member using a dataset comprising
the three-dimensional coordinates of at least a portion a Sir2
family member comprising the C pocket. The crystal struc-
ture of a Sir2 homolog is described in Min et al. (2001) Cell
105 269 and the structure is provided in Protein Data Bank ID
code 1ICI. The C pocket is located at about amino acids 70-90
and 127-167 of human SIRT1. The C pocket of Sir2 is located
at about amino acids 250-270 and 310-350. The coordinates
may further comprise the coordinates of nicotinamide or an
analog thereof. In a particular embodiment the three-dimen-
sional coordinates are those of a Sir2 homolog. In other
embodiments, assays comprise co-crystallizing at least a por-
tion of a Sir2 family member comptising the C pocket with a
compound, e.g., a nicotinamide analog. Co-crystallization
may be in the presence or absence of NAD+.

In one embodiment a potential agent is selected by per-
forming rational drug design with the three-dimensional
coordinates of a portion of a Sir2 family member comprising
atleast the C pocket. As noted above, preferably the selection
is performed in conjunction with computer modeling. The
potential agent is then contacted with the Sir2 family member
and the activity of the Sir2 family member is determined (e.g.,
measured). A potential agent is identified as an agent that
inhibits a Sir2 family member when there is a decrease in the
activity determined for the Sir2 family member.

In a preferred embodiment the method further comprises
preparing a supplemental crystal containing at least a portion
of a Sir2 family member comprising the C pocket bound to
the potential agent. Preferably the supplemental crystal effec-
tively diffracts X-rays for the determination of the atomic
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coordinates to aresolution of better than 5.0 Angstroms, more
preferably to a resolution equal to or better than 3.5 Ang-
stroms, and even more preferably to a resolution equal to or
better than 3.3 Angstroms. The three-dimensional coordi-
nates of the supplemental crystal are then determined with
molecular replacement analysis and a second generation
agent is selected by performing rational drug design with the
three-dimensional coordinates determined for the supple-
mental crystal. Preferably the selection is performed in con-
junction with computer modeling. The second generation
agent can be an analog of nicotinamide.

As should be readily apparent the three-dimensional struc-
ture of a supplemental crystal can be determined by molecu-
lar replacement analysis or multiwavelength anomalous dis-
persion or multiple isomorphous replacement. A candidate
drug can then selected by performing rational drug design
with the three-dimensional structure determined for the
supplemental crystal, preferably in conjunction with com-
puter modeling. The candidate drug can then be tested in a
large number of drug screening assays using standard bio-
chemical methodology exemplified herein.

The method can further comprise contacting the second
generation agent with a Sir2 family member or portion
thereof of a different species and determining (e.g., measur-
ing) the activity of the Sir2 family member or portion thereof
of the other species. A potential agent is then identified as an
agent for use as an essentially specific inhibitor of a Sir2
family member of a first species when there is significantly
less change (a factor of two or more) in the activity of the Sir2
family member of other species relative to that observed for
the Sir2 family member of the first species. Preferably no, or
alternatively minimal change (i.e., less than 15%) in the activ-
ity of the other species is observed.

In one aspect, the present invention provides a computer-
assisted method for identifying an inhibitor of the activity of
a Sir2 family member including: supplying a computer mod-
eling application with a set of structure coordinates of a
molecule or molecular complex, the molecule or molecular
complex including at least a portion of a Sir2 family member
comprising a C pocket; supplying the computer modeling
application with a set of structure coordinates of a chemical
entity, e.g., an analog of nicotinamide; and determining
whether the chemical entity is an inhibitor expected to bind to
or interfere with the molecule or molecular complex, wherein
binding to or interfering with the molecule or molecular com-
plex is indicative of potential inhibition of the activity of the
Sir2 family member. Preferably determining whether the
chemical entity is an inhibitor expected to bind to or interfere
with the molecule or molecular complex includes performing
a fitting operation between the chemical entity and a binding
pocket of the molecule or molecular complex, followed by
computationally analyzing the results of the fitting operation
to quantify the association between the chemical entity and
the binding pocket. The method may further includes screen-
ing a library of chemical entities. The method may also fur-
ther include supplying or synthesizing the potential inhibitor,
then assaying the potential inhibitor to determine whether it
inhibits the activity of a Sir2 family member.

In another aspect, the present invention provides a method
for making an inhibitor of a Sir2 family member, the method
including chemically or enzymatically synthesizing a chemi-
cal entity to yield an inhibitor of the activity of a Sir2 family
member, the chemical entity having been designed during a
computer-assisted process, e.g., as described above.

The present invention further provides an apparatus that
comprises a representation of a complex between Sir2 family
member and nicotinamide or analog thereof. One such appa-
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ratus is a computer that comprises the representation of the
complex in computer memory. In one embodiment, the com-
puter comprises a machine-readable data storage medium
which contains data storage material that is encoded with
machine-readable data which comprises the atomic coordi-
nates of the complex. The computer may further comprise a
working memory for storing instructions for processing the
machine-readable data, a central processing unit coupled to
both the working memory and to the machine-readable data
storage medium for processing the machine readable data
into a three-dimensional representation of the complex. In a
preferred embodiment, the computer also comprises a display
that is coupled to the central-processing unit for displaying
the three-dimensional representation.

6. Uses of the Invention

As further described herein, increasing the flux through the
NAD+ salvage pathway, e.g., by increasing the activity or
level of proteins in the pathway, or reducing nicotinamide
levels mimics calorie restriction and thereby promotes cell
survival and health in cells and organisms.

In one embodiment, increasing the flux through the NAD+
salvage pathway or decreasing nicotinamide levels is used to
increase the life span of cells and protect cells against at least
certain stresses in vitro. For example, cells in culture can be
treated as described herein, such as to keep them proliferating
longer. This is particularly useful for primary cell cultures
(i.e., cells obtained from an organism, e.g., a human), which
are known to have only a limited life span in culture. Treating
such cells according to methods of the invention, e.g., by
integrating one or more additional copies of one or more
genes selected from the group consisting of NPT1, PNCI,
NMA1, NMA2, nicotinamide N-methyl transferase (NNMT
and NNT 1), nicotinamide phosphoribosyltransferase
(NAMPRT), and optionally human nicotinamide mononucle-
otide adenylyltransferase (NMNAT, NMAT-1 and 2), will
result in increasing the amount of time that the cells are kept
alive in culture. Embryonic stem (ES) cells and pluripotent
cells, and cells differentiated therefrom, can also be modified
according to the methods of the invention such as to keep the
cells or progeny thereof in culture for longer periods of time.
Primary cultures of cells, ES cells, pluripotent cells and prog-
eny thereof can be used, ¢.g., to identify compounds having
particular biological effects on the cells or for testing the
toxicity of compounds on the cells (i.e., cytotoxicity assays).

Instead of introducing one or more copies of the above-
cited genes into a cell, a cell may also be contacted with the
protein encoded by these genes. For example, NAMPRT or a
variant thereof can be added to the culture medium of cells,
from where it will interact with the cell and exert its activities
on the cell. NAMPRT may be added at a concentration suffi-
cient for inducing a biological effect on cells, e.g., at a con-
centration of about 1 to 1000 ng/ml, more preferably about 1
to 300 ng/ml and most preferably about 3 to 100 ng/ml.
Concentrations of about 10 and 100 ng/ml may also be used.
NAMPRT may be produced in vitro, e.g., in a bacterial
expression system or in an in vitro transcription and/or trans-
lation system, or in vivo, e.g., in cells, according to methods
known in the art.

In another embodiment, nicotinamide riboside or a func-
tional homolog or prodrug thereof is added to the culture.

In other embodiments, cells that are intended to be pre-
served for long periods of time are treated as described herein.
The cells can be cells in suspension, e.g., blood cells, or
tissues or organs. For example, blood collected from an indi-
vidual for administering to an individual can be treated
according to the invention, such as to preserve the blood cells
for longer periods of time. Other cells that one may treat for
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extending their lifespan and/or protect them against certain
types of stresses include cells for consumption, e.g., cells
from non-human mammals (such as meat), or plant cells
(such as vegetables).

In another embodiment, cells obtained from a subject, e.g.,
ahuman or other mammal, are treated according to the meth-
ods of the invention and then administered to the same or a
different subject. Accordingly, cells or tissues obtained from
a donor for use as a graft can be treated as described herein
prior to administering to the recipient of the graft. For
example, bone marrow cells can be obtained from a subject,
treated ex vivo to extend their life span and protect the cells
against certain types of stresses and then administered to a
recipient. In certain embodiments, the cells of the graft, e.g.,
bone marrow, are transfected with one or more copies of one
or more genes selected from the group consisting of NPT1,
PNC1, NMA1, NMA2, NMNAT, NNTI, NAMPRT, and
optionally NMAT-1 or 2. In other embodiments, a graft is
incubated with a solution comprising the protein, e.g., NAM-
PRT. The graft can be an organ, a tissue or loose cells.

In yet other embodiments, cells are treated in vivo to
increase their life span and/or protect them against certain
types of stresses. For example, skin can be protected from
aging, e.g.. developing wrinkles, by treating skin, e.g., epi-
thelial cells, as described herein. In an exemplary embodi-
ment, skin is contacted with a pharmaceutical or cosmetic
composition comprising a compound that is capable of
increasing the transcription of one or more genes selected
from the group consisting of NPT1, PNC1, NMA1, NMA2,
NMNAT, NNT1, NAMPRT, and optionally NMAT-1 or 2. In
another embodiment, skin cells are contacted with a compo-
sition comprising a protein selected from the group consisting
of NPT1, PNC1, NMAI, NMA2, NMNAT, NNT1, NAM-
PRT, and optionally NMAT-1 or 2, or a nucleic acid encoding
such, and a vehicle for delivering the nucleic acid or protein to
the cells. Nicotinamide riboside or a functional homolog or
prodrug thereof can also be administered in vivo.

Compounds, nucleic acids and proteins can also be deliv-
ered to a tissue or organ within a subject, such as by injection,
to extend the life span of the cells or protect the cells against
certain stresses.

In yet another embodiment, an agent of the invention, e.g.
an NPT1, PNC1, NMA1, NMA2, NMNAT, NNT1, NAM-
PRT, and/or NMAT-1 or 2 protein or nucleic acid or agent
increasing the level of expression or activity of these proteins,
is administered to subjects, such as to generally increase the
life span of its cells, protect its cells against certain types of
stresses, to prevent or treat diseases of aging, the process of
aging itself, diseases or afflictions associate with cell death,
infection and toxic agents. For example, an agent can be taken
by subjects as food supplements. In one embodiment, such an
agent is a component of a multi-vitamin complex.

All animals typically go through a period of growth and
maturation followed by a period of progressive and irrevers-
ible physiological decline ending in death. The length of time
from birth to death is known as the life span of an organism,
and each organism has a characteristic average life span.
Aging is a physical manifestation of the changes underlying
the passage of time as measured by percent of average life
span.

In some cases. characteristics of aging can be quite obvi-
ous. For example, characteristics of older humans include
skin wrinkling, graying of the hair, baldness, and cataracts, as
well as hypermelanosis, osteoporosis, cerebral cortical atro-
phy, lymphoid depletion, thymic atrophy, increased incidence
of diabetes type 11, atherosclerosis, cancer, and heart disease.
Nehlin et al. (2000), Annals NY Acad Sci 980:176-79. Other
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aspects of mammalian aging include weight loss, lordoky-
phosis (hunchback spine), absence of vigor, lymphoid atro-
phy, decreased bone density, dermal thickening and subcuta-
neous adipose tissue, decreased ability to tolerate stress
(including heat or cold, wounding, anesthesia, and hemato-
poietic precursor cell ablation), liver pathology, atrophy of
intestinal villi, skin ulceration, amyloid deposits, and joint
diseases. Tyner et al. (2002), Nature 415:45-53.

Careful observation reveals characteristics of aging in
other eukaryotes, including invertebrates. For example, char-
acteristics of aging in the model organism C. elegans include
slow movement, flaccidity, yolk accumulation, intestinal
autofluorescence (lipofuscin), loss of ability to eat food or
dispel waste, necrotic cavities in tissues, and germ cell
appearance.

Those skilled in the art will recognize that the aging pro-
cess is also manifested at the cellular level, as well as in
mitochondria. Cellular aging is manifested in loss of doubling
capacity, increased levels of apoptosis, changes in differenti-
ated phenotype, and changes in metabolism, e.g., decreased
levels of protein synthesis and turnover.

Given the programmed nature of cellular and organismal
aging, itis possible to evaluate the “biological age” ofacell or
organism by means of phenotypic characteristics that are
correlated with aging. For example, biological age can be
deduced from patterns of gene expression, resistance to stress
(e.g., oxidative or genotoxic stress), rate of cellular prolifera-
tion, and the metabolic characteristics of cells (e.g., rates of
protein synthesis and turnover, mitochondrial function,
ubiquinone biosynthesis, cholesterol biosynthesis, ATP lev-
els within the cell, levels of a Krebs cycle intermediate in the
cell, glucose metabolism, nucleic acid metabolism, riboso-
mal translation rates, etc.). As used herein, “biological age” is
a measure of the age of a cell or organism based upon the
molecular characteristics of the cell or organism. Biological
age is distinct from “temporal age,” which refers to the age of
a cell or organism as measured by days, months, and years.

The rate of aging of an organism, e.g., an invertebrate (e.g.,
aworm or a fly) or a vertebrate (e.g., a rodent, e.g., a mouse)
can be determined by a variety of methods, e.g., by one or
more of: a) assessing the life span of the cell or the organism;
(b) assessing the presence or abundance ofa gene transcript or
gene product in the cell or organism that has a biological
age-dependent expression pattern; (c) evaluating resistance
of the cell or organism to stress, e.g., genotoxic stress (e.g.,
etopicide, UV irradition, exposure to a mutagen, and so forth)
or oxidative stress; (d) evaluating one or more metabolic
parameters of the cell or organism; (e) evaluating the prolif-
erative capacity of the cell or a set of cells present in the
organism; and (f) evaluating physical appearance or behavior
of the cell or organism. In one example, evaluating the rate of
aging includes directly measuring the average life span of a
group of animals (e.g., a group of genetically matched ani-
mals) and comparing the resulting average to the average life
span of a control group of animals (e.g.. a group of animals
that did not receive the test compound but are genetically
matched to the group of animals that did receive the test
compound). Alternatively, the rate of aging of an organism
can be determined by measuring an age-related parameter.
Examples of age-related parameters include: appearance,
e.g., visible signs of age; the expression of one or more genes
or proteins (e.g., genes or proteins that have an age-related
expression pattern); resistance to oxidative stress; metabolic
parameters (e.g., protein synthesis or degradation,
ubiquinone biosynthesis, cholesterol biosynthesis, ATP lev-
els, glucose metabolism, nucleic acid metabolism, ribosomal
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translation rates, etc.); and cellular proliferation (e.g., of reti-
nal cells, bone cells, white blood cells, etc.).

Agents that extend the life span of cells and protect them
from stress can also be administered to subjects for treate-
ment of diseases, e.g., chronic diseases, associated with cell
death, such as to protect the cells from cell death, e.g., dis-
eases associated with neural cell death or muscular cell death.
In particular, based at least on the fact that SIRT1 protects
neurons from axonal degeneration (Araki et al. (2004) Sci-
ence 305:1010), the methods may be used to prevent or alle-
viate neurodegeneration and peripheral neurophathies asso-
ciated with chemotherapy, such as cancer chemotherapy
(e.g., taxol or cisplatin treatment). Neurodegenerative dis-
eases include Parkinson’s disease, Alzheimer’s disease, mul-
tiple sclerosis, amniotropic lateral sclerosis (ALS), Hunting-
ton’s disease and muscular dystrophy. Thus, the agents may
be used as neuroprotective agents. The agent may be admin-
istered in the tissue or organ likely to encounter cell death.

Such agents can also be administered to a subject suffering
from an acute damage to an organ or tissue, e.g., a subject
suffering from stroke or myocardial infarction or a subject
suffering from a spinal cord injury. Agents can also be used to
repair an alcoholic’s liver.

More generally, agents described herein may be adminis-
tered to subjects in which caloric restriction or the effects
thereof would be beneficial. Subjects may be subjects suffer-
ing from an aging disease, e.g., stroke, heart disease, arthritis,
high blood pressure. They may also be administered for treat-
ing a metabolic disease, such as insulin-resistance or other
precursor symptom of type II diabetes, type II diabetes or
complications thereof. Methods may increase insulin sensi-
tivity or decrease insulin levels in a subject. A method may
comprise administering to a subject, such as a subject in need
thereof, a pharmaceutically effective amount of an agent that
increases the activity or protein level of a protein involved in
the NAD+ salvation pathway, i.e., in the synthesis of NAD+
and the degradation of nicotinamide. A subject in need of
such a treatment may be a subject who has insulin resistance
or other precusor symptom of type II diabetes, who has type
[1 diabetes, or who is likely to develop any of these conditions.
For example, the subject may be a subject having insulin
resistance, e.g., having high circulating levels of insulin and/
orassociated conditions, such as hyperlipidemia, dyslipogen-
esis, hypercholesterolemia, impaired glucose tolerance, high
blood glucose sugar level, other manifestations of syndrome
X, hypertension, atherosclerosis and lipodystrophy.

Based at least in part on the facts that NAMPRT is upregu-
lated in cells exposed to hypoxia and extra copies of the
NAMPRT gene boost SIRT1 activity, other subject that may
be treated include patients suffering from a cardiac disease,
e.g., ischemia, cardiovascular diseases, myocardial infarc-
tion, congestive heart disease. Cardiovascular diseases that
can be treated or prevented include cardiomyopathy or myo-
carditis; such as idiopathic cardiomyopathy, metabolic cardi-
omyopathy, alcoholic cardiomyopathy, drug-induced cardi-
omyopathy, ischemic cardiomyopathy, and hypertensive
cardiomyopathy. Also treatable or preventable using methods
described herein are atheromatous disorders of the major
blood vessels (macrovascular disease) such as the aorta, the
coronary arteries, the carotid arteries, the cerebrovascular
arteries, the renal arteries, the iliac arteries, the femoral arter-
ies, and the popliteal arteries. Other vascular diseases thatcan
be treated or prevented include those related to the retinal
arterioles, the glomerular arterioles, the vasa nervorum, car-
diac arterioles, and associated capillary beds of the eye, the
kidney, the heart, and the central and peripheral nervous sys-
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tems. The methods may also be used for increasing HDL
levels in plasma of an individual.

Yet other disorders that may be treated with sirtuin activa-
tors include restenosis, e.g., following coronary intervention,
and disorders relating to an abnormal level of high density
and low density cholesterol. The methods may also be used
for treating or preventing viral infections, such as infections
by influenza, herpes or papilloma virus.

The agents may also be used to help prevent the spread of
disease/infection on an individual or population level, e.g.
during a SARS or influenza outbreak.

Based at least on the fact that SIRT1 deacetylates and
regulates NF-kB, the methods described herein may be used
to treate inflammatory conditions, such as arthritis, Crohn’s
disease, inflammatory bowel disease, rheumatoid arthritis,
asthma, atherosclerosis, coronary heart disease, reperfusion
injury from heart attack or stroke, ulcerative colitis, and active
inflammatory bowel disease (IBD).

They may also be used as antifungal agents.

Other conditions that can be treated include ocular disor-
ders, e.g., associated with the aging of the eye, such as cata-
racts, glaucoma, and macular degeneration. They can also be
used for treatment of diseases, e.g., AIDS; fulminant hepati-
tis; diseases linked to degeneration of the brain, such as
Creutzfeld-Jakob disease, retinitis pigmentosa and cerebellar
degeneration; myelodysplasis such as aplastic anemia;
ischemic diseases such as myocardial infarction and stroke;
hepatic diseases such as alcoholic hepatitis, hepatitis B and
hepatitis C; joint-diseases such as osteoarthritis; atheroscle-
rosis; alopecia; damage to the skin due to UV light; lichen
planus; atrophy of the skin; cataract; and graft rejections.

Based at least on the fact that sirtuins have been shown to
be involved in fat mobilization, e.g., by repressing PPAR-y
(Picard et al. (2004) Nature 430:921), methods described
herein for mimicking calorie restriction can also be used for
stimulating fat mobilization, e.g., for treating obesity and any
condition resulting therefrom or for reducing weight gain.
Alternatively, stimulating weight gain can be achieved by the
methods described herein that counter calorie restriction.

In addition, the agents described herein may be adminis-
tered to subjects for protection against or treatment of expo-
sure to toxic agents, radiation or any warfare chemical. For
example, the agents may be administered to subjects who
have recently received or are likely to receive a dose of radia-
tion. In one embodiment, the dose of radiation is received as
part of a work-related or medical procedure, e.g., working in
anuclear power plant, flying an airplane, an X-ray, CAT scan,
or the administration of a radioactive dye for medical imag-
ing; in such an embodiment, the agent is administered as a
prophylactic measure. In another embodiment, the radiation
exposure is received unintentionally, e.g., as a result of an
industrial accident, terrorist act, or act of war involving radio-
active material. [n such a case, the agent would be adminis-
tered as soon as possible after the exposure to inhibit apop-
tosis and the subsequent development of acute radiation
syndrome. The agents described herein could also be used to
protect non-cancerous cells from the effects of chemotherapy,
such as to protect neurons in the case of preventing neuropa-
thies, hematoxicity, renal toxicity, and gastrointestinal toxic-
ity due to chemotherapy.

Since DNA repair is also inhibited by nicotinamide, agents
that reduce nicotinamide levels in cells can be used to pro-
mote DNA repair in cells. Accordingly, cells exposed to con-
ditions that may trigger DNA damage, e.g., U.S. radiation and
ethidium bromide, may be protected by contacting them
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before, during and/or after exposure to the DNA damaging
agent, with an agent that reduces nicotinamide levels in the
cell.

In other embodiments, the methods of the invention are
applied to veast cells. Situations in which it may be desirable
to extend the life span of yeast cells and to protect them
against certain types of stress include any process in which
yeast is used, e.g., the making of beer, yogurt, and bakery,
e.g., making of bread. Use of yeast having an extended life
span can result in using less yeast or in having the yeast be
active for longer periods of time.

The agents described herein may also be used to mimic
calorie restriction in plants, e.g., to increase lifespan, stress
resistance, and resistance to apoptosis in plants. In one
embodiment, an agent is applied to plants, either on a periodic
basis or intimes of stress, e.g., drought, frost, or an infestation
of insects or fungi. In another embodiment, plants are geneti-
cally modified to produce an agent. In another embodiment,
plants and fruits are treated with an agent prior to picking and
shipping to increase resistance to damage during shipping.

The agents may also be used to increase lifespan, stress
resistance and resistance to apoptosis in insects. In this
embodiment, the agents would be applied to useful insects,
e.g., bees and other insects that are involved in pollination of
plants. Ina specific embodiment, an agent would be applied to
bees involved in the production of honey.

Higher doses of the agents may also be used as a pesticide
by interfering with the regulation of silenced genes and the
regulation of apoptosis during development. In this embodi-
ment, an agent is applied to plants using a method known in
the art that ensures the compound is bio-available to insect
larvae, and not to plants.

The invention also provides methods for reducing the life
span of a cell or rendering it more susceptible to certain
stresses, €.2., heatshock, radioactivity, osmotic stress, DNA
damage, e.g., from U.V, and chemotherapeutic drugs. Such
methods can be used whenever it is desired to reduce the life
span of a cell. Exemplary methods include decreasing the
level or activity of a protein selected from the group consist-
ing of NPT1, PNC1,NMA1, NMA2, NMNAT,NNT1, NAM-
PRT, and optionally NMAT-1 or 2.

Another method includes increasing the level of nicotina-
mide in the cell and/or decreasing the ratio of NAD+/nicoti-
namide, e.g., by contacting the cell with nicotinamide, or by
increasing the level or activity of an enzyme stimulating
nicotinamide biosynthesis or decreasing the level or activity
of an enzyme inhibiting or degrading nicotinamide, e.g., by
decreasing the level or activity of NPT1, PNC1, NMAL,
NMA2, NMNAT, NNT1, NAMPRT, and optionally NMAT-1
or 2. Exemplary situations in which one may wish to reduce
the life span of a cell or render it more susceptible to certain
stresses include treatment of cancer, autoimmune diseases or
any other situation in which it is desirable to eliminate cells in
a subject. Nicotinamide or other compounds or agents of the
invention can be administered directly to the area containing
the undesirable cells, e.g., in a tumor, such as in a cancer
patient. These methods can also be used to eliminate cells or
prevent further proliferation of undesirable cells of non-ma-
lignant tumors, e.g., warts, beauty spots and fibromas. For
example, nicotinamide can be injected into a wart, or alter-
natively be included in a pharmaceutical composition for
applying onto the wart. The methods may also be used to
make tumor cells more sensitive to agents that rely on killing
them, e.g., chemotherapeutic drugs.

Methods for decreasing the life span of cells or increasing
their susceptibility to certain stresses can be applied to yeast,
e.g., yeast infecting subjects. Accordingly, a composition
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comprising an agent, e.g., nicotinamide, can be applied to the
location of the yeast infection.

Subjects that may be treated as described herein include
eukaryotes, such as mammals, e.g., humans, ovines, bovines,
equines, porcines, canines, felines, non-human primate,
mice, and rats. Cells that may be treated include eukaryotic
cells, e.g., from a subject described above, or plant cells, yeast
cells and prokaryotic cells, e.g., bacterial cells.

Also provided herein are diagnostic methods, e.g., meth-
ods for determining the general health of a subject. Based at
least in part on the fact that expression of the genes described
herein is elevated in subjects that are fasting and in cells
submitted to various stresses, the measurement of the level of
gene expression could be indicative of whether a subject is or
has been exposed to stress or has or is likely to develop a
disease associated with stress or any of the diseases described
herein. In addition, based at least in part on the fact that
NAMPRT is produced in response to cell stress, the level of
NAMPRT may be an early marker for cancer. In an illustrative
embodiment, a diagnostic method comprises providing a
sample from a subject and determining the level of gene
expression, such as protein level, of one or more of NPT1,
PNC1, NMA1, NMA2, NNMT, NNT1, NAMPRT, NMNAT,
NMAT-1 and NMAT-2 is determined. A higher level of gene
expression in a cell or level of the protein in serum, relative to
a control is indicative that the subject tested is or has been
exposed to stress or a disease related thereto, such as the
diseases described herein. A control may be a value repre-
senting an average level obtained from two or more individu-
als that are not believed to be under any conditions that would
elevate or decrease the particular factor that is evaluated in the
diagnosis. A control value may be an average value obtained
from 10 or more or from 100 or more individuals. A differ-
ence of a factor of at least about 50%, 2 fold, 3 fold, 5 fold, 10
fold or more may be significant.

A diagnostic assay may comprise obtaining a sample of a
bodily fluid, e.g., blood or serum, if the protein to be mea-
sured exists in soluble extracellular form, e.g.. NAMPRT. A
diagnostic assay may also comprise obtaining a cell sample
and determining the level of gene transcript, e.g., mRNA, or
protein. The sample of cells may be a sample of blood cells,
e.g., peripheral blood mononuclear cells, skin cells, or cells of
hair follicles, cheek swabs, tissue biopsies, and lumpecto-
mies. Methods for determining protein or transcript levels are
well known in the art. Methods for determining protein levels
may, e.g., involve the use of antibodies.

Diagnostic methods may also be used to determine the
presence of likelihood of development of a particular disease
or disorder, e.g., those described herein. In addition, the diag-
nostic methods described herein may be used to identify
individuals who have been or are subject to stress conditions,
e.g., as a result of irradiation.

A diagnostic method may also be used to identify individu-
als who may be more sensitive to stress conditions, relative to
other individuals. Such a diagnostic method may involve
exposing a subject to a stress condition, and evaluating a
characteristic of the subject before and after exposure to the
stress condition. The characteristic may be the level or activ-
ity of a protein described herein, e.g., NAMPRT, or the level
of NAD+/NADH or nicotinamide.

A subject having been diagnosed with elevated levels of
one or more of NPT1,PNC1,NMA1,NMA2, NNMT, NNT1,
NAMPRT, NMNAT, NMAT-1 and NMAT-2, may then be
treated accordingly, following which a second sample may be
obtained and subjected to the diagnostic method.
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7. Pharmaceutical Compositions and Methods

Compounds, nucleic acids, proteins, cells and other com-
positions can be administered to a subject according to meth-
ods known in the art. For example, nucleic acids encoding a
protein or an antisense molecule can be administered to a
subjectas described above, e.g., using a viral vector. Cells can
be administered according to methods for administering a
graft to a subject, which may be accompanied, e.g., by admin-
istration of an immunosuppressant drug, e.g., cyclosporin A.
For general principles in medicinal formulation, the reader is
referred to Cell Therapy: Stem Cell Transplantation, Gene
Therapy. and Cellular Inmunotherapy, by G. Morstyn & W.
Sheridan eds, Cambridge University Press, 1996; and
Hematopoietic Stem Cell Therapy, E. D. Ball, J. Lister & P.
Law, Churchill Livingstone, 2000.

Pharmaceutical agents for use in accordance with the
present methods may be formulated in conventional manner
using one or more physiologically acceptable carriers or
excipients. Thus, proteins and nucleic acids described herein
as well as compounds or agents that increase the protein or
expression level of nucleic acids described herein, and their
physiologically acceptable salts and solvates may be formu-
lated for administration by, for example, injection, inhalation
or insufflation (either through the mouth or the nose) or oral,
buccal, parenteral or rectal administration. In one embodi-
ment, the agent is administered locally, e.g., at the site where
the target cells are present, such as by the use of a patch.

Agents can be formulated for a variety of loads of admin-
istration, including systemic and topical or localized admin-
istration. Techniques and formulations generally may be
found in Remmington’s Pharmaceutical Sciences, Meade
Publishing Co., Easton, Pa. For systemic administration,
injection is preferred, including intramuscular, intravenous,
intraperitoneal, and subcutaneous. For injection, the agents
can be formulated in liquid solutions, preferably in physi-
ologically compatible buffers such as Hank’s solution or
Ringer’s solution. In addition, the agents may be formulated
in solid form and redissolved or suspended immediately prior
to use. Lyophilized forms are also included.

For oral administration, the pharmaceutical compositions
may take the form of, for example, tablets, lozanges, or cap-
sules prepared by conventional means with pharmaceutically
acceptable excipients such as binding agents (e.g., pregelati-
nised maize starch, polyvinylpyrrolidone or hydroxypropyl
methylcellulose); fillers (e.g.. lactose, microcrystalline cellu-
lose or calcium hydrogen phosphate); lubricants (e.g., mag-
nesium stearate, talc or silica); disintegrants (e.g., potato
starch or sodium starch glycolate); or wetting agents (e.g.,
sodium lauryl sulphate). The tablets may be coated by meth-
ods well known in the art. Liquid preparations for oral admin-
istration may take the form of, for example, solutions, syrups
or suspensions, or they may be presented as a dry product for
constitution with water or other suitable vehicle before use.
Such liquid preparations may be prepared by conventional
means with pharmaceutically acceptable additives such as
suspending agents (e.g., sorbitol syrup, cellulose derivatives
or hydrogenated edible fats); emulsifying agents (e.g., leci-
thin or acacia); non-aqueous vehicles (e.g., ationd oil, oily
esters, ethyl alcohol or fractionated vegetable oils); and pre-
servatives (e.g., methyl or propyl-p-hydroxybenzoates or sor-
bic acid). The preparations may also contain buffer salts,
flavoring, coloring and sweetening agents as appropriate.
Preparations for oral administration may be suitably formu-
lated to give controlled release of the active compound.

Agents that may oxidize and lose biological activity, espe-
cially in a liquid or semi-solid form, may be prepared in a
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nitrogen atmosphere or sealed in a type of capsule and/or foil
package that excludes oxygen (e.g. Capsugel™).

For administration by inhalation, the agents may be con-
veniently delivered in the form of an aerosol spray presenta-
tion from pressurized packs or a nebuliser, with the use of a
suitable propellant. e.g., dichlorodifluvoromethane, trichlorof-
Iuoromethane, dichlorotetrafluoroethane, carbon dioxide or
other suitable gas. In the case of a pressurized aerosol the
dosage unit may be determined by providing a valve to deliver
ametered amount. Capsules and cartridges ofe.g., gelatin, for
use in an inhaler or insufflator may be formulated containing
a powder mix of the agent and a suitable powder base such as
lactose or starch.

The agents may be fornmulated for parenteral administra-
tion by injection, e.g., by bolus injection or continuous infu-
sion. Formulations for injection may be presented in unit
dosage form, e.g., in ampoules or in multi-dose containers,
with an added preservative. The agents may take such forms
as suspensions, solutions or emulsions in oily or aqueous
vehicles, and may contain formulatory agents such as sus-
pending, stabilizing and/or dispersing agents. Alternatively,
the active ingredient may be in powder form for constitution
with a suitable vehicle, e.g., sterile pyrogen-free water, before
use.

The agents may also be formulated in rectal compositions
such as suppositories or retention enemas, e.g., containing
conventional suppository bases such as cocoa butter or other
glycerides.

In addition to the formulations described previously, the
agents may also be formulated as a depot preparation. Such
long acting formulations may be administered by implanta-
tion (for example subcutaneously or intramuscularly) or by
intramuscular injection. Thus, forexample, the agents may be
formulated with suitable polymeric or hydrophobic materials
(for example as an emulsion in an acceptable oil) or ion
exchange resins, or as sparingly soluble derivatives, for
example, as a sparingly soluble salt. Controlled release for-
mula also include patches, e.g., transdermal patches. Patches
may be used with a sonic applicator that deploys ultrasound in
a unique combination of waveforms to introduce drug mol-
ecules through the skin that normally could not be effectively
delivered transdermally.

Pharmaceutical compositions (including cosmetic prepa-
rations) may comprise from about 0.00001 to 100% such as
from 0.001 to 10% or from 0.1% to 5% by weight of one or
more agents described herein.

In one embodiment, an agent described herein, is incorpo-
rated into a topical formulation containing a topical carrier
that s generally suited to topical drug administration and
comprising any such material known in the art. The topical
carrier may be selected so as to provide the composition in the
desired form, e.g., as an ointment, lotion, cream, microemul-
sion, gel, oil, solution, or the like, and may be comprised of a
material of either naturally occurring or synthetic origin. It is
preferable that the selected carrier not adversely affect the
active agent or other components of the topical formulation.
Examples of suitable topical carriers for use herein include
water, alcohols and other nontoxic organic solvents, glycerin,
mineral oil, silicone, petroleum jelly, lanolin, fatty acids,
vegetable oils, parabens, waxes, and the like.

Formulations may be colorless, odorless ointments,
lotions, creams, microemulsions and gels.

Agents may be incorporated into ointments, which gener-
ally are semisolid preparations which are typically based on
petrolatum or other petroleum derivatives. The specific oint-
ment base to be used, as will be appreciated by those skilled
in the art, is one that will provide for optimum drug delivery,
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and, preferably, will provide for other desired characteristics
as well, e.g., emolliency or the like. As with other carriers or
vehicles, an ointment base should be inert, stable, nonirritat-
ing and nonsensitizing. As explained in Remington’s, oint-
ment bases may be grouped in four classes: oleaginous bases;
emulsifiable bases; emulsion bases; and water-soluble bases.
Oleaginous ointment bases include, for example, vegetable
oils, fats obtained from animals, and semisolid hydrocarbons
obtained from petroleum. Emulsifiable ointment bases, also
known as absorbent ointment bases, contain little or no water
and include, for example, hydroxystearin sulfate, anhydrous
lanolin and hydrophilic petrolatum. Emulsion ointment bases
are either water-in-oil (W/O) emulsions or oil-in-water
(O/W) emulsions, and include, for example, cetyl alcohol,
glyceryl monostearate, lanolin and stearic acid. Exemplary
water-soluble ointment bases are prepared from polyethylene
glycols (PEGs) of varying molecular weight; again, reference
may be had to Remington’s, supra, for further information.

Agents may be incorporated into lotions, which generally
are preparations to be applied to the skin surface without
friction, and are typically liquid or semiliquid preparations in
which solid particles, including the active agent, are present
in a water or alcohol base. Lotions are usually suspensions of
solids, and may comprise a liquid oily emulsion of the oil-in-
water type. Lotions are preferred formulations for treating
large body areas, because of the ease of applying a more fluid
composition. It is generally necessary that the insoluble mat-
ter in a lotion be finely divided. Lotions will typically contain
suspending agents to produce better dispersions as well as
compounds useful for localizing and holding the active agent
in contact with the skin, e.g., methylcellulose, sodium car-
boxymethylcellulose, or the like. An exemplary lotion formu-
lation for use in conjunction with the present method contains
propylene glycol mixed with a hydrophilic petrolatum such as
that which may be obtained under the trademark Aquaphor™
from Beiersdorf, Inc. (Norwalk, Conn.).

Agents may be incorporated into creams, which generally
are viscous liquid or semisolid emulsions, either oil-in-water
or water-in-oil. Cream bases are water-washable, and contain
an oil phase, an emulsifier and an aqueous phase. The oil
phase is generally comprised of petrolatum and a fatty alcohol
such as cetyl or stearyl alcohol; the aqueous phase usually,
although not necessarily, exceeds the oil phase in volume, and
generally contains a humectant. The emulsifier in a cream
formulation, as explained in Remington’s, supra, is generally
a nonionic, anionic, cationic or amphoteric surfactant.

Agents may be incorporated into microemulsions, which
generally are thermodynamically stable, isotropically clear
dispersions of two immiscible liquids, such as oil and water,
stabilized by an interfacial film of surfactant molecules (En-
cyclopedia of Pharmaceutical Technology (New York: Mar-
cel Dekker, 1992), volume 9). For the preparation of micro-
emulsions, surfactant (emulsifier), co-surfactant (co-
emulsifier), an oil phase and a water phase are necessary.
Suitable surfactants include any surfactants that are useful in
the preparation of emulsions, e.g., emulsifiers that are typi-
cally used in the preparation of creams. The co-surfactant (or
“co-emulsifer”) is generally selected from the group of
polyglycerol derivatives, glycerol derivatives and fatty alco-
hols. Preferred emulsifier/co-emulsifier combinations are
generally although not necessarily selected from the group
consisting of: glyceryl monostearate and polyoxyethylene
stearate; polyethylene glycol and ethylene glycol palmito-
stearate; and caprilic and capric triglycerides and oleoyl mac-
rogolglycerides. The water phase includes not only water but
also, typically, buffers, glucose, propylene glycol, polyethyl-
ene glycols, preferably lower molecular weight polyethylene
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glycols (e.g., PEG 300 and PEG 400), and/or glycerol, and the
like, while the oil phase will generally comprise, for example,
fatty acid esters, modified vegetable oils, silicone oils, mix-
tures of mono-di-and triglycerides, mono-and di-esters of
PEG (e.g., oleoyl macrogol glycerides), etc.

Agents may be incorporated into gel formulations, which
generally are semisolid systems consisting of either suspen-
sions made up of small inorganic particles (two-phase sys-
tems) or large organic molecules distributed substantially
uniformly throughout a carrier liquid (single phase gels).
Single phase gels can be made, for example, by combining the
active agent, a carrier liquid and a suitable gelling agent such
astragacanth (at 2 to 5%), sodium alginate (at 2-10%), gelatin
(at 2-15%), methylcellulose (at 3-5%), sodium carboxymeth-
ylcellulose (at 2-5%), carbomer (at 0.3-5%) or polyvinyl
alcohol (at 10-20%) together and mixing until a characteristic
semisolid product is produced. Other suitable gelling agents
include methylhydroxycellulose, polyoxyethylene-polyox-
ypropylene, hydroxyethylcellulose and gelatin. Although
gels commonly employ aqueous carrier liquid, alcohols and
oils can be used as the carrier liquid as well.

Various additives, known to those skilled in the art, may be
included in formulations, e.g., topical formulations.
Examples of additives include, but are not limited to, solubi-
lizers, skin permeation enhancers, opacifiers, preservatives
(e.g., anti-oxidants), gelling agents, buffering agents, surfac-
tants (particularly nonionic and amphoteric surfactants),
emulsifiers, emollients, thickening agents, stabilizers,
humectants, colorants, fragrance, and the like. Inclusion of
solubilizers and/or skin permeation enhancers is particularly
preferred, along with emulsifiers, emollients and preserva-
tives. An optimum topical formulation comprises approxi-
mately: 2 wt. % to 60 wt. %, preferably 2 wt. % to 50 wt. %,
solubilizer and/or skin permeation enhancer; 2 wt. % to 50 wt.
%, preferably 2 wt. % to 20 wt. %, emulsifiers; 2 wt. % to 20
wt. % emollient; and 0.01 to 0.2 wt. % preservative, with the
active agent and carrier (e.g., water) making of the remainder
of the formulation.

A skin permeation enhancer serves to facilitate passage of
therapeutic levels of active agent to pass through a reasonably
sized area of unbroken skin. Suitable enhancers are well
known in the art and include, for example: lower alkanols
such as methanol ethanol and 2-propanol; alkyl methyl sul-
foxides such as dimethylsulfoxide (DMSO), decylmethylsul-
foxide (C.sub.10 MSO) and tetradecylmethyl sulfboxide;
pyrrolidones such as 2-pyrrolidone, N-methyl-2-pyrrolidone
and N-(-hydroxyethyl)pyrrolidone; urea; N,N-diethyl-m-
toluamide; C.sub.2-C.sub.6 alkanediols; miscellaneous sol-
vents such as dimethyl formamide (DMF), N,N-dimethylac-
etamide (DMA) and tetrahydrofurfuryl alcohol; and the
1-substituted azacycloheptan-2-ones, particularly 1-n-dode-
cylcyclazacycloheptan-2-one (laurocapram; available under
the trademark Azone®from Whitby Research Incorporated,
Richmond, Va.).

Examples of solubilizers include, but are not limited to, the
following: hydrophilic ethers such as diethylene glycol
monoethyl ether (ethoxydiglycol, available commercially as
Transcutol™) and diethylene glycol monoethyl ether oleate
(available commercially as Softcutol™); polyethylene castor
oil derivatives such as polyoxy 35 castor oil, polyoxy 40
hydrogenated castor oil, etc.; polyethylene glycol, particu-
larly lower molecular weight polyethylene glycols such as
PEG 300 and PEG 400, and polyethylene glycol derivatives
such as PEG-8 caprylic/capric glycerides (available commer-
cially as Labrasol™); alkyl methyl sulfoxides such as
DMSO; pyrrolidones such as 2-pyrrolidone and N-methyl-2-
pyrrolidone; and DMA. Many solubilizers can also act as
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absorption enhancers. A single solubilizer may be incorpo-
rated into the formulation, or a mixture of solubilizers may be
incorporated therein.

Suitable emulsifiers and co-emulsifiers include, without
limitation, those emulsifiers and co-emulsifiers described
with respect to microemulsion formulations. Emollients
include, for example, propylene glycol, glycerol, isopropyl
myristate, polypropylene glycol-2 (PPG-2) myristyl ether
propionate, and the like.

Other active agents may also be included in formulations,
e.g., anti-inflammatory agents, analgesics, antimicrobial
agents, antifungal agents, antibiotics, vitamins, antioxidants,
and sunblock agents commonly found in sunscreen formula-
tions including, but not limited to, anthranilates, benzophe-
nones (particularly benzophenone-3), camphor derivatives,
cinnamates (e.g., octyl methoxycinnamate), dibenzoyl meth-
anes (e.g., butyl methoxydibenzoyl methane), p-aminoben-
zoic acid (PABA) and derivatives thereof, and salicylates
(e.g., octyl salicylate).

In certain topical formulations, the active agent is present
in an amount in the range of approximately 0.25 wt. % to 75
wt. % of the formulation, preferably in the range of approxi-
mately 0.25 wt. % to 30 wt. % of the formulation, more
preferably in the range of approximately 0.5 wt. % to 15 wt.
% of the formulation, and most preferably in the range of
approximately 1.0 wt. % to 10 wt. % of the formulation.

Topical skin treatment compositions can be packaged in a
suitable container to suit its viscosity and intended use by the
consumer. For example, a lotion or cream can be packaged in
abottleor a roll-ball applicator, or a propellant-driven aerosol
device or a container fitted with a pump suitable for finger
operation. When the composition is a cream, it can simply be
stored in a non-deformable bottle or squeeze container, such
as a tube or a lidded jar. The composition may also be
included in capsules such as those described in U.S. Pat. No.
5,063,507. Accordingly, also provided are closed containers
containing a cosmetically acceptable composition.

In an alternative embodiment, a pharmaceutical formula-
tionis provided for oral or parenteral administration, in which
case the formulation may comprise an activating compound-
containing microemulsion as described above, and may con-
tain alternative pharmaceutically acceptable carriers,
vehicles, additives, etc. particularly suited to oral or
parenteral drug administration. Alternatively, an activating
compound-containing microemulsion may be administered
orally or parenterally substantially as described above, with-
out modification.

Administration of an agent may be followed by measuring
a factor in the subject, such as measuring the protein or
transcript level of a gene described herein, or the level of
NAD+, NADH or nicotinamide. In an illustrative embodi-
ment, a cell is obtained from a subject following administra-
tion of an agent to the subject, such as by obtaining a biopsy,
and the factor is determined in the biopsy. Alternatively,
biomarkers, such as plasma biomarkers may be followed. The
cell may be any cell of the subject, but in cases in which an
agent is administered locally, the cell is preferably a cell that
is located in the vicinity of the site of administration.

Other factors that may be monitored include a symptom of
aging, weight, body mass, blood glucose sugar levels, blood
lipid levels and any other factor that may be measured for
monitoring diseases or conditions described herein.

8. Kits

Also provided herein are kits, e.g., kits for therapeutic
purposes, including kits for modulating aging, apoptosis, and
for treating diseases, e.g., those described herein. A kit may
comprise one or more agent described herein, and optionally

40

45

56

devices for contacting cells with the agents. Devices include
syringes, stents and other devices for introducing an agent
into a subject or applying it to the skin of a subject.

Further, a kit may also contain components for measuring
a factor, e.g., described above, such as a protein or transcript
level, e.g., in tissue samples.

Other kits include kits for diagnosing the likelihood of
having or developing an aging related disease, weight gain,
obesity, insulin-resistance, diabetes, cancer, precursors
thereof or secondary conditions thereof. A kit may comprise
an agent for measuring the activity and or expression level of
NPT1, PNC1, NMA1, NMA2, NNMT. NNT1, NAMPRT,
NMNAT, NMAT-1 and NMAT-2 or the level of NAD+,
NADH, nicotinamide,and/or other intermediary compound
in the NAD+ salvage pathway.

Kits for screening assays are also provided. Exemplary kits
comprise one or more agents for conducting a screening
assay, such as a protein described herein or a biologically
active portion thereof, or a cell or cell extract comprising
such. Any of the kits may also comprise instructions for use.

The present invention is further illustrated by the following
examples which should not be construed as limiting in any
way. The contents of all cited references (including literature
references, issued patents, published patent applications and
GenBank Accession numbers as cited throughout this appli-
cation) are hereby expressly incorporated by reference.

The practice of the present invention will employ, unless
otherwise indicated, conventional techniques of cell biology,
cell culture, molecular biology, transgenic biology, microbi-
ology, recombinant DNA, and immunology, which are within
the skill of the art. Such techniques are explained fully in the
literature. See, for example, Molecular Cloning A Laboratory
Manual, 27 Ed., ed. by Sambrook, Fritsch and Maniatis
(Cold Spring Harbor Laboratory Press: 1989); DNA Cloning,
Volumes I and II (D. N. Glover ed., 1985); Oligonucleotide
Synthesis (M. J. Gait ed., 1984); Mullis et al. U.S. Pat. No.
4,683,195; Nucleic Acid Hybridization(B. D. Hames & S. J.
Higgins eds. 1984); Transcription And Translation (B. D.
Hames & S. J. Higgins eds. 1984); Culture Of Animal Cells
(R. L. Freshney, Alan R. Liss, Inc., 1987); Immobilized Cells
AndEnzymes (IRL Press, 1986); B. Perbal, A Practical Guide
To Molecular Cloning (1984); the treatise, Methods In Enzy-
mology (Academic Press, Inc., N.Y.); Gene Transfer Vectors
For Mammalian Cells (J. H. Millerand M. P. Calos eds., 1987,
Cold Spring Harbor Laboratory); Methods In Enzymology,
Vols. 154 and 155 (Wu et al. eds.), Immunochemical Methods
In Cell And Molecular Biology (Mayer and Walker, eds.,
Academic Press, London, 1987); Handbook Of Experimental
Immunology, Volumes I-IV (D. M. Weir and C. C. Blackwell,
eds., 1986); Manipulating the Mouse Embryo, (Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1986).

EXAMPLES
Example 1

Manipulation of a Nuclear NAD™ Salvage Pathway
Delays Aging

Yeast deprived of nutrients exhibit a marked life span
extension that requires the activity of the NAD"-dependent
histone deacetylase, Sir2p. Here we show that increased dos-
age of NPT, encoding a nicotinate phosphoribosyltranf-
serase critical for the NAD™ salvage pathway, increases Sir2-
dependent silencing, stabilizes the rDNA locus and extends
yeast replicative life span by up to 60%. Both NPT1 and SIR2
provide resistance against heat shock, demonstrating that
these genes act in a more general manner to promote cell
survival. We show that Npt1 and a previously uncharacterized
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salvage pathway enzyme, Nma2, are both concentrated in the
nucleus, indicating that a significant amount of NAD" is
regenerated in this organelle. Additional copies of the salvage
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pRS306 based vector pSP400 between Notl and Sacl (gift
from L. Guarente, M.IT.) and the 2p-based vector pDB20
(44) to generate pSPNPT1 and pDBNPT1 respectively.

TABLE 2

Yeast strains used in this study.

Strain Genotype

W303ARS W303 MATa, ade2-1, leu2-3,112, can1-100, trpl-1, ura3-52, his3-11,15, RDN1::ADE2, RADS

YDS878 W303 MATa,, ade2-1, leu2-3,112, can1-100, tip1-1,, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir2:TRP1

YDS924 W303ARS MATa, ade2-1, leu2-3,112, can1-100, trpl-1, ura3-52, his3-11,15, RDN1:ADE2, RADS, sir3:HIS3
YDS882 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir4:HIS3

YDS1503 W303 MATa, ade2-1, leu2-3,112, can1-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RAD3, URA3/NPT1
YDS1504 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir2: TRP1, URA3/NPT1
YDS1505 W303 MATa, ade2-1, leu2-3,112, can1-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir3:HIS3, URA3/NPT1
YDS1506 W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir4:HIS3, URA3/NPT1
YDS1496 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, pDBNPT1

YDS1494 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir2: TRP1, pDBNPT1
YDS1587 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir3:HIS3, pDBNPT1
YDS1495 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, sir4:HIS3, pDBNPT1
YDS1572 W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, LEU2/SIR2
YDS1561 W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, URA3/NPT1, LEU2/SIR2
YDS1595 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RADS

YDS1596 W303 MATa, ADE2, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RADS

YDS1568 W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, URA3-52, his3-11,15, RDN1::ADE2, RAD3

YDS1563 W303 MATa, ade2-1, LEU2, canl-100, trpl-1, URA3, his3-11,15, RDN1::ADE2, RAD3

YDS1588 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, pSPYGL037
YDS1589 W303 MATa, ade2-1, leu2-3,112, can1-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RAD3, pSPYGRO10
YDS1590 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, p306 YLR328
YDS1614 W303 MATa, ade2-1, leu2-3,112, can1-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RAD3, p306 YHRO74
YDS1531 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, NPT1-HA
W303cde25-10 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, cdc25-10

YDS1537 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, cdc25-10, NPT1-HA
YDS1611 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS5, NPT1-GFP
YDS1625 W303 MATa, ade2-1, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, NMA1-GFP
YDS1624 W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN1::ADE2, RADS, NMA2-GFP
PSY316AT MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R

YDS1594 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, sir2: TRP1

YDS1544 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, URA3/NPT1

YDS1548 PSY316 MATa, ura3-33 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, (4x)URA3/NPT1

YDS1527 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, pDBNPT1

YDS1577 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, (4x)URA3/NPT1, LEU2/SIR2
YDS1573 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, sir2::HIS3, URA3/NPT1
YDS1591 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, pSPYGL037

YDS1592 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, pSPYGRO010

YDS1593 PSY316 MATa, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL V-R, p306YLR328

18209 MATa, his3A200, leu2A1, met15A200, trp1A63, ura3-167

1S241 18209 MATa, his3A200, leu2Al, metl1SA200, trpl A63, ura3-167, MET15

18237 JS209 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1::Ty-MET15

JS218 JS237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1::Ty-MET15, sir2::HIS3

YDS1583 JS237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1::Ty-MET15, LEU2/SIR2

YDS1522 JS237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1:Ty-MET15, p2uSIR2

YDS1580 JS237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1::Ty-MET15, nptl1A::kan”

YDS1581 JS237 MATaq, his3A200, leu2Al, met15A200, trplA63, ura3-167, RDN1::Ty-MET1, URA3/NPT1

YDS1493 JS237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RND1::Ty-MET15, pDBNPT1

pathway genes, PNC1, NMA1 and NMA?2 increase telomeric
and rDNA silencing, implying that multiple steps affect the
rate of the pathway. Although SIR2-dependent processes are
enhanced by additional NPT1, steady-state NAD* levels and
NAD*/NADH ratios remain unaltered. This finding suggests
that yeast life span extension may be facilitated by an increase
in the availability of NAD" to Sir2, though not through a
simple increase in steady-state levels. We propose a model in
which increased flux through the NAD* salvage pathway 1s
responsible for the Sir2-dependent extension of life span.
Experimental Procedures

Plasmids and strains—Strains used in this study are listed
in Table 2. W303ARS5 sir3::URA3 (16), W303ARS sir4.:
HIS3, W303ARS5 sir2::TRP1 and PSY316AT are described
(41). Deletion of SIR2 in PSY316AT was performed using
Scal/Pvull linearized pC369 (41). IS209, JS241, JS237 and
JS218 were gifts from J. Smith (42). The coding region and
1.1 kb of upstream sequence of NPT1 were amplified by PCR
(43) and the 2.4 kb product fragment was subcloned into the
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Additional copies of NPT1 were integrated at the URA3
locus using plasmid pSPNPT1 linearized with Stul. Inte-
grants were first identified by PCR. NPT1 copy-number was
then determined by probing for NPT1 and ACT1 DNA on
Southern blots. The density of the NPT1 band was compared
to an ACT1 band using ImageQuant software (Molecular
Dynamics, Sunnyvale, Calif.). Strains carrying an additional
copy of SIR2 were generated by integrating plasmids
p306SIR2 or p305SIR2 (17) linearized with Xcml. High copy
SIR2 was introduced on the 2-based plasmid p2uSIR2 (gift
of L. Pillus, UCSD). W303ARS5 was transformed to Ura* and
Leu™ prototrophy by integrating pRS306 or pRS305 (45)
linearized with Stul and Xcml respectively. YDS1595 was
generated from W303ARS by selecting a colony that had
experienced an ADE2 loss event. YDS1595 was transformed
with Stul-cut pRS402 (carrying the ADE2 gene) to create
YDS1596. W303cdc25-10 was a gift from S. Lin (M.LT)
(19). The NPT1 deletion strain, YDS1580, was generated by
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replacing the wildtype gene with the kanr marker as described
(46). The coding region and 650 bp upstream of PNC1/
YGLO037 was amplified by PCR from genomic DNA. The
1350 bp Sacl/Notl fragment was cloned into the vector
pSR400 to generate pSPYGL037. The coding region and 500
bp upstream of NMA2/YGRO010 were amplified by PCR from
genomic template and the 1730 bp Sacl/NotI fragment was
cloned into pSP400 to generate pSPYGRO10. The coding
region of NMA1/YLR328 and 450 bp upstream were ampli-
fied from genomic template by PCR and the 2150 bp fragment
was cloned into pRS306 to generate p306YLR328. The cod-
ing region and 600 bp upstream of QNSI1/YHRO074 was
amplified by PCR and the 2.8 kb Sacl/Notl fragment was
cloned into pSP400 to make pSPYHR074. Additional copies
of PNC1/YGL037, NMA1/YLR328, NMA2/YGRO10, and
QNS1/YHRO074 were integrated at the URA3 locus of
W303ARS and PSY316AT by transformation. All amplified
DNA was confirmed to be free of mutations by sequencing.

HA-tagged NPT1 was generated using a tag-kan” integra-
tion method (47) in strains W303ARS and W303cdc25-10
(19). A green fluorescent protein (GFP) cassette was intro-
duced at the carboxy-terminus of Nptl, Nmal and Nma2 as
described (48). The functionality of tagged proteins was con-
firmed by assaying rDNA silencing.

Life span determination—Replicative life span determina-
tion was petformed as described (16). Cells were grown on
YPD medium (1% yeast extract, 2% bactopeptone, 2% glu-
cose w/v) unless otherwise stated with a minimum of 40 cells
per experiment. Fach experiment was performed at least
twice independently. Statistical significance of life span dif-
ferences was determined using the Wilcoxon rank sum test.
Differences are stated to be different when the confidence is
higher than 95%.

mRNA and protein determination—Northern and Western
blots were performed using standard techniques. NPT1 tran-
scripts were detected using a probe derived from the complete
open reading frame of the NPT1 gene. ACT1 mRNA was
detected using a full-length ACT1 probe (gift of G. Fink,
M.I.T). The HA epitope tag was detected using monoclonal
antibody HA.11 (CRP, Richmond, Calif.). Actin was detected
with monoclonal antibody MABI1501R  (Chemicon,
Temecula, Calif.).

Yeast assays and GFP localization—VYeast strains were
grown at 30° C. unless otherwise stated. The extent of silenc-
ing at the ribosomal DNA locus was determined using two
assays. For the ADE2 silencing assay, cells were pre-grown
on synthetic complete (SC) medium (1.67% yeast nitrogen
base, 2% glucose, 40 mg/1 of histidine, uridine, tryptophan,
adenine and leucine) for 3 days. Cells were resuspended in
SD medium and serially diluted 10-fold in phosphate-buff-
ered saline and spotted onto SC medium lacking adenine.
MET1S5 silencing assays were performed on Pb**-containing
plates as previously described (42). Telomeric silencing was
assayed on SC medium containing 0.7 mg/l adenine. Cells
were grown for 3 days and placed at 4° C. for 3 days to
enhance color. Heat shock assays were performed essentially
as described (14). Strains were pre-grown overnight in SC-
complete medium with limiting histidine (20 mg/ml), diluted
to 1x10° cells/ml in 3 ml of the same medium and grown for
5 days. Cultures were diluted 10-fold in expired medium,
incubated for 1 h at 55° C. and spotted on SC plates. Riboso-
mal DNA recombination rates were determined as previously
described (49). At least 10,000 colonies were examined for
each strain and each experiment was performed in triplicate.

NAD* and NADH determinations were measured as
described elsewhere (50). Cells expressing a GFP fusions
were grown to mid log phase in YPD medium or YPD low
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glucose (0.5% w/v) then incubated in PBS containing 20 pM
Hoechst 33342 DNA stain (Sigma) for 5 min. Images were
captured under a 100x magnification on a Nikon E600 fluo-
rescence microscope and analyzed using Photoshop 6.0 soft-
ware.

Results

Increased dosage of NPT1 increases longevity but not
steady-state NAD™ levels—SIR2 is a limiting component of
longevity in yeast and requires NAD* for catalysis. Studies in
E. coli have shown that PncB catalyzes a rate-limiting step in
the salvage pathway that recycles NAD* (35,37,38). We
asked whether additional copies of the yeast pncB homolog,
NPT]1, could increase NAD™ production to Sir2 and hence
extend yeast life span. NPT1 was integrated at the URA3
locus under the control of its native promoter. Strains that
carried one or four tandem copies of NPT1 were then identi-
fied by Southern blotting. We refer to the resulting genotypes
as 2xNPT1 and 5xNPT1 respectively.

For the replicative life span assay, cells were grown for at
least two days on fresh yeast extract/peptone/glucose (YPD)
medium to ensure that they had fully recovered from condi-
tions of caloric restriction prior to the assay. Daughter cells
that emerged from previously unbudded mother cells were
then micro-manipulated away and scored. As shown in FIG.
1A, the 2xNPT1 strain lived an average of ~40% longer than
the wild type strain and the SxNPT1 strain lived a striking
~60% longer. The NPT1-induced life span extension was
completely abrogated by a sir2 deletion and not significantly
enhanced by an additional copy of SIR2 (FIG. 1B) indicating
that the life span extension provided by NPT1 is mediated by
Sir2.

Tthas recently been shown that wild type cells grown in low
glucose medium (0.5% w/v) have an average life span sig-
nificantly greater than those grown on standard (2%) glucose
medium (19,32). As shown in FIG. 1C, on low glucose
medium the life span of the 5xNPT1 strain was not signifi-
cantly greater than the wild type strain. The fact that the effect
of NPT1 and low glucose were not additive suggests that
these two regimens act via the same pathway.

Biochemical studies have shown that Sir2 requires NAD*
asacofactor. This has led to the hypothesis that replicative life
span may be extended by increased NAD™ levels. Consistent
with this idea, NAD* levels have been shown to increase
significantly in old cells, perhaps as a defense against aging or
as the result of decreased metabolic activity (50). To date the
intracellular levels of NAD" in any long-lived strain have not
been reported. We found that steady-state NAD™ levels and
NAD*/NADH ratios in the 2xNPT1 strain were not signifi-
cantly different from the wild type (Table 1). We also exam-
ined Asir2 and 2xNPT1 Asir2 strains and again found no
difference from wild type, indicating that the failure to detect
increased NAD* levels was not due to the activity of Sir2.

TABLE 1

Steady-state NAD* and NADH levels in
various long-and short-lived strains.

NAD* NADH NAD*Y/ ATP
(amol/pg (amolipg  NADH (amol/pg
Genotype protein)* protein)! ratio protein)!
1xNPT1 (wild type) ~ 23.7(3.2)  93(0.8) 2.8(0.5) 155(3)
2xNPT1 21.9(2.0)  60(0.6) 3.3(0.3) 7.6 (1.6)
2xNPT1 sir2::TRP1 225(1.6)  70(0.3) 2409 53(1.1)
sir2::TRP1 23.6(1.2)  70(0.6) 28(1.2) 7.9(1.9)

laverage of five independent experiments (s.c.)
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NPT1 and SIR2 increase resistance to heat shock but not to
other stresses—Mutations in components of the C. elegans
and Drosophila insulin/IGF-1 pathway allow animals to live
up to twice as long as controls (5). In C. elegans this longevity
is coupled to stress resistance (4). In contrast, the chico muta-
tion in Drosophila, which extends life span by ~50% in
homozygotes, does not protect against heat shock or oxida-
tive stress (51). The link between sir2.1 life span extension
and stress resistance in C. elegans has not been examined,
though there is evidence from yeast that the Sir2/3/4 complex
may be involved in such a response. The yeast sir4-42 muta-
tion increases replicative life span as well as resistance to
starvation and heat shock (52). This raises the possibility that
the SIR2 longevity pathway may also influence stress resis-
tance.

To explore this, we examined the ability of extra copies of
NPT1 and SIR2 to confer resistance to a variety of stresses
including heat shock, starvation, and exposure to methyl-
methane sulfonate (MMS) or paraquat. MMS is a DNA dam-
aging agent that causes a variety of DNA lesions, whereas
paraquat induces oxidative stress by generating reactive oxy-
gen species. Additional copies of either NPT1, SIR2, or both
did not provide resistance against paraquat or MMS, nor did
they enhance the ability to survive in stationary phase.

To assay heat shock resitance, strains with an additional
copy of NPT1 or SIR2 were grown to stationary phase in SC
medium, heat shocked for 1 hour at 55° C., then spotted in
10-fold serial dilutions onto SC plates. As shown in FIG. 2A,
stains with a single additional copy of NPT1 or SIR2 were
significantly more resistant to heat shock than the otherwise
isogenic wild type control strain. No additive effect of NPT1
and SIR2 was apparent, consistent with these two genes act-
ing in the same pathway. To provide a more quantitative
measure of this phenotype, strains were subjected to 1 hour
heat shock, plated for single colonies and the number of
colonies after 24 hours was scored as a percentage of the
untreated sample. As shown in FIG. 2B, additional copies of
NPT1 and SIR2, or both provided ~8-fold greater survival
than wild type, consistent with our earlier finding.

Additional NPT1 increases silencing and rDNA stability—
We wished to determine the molecular basis of the SIR2-
dependent life span extension provided by additional NPT1.
A simple model predicts that increased dosage of NPT1
would stimulate the NAD* salvage pathway, which would in
turn increase Sir2 activity. We thus examined the effect of
additional copies of NPT1 on the SIR2-dependent processes
of silencing and stability at the rDNA locus.

To determine the effect of NPT1 on rDNA silencing, we
utilized strains with either an ADE2 or MET15 marker inte-
grated at the rtDNA locus (RDN1). We used two marker genes
to ensure that the effects we observed were not simply due to
changes in adenine or methionine biosynthesis. Silencing of
ADE2 results in slower growth of cells on media lacking
adenine and the accumulation of'a red pigment on plates with
limiting adenine. Silencing of MET15 leads to production of
a brown pigment on Pb**-containing medium. Strains with
additional copies of SIR2 were included for comparison. The
2xNPT1 strains showed higher levels of rDNA silencing than
wild type in the ADE2 assay (FIG. 3A, compare growth on
adenine with growth on no adenine) and the MET15 assay
(FIG. 3B). Introduction of an additional copy of NPT1 into
the 2xSIR2 strain did not further increase silencing, again
consistent with the placement of these two genes in the same
pathway. Strains carrying SIR2 and NPT1 on high-copy
2u-based plasmids also showed increased levels of rDNA
silencing (FIGS. 3B and C). An additional copy of NPT1 also
increased silencing in sir3 and sir4 null strains (FIG. 3C).
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High-copy NPT1 had a disruptive effect on rDNA silencing in
the sir3 strain, whereas this effect was not observed in the sir4
strain. This can be explained by the fact that sird mutants
relocalize Sir2 to the rDNA, which may counteract the high
levels of Nptl. Additional copies of NPT1 in a sir2 mutant
caused a slight increase in rDNA silencing that was consid-
erably weaker than SIR2-dependent silencing. The basis of
this apparent increase is unclear. To determine whether this
was a global effect on silencing, we examined silencing at a
telomeric locus. An additional copy of NPT1 was introduced
into PSY316AT, which has an ADE2 marker inserted in the
subtelomeric region of chromosome V (53). As shown in FIG.
3D, additional copies of NPT1 increased telomeric silencing
in a SIR2-dependent manner.

Instability of the rDNA has been shown to be a major cause
of yeast replicative aging. To test whether NPT1 extends life
span by increasing stability at this locus, we determined the
rate of rDNA recombination in 2xNPT1 and 2xSIR2 strains.
This was achieved by measuring the rate of loss of an ADE2
marker inserted at the rDNA. As shown in FIG. 3E, an addi-
tional copy of NPT1 decreased rDNA recombination by
2-fold, similar to the 2xSIR2 and 2xNPT1 2xSIR2 strains.
When sir2 was deleted from the 2xNPT1 strain, tDNA
recombination increased dramatically to the levels of a sir2
null strain (FIG. 3F). These results are consistent with a
model in which NPT1 extends replicative life span by
increasing the ability of Sir2 to inhibit TDNA recombination.

One plausible explanation for the increase in rDNA silenc-
ing associated with additional copies of NPT is that the
telomeric Sir2 in these strains is relocalized to the rDNA,
which would result in the loss of telomeric silencing. We have
shown that additional copies of NPT1 increase telomeric
silencing in a SIR2-dependent manner, arguing against relo-
calization of Sir2 from telomeres as the mechanism of life
span extension. Another possible explanation is that addi-
tional NPT1 upregulates Sir2 expression. By Western blotting
we found that the steady-state levels of Sir2 did not change in
response to additional NPT1. A third possibility for the
increase inrDNA silencing is that additional NPT1 stimulates
overall Sir2 activity. Although it is not currently possible to
measure this activity in vivo, this idea is consistent with our
findings that additional NPT1 enhances each of the SIR2-
dependent processes thus far examined.

Caloric restriction does not alter NPT1 expression or local-
ization—Given that additional NPT1 and caloric restriction
appear to extend life span via the same pathway, we tested
whether caloric restriction acts by increasing NPT1 expres-
sion. A triple hemagglutinin epitope (3xHA) tag (SEQ ID
NO: 49) was added to the carboxy-terminus of Npt! by inte-
grating an 3xHA-kanamycin resistance cassette into the
native NPT1 locus (3xHA tag disclosed as SEQ ID NO: 49).
We confirmed that the fusion protein was functional by assay-
ing its ability to maintain wild type levels of rDNA silencing.
NPT1 levels were then determined in strains grown on (0.5%)
glucose medium and in the long-lived cdc25-10 strain, which
is considered a genetic mimic of calotic restriction (19). As
shown in FIGS. 4A and B, no increase in NPT1 expression
was detected at the mRNA or protein level. In fact under low
glucose conditions a consistent ~2-fold decrease in NPT1
expression was observed. We did not detect significant
changes in NPT1 expression after heat shock or exposure to
MMS or paraquat (FIGS. 4C and D). We conclude that caloric
restriction does not increase longevity by upregulating NPT1
expression.

Given that NPT1 expression was not enhanced in response
to caloric restriction, we examined the possibility that the
activity of this protein may be modulated by other means.



US 7,977,049 B2

63

Specifically, we examined the subcellular localization of
GFP-tagged Nptl in live cells grown in complete or low
glucose medium. To our surprise, Nptl was observed
throughout the cell with an apparent concentration of the
protein in the nucleus of most cells (FIG. 4E). The large
regions of exclusion correspond to vacuoles. These findings
raise the intriguing possibility that a significant fraction of
NAD" is regenerated in the nucleus. In low glucose medium
the localization pattern of Npt1-GFP was unaltered, indicat-
ing that there is no gross relocalization of Npt1 in response to
caloric restriction.

If our hypothesis that the entire NAD* salvage pathway
exists in the nuclear compartment, then we should expect that
the other enzymes in the pathway will show a similar local-
ization pattern to Nptl. Based on the bacterial salvage path-
way, the step immediately downstream of NPT1 is predicted
to be catalyzed by a nicotinate mononucleotide adenylyl-
transferase (NaMAT). There are two yeast ORFs with similar
homology to NaMATs from other species, YLR0328 and
YGRO10, which we have designated NMA1 and NMA2,
respectively. To localize these two proteins, a GFP cassette
was integrated in frame prior to the stop codon of each ORF
to generate C-terminal fusions. As shown in FIG. 4F, Nma2-
GFP was concentrated in the nucleus in the majority of cells,
in a pattern identical to that of Npt1-GFP. This finding further
supports our hypothesis that NAD™ is recycled from nicoti-
namide entirely within the nucleus. The localization pattern
of Nmal was unable to be determined due to low expression
levels.

Identification of other putative longevity genes in the
NAD* salvage pathway—The discovery that Nma2 shows a
similar localization to Npt1 prompted us to test whether other
genes in the NAD* salvage pathway could have similar
effects to Nptl when overexpressed. While the bacterial
genes in NAD* salvage pathway have been studied in detail,
in S. cerevisiae some of the key genes in the pathway remain
to be characterized. PNC1, arecently identified gene, encodes
a nicotinamidase which catalyses the conversion of nicoina-
mide to nicotinic acid, the step immediately upstream of
NPT1. As discussed above, the two genes NMA1 and NMA2
encode NaMNATs which catalyze the step immediately
downstream of NPT1. In bacteria, the next step in the path-
way, the generation of NAD*, is catalyzed by an NAD syn-
thetase. An uncharacterized ORF, QNS1/YHRO074, shows
high homolgy to NAD synthetases. Each of these salvage
pathway genes was integrated as a single copy into the URA3
locus of W303ARS and PSY316AT and assayed for silencing
as previously described. Additional copies of either PNCI,
NMA1 or NMA2 increased rDNA and telomeric silencing to
levels similar to those in a 2xNPT1 strain (FIGS. 5B and C).
In contrast, additional copies of QNS 1 had no effect on either
rDNA silencing (FIG. 5B) or telomeric silencing. As dis-
cussed below, these results indicate there are multiple steps
that can affect the rate of the pathway and that the two
homologs NMA1 and NMA2 may have overlapping func-
tions.

DISCUSSION

NPT]1 encodes a key component of the yeast salvage path-
way that recycles NAD*, a cofactor of Sir2. We have shown
that additional copies of NPT1 increase life span by up to 60%
in a SIR2-dependent manner. It has been proposed that lon-
gevity in yeast may be associated with increased NAD™ lev-
els. However we have shown that in strains with additional
copies of NPT1, steady-state NAD* levels are unaltered. Fur-
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thermore, the NAD*/NADH ratios are also similar to wild
type cells, indicating that total cellular redox state is not
dramatically altered either.

We have also shown that sir2 mutants have wild type NAD*
levels, implying that Sir2 is not a major consumer of NAD™,
Nevertheless, by virtue of its ability to convert NAD* to
nicotinamide, Sir2 should be responsive to increased flux
through the salvage pathway (FIG. 6). Thus, while steady-
state levels of NAD™ remain constant, the turnover of this
molecule may be elevated. Localization of GFP-tagged
enzymes indicated that at least two of the enxymes in the
NAD* salvage pathway are concentrated in the nucleus. Con-
sistent with this, Nmal and Nma2 have been shown by high-
throughput 2-hybrid screening to interact with Srp1, a protein
that acts as a receptor for nuclear localization sequences
(NLS) (54). The same 2-hybrid screen also found that Nmal
and Nma2 can interact with themselves and with each other.
Perhaps Nma proteins exist as dimers, as 1s the case for the
Bacillus subtilis NaMNAT (55), or as hexamers, as is the case
for Methanococcus jannaschii (56) and Methanobacterium
thermoautotrophicum NaMNATs (57). It is worth nothing
that strains disrupted for either NMA1 or NMA2 are viable
(58), arguing that they are functionally redundant.

In vertebrates, NaMNAT/NMNAT activity is primarily
observed in the nuclear fraction of liver cell extracts (59),
suggesting that nuclear compartmentalization of the pathway
may be a universal property of eukaryotic cells. Having the
salvage pathway in proximity to chromatin may allow NAD*
to be rapidly regenerated for silencing proteins. Alternatively,
it may permit the coordination of a variety of nuclear activi-
ties via the alteration of nuclear NAD* pools. Testing of these
hypotheses will not be a simple task but one that will be
greatly assisted by the development of a molecular probe for
intracellular NAD™.

In yeast and many metazoans, a number of long-lived
mutants display increased stress resistance. However, there
are many examples of mutations that extend life span but
provide little protection against stress, indicating that this
relationship is not straightforward (4). For example, in yeast
the life span extension provided by a cdc25-10 mutation is not
accompanied by heat shock resistance (19). We have shown
that additional copies of NPT1 or SIR2 extend life span but do
not provide protection against MMS, paraquat or starvation.
Thus, in S. cerevisiae longevity is not linked to a general
increase in stress resistance. The only stress-related pheno-
type that we found correlated with longevity was heat shock
resistance. Based on genome-wide analyses of gene expres-
sion in sir2A strains, it has been proposed that Sir2 regulates
genes other than those at the three silent loci (60), although
this interpretation is debated (61). If the interpretation is
correct, then it is plausible that the heat shock resistance we
observed in 2xNPT1 and 2xSIR2 strains results from Sir2-
mediated silencing of genes that suppress heat shock resis-
tance.

In bacteria, the Nptl homolog PncB catalyzes a rate-lim-
iting step in the NAD" salvage pathway (35,37,38). In this
study we show that additional copies of PNC1, NPT1, NMA1
or NMA2? all increase rDNA and telomeric silencing. The
implication is that, in yeast, multiple steps can affect the rate
of the pathway. Such a proposal is consistent with Metabolic
Control Analysis, a theory based on the observation that flux
through most metabolic pathways is controled by multiple
enzymes, rather than by a single rate-liming step (62). Of all
the genes in the salvage pathway, only QNS1 had no effect on
silencing, suggesting that itis the only enzyme in the pathway
limited by substrate availability. This is likely due to the fact
that the predicted substrate for Qns1, desamido-NAD?, is the
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only intermediate that can not be supplied from a source
outside the salvage pathway (see FIG. 6).

In yeast and metazoans there are multiple members of the
Sir2 family, many of which have been shown (or are pre-
dicted) to be NAD*-dependent deacetylases (24,63). This
finding, combined with the fact that some Sir2 family mem-
bers are cytoplasmic (64,65), suggests that reversible acety-
lation may be a much more prevalent regulatory mechanism
than previously thought (66). This would place the NAD*
salvage pathway in a pivotal position, coordinating the activ-
ity of this group of effector proteins in response to cellular
energy status

It is now widely accepted that there are conserved path-
ways for the regulation of longevity (4,5). The extent of this
conservation is exemplified by the discovery that additional
copies of C. elegans sir-2.1 also extend life span in that
organism (31). Our findings show that several SIR2-depen-
dent processes can be enhanced by manipulation of the NAD*
salvage pathway in yeast and this may hold true for higher
organisms. We have identified NPT1 homologs in every
genome we have examined and all possess a highly conserved
region around a histidine residue that, in Salmonella, greatly
stimulates catalysis when phosphorylated (67). This mode of
regulation may permit the design of mutations or small mol-
ecules that increase Npt1 activity. Together, our findings show
that Nptl and other members of the salvage pathway are
attractive targets for small molecules that may mimic the
beneficial effects of caloric restriction.
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Example 2

Increased Genomic Instability and Accelerated
Aging by Nicotinamide

The Saccharomyces cerevisiae Sir2 protein is an NAD™-
dependent histone deacetylase that plays a critical role in
transcriptional silencing, genome stability and longevity. A
human homologue of Sir2, SIRT1, regulates the activity of
the p53 tumor suppressor and inhibits apoptosis. The Sir2

54. Uetz, P, Giot, L., Cagney, G., Mansfield, T. A., Judson, R. 15 deacetylation reaction generates two products: O-acetyl-
S.. Knight, J. R., Lockshon, D., Narayan, V., Srinivasan, ADP-ribose and nicotinamide, a precursor of nicotinic acid
M., Pochart, P., Qureshi-Emili, A., Li, Y., Godwin, B., and a form of niacin/vitamin B3. We show here that nicoti-
Conover, D., Kalbfleisch, T., Vijayadamodar, G., Yang, M., namide completely abolishes yeast silencing and shortens
Johnston, M., Fields, S., and Rothberg, I. M. (2000) Nature replicative life span to that of a sir2 mutant. Nicotinamide, but
403(6770), 623-7. 2% notnicotinic acid, strongly inhibits silencing at the telomeres,

55.0lland, A. M., Underwood, K. W., Czerwinski, R. M., Lo, rDNA and mating type loci of yeast. Nicotinamide also
M. C., Aulabaugh, A., Bard, I., Stahl, M. L., Somers, W. S., increases instability of the rDNA locus and shortens yeast life
Sullivan, F. X., and Chopra, R. (2002) J Biol Chem 277(5), span to that of a sir2 mutant. Nicotinamide also abolishes
3698-707. silencing in Gl-arrested cells, demonstrating that continual

56. D’ Angelo, ., Raffaelli, N., Dabusti, V., Lorenzi, T., RNTY) activity is required to maintain silencing. In the presence
Magni, G., and Rizzi, M. (2000) Structure Fold Des 8(9), of nicotinamide, Sir2 no longer associates with either telom-
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57. Saridakis, V., Christendat, D., Kimber, M. S., Dharamsi, rDNA. Sir2 no longer co-immunoprecipitates with chromatin
A., Edwards, A. M., and Pai, E. F. (2001) J Biol Chem at telomeres and mating-type loci in the presence of nicoti-
276(10), 7225-32. 30 namide, though the Sir2 localization pattern is unaltered. We
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H., Anderson, K., Andre, B., Bangham, R., Benito, R., competitively inhibit both Sir2 and SIRT1 in vitro. The
Boeke, J. D., Bussey, H., Chu, A. M., Connelly, C., Davis, degree of inhibition of SIRT1 by nicotinamide (IC5,<50 uM)
K., Dietrich, F., Dow, S. W., El Bakkoury, M., Foury, F., is equal to or better than the most effective known inhibitors
Friend, S. H., Gentalen, E., Giaever, G., Hegemann, J. H., 3 of this class of proteins. We propose that nicotinamide and
Jones, T., Laub, M., Liao, H., Davis, R. W.;and etal. (1999) NAD* can bind simultaneously to Sir2 preventing catalysis
Science 285(5429), 901-6. and discuss the possibility that inhibition of Sir2 by nicotina-

59. Hogeboom, G-, and Schneider, W. (1950) J. Biol. Chem. mide is physiologically relevant.

197, 611-620 We discuss the possibility that nuclear nicotinamide nega-

60. Wyrick, I. I, Holstege, F. C., Jennings, E. G., Causton, H. 40 tively regulates Sir2 activity in vivo. Our findings suggest that
C., Shore, D., Grunstein, M., Lander, E. S., and Young, R. the clinical use of nicotinamide should be given careful con-
A. (1999) Nature 402(6760), 418-21. sideration.

61. Bedalov, A., Gatbonton, T., Irvine, W. P, Gottschling, D. Experimental Procedures
E.,and Simon, J. A. (2001) Proc Natl Acad Sci USA 98(26), Yeast assays—All yeast strains used in this study are listed
15113-8. 4 in Table 3. Cells were grown at 30° C. on YPD medium (1%

62.Fell, D. (1997) Understanding the Control of Metabolism. yeast extract, 2% bactopeptone, 2% glucose w/v) unless oth-
Frontiers in Metabolism (Snell, K., Ed.), Portland Press, erwise stated. The extent of silencing at the ribosomal DNA
London locus was determined by growing RDN1::MET15 strains on

63. Landry, J., Slama, J. T., and Stemglanz, R. (2000) Bio- Pb**-containing medium (0.3% peptone, 0.5% yeast extract,
chem Biophys Res Commun 278(3), 685-00. 0 49% glucose, 0.02% (w/v) ammonium acetate, 0.07%

64. Perrod, S., Cockell, M. M., Laroche, T., Renauld, H., Pb(NO,), and 2% agar). ADE2-based telomeric and HM
Ducrest, A. L., Bonnard, C., and Gasser, S. M. (2001) locus silencing assays were performed as described previ-
Embo J 20(1-2), 197-209. ously (see, Example 1). Ribosomal DNA recombination fre-

65. Afshar, G., and Murnane, J. P. (1999) Gene 234(1), 161-8. quencies were determined as previously described (44").

TABLE 3
Yeast strains used in this study.

Strain Genotype

W303ARS  W303 MATa, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15,
RDN1::ADE2, RAD3

YDS878  W303 MATa,, ade2-1, leu2-3,112, can1-100, trpl-1,, ura3-32, his3-11,15,
RDN1::ADE2, RADS, sir2: TRP1

YDS1572  W303 MAT, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15,
RDN1::ADE2, RAD5, LEU2/SIR2

YDS1595  W303 MATs, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RADS
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TABLE 3-continued
Yeast strains used in this study.
Strain Genotype
YDS1596  W303 MATa, ADE2, leu2-3,112, canl-100, trp1-1, ura3-52, his3-11,15, RADS
YDS1097  W303 MATs, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN,
RADS, GFP-Sir4::URA3
YDS1099  W303 MATs, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-52, his3-11,15, RDN,
RADS, GFP-Sir3:LEU2
YDS1109  W303 MATs, ade2-1, leu2-3,112, canl-100, upl-1, ura3-52, his3-11,15, RDN,
RADS, GFP-Sir3:LEU2, sir2: TRP1
YDS1078  W303 MATs, ade2-1, leu2-3,112, canl-100, trpl -1, ura3-52, his3-11,15,
RDN1::ADE2, RADS, GFP-Sir2::LEU2, sir2: TRP1
PSY316AT MATq, ura3-53 leu2-3,112 his3-A200 ade2-1,01 can1-100 ADE2-TEL V-R
YDS1594  PSY316 MATo, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL
V-R, sir2:TRP1
YDS970  PSY316 MATo, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL
V-R, HMR::GFP
YDS1005  PSY316 MATx, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL
V-R, HMR::GFP
YDS1499  PSY316 MATo, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL
V-R, HMR::GEP, sir4HIS3
YDS1690  PSY316 MATo, ura3-53 leu2-3,112 his3-A200 ade2-1,01 canl-100 ADE2-TEL
V-R, HMR::GEP, Ahml::LEU2
15209 MAT @, his3A200, leu2A1, metl SA200, trpl1A63, ura3-167
1241 75209 MATaq, his3A200, leu2Al, metl SA200, trpl A63, ura3-167, Tyl-MET1S
18237 75209 MATa, his3A200, leu2Al, met15A200, tpl A63, ura3-167, RDN1::Ty1-
MET15
1S218 75237 MATa, his3A200, leu2A1, met15A200, tpl A63, ura3-167, RDN1::Ty1-
MET1S, sir2::HIS3
YDS1583 15237 MATa, his3A200, leu2Al, met15A200, trpl A63, ura3-167, RDN1::Ty1-
MET1S, LEU2/SIR2
. . . . . 30
Replicative life span determination was performed by
micromanipulation as described (25'). A minimum of 40 cells
were examined per experiment and each experiment was ~ Oligonucleotide Sequence SEQ ID NO
performed at least twice independently. Statistical signifi- TEL-0.6.Fwd CAGGCAGTCCTTTCTATTIC 31
cance of life span differences was determined using the Wil- 35 TEL-0.6.Rev GCTTGTTAACTCTCCGACAG 32
coxon rank sum test. Differences are stated to be significant TEL-1.4.Fud ARTGTCTTATCARGACCGAC 33
o " TEL-1.4.Rev TACAGTCCAGAAATCGCTCC 34
when the confidence is higher than 95%. RDN-5S . Fwd GAAAGGATTTGCCCGGACAGTTTG 35
: . RDN-5S .Rev CTTCTTCCCAGTAGCCTGTTCCTT 36
GFP ﬂuore.scence was q}lantlﬁed by ﬂ}lorescence-actl- HMR.YA/ZL.Fvd  GTGECATTACTCCACTICARGTARG 37
vated cell sorting (FACS) using a FACSCalibur flow cytom- 40 HMR-YA/ZL.Rev  CAAGAGCARGACGATGGGG 18
eter (Becton Dickinson, Calif.) as described (45"). For G1-ar- CUP1-Fwd TTTTCCGCTGAACCGTTCCA 39
rest experiments, cells were treated with 10 pg/ml alpha CUP1-Rev CATTGECACTCATGACCTTC 40
factor for 3 hours. DNA content was determined by FACS
analysis of fixed cells stained with propidium iodide (Sigma) In vitro deacetylation assays—Recombinant GST tagged
as described (45"). Typically 20,000 cells were analyzed per 45 yeast Sir2p (gift of D. Moazed) and recombinant human
sample. Data acquisition and analysis were performed using ~ SIRT1 (47') were assayed for deacetylase activity using the
CELLQuest software (Becton Dickenson). HDAC Fluorescent Activity Assay/Drug Discovery Kit (AK-
Fluorescence Microscopy and Chomatin immunoprecipi- 500, BIOMQL Research Labora.tomes). This assay system
tation—GFP fluorescence was visualized in live cells grown allgws detection of a fluorescent s%gnal upon deacetylation of
to log phase in synthetic complete (SC) medium (1.67% yeast 5 @ histone substrate when treated Wlth developer. Fluorescence
nitrogen base, 2% glucose, 40 mg/liter each of histidine, was m;asg]req OnB? ﬂuorometng hreade;r (.Cytoﬂuor3l610400
uridine, tryptophan, adenine and leucine). Images were cap- series .er. eptive 1'osystems) wit excﬁatlpn set at . nm
. . . . . and emission detection set at 460 nm. Reactions consisted of
tured using a Nikon Eclipse E600 microscope at a magnifi- . . . .
. . . either 5 ug of GST-Sir2 or 2.5 pg of SIRTI, incubated with
cation of 1000x and analyzed with Scion Image software. .
. L 55 250 uM acetylated histone substrate, 1 mM DTT and a range
Chromatin immunoprecipitation (ChIP) was performed as - . P
desribed (45 usine the pr s listed in Table 2 (46" of NAD* concentrations as described, in 50 ul of assay buffer.
PZSIC{H © ( ) using the Pr(limer pairs _18 e] ml able ( )- Reactions with the yeast and human proteins were catried out
‘ reactions were carie out. in a 50 ul volume using a ;4 300 ¢ 4nd 37° C. respectively for 30 minutes.
1/5000 or a 1/12500 dilution of input DNA from precleared For inhibitor assays, reactions were performed in the pres-
whole-cell extracts and a 1/50 dilution of immunoprecipi- 4, ence of 200 uM NAD* and either nicotinamide (0, 50, 150 or
tated DNA. PCR parameters were as follows. For CUP1 and 300 uM) (Sigma). or 50 uM of the following inhibitors; nico-
5SrDNA primer pairs, 26 cycles of PCR were performed with  tinic acid (Sigma), sirtinol, M15 (Chembridge), splitomicin
an annealing temperature of 55° C. For Tel 0.6, Tel 1.4 and (47), TSA (BIOMOL).
HM primer pairs 32 cycles at an annealing temperature of 50° Results
C. were used. PCR products were separated by gel electro- 65  Nicotinamide abolishes silencing at the rDNA, telomeres

phoresis on a 2.3% agarose gel and visualized by ethidium
bromide staining.

and mating type loci. Nicotinamide is a product of Sir2
deacetylation and is a key substrate in the NAD™ salvage 20
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pathway. Based on our previous observation that manipula-
tion of NAD" biosynthesis can influence Sir2 dependent
activities (see, Example 1), we wished to examine what effect
NAD™ precursors would have on silencing. Strains with either
an ADE2 or MET15 marker integrated at the rDNA locus
(RDN1) were examined. Silencing of ADE2 results in the
accumulation of a red pigment on plates with limiting
adenine, whereas silencing of MET15 leads to production of
a brown pigment on Pb**-containing medium. We used two
marker genes to ensure that the effects we observed were not
simply due to changes in adenine or methionine biosynthesis.
Strains with a single extra copy of SIR2 (2xSIR2) or lacking
SIR2 (51r2::TRP1), were included as controls for increased
silencing and lack of silencing, respectively. As shown in
FIG. 8A, when grown in the presence of 5 mM nicotinamide,
silencing is completely abolished. Silencing of an ADE2
marker at this locus was similarly abolished by addition of
nicotinamide.

To test whether the effect of nicotinamide is specific to the
rDNA or whether it influences other heterochromatic regions,
we examined silencing at telomeres. To monitor telomeric
silencing, we used a strain in which the ADE2 gene is inte-
grated at the subtelomeric (Y') region of the right arm of
chromosome V (22"). On plates with limiting adenine, colo-
nies have red/white sectors due to variegated expression of
the ADE2 marker. In the presence of 5 mM nicotinamide
colonies were white, demonstrating a complete loss of repres-
sion (FIG. 8B). We also monitored silencing of mating type
genes and found that nicotinamide completely abrogated
silencing at this locus as well.

Nicotinic acid, an intermediate in the NAD* salvage path-
way, is structurally similar to nicotinamide (see FIG. 9B).
Nicotinic acid is taken up efficiently by yeast cells and a
specific transporter for this compound, Tnal, was recently
identified (48',49"). In each of the above assays, we examined
the effect of S mM nicotinic acid on Sir2-dependent silencing
and in each case found that nicotinic acid had no effect.

Nicotinamide increases genomic instability and shortens
yeast life span. We wished to determine whether the above
loss of silencing was due to inhibition of Sir2 activity, in
which case nicotinamide-treated cells should mimic a sir2A
strain. Yeast lacking a functional Sir2 show increased fre-
quencies of rDNA recombination. The loss of an ADE2
marker at the rDNA locus was monitored in wild type,
2xSIR2 and sir2 strains, in the presence and absence of nico-
tinamide. As shown in FIG. 9A, treatment of wild type and
2xSIR2 cells with nicotinamide increased the frequency of
marker loss ~7-fold, similar to that of a sir2 mutant. Impor-
tantly, treatment of the sir2 strain did not further increase
recombination, arguing that the observed marker loss was due
to inhibition of Sir2.

Instability of the rDNA locus has been shown to be a major
cause of yeast replicative aging (25',26"). We therefore exam-
ined the effect of nicotinamide on yeast life span. Cells were
grown for two days on fresh yeast YPD medium to ensure that
they had fully recovered from conditions of calorie restriction
prior to the assay. Daughter cells that emerged from previ-
ously unbudded mother cells were then micro-manipulated
away and scored. FIG. 9C shows representative life span
curves of both wild type (triangles) and the short-lived sir2
mutant (circles). Cells grown on medium containing 5 mM
nicotinamide (closed diamonds) had an average life span
~45% that of wild type, which was equivalent to that of the
sir2 mutant. Treatment of the sir2 strain with nicotinamide did
not further shorten life span (squares). In contrast to these
results, we observed no detrimental effect on replicative life
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span in the presence of either 5 or 50 mM nicotinic acid (FIG.
9D, closed and open diamonds, respectively).

Nicotinamide inhibits silencing in non-dividing cells. The
reestablishment of silent chromatin domains requires passage
through S phase (50"), although the trigger does not appear to
be DNA replication (51',52"). Experiments with a tempera-
ture-sensitive SIR3 allele suggest that the presence of the
Sir2/3/4 complex is required to maintain a silenced state
throughout the cell cycle (50'). We have shown that nicotina-
mide derepresses silent domains in cycling cells and attenu-
ates replicative life span. We wondered whether nicotinamide
treatment could have a similar effect on silencing in non-
cycling, G1-arrested cells. We used a strain containing a GFP
reporter integrated at the HMR locus allowing us to quantify
the effects of nicotinamide on HM silencing in single cells.
We first validated the system in cycling cells. As shown in
FIG. 10A, GFP was not expressed in untreated cells due to the
high degree of silencing at this locus. However, after 60
minutes in 5 mM nicotinamide we observed a dramatic
increase in the level of expression, which became even more
pronounced after 90 minutes (FIG. 10A, second and third
panels respectively).

To gain a more quantitative measure of silencing, cells
were analyzed by fluorescence activated cell sorting (FACS).
The top two panels of FIG. 10B show the GFP expression
profiles of asynchronous cultures of sir4 and wild type strains.
Deletion of SIR4 disrupts the telomeric and mating type loci
SIR complexes, leading to a redistribution of Sir2 away from
these sites and to the rDNA locus. Thus, the profile of the sir4
strain represents complete derepression of the HMR locus.
FIG. 10B shows that growth of wild type cells in 5 mM
nicotinamide leads to complete derepression of this locus
(third panel), as compared to the sir4 mutant. Cells treated
with 5 mM nicotinic acid or the structurally related quinolinic
acid (a substrate in the de novo NAD* synthesis pathway)
showed no increase in GFP expression (FIG. 10B, bottom two
panels) demonstrating that the desilencing effect is specific to
nicotinamide.

Using this assay system we could monitor the effects of
nicotinamide on heterochromatin in non-cycling cells. A
MATa strain containing the GFP transgene was deleted for the
HMLa locus to ensure that the cells did not escape G1-arrest
due to the co-expression of a and . genes. After arrest in GI by
treatment with a factor, cells were exposed to S mM nicoti-
namide and examined by FACS every 30 min. FIG. 10C
shows the expression profiles of arrested cells, in the presence
and absence of nicotinamide. Surprisingly, cells arrested in
G1 showed a loss of silencing when treated with nicotina-
mide. Measurement of DNA content by FACS confirmed that
the cells remained in G1 for the duration of the experiment
(FIG. 10C, right column). These results demonstrate that
exogenous nicotinamide derepresses silent chromatin even in
non-dividing cells and suggests that heterochromatin is an
unstable and dynamic structure. This also indicates that con-
tinued deacetylation of histones is essential for the mainte-
nance of silencing.

Nicotinamide causes Sir2 to dissociatefrom telomeres and
mating type loci but not from rDNA. We have shown that
nicotinamide derepresses heterochromatin at all three silent
loci in yeast. Although the most likely explanation for our
observations was that Sir2 is catalytically inactivated by nico-
tinamide, is was also possible that Sir2 was delocalized or that
its expression was down-regulated. To address the latter pos-
sibility we determined Sir2 protein levels in the presence of
nicotinamide (1-5 mM) and found that they were unaltered.
Next, we examined the effect of nicotinamide on the local-
ization of a GFP-tagged Sir2. Identical log-phase cultures
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were grown in the presence or absence of 5 mM nicotinamide
for two hours, during which the localization of GFP-Sir2 was
monitored by fluorescence microscopy. Under normal condi-
tions, Sir2 can be visualized at distinct foci near the nuclear
periphery, each focal point representing a cluster of several
telomeres (53'). In a sir2 mutant background, Sir3 is released
from telomeres and shows a diffuse nuclear pattern (FIG.
11A). This strain served as a reference for Sir delocalization.
During growth in nicotinamide we observed no change in the
Sir2-GFP pattern, even after two hours, a time at which
treated cells show maximal derepression of silent loci (FIGS.
11C and D). We also examined the two other members of the
Sir silencing complex, Sir3 and Sird. FIGS. 5E and G show
the localization pattern of Sir3-GFP and GFP-Sird in
untreated cells, respectively. Treatment with 5 mM nicotina-
mide for two hours did not alter the pattern of GFP fluores-
cence for either of these proteins (FIGS. 11F and H). These
results show for the first time that inhibition of Sir2 does not
result in a gross relocalization of the SIR complex.

To more closely examine the association between Sir2 and
silent loci in the presence of nicotinamide, we performed
chromatin immunoprecipitation (ChIP) on both treated and
untreated cells. A sir2 mutant strain and the non-silenced
CUP1 gene served as controls. FIG. 12 shows PCR products
from input and immunoprecipitated DNA using a 5S rDNA-
specific primer pair. Treatment of cells with 5 mM nicotina-
mide did not alter the amount of PCR product obtained using
these primers (compare lanes 5 and 6), demonstrating that
Sir2 remains associated with rDNA in the presence of this
compound.

Next, we examined the association of Sir2 with the silent
HMRa locus and DNA 0.6 and 1.4 kb from the right telomere
of chromosome V1. In the presence of nicotinamide, no PCR
product was obtained using primers specific for HMR. Simi-
larly, the amount of product from obtained from nicotina-
mide-treated cells using primers specific for sub-telomeric
DNA was equivalent to background. These results demon-
strate that Sir2 is not associated with HMR or sub-telomeric
DNA in cells treated with nicotinamide. This presumably
reflects a fundamental difference in the roles of Sir2 in the
RENT complex at the rDNA and in the heterotrimeric SIR
complex at telomeres and mating type loci.

Nicotinamide is a potent non-competitive inhibitor of both
yeast Sir2 and human SIRT1 in vitro. Since Sir2 was neither
delocalized nor down-regulated in response to nicotinamide,
the most plausible explanation for our results was that this
compound acted as a direct inhibitor of Sir2 deacetylase
activity. To further explore this, and to gain more insight into
the mechanism of desilencing induced by nicotinamide, we
directly measured Sir2 activity in vitro in the presence of
varying amounts of this compound. We utilized a novel class
[T HDAC activity assay that generates a fluorescent signal
upon deacetylation of a histone substrate. When incubated
with acetylated substrate and NAD*, recombinant GST-
tagged Sir2 gives a strong fluorescent signal 10-fold greater
than no enzyme and no NAD™ controls. Using this assay, we
tested the ability of nicotinamide to inhibit deacetylation in
the presence of varying concentrations of NAD*. A double
reciprocal Lineweaver-Burk plot of the data (FIG. 13A)
shows that nicotinamide is a strong non-competitive inhibitor
of'this reaction. A similar result has recently been obtained for
Hst2, a cytoplasmic Sir2 homologue (54'). We wished to
determine whether the inhibitory effects of nicotinamide
could be extended to the Sir2 homologues of higher eukary-
otes. Thus, we examined whether nicotinamide could also
inhibit human SIRT1 in vitro. Using recombinant SIRT1, we
monitored deacetylation of the substrate in the presence of
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varying amounts of nicotinamide and NAD*. Similar to Sir2,
a Lineweaver-Burk plot of the data shows that nicotinamide
also inhibits SIRT1 in a non-competitive manner (FIG. 13B).
These results imply that nicotinamide does not inhibit
deacetylation by competing with NAD* for binding to Sir2/
SIRT1 and that nicotinamide and NAD™* can bind the enzyme
simultaneously.

Recently several groups have isolated compounds that
inhibit Sir2-like proteins both in vitro and in vivo (55',56").
Among these are sirtinol, M15 and splitomycin. These com-
pounds were isolated in high-throughput phenotypic screens
of small molecule libraries as inhibitors of silencing, though
none has yet been examined for its ability to inhibit SIRT1
activity. To compare the efficacy of inhibition of these com-
pounds to that of nicotinamide we measured recombinant
SIRT1 activity in the presence of 50 uM of each of these
inhibitors. We also included the class I/Il HDAC inhibitor
TSA as a negative control. As shown in FIG. 13C, nicotina-
mide inhibited SIRT1 with an IC5,<50 uM, a value that was
equal to, or lower than, that of all the other inhibitors we
tested. Adding further support to our in vivo results, we
showed that the structurally related compound, nicotinic acid,
had no effect on the activity of SIRT1 in vitro (FIG. 13C).
Discussion

We have shown that nicotinamide, a product of the Sir2
deacetylation reaction, is a potent inhibitor of Sir2 activity
both in vivo and in vitro. Addition of exogenous nicotinamide
to yeast cells derepresses all three silent loci, increases insta-
bility at the ribosomal DNA locus and shortens yeast life span
to that of a sir2 mutant. rDNA instability and short life span
phenotypes of nicotinamide-treated cells are not augmented
by a sir2 mutation indicating that these phenotypes are the
consequence of Sir2 inhibtion. Importantly, these results also
indicate that tDNA instability and life span are not influenced
by the other yeast Sir2 family members, the Hst proteins.

We have recently shown that strains carrying extra copies
of NAD* salvage pathway genes show increased silencing
and are long lived, yet they do not have increased steady-state
NAD* or NADH levels (see, Example 1). We hypothesized
that the increased longevity is mediated by local increases in
NAD" availability or increased flux through the salvage path-
way. The latter model implies that that there may be continual
recycling of NAD™ to nicotinamide, via Sir2 family members
and/or NMN adenylyl transferases. We show that nicotina-
mide abrogates silencing in G1 arrested cells, arguing that
Sir2 activity is required constitutively for the maintenance of
heterochromatin and that Sir2 consumes NAD* even in non-
cycling cells. This is consistent with the recent finding of
Bedelov et al. that the MAT o gene at the silenced HML locus
is expressed in G1 cells treated with splitomycin (56").

Addition of nicotinamide to cells does not alter the local-
ization pattern of any of the Sir-GFP fusion proteins we
examined (FIG. 11). This suggests that there are interactions
that maintain the localization of Sir2 independently of its
activity. Closer examination using ChIP shows that while Sir2
is still bound to the rDNA, it no longer associates with either
telomeres or mating type loci in the presence of this com-
pound (FIG. 12). It has previously been shown that Netl, the
DNA binding subunit of the RENT complex, can associate
with chromatin independently of Sir2 (57). These findings
indicate that this complex can assemble on ribosomal DNA in
the absence of Sir2 deacetylase activity. In contrast, we show
that the heterotrimeric Sir2/3/4 complex can not assemble on
chromatin in the absence of Sir2 catalytic activity. These
results are consistent with recent data from two other groups
using catalytically inactive Sir2 mutants (46',58'). Both
groups find that mutation of the conserved histidine in the
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catalytic domain (His-364) prevents Sir2 from interacting
with telomeres and mating type loci in vivo. However, there
remains the possibility that these mutations also affect the
ability of Sir2 to interact with other proteins. Our results show
conclusively that the deacetylase activity of Sir2 is required
for its proper association with telomeres and mating type loci.

We have shown that nicotinamide strongly inhibits the
deacetylase activity of both yeast Sir2 and the human homo-
logue, SIRT1 in vitro. The fact that nicotinamide acts non-
competitively to inhibit Sir2 suggests that this compound
does not compete with NAD+for binding. Examination of the
reaction mechanism for Sir2 deacetylation and the crystal
structure of an archeal Sir2 homologue provides clues as to a
possible mechanism of inhibition. Sir2-catalyzed deacetyla-
tion consists of two hydrolysis steps which are thought to be
coupled. Cleavage of the glycosidic bond connecting nicoti-
namide to the ADP-ribose moiety of NAD" is followed by
cleavage of the C—N bond between an acetyl group and
lysine. A recent structural analysis indicates that Sir2
enzymes contain two spatially distinct NAD* binding sites
(the B site and the C site), both of which are involved in
catalysis (59"). The authors propose that in the presence of an
acetyl lysine, NAD* bound to the B site can undergo a con-
formational change bringing the nicotinamide group in prox-
imity to the C site where it is cleaved. The ADP-ribose prod-
uct of this reaction then returns to the B site where
deacetylation of the acetyl lysine occurs. We propose that at
elevated concentrations, nicotinamide binds to and blocks the
internal C site, which prevents the conformational change and
subsequent cleavage of NAD™. This would explain the non-
competitive nature of the mode of inhibition of this com-
pound.

We have shown that the potency of nicotinamide rivals that
of the most effective library-isolated compounds used in our
assay. The fact that SIRT1 is inhibited by such low concen-
trations of nicotinamide in vitro, raises the possibility that this
mode of inhibition may be physiologically relevant. Levels of
nicotinamide in mammalian tissues have been reported to lie
in the range of 11-400 uM (39',60'-62"). Recently, levels of
nicotinamide in cerebrospinal fluid were determined with
high accuracy to be 54.2 uM (63"), a value which is similar to
the 1C, for nicotinamide reported here. We propose that
fluctuations in 4 cellular nicotinamide levels may directly
control the activity of Sir2 proteins in vivo. These fluctuations
may, in turn, be regulated by enzymes involved in nicotina-
mide metabolism.

The yeast PNC1 gene encodes a nicotinamidase that is
situated in a key position to regulate NAD*-dependent
deacetylases. By converting nicotinamide into nicotinic acid,
Pncl may reduce levels of this inhibitor and stimulate the rate
at which NAD" is regenerated (see FIG. 7). Interestingly,
PNCI is one of the most highly induced genes in response to
stress and conditions that resemble calorie restriction (64',
65". Furthermore, PNC1 encodes the only salvage pathway
enzyme whose transcript undergoes cell-cycle dependent
fluctuations (66"). Levels of PNC1 are highest in M/G1 and
drop off sharply in S-phase. Interestingly, this coincides with
the establishment of Sir-dependent silencing (51',52',67").
These facts raise the possibility that high levels of Pncl
induce silencing after S-phase or under conditions of stress
and calorie restriction by removing the inhibitory effects of
nicotinamide. Our previous finding, that a single extra copy of
PNCI increases Sir2-dependent silencing (see, Example 1),
adds further support to this model. It will be interesting to
determine if intracellular nicotinamide levels change during
the cell cycle, stress or calorie restriction.
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Nicotinamide and nicotinic acid are used at high doses (up
to 10 g/day) to self-treat a wide variety of conditions (41").
Both are considered forms of vitamin B3 and are often used
interchangeably, however nicotinamide has become pre-
ferred in many cases due to an apparent lack of side effects. In
addition, nicotinamide is currently in trials as a therapy to
prevent cancer recurrence and insulin-dependent (type I) dia-
betes. Our results, which clearly demonstrate that nicotina-
mide can disrupt heterochromatin, even in non-cycling cells,
raise the concern that there may be deleterious consequences
of long-term nicotinamide therapy in humans.
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Example 3

Nicotinamide, but Not Nicotinic Acid, Bind to the C
Pocket of Sir2

The nicotinamide was docked in the crystal structure of
Sir2 from Archaeoglobus fulgidus (Sir2-Afl) bound to NAD*
(Protein Data Bank ID code 1ICI, Min et al. (2001). Crystal
structure of a SIR2 homolog-NAD complex. Cell 105, 269-
279). It was first manually docked in the C site of Sir2-Afl
using QUANTA (MSI, Inc.). Subsequently, an energy mini-
mization calculation was done with CHARMM (Brooks et al.
(1983) J. Comput. Chem. 4, 187-217) with harmonic con-
straint on Sir2-Afl and NAD* (F=2.4 Kcal/mol A?). FIG.
14A-C were made with PYMOL (DeLano, W. L. The
PyMOL Molecular Graphics System (2002) DeLano Scien-
tific, San Carlos, Calif., USA).

These studies indicate that nicotinamide inhibits Sir2 (see
FIGS. 14 A-C) and that nicotinic acid does not inhibit Sir2
because the presence of residue D101 (i.e., acidic) prevents
nicotinic acid to dock into the C pocket of Sir2.

Example 4
PNC1 Mediates Lifespan Extension

As shown in FIG. 17A, PNC1 catalyzes an amide hydroly-
sis, converting nicotinamide to nicotinic acid in the NAD*
salvage pathway (FIG. 17B). Most wild-type yeast strains
have an average lifespan of 21-23 divisions, with a maximum
lifespan of ~40 divisions. A wild-type strain that was calorie
restricted (0.5% glucose) or heat stressed (37° C.) exhibited a
longer lifespan than an untreated control (2.0% glucose or 30°
C., respectively) (FIGS. 17C and D). The sir2A strain had a
short lifespan, consistent with previous reports'>*?, and nei-
ther calorie restriction nor heat extended lifespan in this strain
(FIGS. 17C and D). The pnclA strain did not exhibit a
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lifespan extension under either of these conditions, demon-
strating that PNC1 is necessary for lifespan extension.

Strikingly, under non-stressing conditions (2% glucose,
30° C.), a strain with additional copies of PNC1 (5xPNC1)
lived 70% longer than the wild-type and some cells lived over
70 divisions, which is the longest reported lifespan extension
in this organism (FIG. 17E). Neither calorie restriction nor
heat stress further increased the lifespan of the 5xPNC1
strain. Deletion of SIR2 in the 5xPNC1 background short-
ened lifespanto that of the sir2A strain (FIG. 17E). The pnc1A
sir2A double mutant had a lifespan similar to the sir2A mutant
as well (FIG. 17E) and its lifespan was unaffected by glucose
restriction. This indicates that PNC1 and SIR2 function in the
same pathway and that PNC1 increases lifespan via SIR2.

Thus, these results demonstrate that PNC1 is necessary for
lifespan extension by both calorie restriction and heat stress,
and that additional PNC1 is sufficient to mimic these stimuli.
According to our model, additional copies of PNC1 extend
lifespan by depleting nicotinamide, thus relieving inhibition
of Sir2.

Example 5

PNC1 Expression is Increased in Response to Stress
Conditions

S. cerevisiae were incubated in different stress conditions
and the level of expression of PNC1 was measured by con-
ducted Western blots. The amount of PNC1 measured in yeast
cells grown in 2.0% glucose complete medium (Y PD) was set
at 1. The Table below and FIG. 18 show the fold induction in
different growth conditions relative to this reference level of
expression:

Culture conditions Fold comparison

2.0% glucose complete meidum (YPD) 1
0.5% glucose complete medium (YPD) 15
0.1% glucose complete medium (YPD) 25

Defined complete medium (SD) + amino acids 5
Defined complete medium (SD) — amino acids
Heat shocked in 2% YPD (37 degrees for 4 hours)
Osmotic stress (0.1 M NaCl)

It was also shown that nitrogen restriction greatly induced
PNCI1 expression. Since all of the above “stress conditions,”
i.e., not 2.0% glucose complete medium (YPD) extend the
life span of S. cerevisiae (caloric restriction), an increase in
PNC1 correlates with an extended life span in every condition
tested and known to extend yeast lifespan, including amino
acid restriction, salt stress and heat stress (FIG. 18C). Analy-
sis of genome-wide mRNA profiles of the stress response
(Gash) showed that PNCI is one of the most highly respon-
sive genes in response to stress and starvation in this organ-
ism. PNCI1 levels were also greatly induced in cells carrying
a cdc25-10 allele that mimics calorie restriction by lowering
cAMP (FIG. 18B).

To test whether this response was specific to environmental
stress, we examined Pncl levels in a strain deleted for BNA6/
QPT1, which is required for the de novo synthesis of NAD*
but not life span extension by calorie restriction'? In this
mutant Pnc1 levels were unaltered (FIG. 18B). Pnc1 activity
in extracts from treated cells correlated with Pncl levels in
Western blots (FIG. 18D), demonstrating that these cells have
increased rates of nicotinamide hydrolysis. Thus, PNC1 is the
first yeast longevity gene whose expression is modulated by
stimuli that extend lifespan.
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Accordingly, methods in which the level of PNCI is
increased to extend the life span of cells or protect them
against stresses, as further described herein, mimics the natu-
ral events in cells.

Example 6
Additional PNC1 Confers Resistance to Acute Stress

Given the strong link between longevity and stress resis-
tance in other species, we tested whether additional PNC1
could also confer resistance to a range of stresses. A well-
characterized test of stress resistance in yeast is the ability of
cells to tolerate high concentrations of salt*. We found that
the SxPNC1 strain was dramatically more resistant than wild-
type to high levels of both NaCl (600 mM) and LiCl (200
mM) (FIG. 19A). We also tested survival following DNA
damage by UV irradiation (5 mJ/en?) and found again that
additional PNC1 conferred resistance (FIG. 19B). Because
mitochondrial DNA damage has been implicated in mamma-
lian aging®”, we also examined the ability of additional PNC1
to protect against this type of stress. Under conditions of
obligate respiration (3% glycerol as carbon source), 5xPNC1
cells were more resistant than wild-type to mitochondrial
mutagenesis by ethidium bromide (FIG. 19C). The increased
resistance of the 5xPNC1 strain to LiCl was dependent on
SIR2. Strikingly, the resistance of this strain to NaCl, UV and
ethidium bromide was independent of SIR2 (FIGS. 19A-C).
These results demonstrate that PNC1 promotes both longev-
ity and stress resistance, and suggests that SIR2 is not the only
downstream effector of this gene. It is thus likely that nicoti-
namide regulates proteins other than Sir2.

Example 7

Cellular Localization of PNC1 Under a Variety of
Stress Conditions

We have previously shown that two enzymes in the NAD*
salvage pathway, Nptl (nicotinamide phosphoribosyltrans-
ferase) and Nma2 (nicotinate mononucleotide adenylyltrans-
ferase), are concentrated in the nucleus®. We investigated
whether Pncl, another salvage pathway enzyme, had a simi-
lar cellular distribution. Surprisingly, on complete 2% glu-
cose medium, Pnc 1-GFP was observed in the cytoplasm, the
nucleus and in 3-6 discrete cytoplasmic foci per cell (FIG.
20A). Calorie-restricted or stressed cells showed a dramatic
increase in the intensity of fluorescence. consistent with the
Western data. Interestingly, under conditions of amino acid
restriction or salt stress, this pattern was altered, with the
fluorescence being predominately localized to the foci (FIG.
20B). This suggests that Pncl localization is regulated in
distinct ways by different stresses.

To determine the identity of the foci, we searched for
cellular markers that co-localized with Pncl-GFP. We
observed significant overlap with a peroxisomally-targeted
red fluorescent protein (RFP) (FIG. 20C). Furthermore, the
Pnc1-GFP foci were no longer observed in a pex6A mutant,
which is unable to form peroxisomes (FIG. 20D). Because
our stress studies indicated that the localisation of Pncl to
peroxisomes might be regulated, we sought to identify the
transporter responsible for its import into this organelle.
Although Pex5 imports the vast majority of peroxisomal pro-
teins, the localisation of Pncl to peroxisomes required the
lesser-utilised transporter Pex7 (FIG. 20D). The localisation
of Pncl to sites outside the nucleus is consistent with our
stress results demonstrating that nicotinamide regulates pro-
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teins other than Sir2. The peroxisomal localisation is of par-
ticular interest because these organelles are a major source of
reactive oxygen species and have been implicated in mam-
malian aging®®*°. In addition, a number of crucial steps in
lipid metabolism occur in peroxisomes and lipid signaling
has recently been linked to salt tolerance®®. The salt resis-
tance of additional PNC1 maybe the result of a peroxisomal
function of Pncl.

Example 8

Life Span and Stress Resistance are Negatively
Regulated by Intracellular Nicotinamide

One prediction of our model is that any manipulation of
intracelluar nicotinamide levels should be sufficient to alter
Sir2 activity. A common indicator of Sir2 activity is the extent
to which a reporter gene inserted at the rDNA (RDN1) 1s
silenced. To exclude the possibility that NAD™ levels were
responsible for any silencing effect, we sought to manipulate
intracellular nicotinamide levels using a gene outside the
NAD™ salvage pathway. In humans, the major route of nico-
tinamide metabolism is through nicotinamide N-meth-
Iytransferase (NNMT)*°. NNMT converts nicotinamide to
N'-methylnicotinamide, which is excreted via the kidneys>'.
By homology we identified the S. cerevisiae NNMT gene,
which we have named NNT1. Nntl is 23% identical to a
mammalian NNMT core domain®® and contains the four sig-
nature motifs of S-adenosylmethionine(SAM)-dependent
methyltranferases™?.

Deletion of NNT1 caused a desilencing phenotype similar
to deletion of PNC1** (FIG. 21A). These results are corsis-
tent with our finding that rDNA silencing is abrogated in the
presence of exogenous nicotinamide (Example 2). As pre-
dicted, strains with additional NNT1 showed increased
silencing, similar to strains with additional PNC1?*, We con-
clude that lifespan, stress resistance and Sir2 activity can be
regulated by changes in intracellular nicotinamide and levels
of NNTT1. It is worth noting that although NNT1 can mimic
PNCI1 phenotypes, unlike PNCI1, its expression is not appar-
ently modulated by stinuli that extend lifespan®.

We have identified PNC1 as a calorie restriction- and
stress-responsive gene that increases lifespan and stress resis-
tance of cells by depleting intracellular nicotinamide (FIG.
21B). We show that lifespan extension by calorie restriction is
the result of an active cellular defense response coordinated
by a specific regulatory gene. An attractive feature of this
mechanism is that it is not based on the modulation of NAD*,
an essential co-factor involved in cellular homeostasis.

We do not yet know how a gene involved in nicotinamide
metabolism confers resistance to numerous acute stresses.
Presumably the benefits of increased Pncl come at an evolu-
tionary cost but we have yet to identify any selective disad-
vantage. Both our stress and localisation results imply the
existence of multiple nicotinamide-regulated effectors.
Based on the enzymology of Sir2 inhibition by nicotinamide
(Example 2 and **), proteins that cleave NAD" in a two-step
reaction are plausible candidates. Examples include the
homologues of Sir2 (Hst1-4) and Tpt1, an NAD*-dependent
2'-phosphotransferase that facilitates the unfolded protein
response™”. Expression profiling of cells with altered nicoti-
namide metabolism should help identify these effectors and
the downstream pathways of stress resistance.

In mammals, there is evidence for a link between nicoti-
namide metabolism and stress resistance. Poly(adenosine
diphosphate-ribose) polymerase-1 (PARP) is a nuclear
enzyme that cleaves NAD" to covalently attach poly(ADP-
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ribose) to acceptor proteins. This two-step reaction generates
nicotinamide, which exerts an inhibitory effect on PARP-1
allowing for autoregulation®®. PARP enzymes have been
implicated in numerous cellular functions including DNA
break repair, telomere-length regulation, histone modifica-
tion, and the regulation at the transcriptional level of key
proteins including ICAM-1 and nitric oxide synthase*®. Our
results suggest that PARP enzymes might be regulated by
nicotinamide metabolism as part of a general stress response.
Nicotinamide also inhibits human SIRT1 both in vitro (Ex-
ample 2) and in vivo'”. SIRT1 negatively controls p53 activ-
ity, indicating that nicotinamide levels may regulate apopto-
sis and DNA repair'”'®. Consistent with this, the expression
of NNMT in human cells and tissues correlates with tumori-
genesis>” and radioresistance™®.

Example 9
Materials and Methods for Examples 4-8

Media and Strains: All strains were grown at 30° C. in
complete 2.0% (w/v) glucose (YPD) medium except where
stated otherwise. In all experiments, we ensured that aux-
otrophic markers were matched between strains by integrat-
ing empty vector. All deletions were generated using a
kanMX6 PCR-based technique® and confirmed by PCR.
Additional copies of PNC1 were integrated as previously
described®. The entire open reading frame and 700 bases of
upstream sequence of NNT1 (YLR285w) were cloned from
genomic DNA by PCR into pSP400*, sequenced, and inte-
grated into the yeast genome as described previously’. The
copy number of integrated genes was determined by Southern
blotting. A GFP cassette was introduced in-frame at the 3' end
of the native PNC1 gene as previously described®®. The RFP-
PTS1 plasmid (pSG421) was a gift from S. J. Gould (Johns
Hopkins U.). PSY316AT-derived strains were used for
lifespan analysis and stress resistance assays. Strains derived
from PSY316AT (MATq, ura3-53 leu2-3,112 his3-A200
ade2-1, 01 canl-100 ADE2-TEL V-R): pnclA (YDS1741),
sir2A (YDS1750), 5xPNC1 (YDS1853), 5xPNC1 sir2A
(YDS1851), pnclA sir2A (YDS1853). W303-derived strains
were used for Western blot analysis, fluorescence microscopy
and SMR2 dependent silencing assays. Strains derived from
W303 (MATq, ade2-1, leu2-3,112, canl-100, trpl-1, ura3-
52, his3-11,15, RDN1::ADE2, RADS) include: PNC1-GFP
(YDS1742),pncl A (YDS1911), nnt1A (YDS1747), 2xPNC1
(YDS1588), 2xNNT1 (YDS1926), ADE2 (YDS1596). The
following strains were derived from PNC1-GFP (YDS1742):
bna6A (YDS1857), pSG421 (YDS1916), pex6A (YDS1869),
pex5A (YDS1870) and pex7A (YDS1871). The cdc25-10
strain was a gift from L Guarente (M.1.T.).

Yeast assays were conducted as follows. Life span mea-
surements were performed as previously described®? except
for the heat stress experiments where strains were incubated
after each dissection at 37° C. Stress resistance assays were
performed using mid-log phase cells. Silencing was assayed
as previously described®’.

Protein expression analysis were conducted as follows.
Strains were pretreated under the indicated conditions and
grown to mid-log phase. Western blots were performed as
described® using whole cell extracts (75 ug). Proteins were
detected using anti-GFP antibodies (Santa Cruz) or anti-actin
antibodies (Chemicon). Fluorescent microscopy images were
captured at the same exposure (1 s) at 100x magnification
with a Hamamatsu Orcal00 CCD camera and processed with
Openlab software.
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Nicotinamidase activity assay was conducted as follows.
Activity of Pnc1 in extracts obtained from pretreated mid-log
phase cultures was determined as previously described'.
Briefly, 0.16 mg of protein were incubated with either 0 or 8
mM nicotinamide for 45 min at 30° C. in a final volume 0f 400
wl consisting of 10 mM Tris pH 7.5, 150 mM NaCl and 1 mM
MgCl,. Pncl activity was determined by measuring the final
concentration of the reaction product, ammonia, using the
Sigma ammonia diagnostic kit. Baseline ammonia was
accounted for by subtracting a no nicotinamide control. Nico-
tinamidase activity was expressed as nmol ammonia pro-
duced/min/mg total protein. Pncl activity was obtained by
subtracting the background value for the pnclA strain
(0.060.004 nmol/min/mg).
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Example 10

Human Nicotinamide Methyltransferase (NMNAT)
Confers Radioresistance in Human Cells

NMNAT (EC 2.1.1.1; CAS registry number 9029-74-7),
which is also referred to as nicotinamide N-methyltrans-
ferase, is an enzyme that catalyzes the reaction S-adenosyl-
L-methionine+nicotinamide=S-adenosyl-L -homocysteine+
1-methylnicotinamide (see also, Cantoni (1951) J. Biol.
Chem. 203-216). Overexpression of human NMNAT in radi-
osensitive human cells was found to increase the radioresis-
tance of the cells.

Example 11

PBEF Levels are Upregulated in Serum of Rats
During Caloric Restriction

This example describes that PBEF is present in higher
levels in serum of rats subjected to caloric restiction.

Male Fischer-344 (F344) rats were bred and reared in a
vivarium at the Gerontology Research Center (GRC, Balti-
more, Md.). From weaning (2 weeks), the rats were housed
individually in standard plastic cages with beta chip wood
bedding. Control animals were fed a NIH-31 standard diet ad
libitum (AL). At one month of age the calorie restricted (CR)
animals were provided a vitamin and mineral fortified version
of the same diet at a level of 40% less food (by weight) than
AL rats consumed during the previous week. Filtered and
acidified water was available AL for both groups. The
vivarium was maintained at a temperature of 25° C., with
relative humidity at 50% on a 12/12 h light/dark cycle (lights
on at 6:00 a.m.) All serum was obtained from fasted, anes-
thetized animals. Rats were anesthetized and a 21-gauge cath-
eter was inserted into the tail vein. 1.5 ml of whole blood was
then collected and allowed to clot (20-30 min), then centri-
fuged for 20 min at 2500 rpm. Serum from AL or CR samples
was removed from the centrifuge and pooled. Two different
pools of AL serum and two different pools of CR serum were
analyzed. Two microliters of serum from each pooled sample
was denatured by boiling for 5 minutes in sample buffer
containing SDS, then subjected to polyacrylamide gel elec-
trophoresis (PAGE). Proteins were transferred to PVDF
membrane (Immobilon™-P, Sigma, P2938), which was sub-
sequently blocked for 1 hour at room temperature using 5%
dry non-fat milk in TBST. Blots were then probed using a
1:1000 dilution of NAMPRT monoclonal or polyclonal anti-
bodies (from Dr. Oberdan Leo) in 0.5% milk in TBST for 1
hour at room temperature. After three 5-minute washes in
TBST, blots were probed with the appropriate secondary
antibodies conjugated to horseradish peroxidase (Amersham
Biosciences Anti-Mouse NA931V, or Molecular Probes Anti-
Rabbit G21234) in 0.5% milk in TBST. Following three
10-minutes washes in TBST, blots were visualized by chemi-
luminescence using ECL reagents (Amersham Biosciences,
RPN2105) and detected with X-Ray film (Kodak BioMax
XAR,1651454).

The results are shown in FIG. 22, which shows higher
levels of NAMPRT in serum from calorie restricted rats.
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Example 12

PBEF Levels are Up-Regulated in Response to
Stress Conditions

This example shows that PBEF is up-regulated by serum
starvation and oxidative stress in MEF cells and in cardi-
omyocytes by serum starvation and hypoxia.

Cardiomyocytes were prepared from 1- to 2-day-old rats
by use of the Neonatal Cardiomyocyte Isolation System
(Worthington Biochemical Corp) and cultured in 60 mm Petri
dishes with RPMI 1640 medium containing 5% FCS, 10%
horse serum (HS) for 72 hours. Then, medium was removed
and replaced with medium with or without serum. For
hypoxia, cells were placed in a 37° C. airtight box saturated
with 95% N2/5% CO02 for 18 hours. O, concentrations were
0.1% (Ohmeda oxygen monitor, type 5120). For normoxia,
cells were placed in a 37° C./5% CO, incubator for 18 hours
before harvest.

MEFs were generated from 13.5-d-old embryos from preg-
nant mice as described previously (Razani et al., 2001). Con-
trol MEF cells were cultured in DMEM supplemented with
10% FCS, 1% penicillin/streptomycin/0.5% fungizone for 24
hours. To starve the cells, MEFs were washed with PBS and
cultured in DMEM containing 2% BSA, 1% penicillin/strep-
tomycin/0.5% fungizone for 24 hours. Cells under further
oxidative stress treatment were cultured in the same medium
containing 150 micro moles H,O, for 1 or 3 hours before
harvest.

The results, which are shown in FIGS. 23 and 24, indicate
that NAMPRT is upregulated by serum starvation, oxidative
stress and hypoxia.
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Example 13

PBEF Transcription is Up-Regulated by Fasting in
vivo in Mice

Fight Sprague-Dawley male mice, four for each group
(control versus fasting), were used to compare NAMPRT
gene regulation by fasting. Control mice were fed ad libitum
with 78% sucrose diet prepared by Research Diets. Experi-
mental mice were fasted for 48 hours before sacrificed. Fresh
liver tissues were removed, cut into small pieces and soaked
in DNAlater reagent and stored at 4° C. till starting RNA
preparation.

Total RNA was isolated from tissue by trizol (Invitrogen)
according to the protocol recommended by manufacture. 1 pg
RNA was used as template for reverse transcription to cDNA.
Real-time PCR was carried out in LightCycler RT-PCR
(Roche Molecular Biochemicals) using non-specific Light-
Cycler DNA Master SYBR Green dye to monitor PCR prod-
uct. The relative NAMPRT mRNA copies were normalized to
that of -actin. Primers used to amplify NAMPRT fragment
were:

AAATCCGCTCGACACTGTCCTGAA (SEQ ID NO: 23),
TTGGGATCAGCAACTGGGTCCTTA (SEQ ID NO: 24).

Primers used to amplify $-actin fragment were: TTCCTC-

CCTGGAGAAGAGCTATGA (SEQ ID NO: 25),
TACTCCTGCTTGCTGATCCACATC (SEQ ID NO: 26).

The results, which are shown in FIG. 25 show that NAM-
PRT transcription is upregulated in fasting mice relative to
non-fasting mice.

Equivalents

Those skilled in the art will recognize, or be able to ascer-
tain using no more than routine experimentation, many
equivalents of the specific embodiments of the invention
described herein. Such equivalents are intended to be encom-
passed by the following claims.

SEQUENCE LISTING

«160> NUMBER OF SEQ ID NOS: 49
«210>
<211>
«212>
<213>
«220>
<221>
<222>

SEQ ID NO 1

LENGTH: 1290

TYPE: DNA

ORGANISM: Saccharomyces cerevisiae
FEATURE:
NAME/KEY:
LOCATION:

CDS
(1) ..(1290)

<400> SEQUENCE: 1

ata
Ile

tct
Ser

ctt
Leu

atg tca gaa cca gtg
Met Ser Glu Pro Val
1 5

aag
Lys

ttg
Leu
10

gac
Asp

aca
Thr

att
Ile

tte
Phe

ttt
Phe

aat
Asn

act
Thr
25

cat
His
20

cca
Pro

acg
Thr

atg
Met

gct
Ala

gct
Ala

gtc
Val

tat
Tyr

tat
Tyr

tce
Ser

act
Thr

aaa
Lys
35

ace
Thr

aac
Asn

caa
Gln

acc
Thr

agg
Arg

teg
Ser
40

ttg
Leu

att
Ile
50

ttt
Phe

tat
Tyr

aat
Asn

gcc
Ala

ttg
Leu

aaa
Lys

caa
Gln

teg
Ser

ttg
Leu
60

tgg
Trp

gag
Glu
55

tte
Phe
65

att
Ile
70

tta
Leu

tac
Tyr

aca
Thr

gaa
Glu

aaa
Lys

gag
Glu

gaa
Glu

gaa
Glu

cag
Gln
75

gaa
Glu

tcg geoa tat att aag tat att age agt tct aat

gac
Asp

gat
Asp

ttc
Phe
45

g9a
Gly

atc
Ile

tac

atg
Met

gtt
Val
30

aat
Asn

aat
Asn

cca
Pro

aaa

tac 48
Tyr

15

aag
Lys

aca 96

Thr

gtt
Val

aag 144

Lys

gaa
Glu

ttg 162

Leu

agg
Arg

tat
Tyr

tty 240
Leu
80
288

cta cac
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aaa
Lys
145

gag
Glu

tte
Phe

caa
Gln

cta

aag
Lys
225

att
Ile

Ile

ttt
Phe

gCt
Ala

aaa
Lys
305

teg
Ser

act
Thr

att
Ile

gtt
Val

g9t
Gly
385

gat

Ser

gaa
Glu

cac
His

ctt
Leu
130

ttt
Phe

aag
Lys

g9t
Gly

gga
Gly

tta
Leu
210

cca
Pro

agt
Ser

aat
Asn

gga
Gly

tac
Tyr
290

aag

Lys

aag
Lys

tac
Tyr

gg¢
Gly

aaa
Lys
370

aat
Asn

cct

Ala

gag
Glu

tac
Tyr
115

tat
Tyr

gtt
Val

aag
Lys

aca
Thr

ate
Ile
195

tta
Leu

atc
Ile

gaa
Glu

act
Thr

act
Thr
275

gtC

Val

att
Ile

att
Ile

tce
Ser

aca
Thr
355

agt
Ser

cac
His

gee

Tyr

cag
Gln
100

aaa
Lys

gag
Glu

gac
Asp

geg
Ala

aga
Arg
180

atg
Met

gge
Gly

ggt
Gly

gat
Asp

ttt
Phe
260

gat

Asp

ggt
Gly

tece
Ser

ate
Ile

cat
His
340

aac
Asn

gag
Glu

get
Ala

act

Ile
85

att
Ile

ttg
Leu

atc
Ile

atc
Ile

gaa
Glu
165

cgt
Arg

aaa
Lys

aca
Thr

act
Thr

tat
Tyr
245

ggt
Gly

gac
Asp

gtt
Val

cac
His

tgt
Cys
325

gca
Ala

ttt
Phe

ccg
Pro

ate
Ile

gtg

Lys

tcc
Ser

aaa
Lys

ccce
Pro

gac
Asp
150

act
Thr

cgt
Arg

gct
Ala

tca
Ser

gtg
Val
230

ttg
Leu

gca
Ala

ttt
Phe

aga
Arg

cat
His
310
tat

Tyr

gct
Ala

act
Thr

tta
Leu

aaa
Lys
390

aag

Tyr

ttc
Phe

att
Ile

tta
Leu
135

tgg
Trp

ttg
Leu

aga
Arg

gtg
val

aat
Asn
215

gct
Ala

cat
Hig

aaa
Lys

tta
Leu

caa
Gln
295

tac

Tyr

tece
Ser

aaa
Lys

aat
Asn

aac
Asn
375

att
Ile

aga

Ile

act
Thr

tta
Leu
120

ctg
Leu

gac
Asp

ttt
Phe

tet
Ser

aac
Asn
200

att
Ile

cac
His

gce
2la

aat
Asn

aaa
Lys
280

gat

Asp

cat
His

gat
Asp

gag
Glu

gat
Asp
360

atc
Ile

tect
Ser

gtg

Ser

tca
Ser
105

gtc
Val

tce
Ser

tac
Tyr

gat
Asp

ety
Leu
185

ggt
Gly

tta
Leu

gag
Glu

aat
Asn

gCt
Ala
265

tca

Ser

tect
Ser

gac
Asp

tet
Ser

aat
Asn
345

ttt
Phe

gtt
Val

gat
Asp

aaa

Ser
20

gaa
Glu

agt
Ser

cta
Leu

gaa
Glu

aat
Asn
170

aag
Lys

aac
Asn

ttt
Phe

tgg
Trp

aaa
Lys
250

ggt
Gly

tte
Phe

gga
Gly

gtg
Val

ttyg
Leu
330

gga
Gly

cgt
Arg

atc
Ile

aac
Asn

gag

Ser

gaa
Glu

ggt
Gly

ata
Ile

aac
Asn
155

ggt
Gly

get
Ala

cca
Pro

gece
Ala

gtt
Val
235

aat
Asn

tta
Leu

cgt
ATg

gac
Asp

ttg
Leu
315

aac

Asn

atg
Met

aag
Lys

aaa
Lys

tta
Leu
395

gaa

Asn Tyr Lys Leu His

atc
Ile

agt
Ser

tca
Ser
140

caa
Gln

Ile

caa

gac
Asp

aag
Lys
220
atg
Met

gca
Ala

gca
Ala

cca
Pro
cca
300
aaa

Lys

gte
Val

cta
Leu

aag
Lys

cta
Leu
380

g9t
Gly

tty

gag
Glu

tgg
Trp
125

gaa
Glu

tta
Leu

aga
Arg

gat
Asp

aga
Arg
205

aaa
Lys

gga
Gly

atg
Met

tta
Leu

cca
Pro
285

gtt

Val

ttg
Leu

gaa
Glu

gce
Ala

tca
Ser
365

tta
Leu

aaa
Lys

gga

gg¢
Gly
110

aag
Lys

geg
Ala

gaa
Glu

tte
Phe

cta
Leu
190

aac
Asn

tat
Tyr

gtce
Val

gat
Asp

acg
Thr
270

tat

Tyr

gag
Glu

cct
Pro

aag
Lys

aca
Thr
350

gaa
Glu

gaa
Glu

aat
Asn

tat

95

aag
Lys

gat
Asp

tat
Tyr

caa
Gln

agt
Ser
175

att
Ile

aaa
Lys

gga
Gly

gct
Ala

tgt
Cys
255

gat

Asp

tect
Ser

tat
Tyr

aaa
Lys

gca
Ala
335

tte
Phe

cce
Pro

gta
Val

atg
Met

act

cce
Pro

act
Thr

ttt
Phe

gct
Ala
160

gaa
Glu

atg
Met

teg
Ser

gte
Val

tct
Ser
240

tgg
Trp

act
Thr

gat
Asp

ace
Thr

tte
Phe
320

ata

Ile

ggt
Gly

cag
Gln

aat
Asn

gga
Gly
400

gaa

336

384

432

480

528

576

624

672

720

768

816

864

912

960

1008

1056

1104

1152

1200

1248
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89

-continued

Asp Pro Ala Thr Val Lys Arg Val Lys Glu Glu Leu Gly Tyr Thr Glu
405 410 415

cga agt tgg agt ggt gat aac gaa gcg cac aga tgg acc taa 1290
Arg Ser Trp Ser Gly Asp Asn Glu Ala His Arg Trp Thr
420 425

<210> SEQ ID NO 2

<21l> LENGTH: 429

<212> TYPE: PRT

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 2

Met Ser Glu Pro Val Ile Lys Ser Leu Leu Asp Thr Asp Met Tyr Lys
1 5 10 15

Ile Thr Met His Ala Ala Val Phe Thr Asn Phe Pro Asp Val Thr Val
20 25 30

Thr Tyr Lys Tyr Thr Asn Arg Ser Ser Gln Leu Thr Phe Asn Lys Glu
35 40 45

Ala Ile Asn Trp Leu Lys Glu Gln Phe Ser Tyr Leu Gly Asn Leu Arg
50 55 60

Phe Thr Glu Glu Glu Ile Glu Tyr Leu Lys Gln Glu Ile Pro Tyr Leu
65 70 75 80

Pro Ser Ala Tyr Ile Lys Tyr Ile Ser Ser Ser Asn Tyr Lys Leu His
85 90 95

Pro Glu Glu Gln Ile Ser Phe Thr Ser Glu Glu Ile Glu Gly Lys Pro
100 105 110

Thr His Tyr Lys Leu Lys Ile Leu Val Ser Gly Ser Trp Lys Asp Thr
115 120 125

Ile Leu Tyr Glu Ile Pro Leu Leu Ser Leu Ile Ser Glu Ala Tyr Phe
130 135 140

Lys Phe Val Asp Ile Asp Trp Zsp Tyr Glu Asn Gln Leu Glu Gln Ala
145 150 155 160

Glu Lys Lys Ala Glu Thr Leu Phe Asp Asn Gly Ile Arg Phe Ser Glu
165 170 175

Phe Gly Thr Arg Arg Arg Arg Ser Leu Lys Ala Gln Asp Leu Ile Met
180 185 190

Gln Gly Ile Met Lys Ala Val Asn Gly Asn Pro Asp Arg Asn Lys Ser
195 200 205

Leu Leu Leu Gly Thr Ser Asn Ile Leu Phe Ala Lys Lys Tyr Gly Val
210 215 220

Lys Pro Ile Gly Thr Val Ala His Glu Trp Val Met Gly Val Ala Ser
225 230 235 240

Ile Ser Glu Asp Tyr Leu His Ala Asn Lys Asn Ala Met Asp Cys Trp
245 250 255

Ile Asn Thr Phe Gly Ala Lys 2Asn Ala Gly Leu Ala Leu Thr Asp Thr
260 265 270

Phe Gly Thr Asp Asp Phe Leu Lys Ser Phe Arg Pro Pro Tyr Ser Asp
275 280 285

Ala Tyr Val Gly Val Arg Gln 2sp Ser Gly Asp Pro Val Glu Tyr Thr
290 295 300

Lys Lys Ile Ser His His Tyr His Asp Val Leu Lys Leu Pro Lys Phe
305 310 315 320

Ser Lys Ile Ile Cys Tyr Ser 2Zsp Ser Leu Asn Val Glu Lys Ala Ile
325 330 335

Thr Tyr Ser His Ala Ala Lys Glu Asn Gly Met Leu Ala Thr Phe Gly
340 345 350
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-continued

92

Ile

Val

Gly

385

Asp

Arg

<210>
<21l>
<212>
<213>
<220>
<221~
<222>

Gly

Lys

370

Asn

Pro

Ser

Thr

355

Ser

His

Ala

Trp

Asn

Glu

Ala

Thr

Ser
420

<400> SEQUENCE:

atg
Met
1

tta
Leu

tcg
Ser

acc
Thr

Lys
65

gg9¢
Gly

aaa
Lys

gte
Val

gaa
Glu

atg
Met
145

ggt
Gly

gaa
Glu

age
Ser

aag act tta

Lys

ggt
Gly

gat
Asp

aga
Arg
50

gat

Asp

gat
Asp

aac
Asn

act
Thr

tac
Tyr
130

aac
Asn

gta
Val

cta
Leu

gat
Asp

aac

Thr

tce
Ser

ttg
Leu
35

gat
Asp

aaa
Lys

gat
Asp

ace
Thr

aag
Lys
115

tac

Tyr

aag
Lys

gct
Ala

ggt
Gly

gat
Asp
195

atc

Leu

ttg
Leu
20

atg
Met

tgg
Trp

gaa
Glu

tce
Ser

tgg
Trp
100

cat

His

tee
Ser

tac

ttg
Leu

tat
Tyr
180

cee
Pro

aat

Phe

Pro

Ile

Val

405

Gly

SEQ ID NO 3
LENGTH:
TYPE: DNA
ORGANISHM:
FEATURE:

NAME/KEY :
LOCATION:

651

Saccharomyces cerevisiae

CDS
1)

att
Ile

act
Thr

caa
Gln

cac
His

cce
Pro

acg
Thr
85

ggt
Gly

att
Ile

gee
Ala

tta
Leu

gag
Glu
165

aag
Lys

gaa
Glu

gte

Thr

Leu

Lys

390

Lys

Asp

Asn

Asn

375

Ile

Arg

Asn

.. {(651)

gtt
Val

gtt
Val

gat
Asp

cct
Pro

tat
Tyr
70

caa

Gln

agt
Ser

aag
Lys

tte
Phe

gaa
Glu
150

tat
Tyr

acc
Thr

gte
Val

gtg

gtt
val

cca
Pro

gct
Ala

tece
Ser
55

tca
Ser

gag
Glu

caa
Gln

att
Ile

cac
His
135

aag
Lys

tgt
Cys

act
Thr

atce
Ile

gat

Asp
360

Ile

Ser

Val

Glu

gat
Asp

aaa
Lys

gat
Asp
40

aga
Arg

aca
Thr

ggt
Gly

ttg
Leu

gte
Val
120

gac
Asp

cat
His

gtc
Val

gte
Val

aat
Asn
200

aaa

Phe

Val

Asp

Lys

Ala
425

atg
Met

ggt
Gly
25

aga
Arg

cat
His

tac
Tyr

att
Ile

gtt
Val
105

gac

Asp

ate
Ile

cat
His

aaa
Lys

ctg
Leu
185

aag
Lys

taa

Arg

Ile

Asn

Glu

410

His

caa
Gln
10

gag
Glu

gac
Asp

att
Ile

acc
Thr

ttg
Leu
90

gac
Asp

aag
Lys

tgg
Trp

aca
Thr

gce
Ala
170

ctyg

Leu

gtt
Val

Lys

Lys

Leu

395

Glu

Arg

aat
Asn

gaa
Glu

tgg
Trp

teg
Ser

tac
Tyr
75

tgg
Trp

caa
Gln

ggt
Gly

aac
Asn

gac
Asp
155

acc

Thr

gat
Asp

aag
Lys

Lys
Leu
380

Gly

Leu

Trp

gat
Asp

tta

cac
His

tte
Phe
60

cac
His

cce
Pro

ata
Ile

ttc
Phe

tte
Phe
140

gag
Glu

gce
Ala

tac
Tyr

gaa
Glu

Ser
365

Leu

Lys

Gly

Thr

Tttt
Phe

ate
Ile

agg
Arg
45

gca
Ala

tet
Ser

gta
Val

atg
Met

ttg
Leu
125

cat
His

gtt
Val

att
Ile

aca
Thr

gag
Glu
205

Glu

Glu

Asn

Tyr

att
Ile

aat
Asn
30

att
Ile

aag
Lys

cca
Pro

cac
His

gac
Asp
110

act
Thr

aag
Lys

tac
Tyr

tcc
Ser

aga
Arg
190

ttg
Leu

Pro

Val

Met

Thr
415

tca
Ser
15

cct
Pro

gtg
Val

aac
Asn

agg
Arg

tgt
Cys
95

caa
Gln

gac
Asp

ace
Thr

att
Ile

gct
Ala
175

ccce

Pro

aag
Lys

Gln

Asn

Gly

400

Glu

cct
Pro

ate
Ile

gtce
Val

cat
His

cca
Pro
80

gtg
Val

gtg
Val

cgt
Arg

gac
Asp

gte
Val
160

gca
Ala

atc
Ile

gee
Ala

48

96

144

192

240

288

336

384

432

480

528

576

624

651



93

US 7,977,049 B2

-continued

His Asn Ile Asn Val Val Asp Lys

210

<210> SEQ ID NO 4

<211> LENGTH:

<212> TYPE: PRT

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE:

Met Lys Thr Leu

1

Leu

Ser

Thr

Lys

65

Gly

Lys

Val

Glu

Met

145

Gly

Glu

Ser

<210>
<211l>
<2l2>
<213>
<220>
<221>
<222>

Gly

Asp

Arg

50

Asp

Asp

Asn

Thr

Tyr

130

Asn

Val

Leu

Asp

Asn
210

Ser

Leu

35

Asp

Lys

Asp

Thr

Lys

115

Tyr

Lys

Ala

Gly

Asp

195

Ile

Leu

20

Met

Trp

Glu

Ser

Trp

100

His

Ser

Tyr

Leu

Tyr

180

Pro

Asn

<400> SEQUENCE:

atg
Met
1

gaa

Glu

cca
Pro

cet
Pro

gat
Asp

ttg
Leu

att
Ile

ttt
Phe
50

cce
Pro

att
Ile

att
Ile
35

aat
Asn

aca
Thr

cct
Pro
20

cca

Pro

att
Ile

216

4

Ile

5

Thr

Gln

His

Pro

Thr

85

Gly

Ile

Ala

Leu

Glu

165

Lys

Glu

Val

SEQ ID NO 5
LENGTH:
TYPE: DNA
ORGANISM: Saccharomyces cerevigiae
FEATURE:
NAME/KEY :
LOCATION:

1206

cDS
1)

aga
Arg

cca
Pro

tac
Tyr

aag
Lys

Val

Val

Asp

Pro

Tyr

70

Gln

Ser

Lys

Phe

Glu

150

Tyr

Thr

Val

Val

215

val

Pro

Ala

Ser

55

Ser

Glu

Gln

Ile

His

135

Lys

Cys

Thr

Ile

Asp
215

.. (1206)

gct
Ala

ccce
Pro

gte
Val

agy
Arg

ceg
Pro

gac
Asp

tta
Leu

aag
Lys
55

Asp

Lys

Asp

40

Arg

Thr

Gly

Leu

Val

120

Asp

His

Val

Val

Asn

200

Lys

gat
Asp

ccg
Pro

gcc
2la
40

aaa

Met

Gly

25

Arg

His

Tyr

Ile

Val

105

Asp

Ile

His

Lys

Leu
185

tte
Phe

gaa
Glu
25

gat

Asp

aag
Lys

Gln

10

Glu

Asp

Ile

Thr

Leu
90

Asp

Lys

Trp

Thr

Ala

170

Leu

Val

aaa
Lys
10

tect

Ser

geg
Ala

cat
His

Asn

Glu

Trp

Ser

Tyr

75

Trp

Gln

Gly

Asn

Asp

155

Thr

Asp

Lys

ccg
Pro

aaa
Lys

aat
Asn

cet
Pro

Asp

Leu

His

Phe

60

His

Pro

Ile

Phe

Phe

140

Glu

Ala

Tyr

Glu

cca
Pro

att
Ile

tece
Ser

aag
Lys
60

Phe

Ile

Arg

45

Ala

Ser

Val

Met

Leu

125

His

Val

Ile

Thr

Glu
205

tet
Ser

cce
Pro

tet
Ser
45

cat
His

Ile

Asn

30

Ile

Lys

Pro

His

Asp

110

Thr

Lys

Tyr

Ser

Arg

190

Leu

gca
Ala

aaa
Lys
30

ata

Ile

cat
His

Ser
15

Pro

Val

Asn

Arg

Cys

95

Gln

Asp

Thr

Ile

Ala

175

Pro

gac
Asp
15

tct

Ser

gat
Asp

cat
His

Pro

Ile

Val

His

Pro

80

Val

Val

Arg

Asp

Val

160

Ala

Ile

Ala

gag
Glu

att
Ile

gca
Ala

cac
His

48

96

144

192
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-continued

96

cat
His
65

cca
Pro

gaa
Glu

tca
Ser

gat
Asp

gaa
Glu
145

cca
Pro

Ile

tect
Ser

agt
Ser

cgt
Arg
225

gat

Asp

ttg
Leu

act
Thr

ggt
Gly

gat
Asp
305

Thr

gaa
Glu

att
Ile

caa
Gln

cat
His

ttg
Leu

gat
Asp

acce
Thr

tta
Leu
130

gac
Asp

aat
Asn

ace
Thr

gaa
Glu

gat
Asp
210

atg
Met

gca
Ala

gat
Asp

gtt
Val

gac
Asp
290

tta
Leu

ggt
Gly

cat
His

tet
Ser

tat
Tyr
370

cac
His

aac
Asn

gat
Asp

aca
Thr
115

gaa
Glu

tac
Tyr

aaa
Lys

tac
Tyr

caa
Gln
195

aac
Asn

tgt
Cys

tgg
Trp

cat
His

act
Thr
275

cta
Leu

cat
His

tect
Ser

aga
Arg

tece
Ser
355

ttg
Leu

agt
Ser

caa
Gln

gac
Asp
100

gaa
Glu

gaa
Glu

gaa
Glu

ctg
Leu

ttg
Leu
180

aca
Thr

tat
Tyr

gaa
Glu

gag
Glu

ttc
Phe
260

gga
Gly

ata
Ile

cac
His

gat
Asp

agg
Arg
340

acyg

Thr

tta
Leu

cgt
Arg

gac
Asp
85

geg
Ala

tca
Ser

gtt
Val

ttc
Phe

ccg
Pro
165

cat
His

agg
Arg

caa
Gln

tty
Leu

tca
Ser
245

aat
Asn

gaa
Glu

gag
Glu

att
Ile

gta
Val
325

aat

Asn

aaa
Lys

cct
Pro

aaa
Lys
70

gac
Asp

gat
Asp

gaa
Glu

cca
Pro

cce
Pro
150

tta
Leu

cta
Leu

ttt
Phe

aag
Lys

gee
Ala
230

ttg
Leu

cac
His

aaa
Lys

tca
Ser

cte
Leu
310

agg
Arg

att
Ile

gtt
Val

aat
Asn

gaa
Glu

ttt
Phe

ttt
Phe

act
Thr

cat
His
135

tca
Ser

gta
Val

aga
Arg

gaa
Glu

caa
Gln
215

tyge
Cys

caa
Gln

gaa
Glu

att
Ile

atg
Met
295

g9t
Gly

tct
Ser

ctt
Leu

cgt
Arg

tcg
Ser
375

gge
Gly

caa
Gln

aga
Arg

aga
Arg
120

gga
Gly

cac
His

ata
Ile

atg
Met

gtc
Val
200

ggc
Gly

gaa
Glu

cet
Pro

atc
Ile

ggt
Gly
280

ggt
Gly

aat
Asn

ttt
Phe

atc
Ile

cta
Leu
360

gte
Val

aat
Asn

cca
Pro

tee
Ser
105

ggt
Gly

atc
Ile

aga
Arg

gta
Val

ttt
Phe
185

ata
Ile

ttg
Leu

aga
Arg

tca
Ser

aat
Asn
265

gtg
Val

gaa
Glu

tac
Tyr

ttg
Leu

atc
Ile
345

ttt
Phe

ate
Ile

gat
Asp

ctt
Leu
90

aag
Lys

gtt
Val

gtt
Val

tta
Leu

gca
Ala
170

gaa
Glu

ggt
Gly

gcc
Ala

ace
Thr

tac
Tyr
250

att
Ile

aaa
Lys

cca
Pro

ggt
Gly

tta
Leu
330

aag

Lys

atc
Ile

agg
Arg

aaa
Lys
75

tece
Ser

gag
Glu

cag
Gln

cgt
Arg

tcg
Ser
155

tgt
Cys

atg
Met

gga
Gly

cca
Pro

tea
Ser
235

aca

Thr

aag
Lys

ata
Ile

aac
Asn

tgt
Cys
315

tcc
Ser

caa
Gln

aga

Arg I

tat
Tyr

aaa
Lys

gca
Ala

aga
Arg

aaa
Lys

caa
Gln
140

aaa
Lys

999
Gly

gct
Ala

tat
Tyr

tece
Ser
220

tet

Ser

aga
Arg

aga
Arg

atg
Met

gtt
Val
300

tty

cat
His

cte
Leu

cge

ate
Ile
380

cat
His

gaa
Glu

tac
Tyr

tat
Tyr
125

gca
Ala

aaa
Lys

tct
Ser

tta
Leu

tac
Tyr
205

tac
Tyr

tg9
Trp

act
Thr

ggt
Gly

ttg
Leu
285

tgg
Trp

att
Ile

gat
Asp

ate
Ile

gcc
Ala
365

caa
Gln

cag
Gln

gtg
Val

ggt
Gly
110

cag
Gln

aga
Arg

tta
Leu

ttt
Phe

gat
Asp
190

tce
Ser

cat
His

tty
Leu

gee
Ala

ggt
Gly
270

ctg
Leu

geg
Ala

gtc
Val

att
Ile

tat
Tyr
350

atg
Met

gaa
Glu

cat
His

tet
Ser
95

tea
Ser

att
Ile

acc
Thr

ctg
Leu

tca
Ser
175

gca
Ala

cct
Pro

aga
Arg

atg
Met

aag
Lys
255

gta
Val

gct
Ala

gac
Asp

gaa
Glu

atg
Met
335

aat

Asn

tet
Ser

cat
His

att
Ile
80

tece
Ser

gat
Asp

get
Ala

ttg
Leu

gat
Asp
160

cca
Pro

atc
Ile

gtt
Val

gta
Val

gty
Val
240

gte
Val

gct
Ala

ggt
Gly

gee
Ala

cgt
Arg
320

tat

Tyr

gat
Asp

gta
Val

aga
Arg

240

288

336

384

432

480

528

576

624

672

720

768

8le

864

912

960

1008

1056

1104

1152



US 7,977,049 B2
97

-continued

98

cta tat gtg gac caa acc gaa cct gtt aag caa gtt ctt gga aac aaa
Leu Tyr Val Asp Gln Thr Glu Pro Val Lys Gln Val Leu Gly Asn Lys
385 390 395 400

gaa tga
Glu

<210> SEQ ID NO &

<21l> LENGTH: 401

<212> TYPE: PRT

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 6

Met Asp Pro Thr Arg Ala Pro Asp Phe Lys Pro Pro Ser Ala Asp Glu
1 5 10 15

Glu Leu Ile Pro Pro Pro Asp Pro Glu Ser Lys Ile Pro Lys Ser Ile
20 25 30

Pro Ile Ile Pro Tyr Val Leu 2Zla Asp Ala Asn Ser Ser Ile Asp Ala
35 40 45

Pro Phe Asn Ile Lys Arg Lys Lys Lys His Pro Lys His His His His
50 55 60

Hig His His Ser Arg Lys Glu Gly Asn Asp Lys Lys Hig Gln His Ile
65 70 75 80

Pro Leu Asn Gln Asp Asp Phe Gln Pro Leu Ser Ala Glu Val Ser Ser
85 90 95

Glu Asp Asp Asp Ala Asp Phe Arg Ser Lys Glu Arg Tyr Gly Ser Asp
100 105 110

Ser Thr Thr Glu Ser Glu Thr 2rg Gly Val Gln Lys Tyr Gln Ile Ala
115 120 125

Asp Leu Glu Glu Val Pro His Gly Ile Val Arg Gln Ala Arg Thr Leu
130 135 140

Glu Asp Tyr Glu Phe Pro Ser His Arg Leu Ser Lys Lys Leu Leu Asp
145 150 155 160

Pro Asn Lys Leu Pro Leu Val Ile Val Ala Cys Gly Ser Phe Ser Pro
165 170 175

Ile Thr Tyr Leu His Leu Arg Met Phe Glu Met Ala Leu Asp Ala Ile
180 185 190

Ser Glu Gln Thr Arg Phe Glu Val Ile Gly Gly Tyr Tyr Ser Pro Val
195 200 205

Ser Asp Asn Tyr Gln Lys Gln Gly Leu Ala Pro Ser Tyr His Arg Val
210 215 220

Arg Met Cys Glu Leu Ala Cys Glu Arg Thr Ser Ser Trp Leu Met Val
225 230 235 240

Asp Ala Trp Glu Ser Leu Gln Pro Ser Tyr Thr Arg Thr Ala Lys Val
245 250 255

Leu Asp His Phe Asn His Glu Ile Asn Ile Lys Arg Gly Gly Val Ala
260 265 270

Thr Val Thr Gly Glu Lys Ile Gly Val Lys Ile Met Leu Leu Ala Gly
275 280 285

Gly Asp Leu Ile Glu Ser Met Gly Glu Pro Asn Val Trp Ala Asp Ala
290 295 300

Asp Leu His His Ile Leu Gly 2Zsn Tyr Gly Cys Leu Ile Val Glu Arg
305 310 315 320

Thr Gly Ser Asp Val Arg Ser Phe Leu Leu Ser His Asp Ile Met Tyr
325 330 335

Glu His Arg Arg Asn Ile Leu Ile Ile Lys Gln Leu Ile Tyr Asn Asp
340 345 350

1200

1206
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-continued

100

Ile

Gln

385

Glu

<210>
<211l>
<212>
<213>
<220>
<221>
<222>

Ser

Ser
355

Thr Lys Val Arg Leu Phe Ile Arg

360

Tyr Leu Leu Pro Asn Ser Val Ile Arg Tyr

370

375

Tyr Val Asp Gln Thr Glu Pro Val Lys Gln

<400> SEQUENCE:

atg
Met
1

gaa
Glu

cce
Pro

cct
Pro

gce
Ala
65

tte

Phe

caa
Gln

aat
Asn

cac
His

gta
Val
145

ate
Ile

aga
Arg

gaa
Glu

cga
Arg

tgc

gat
Asp

cta
Leu

ata
Ile

tte
Phe
50

aac
Asn

cag
Gln

teg
Ser

ttg
Leu

aca
Thr
130

cac

His

ate
Ile

atg
Met

gtg
Val

999
Gly
210

gag

cee
Pro

caa
Gln

gtt
Val
35

aat
Asn

tca
Ser

cca
Pro

aat
Asn

999
Gly
115

att

Ile

aga
Arg

gtt
Val

ttt
Phe

gtt
Val
195

tta
Leu

<99

ace
Thr

cca
Pro
20

cca
Pro

cte
Leu

agce
Ser

cta
Leu

gga
Gly
100

gta

Val

gta
Val

ttg
Leu

get
Ala

gaa
Glu
180

ggt
Gly

gee
Ala

aca

SEQ ID NO 7
LENGTH:
TYPE: DNA
ORGANISM: Saccharomyces cerevisiae
FEATURE:

NAME/KEY :
LOCATION:

1188

CDS
(1)

aaa
Lys

ccg
Pro

tat
Tyr

gac
Asp

aac
Asn

tect
Ser
85

att

Ile

ctg
Leu

aga
Arg

acg
Thr

tgt
Cys
165

atg
Met

ggt
Gly

cca
Pro

tca

390

.. {(1188)

gca
Ala

cca
Pro

gtt
Val

att
Ile

cga
Arg
70

€99
Arg

gac
Asp

aag
Lys

caa
Gln

aaa
Lys
150

gga
Gly

gct
Ala

tat
Tyr

gct
Ala

tect

cee
Pro

gat
Asp

tta
Leu

tac
Tyr
55

atg
Met

gat
Asp

gct
Ala

agc
Ser

gcc
Ala
135

aag

Lys

tca
Ser

tta
Leu

tte
Phe

tat
Tyr
215

tgg

gat
Asp

cca
Pro

gct
Ala
40

aaa
Lys

gac
Asp

gta
Val

act
Thr

caa
Gln
120

aga

Arg

tta
Leu

ttt
Phe

gat
Asp

tct
Ser
200

cat
His

tta

ttt
Phe

aca
Thr
25

gat
Asp

acc
Thr

cat
His

tca
Ser

cta
Leu
105

att

Ile

act
Thr

caa
Gln

tect
Ser

gat
Asp
185

cca
Pro

cgt
Arg

atyg

aaa
Lys
10

cat
His

tat
Tyr

ctg
Leu

att
Ile

tcg
Ser
90

cag

Gln

gct
Ala

att
Ile

gat
Asp

cce
Pro
170

atc
Ile

gta
Val

gte
Val

gtt

395

ceg
Pro

acg
Thr

aat
Asn

tcg
Ser

cca
Pro
75

gag
Glu

gat
Asp

gat
Asp

gaa
Glu

cet
Pro
155

ata
Ile

aat
Asn

agt
Ser

cge
Arg

gat

Arg
Ile
380

Val

cca
Pro

ata
Ile

tet
Ser

tca
Ser
60

tta

Leu

gag
Glu

gtt
Val

tty

gat
Asp
140

gaa
Glu

aca
Thr

gag
Glu

gat
Asp

atg
Met
220

gce

Ala
365

Gln

Leu

cag
Gln

cca
Pro

tcg
Ser
45

agg
Arg

aat
Asn

gaa
Glu

acg
Thr

gaa
Glu
125

tac

Tyr

aaa
Lys

tac
Tyr

caa
Gln

aac
Asn
205

tgc
Cys

tgg

Met

Glu

Gly

cea
Pro

aaa
Lys
30

ate
Ile

aaa
Lys

act
Thr

agt
Ser

atg
Met
110

gaa

Glu

gaa
Glu

ctyg
Leu

cta
Leu

acg
Thr
190

tat
Tyr

gaa
Glu

gaa

Ser

His

Asn

aat
Asn
15

tct
Ser

gat
Asp

aaa
Lys

agt
Ser

gaa
Glu
95

act

Thr

gtt
Val

ttt
Phe

cct
Pro

cat
His
175

cgt
Arg

caa
Gln

tta
Leu

tet

Val

Arg

Lys
400

gaa
Glu

gga
Gly

get
Ala

aac
Asn

gac
Asp
80

999
Gly

999
Gly

cct
Pro

cct
Pro

ctyg
Leu
160

ttg
Leu

ttt
Phe

aag
Lys

gca
Ala

tta

48

96

144

192

240

288

336

384

432

480

528

576

624

672

720
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-continued

102

Cys
225

caa
Gln

gaa
Glu

atg
Met

atg
Met

ggt
Gly
305

tee

Ser

ctt

cgg
Arg

tect
Ser

gaa
Glu
385

<210>
<21l>
«212>
<213>

<400>

Glu

tca
Ser

ata
Ile

gge
Gly

gge
Gly
290

aat
Asn

tte
Phe

att
Ile

ctt
Leu

gte
Val
370

ceg
Pro

Arg

agt
Ser

aat
Asn

gta
Val
275

gag
Glu

tat
Tyr

tty
Leu

ate
Ile

tte
Phe
355

atc

Ile

gte
Val

Thr

tat
Tyr

atce
Ile
260

aaa
Lys

cct
Pro

gga
Gly

ctt
Leu

aaa
Lys
340

atc

Ile

cgt
Arg

aag
Lys

SEQUENCE :

Met Asp Pro Thr

1

Glu

Ala
65

Phe

Gln

Val
145

Leu

Ile

Phe

50

Asn

Gln

Ser

Leu

Thr

130

His

Gln

Val

35

Asn

Ser

Pro

Asn

Gly

115

Ile

Arg

Pro

20

Pro

Leu

Ser

Leu

Gly

100

Val

Val

Leu

Ser

aca
Thr
245

aag
Lys

atc
Ile

cat
His

tgt
Cys

tee
Ser
325

caa

Gln

aga
Arg

tac
Tyr

cag
Gln

SEQ ID NO 8
LENGTH:
TYPE: PRT
ORGANISM: Saccharomyces cerevisiae

395

8
Lys

5

Pro

Tyr

Asp

Asn

Ser

85

Ile

Leu

Arg

Thr

Ser
230

agg
Arg

aga
Arg

atg
Met

gtg
Val

ttg
Leu
310

cat

His

ctt
Leu

cgt
Arg

atc
Ile

gte
Val
390

Ala

Pro

Val

Ile

Arg

70

Arg

Asp

Lys

Gln

Lys
150

Trp

aca
Thr

g9t
Gly

tta
Leu

tgg
Trp
295

atc
Ile

gat
Asp

att
Ile

gga
Gly

caa
Gln
375

ttg
Leu

Pro

Asp

Leu

Tyr

55

Met

Asp

Ala

Ser

Ala

135

Lys

Leu

gca
2la

g9a
Gly

ttg
Leu
280
gect
2la

gty
Val

ate
Ile

tac
Tyr

atg
Met
360

gag
Glu

gat
Asp

Asp

Pro

2la

40

Lys

Asp

Val

Thr

Gln

120

Arg

Leu

Met

aaa
Lys

atc
Ile
265

gca
Ala

gat
Asp

gaa
Glu

atg
Met

aat
Asn
345

tca

Ser

tat
Tyr

age
Ser

Phe

Thr

25

Asp

Thr

His

Ser

Leu

105

Ile

Thr

Gln

Val

gtc
Val
250
atg
Met

gg¢
Gly

tca
Ser

agg
Arg

tat
Tyr
330

gat

Asp

gtt
Val

aat
Asn

aaa
Lys

Lys

10

His

Tyr

Leu

Ile

Ser

90

Gln

Ala

Ile

Asp

Asp
235

ttg

Leu

act
Thr

ggt
Gly

gac
Asp

act
Thr
315

gaa

Glu

att
Ile

caa
Gln

cta
Leu

gag
Glu
395

Pro

Thr

Asn

Ser

Pro

75

Glu

Asp

Asp

Glu

Pro
155

Ala

gac
Asp

gta
Val

gat
Asp

ctyg
300

ggt
Gly

cac
His

tce
Ser

tat
Tyr

tac
Tyr
380

tga

Pro

Ile

Ser

Ser

60

Leu

Glu

Val

Leu

Asp

140

Glu

Trp

cat
His

gat
Asp

ctt
Leu
285
cac

His

tet
Ser

aga
Arg

tect
Ser

ctt
Leu
365

att
Ile

Gln

Pro

Ser

45

Arg

Asn

Glu

Thr

Glu

125

Tyr

Lys

Glu

tte
Phe

ggt
Gly
270
atec

Ile

cat
His

gat
Asp

aga
Arg

acg
Thr
350

ctt

Leu

aat
Asn

Pro

Lys

30

Ile

Lys

Thr

Ser

Met

110

Glu

Glu

Leu

Ser

aat
Asn
255
gaa
Glu

gaa
Glu

att
Ile

gtt
Val

aat
Asn
335

aaa

Lys

cca
Pro

caa
Gln

Asn
15

ser

Asp

Ser

Glu

95

Thr

Val

Phe

Pro

Leu
240

cat

His

aaa
Lys

tce
Ser

ttg
Leu

agg
Arg
320

ate

Ile

gtg
Val

aac
Asn

agt
Ser

Glu

Gly

Ala

Asn

Asp

80

Gly

Gly

Pro

Pro

Leu
160

768

8le

864

912

960

1008

1056

1104

1152

1188
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-continued

104

Ile

Arg

Glu

Arg

Cys

225

Gln

Glu

Met

Met

Gly
305

Glu
385

Ile Val Ala
Met Phe Glu
180

Val Val Gly
195

Gly Leu Ala
210

Glu Arg Thr

Ser Ser Tyr

Ile Asn Ile

260

Gly Val Lys
275

Gly Glu Pro
290

Asn Tyr Gly

Phe Leu Leu

Ile Ile Lys

340

Leu Phe Ile
355

Val Ile Arg
370

Pro Val Lys

<210> SEQ ID NO
<211> LENGTH: 952
<212> TYPE: DNA

<213>

<220> FEATURE:
<221> NAME/KEY:
<222> LOCATION:

<400> SEQUENCE:

Cys

165

Met

Gly

Pro

Ser

Thr

245

Lys

Ile

His

Cys

Ser

325

Gln

Arg

Tyr

Gln

9

CDs

Gly

Ala

Tyr

Ala

Ser

230

Arg

Arg

Met

Val

Leu

310

His

Leu

Arg

Ile

Val
390

Ser

Leu

Phe

Tyr

215

Trp

Thr

Gly

Leu

Trp

295

Ile

Asp

Ile

Gly

Gln

375

Leu

ORGANISM: Homo sapiens

(118) .. (912)

9

Phe

Asp

Ser

200

His

Leu

2la

Gly

Leu

280

2la

Val

Ile

Tyr

Met

360

Glu

Asp

Ser

Asp

185

Pro

Arg

Met

Lys

Ile

265

2la

Asp

Glu

Met

Asn

345

Ser

Tyr

Ser

Pro

170

Ile

Val

Val

Val

Val

250

Met

Gly

Ser

Arg

Tyr

330

Asp

Val

Asn

Lys

Ile

Asn

Ser

Arg

Asp !

235

Leu

Thr

Gly

Asp

Thr

315

Glu

Ile

Gln

Leu

Glu
395

tgaactetyy atgetgttag cctgagacte aggaagacaa

ggcttetgga ggaaagagaa ggagggoagt getccagtgg

atg
Met
1

cct
Pro

gca
Ala

tte
Phe

g9¢
Gly
65

gaa tca ggc
Glu Ser Gly

cgg gat tac
Arg Asp Tyr
20

gaa agc cag
Glu Ser Gln
35

tgc cta gac
Cys Leu Asp
50

cce act atce
Pro Thr Ile

tte
Phe
5

cta

Leu

att
Ile

ggt
Gly

tat
Tyr

acc
Thr

gaa
Glu

ctt
Leu

gtg
Val

cag
Gln
70

tce
Ser

aaa
Lys

aag
Lys

aag
Lys
55

ctce
Leu

aag
Lys

tat
Tyr

cac
His
40

g9a
Gly

cte
Leu

gac
Asp

tac
Tyr
25

ctt

Leu

gac
Asp

tect
Ser

ace
Thr
10

aag

Lys

ctg
Leu

ctyg
Leu

gct
Ala

tat
Tyr

ttt
Phe

aaa
Lys

ctg
Leu

tgt
Cys
75

Thr

Glu

Asp

Met

220

Asp

Val

Asp

Leu

300

Gly

His

Ser

Tyr

Tyr
380

cttetgeagy gteactecet

Tyr

Gln

Asn

205

Cys

Trp

His

Asp

Leu

285

His

Ser

Arg

Ser

Leu

365

Ile

Leu

Thr

190

Tyr

Glu

Glu

Phe

Gly

270

Ile

His

Asp

Arg

Thr

350

Leu

Asn

His

175

Arg

Gln

Leu

Ser

Asn

255

Glu

Glu

Ile

Val

Asn

335

Pro

Gln

Leu

Phe

Lys

Ala

Leu

240

His

Lys

ser

Leu

Arg

320

Ile

Val

Asn

Ser

tacagaagtg agacata

cta
Leu

ggt
Gly

aat
Asn

att
Ile
60

gaa
Glu

age
Ser

tect
Ser

ctt
Leu
45

gac

Asp

tee
Ser

cat
His

agy
Arg
30

tte

Phe

atce
Ile

ttt
Phe

ttt
Phe
15

cac

His

aag
Lys

gg¢
Gly

aag
Lys

aac
Asn

tct
Ser

ata
Ile

tct
Ser

gag
Glu
80

60

117

165

213

261

309

357



US 7,977,049 B2

-continued
atc gtc gtc act gac tac tca gac cag aac ctg cag gag ctg gag aag 405
Ile Val Val Thr Asp Tyr Ser 2Asp Gln Asn Leu Gln Glu Leu Glu Lys
85 20 95
tgg ctg aag aaa gag cca gag gcc ttt gac tgg tcc cca gtg gtg acce 453
Trp Leu Lys Lys Glu Pro Glu Zla Phe Asp Trp Ser Pro Val Val Thr
100 105 110
tat gtg tgt gat ctt gaa ggg aac aga gtc aag ggt cca gag aag gag 501
Tyr Val Cys Asp Leu Glu Gly 2Asn Arg Val Lys Gly Pro Glu Lys Glu
115 120 125
gag aag ttg aga cag gcg gtc aag cag gtg ctg aag tgt gat gtg act 549
Glu Lys Leu Arg Gln Ala Val Lys Gln Val Leu Lys Cys Asp Val Thr
130 135 140
cag agce cag cca ctg ggg gec gtc cce tta cce ceg got gac tge gtg 587
Gln Ser Gln Pro Leu Gly Ala Val Pro Leu Pro Pro Ala Asp Cys Val
145 150 155 160
ctc age aca ctg tgt ctg gat gee gece tge cca gac cte cce ace tac 645
Leu Ser Thr Leu Cys Leu Asp 2la Ala Cys Pro Asp Leu Pro Thr Tyr
165 170 175
tge agg geg cte agg aac cte ggce age cta ctg aag cca ggg ggce tte 693
Cys Arg Ala Leu Arg Asn Leu Gly Ser Leu Leu Lys Pro Gly Gly Phe
180 185 190
ctg gtg atc atg gat gecg ctec aag agc age tac tac atg att ggt gag 741
Leu Val Ile Met Asp Ala Leu Lys Ser Ser Tyr Tyr Met Ile Gly Glu
195 200 205
cag aag ttc tcec age cte ccc ctg ggc cgg gag gca gta gag gct get 789
Gln Lys Phe Ser Ser Leu Pro Leu Gly Arg Glu Ala Val Glu Ala Ala
210 215 220
gtg aaa gag gct ggc tac aca atc gaa tgg ttt gag gtg atc tcg caa 837
Val Lys Glu Ala Gly Tyr Thr Ile Glu Trp Phe Glu Val Ile Ser Gln
225 230 235 240
agt tat tct tee ace atg gec aac aac gaa gga ctt tte tee ¢tg gtg 885k
Ser Tyr Ser Ser Thr Met Ala 2Asn Asn Glu Gly Leu Phe Ser Leu Val
245 250 255
gcg agg aag ctg age aga ccc ctg tga tgcctgtgac ctcaattaaa 932
Ala Arg Lys Leu Ser Arg Pro Leu
260
gcaattcectt tgacctgtca 952

<210>
<211>
<212~
<213>

<400>

SEQUENCE :

Met Glu Ser Gly

1

Pro

Ala

Phe

Gly

65

Ile

Trp

Arg

Glu

Cys

50

Pro

Val

Leu

Asp

Ser

35

Leu

Thr

Val

Lys

Tyr

20

Gln

Asp

Ile

Thr

Lys
100

SEQ ID NO 10
LENGTH:
TYPE: PRT
ORGANISM: Homo sapiens

264

10

Phe

Leu

Ile

Gly

Tyr

Asp

85

Glu

Thr

Glu

Leu

Val

Gln

70

Tyr

Pro

Ser

Lys

Lys

Lys

55

Leu

Ser

Glu

Lys

Tyr

His

40

Gly

Leu

Asp

Ala

Asp

Tyr

25

Leu

Asp

Ser

Gln

Phe
105

Thr

10

Lys

Leu

Leu

Ala

Asn

90

Asp

Tyr

Phe

Lys

Leu

Cys

75

Leu

Trp

Leu

Gly

Asn

Ile

60

Glu

Gln

Ser

Ser

Ser

Leu

45

Asp

Ser

Glu

Pro

His

Arg

30

Phe

Ile

Phe

Leu

Val
110

Phe
15

His

Gly

Glu
95

Val

Asn

Ser

Ile

Ser

Glu

80

Lys

Thr
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-continued

108

Tyr V.
Glu L
1

Gln 8
145

Leu S

al Cys Asp Leu Glu Gly 2Asn
115 120

vs Leu Arg Gln Ala Val Lys
30 135

er Gln Pro Leu Gly Ala Val
150

er Thr Leu Cys Leu Asp 2la
165

Cys Arg Ala Leu Arg Asn Leu Gly

Leu V.

Gln Li

2

Val L
225

Ser T

180

al Ile Met Asp Ala Leu Lys
195 200

vs Phe Ser Ser Leu Pro Leu
10 215

vs Glu Ala Gly Tyr Thr Ile
230

vr Ser Ser Thr Met Ala 2sn
245

Ala Arg Lys Leu Ser Arg Pro Leu

«210>
<21l>
<212>
<213>
<220>
<221>
<222>

<400>

260

SEQ ID NO 11

LENGTH: 1240

TYPE: DNA

ORGANISM: Homo sapiens
FEATURE:

NAME/KEY: CDS
LOCATION: (38)..(1144)

SEQUENCE: 11

Arg

Gln

Pro

Ala

Ser

185

Ser

Gly

Glu

Asn

Val

Val

Leu

Cys

170

Leu

Ser

Arg

Trp

Glu
250

Lys Gly Pro Glu Lys Glu
125

Leu Lys Cys Asp Val Thr
140

Pro Pro Ala Asp Cys Val
155 160

Pro Asp Leu Pro Thr Tyr
175

Leu Lys Pro Gly Gly Phe
190

Tyr Tyr Met
205

Ile Gly Glu

Glu Ala Val Glu Ala Ala
220

Phe Glu Val
235

Ile Ser Gln
240

Gly Leu Phe Ser Leu Val
255

gagetegeag cgegeggeee ctgtecteeg geccgag atg aat oot geg gca gaa

gee g
Ala G

tat a
Tyr L

tgc ¢

ag ttc aac atc ctc ctg gee
lu Phe Asn Ile Leu Leu 2la
10

aa caa tat cca ccc aac aca
vs Gln Tyr Pro Pro Asn Thr
25 30

gt gaa aag aag aca gaa aac

Cys Arg Glu Lys Lys Thr Glu 2Zsn

dgag g
Glu G
55

aaa g
Lys G

tac a

40 45

aa aca gta ttt tat ggg ttyg
lu Thr Val Phe Tyr Gly Leu
60

gt aaa gta gta acc aaa gag
ly Lys Val Val Thr Lys Glu
75

aa gaa cat ttc caa gat gat

Tyr Lys Glu His Phe Gln Asp Asp

tac a
Tyr I

gtt ¢
Val P
1

gaa a
Glu A
135

90

tt ctt gag aag tat gat ggg
le Leu Glu Lys Tyr Asp Gly
105 110

ct gag dggc ttt gtc att ccc
ro Glu Gly Phe Val Ile Pro
20 125

ac aca gat cca gag tgt tac
sn Thr Asp Pro Glu Cys Tyr
140

acc
Thr
15

agce
Ser

tce
Ser

cag
Gln

aaa
Lys

gtc
Val
95

cat

His

aga
Arg

tgg
Trp

gac
Asp

aaa
Lys

aaa
Lys

tac
Tyr

ate
Ile
80

ttt
Phe

ctt
Leu

gga
Gly

ctt
Leu

Met Asn Pro Ala Ala Glu
1 5

tcc tac aag gtt act cac
Ser Tyr Lys Val Thr His
20

gtt tat tcc tac ttt gaa
Val Tyr Ser Tyr Phe Glu
35

tta agg aag gtg aaa tat
Leu Arg Lys Val Lys Tyr
50

att ctt aat aag tac tta
Ile Leu Asn Lys Tyr Leu
65 70

cag gaa gcc aaa gat gte
Gln Glu Ala Lys Asp Val
85

aat gaa aag gga tgg aac
Asn Glu Lys Gly Trp Asn
100

cca ata gaa ata aaa gct
Pro Ile Glu Ile Lys Ala
115

aat gtt cte ttec acyg gty
Asn Val Leu Phe Thr Val
130

aca aat tgg att gag act
Thr Asn Trp Ile Glu Thr
145 150

55

103

151

1909

247

295

343

391

439

487



US 7,977,049 B2

-continued
att ctt gtt cag tcc tgg tat cca atc aca gtg gcc aca aat tct aga 535
Ile Leu Val Gln Ser Trp Tyr Pro Ile Thr Val Ala Thr Asn Ser Arg
155 160 165
gag cag aag aaa ata ttg gcc aaa tat ttg tta gaa act tct ggt aac 583
Glu Gln Lys Lys Ile Leu Ala Lys Tyr Leu Leu Glu Thr Ser Gly Asn
170 175 180
tta gat ggt ¢tg gaa tac aag tta cat gat ttt ggc tac aga gga gtc 631
Leu Asp Gly Leu Glu Tyr Lys Leu His Asp Phe Gly Tyr Arg Gly Val
185 190 195
tct tec caa gag act gct gge ata gga gca tcet get cac ttg gtt aac 679
Ser Ser Gln Glu Thr Ala Gly Ile Gly Ala Ser Ala His Leu Val Asn
200 205 210
ttc aaa gga aca gat aca gta gca gga ctt gct cta att aaa aaa tat 727
Phe Lys Gly Thr Asp Thr Val Ala Gly Leu Ala Leu Ile Lys Lys Tyr
215 220 225 230
tat gga acg aaa gat cct gtt cca ggc tat tct gtt cca gca gca gaa 775
Tyr Gly Thr Lys Asp Pro Val Pro Gly Tyr Ser Val Pro Ala Ala Glu
235 240 245
cac agt acc ata aca get tgg ggg aaa gac cat gaa aaa gat get ttt 823
His Ser Thr Ile Thr Ala Trp CGly Lys Asp His Glu Lys Asp Ala Phe
250 255 260
gaa cat att gta aca cag ttt tca tca gtg cct gta tet gtg gte age 871
Glu His Ile Val Thr Gln Phe Ser Ser Val Pro Val Ser Val Val Ser
265 270 275
gat agc tat gac att tat aat gcg tgt gag aaa ata tgg ggt gaa gat 9198
Asp Ser Tyr Asp Ile Tyr Asn Ala Cys Glu Lys Ile Trp Gly Glu Asp
280 285 290
cta aga cat tta ata gta tcg aga agt aca cag gca cca cta ata atc 967
Leu Arg His Leu Ile Val Ser Arg Ser Thr Gln Ala Pro Leu Ile Ile
295 300 305 310
aga cct gat tet gga aac c¢ct ctt gac act gtg tta aag gtt ttg gag 1015
Arg Pro Asp Ser Gly Asn Pro Leu Asp Thr Val Leu Lys Val Leu Glu
315 320 325
att tta ggt aag aag ttt cct gtt act gag aac tca aag ggt tac aag 1063
Ile Leu Gly Lys Lys Phe Pro Val Thr Glu Asn Ser Lys Gly Tyr Lys
330 335 340
ttg ctg cca cct tat ctt aga gtt att caa ggg gat gga gta gat att 1111
Leu Leu Pro Pro Tyr Leu Arg Val Ile Gln Gly Asp Gly Val Asp Ile
345 350 355
aat acc tta caa gag gta tgt gtt tta tat taa aagtttcaat aaggcatttc 1164
Asn Thr Leu Gln Glu Val Cys Val Leu Tyr
360 365
ttataattaa gtttgtttat gtttgataaa gaacacaata taaatacaaa aaaaaaaaaa 1224
aaaaaaaaaa aaaaaa 1240

<210> SEQ ID NO 12

«211> LENGTH:

<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE:

368

12

Met Asn Pro Ala Ala

1

Ser

Val

Leu

Tyr

Tyr

Arg
50

Lys Val
20

Ser Tyr
35

Lys Val

5

Thr

Phe

Lys

Glu

His

Glu

Tyr

Ala

Tyr

Cys

Glu
55

Glu

Lys

Arg

40

Glu

Phe Asn Ile

10

Gln Tyr Pro

25

Glu Lys Lys

Thr Val Phe

Leu

Thr

Tyr
60

Leu

Asn

Glu

45

Gly

Ala

Thr

30

Asn

Leu

Thr

15

Ser

Ser

Gln

Asp

Lys

Lys

Tyr



111

US 7,977,049 B2

-continued

112

Ile

65

Gln

Asn

Pro

Asn

Thr

145

Val

Leu

Phe

Ser

Ala

225

Ser

Pro

Lys

Gln

305

Val

Asn

Gly

Leu Asn Lys Tyr Leu Lys Gly
70

Glu Ala Lys Asp Val Tyr Lys
85

Glu Lys Gly Trp Asn Tyr Ile
100

Ile Glu Ile Lys Ala Val Pro
115 120

Val Leu Phe Thr Val Glu Asn
130 135

Asn Trp Ile Glu Thr Ile Leu
150

Ala Thr Asn Ser Arg Glu Gln
165

Glu Thr Ser Gly Asn Leu Asp
180

Gly Tyr Arg Gly Val Ser Ser
195 200

Ala His Leu Val Asn Phe Lys
210 215

Leu Ile Lys Lys Tyr Tyr Gly
230

Val Pro Ala Ala Glu His Ser
245

Glu Lys Asp Ala Phe Glu His
260

Val Ser Val Val Ser Asp Ser
275 280

Ile Trp Gly Glu Asp Leu Arg
290 295

Ala Pro Leu Ile Ile Arg Pro
310

Leu Lys Val Leu Glu Ile Leu
325

Ser Lys Gly Tyr Lys Leu Leu
340

Asp Gly Val Asp Ile Asn Thr
355 360

<210> SEQ ID NO 13

<211l> LENGTH: 1011

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<220> FEATURE:

<221> NAME/KEY: CDS

<222> LOCATION: (4)..(936)

<400> SEQUENCE: 13

cecyg

gce
Ala

999
Gly

atg ttg gcg cca gca gct ggt
Met Leu Ala Pro Ala Ala Gly
1 5

aaa gcc cag gty tgg ctg gag
Lys Ala Gln Val Trp Leu Glu
20

gtg cag gag cca cat cca ggc
Val Gln Glu Pro His Pro Gly
35

Lys

Glu

Leu

105

Glu

Thr

Val

Lys

Gly

185

Gln

Gly

Thr

Thr

Ile

265

Tyr

His

Asp

Gly

Pro

345

Leu

gag
Glu

cag
Gln

gag
Glu
40

Val

His

920

Glu

Gly

Asp

Gln

Lys

170

Leu

Glu

Thr

Lys

Ile

250

Val

Asp

Leu

Ser

Lys

330

Pro

Gln

ggc
Gly

gty
Val
25

€99
Arg

Val

75

Phe

Lys

Phe

Pro

Ser

155

Ile

Glu

Thr

Asp

Asp

235

Thr

Thr

Ile

Ile

Gly

315

Lys

Tyr

Glu

cct
Pro
10

tgt

Cys

gca
Ala

Thr

Gln

Tyr

Val

Glu

140

Trp

Leu

Tyr

Ala

Thr

220

Ala

Gln

Tyr

Val

300

Asn

Phe

Leu

Val

999
Gly

gce
Ala

gcc
Ala

Lys

Asp

Asp

Ile

125

Cys

Tyr

Ala

Lys

Gly

205

Val

Val

Trp

Phe

Asn

285

Ser

Pro

Pro

Arg

Cys
365

gtg
Val

cac
His

ttt
Phe

Glu

Asp

Gly

110

Pro

Tyr

Pro

Lys

Leu

190

Ile

Ala

Pro

Gly

ser

270

Ala

Arg

Leu

Val

Val

350

Val

gac
Asp

ctg
Leu

gtg
Val
45

Val

95

His

Arg

Trp

Ile

Tyr

175

His

Gly

Gly

Lys
255

Ser

Ser

Asp

Thr

335

Ile

Leu

ctg
Leu

999
Gly
30

gcc
Ala

Ile

80

Phe

Leu

Gly

Leu

Thr

160

Leu

Asp

Ala

Leu

Tyr

240

Asp

Val

Glu

Thr

Thr

320

Glu

Gln

Tyr

gcg
Ala
15

cty

Leu

tat
Tyr

48

26

144
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113

-continued

114

gce ttg get ttt cce cgg gec tte cag ggc cte ctg gac
Ala Leu Ala Phe Pro Arg Ala Phe Gln Gly Leu Leu Asp
50 55 60

gtg tgg agg agt ggt ctc ccc aac ttc cta gca gtc gce
Val Trp Arg Ser Gly Leu Pro 2Asn Phe Leu Ala Val Ala
65 70 75

gga gag ctg ggc tac cgg gca gtg ggc gtg agg ctg gac
Gly Glu Leu Gly Tyr Arg Ala Val Gly Val Arg Leu Asp
80 85 90

ctg cta cag cag gct cag gag atc cgc aag gtc ttc cga
Leu Leu Gln Gln Ala Gln Glu Ile Arg Lys Val Phe Arg
100 105

gce cag tte cag gtg ccc tgg ctg gag tca gtc cte atce
Ala Gln Phe Gln Val Pro Trp Leu Glu Ser Val Leu Ile
115 120

aac aac att gac gag gag gcg ctg gcc cga ctg gcc cag
Asn Asn Ile Asp Glu Glu Ala Leu Ala Arg Leu Ala Gln
130 135 140

gag gtg aat gtec att ggc att gge acc agt gtg gte ace
Glu Val Asn Val Ile Gly Ile Gly Thr Ser Val Val Thr
145 150 155

cag cet tee ctg ggt gge gte tat aag ctg gtg gee gtg
Gln Pro Ser Leu Gly Gly Val Tyr Lys Leu Val Ala Val
160 165 170

cca cga atg aag ctg acc gag gac ccc gag aag cag acg
Pro Arg Met Lys Leu Thr Glu Asp Pro Glu Lys Gln Thr
180 185

agc aag gct gct tte cgg ctc ctg ggc tct gac ggg tct
Ser Lys Ala Ala Phe Arg Leu Leu Gly Ser Asp Gly Ser
195 200

gac atg ctg cag tta gca gaa gag cca gtg cca cag gct
Agsp Met Leu Gln Leu Ala Glu Glu Pro Val Pro Gln Ala
210 215 220

ctg agg gtg tgg cct cca ggg goe cag gag ccc tge acce
Leu Arg Val Trp Pro Pro Gly 2Zla Gln Glu Pro Cys Thr
225 230 235

gce cag gtg gag cca cta ctg cgg cte tge cte cag cag
Ala Gln Val Glu Pro Leu Leu Arg Leu Cys Leu Gln Gln
240 245 250

tgt gag ccg cte cca tece ctg geca gag tet aga gec ttg
Cys Glu Pro Leu Pro Ser Leu 2la Glu Ser Arg Ala Leu
260 265

tee ety age cga cte age cct gag cac agg c¢gy ¢ty cgy
Ser Leu Ser Arg Leu Ser Pro CGlu His Arg Arg Leu Arg
275 280

cag tac cag gtg gtg ctg tce gag agg ctg cag gce ctg
Gln Tyr Gln Val Val Leu Ser Glu Arg Leu Gln Ala Leu
290 295 300

ctg tgt geg ggg cag tcc ccc tga gacteggage ggggctgact ggaaacaaca

Leu Cys Ala Gly Gln Ser Pro
305 310

cgaatcactc acttttcecce aaaaaaaaaa aaaaaaaaaa aaaaa
<210> SEQ ID NO 14

<21l> LENGTH: 310

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 14

acc
Thr

ttg
Leu

agt
Ser

gct
Ala

gta
Val
125

gag
Glu

tge
Cys

999
Gly

ttg
Leu

cca
Pro
205

999
Gly

gtg
Val

gga
Gly

gcc
Ala

age
Ser
285

gtg
Val

tac
Tyr

gecce
Ala

ggt
Gly

gct
Ala
110

gtc
Val

gg¢
Gly

cee
Pro

gge
Gly

cct
Pro
190

cte
Leu

cag
Gln

agg
Arg

cag
Gln

cag
Gln
270

cet

Pro

aac
Asn

agc
Ser

ctg
Leu

gac
Asp
95

gca
Ala

agce
Ser

agt
ser

caa
Gln

cag
Gln
175

999
Gly

atg
Met

gag
Glu

cca
Pro

ctyg
Leu
255

ctg

Leu

gca
Ala

agt
Ser

Met Leu Ala Pro Ala Ala Gly Glu Gly Pro Gly Val Asp Leu Ala Ala

192

240

288

336

384

432

480

528

576

624

672

720

768

816

864

912

966

1011
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-continued

116

Lys

Val G

Leu Ala

Trp
65

Glu Li

Leu G

Gln

Asn I
1
145

Pro §

Arg M

Lys

Met L

2

Arg V
225

Gln V.

Glu P

Leu S

Tyr G
2

Cys
305

<210>
<211l>
<212>
«213>
<220>
<221>
<222>

<400>

ggcacgaggyg gtgccccege ctcacctgca gaggggcegt tccgggeteg aacccggceac

Ala

Arg

Phe

Asn Val

Ala

Ala

Gln Val
20

Trp Leu Glu

1n Glu His Pro

35

Pro Gly

Phe Pro Arg Ala Phe
50 55
Pro Asn
70

Ser Gly

eu Gly Tyr Arg Ala Val

85

1n Gln Ala
100

Gln Glu Ile

Gln Val
115

Pro Trp Leu

le Asp Glu Glu Ala Leu
30 138
Ile Ile
150

Gly Gly

er Leu Gly Gly Val

165

Tyr

Leu Thr

180

et Lys Glu Asp

Ala
195

Phe Arg Leu Leu

eu Gln Leu Ala Glu Glu
10 215
Pro Pro

al Trp Gly Ala

230
al Glu Leu
245

Pro Leu Arg

Pro Ser Leu Ala

260

ro Leu

er Arg Leu Ser Pro Glu

275

In Val Val Leu Ser Glu
20 295
Gln Pro
310

Gly Ser

SEQ ID NO 15

LENGTH: 1073

TYPE: DNA

ORGANISM: Homo sapiens
FEATURE:

NAME/KEY: CDS
LOCATION: ({71)..(688)

SEQUENCE: 15

Gln

Glu

40

Gln

Phe

Gly

Arg

Glu

120

2la

Thr

Lys

Pro

Gly

200

Pro

Gln

Leu

Glu

His

280

Arg

Val

25

Arg

Gly

Leu

Val

Lys

105

Ser

Arg

Ser

Leu

Glu

185

Ser

Val

Glu

Cys

Ser

265

Arg

Leu

10

Cys

Ala

Leu

Ala

Arg

90

Val

Val

Leu

Val

Val

170

Lys

Asp

Pro

Pro

Leu

250

Arg

Arg

Gln

Ala

Ala

Leu

Val

75

Leu

Phe

Leu

Ala

Val

155

Ala

Gln

Gly

Gln

Cys

235

Gln

Ala

Leu

Ala

15

His Leu Gly Leu

30

Gly

Phe Val

45

Ala Ala

Agp Thr Ser Val

60

Tyr

Ala Leu Ala Leu Gly

80
Ser Leu

Asp Gly Asp

95
Ala Ala
110

Arg Ala Ala

Ile Val

125

Val Ser Asn

Gln
140

Glu Gly Ser Glu

Thr Gln Gln

160

Cys Pro

Val Gln

175

Gly Gly Pro

Thr Pro Ser

190

Leu Gly

Pro Leu Met

205

Ser Asp

Ala
220

Gly Gln Glu Leu

Thr Val Ala

240

Arg Pro

Gln Gln Leu

255

Gly Cys

Leu Ala Gln

270

Leu Ser

Ser Pro Ala Gln

285

Arg

Leu Val
300

Asn Ser Leu

cttececggaaa atg geg get gee agg cce age ctg ggce cga gte cte cca
Met Ala Ala Ala Arg Pro Ser Leu Gly Arg Val Leu Pro

1

5

10

gga tce tet gte ctg tte ctg tgt gac atg cag gag aag tte cge cac
Gly Ser Ser Val Leu Phe Leu Cys Asp Met Gln Glu Lys Phe Arg His

15 20

25

60

109

157
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118

aac atc gcc
Asn Ile Ala
30

aag gtg gcc
Lys Val Ala

cea caa gge
Pro Gln Gly

cgg ceg ctg
Arg Pro Leu
80

gag ctg gac
Glu Leu Asp
95

gag gca cag
Glu Ala Gln
110

ggg ctg cag
Gly Leu Gln

gtg gac cgg
Val Asp Arg

cte tece acc
Leu Ser Thr
160

cac ccc cag
His Pro Gln
175

gac agc gga
Asp Ser Gly
190

tac
Tyr

cgg
Arg
cty

65
gece

Ala

agt
Ser

gcce
Ala

gte
Val

ctyg
Leu
145

agce

Ser

tte
Phe

ety
Leu

tte
Phe

ctg
Leu
50

gg¢
Gly

aag
Lys

cg9
Arg

tge
Cys

cat
His
130

gtg
Val

gaa
Glu

aag
Lys

ety
Leu

cca
Pro
35

ctt
Leu

cee
Pro

acc
Thr

cce
Pro

atc
Ile
115

gtg
Val

gct
Ala

999
Gly

gag
Glu

gg¢
Gly
195

cag
Gln

gag
Glu

acg
Thr

tgc
Cys

cag
Gln
100

ttg
Leu

gty
Val

ctg
Leu

ctce
Leu

atc
Ile
180

cte
Leu

atc
Ile

gty
Val

gty
Val

tte
Phe
85

ctg
Leu

aac
Asn

gty
Val

gcc
2la

att
Ile
165

cag
Gln

tte
Phe

gtc
Val

cca
Pro

cee
Pro
70

agc
Ser

cgce
Arg

acg
Thr

gac
Asp

cge
Arg
150

cty

Leu

aaa
Lys

caa
Gln

tca
Ser

gte
Val
55

gag
Glu

atg
Met

tct
Ser

acc
Thr

gcc
Ala
135

atg

Met

cag
Gln

cte
Leu

gge
Gly

gtg
Val
40

atg
Met

ety
Leu

gtg
Val

gtg
Val

ctg
Leu
120

tge

aga
ATg

ctt
Leu

atc
Ile

cag
Gln
200

gct
Ala

ctg
Leu

999
Gly

cct
Pro

ctg
Leu
105

gac
Asp

tce
Ser

cag
Gln

gtg
Val

aag
Lys
185

aac
Asn

gcc
Ala

acg
Thr

act
Thr

gce
Ala
90

cte
Leu

cte
Leu

tca
Ser

agt
Ser

gge
Gly
170

gag
Glu

tee
Ser

cge
Arg

gag
Glu

gag
Glu
75

ctyg
Leu

tgt
Cys

cta
Leu

cge
Arg

ggt
Gly
155

gat

Asp

cce
Pro

cte
Leu

atg
Met

cag
Gln
60

gg¢
Gly

cag
Gln

ggce
Gly

gac
Asp

agce
Ser
140

gee

Ala

gcc
Ala

gcc
Ala

cte
Leu

tga actccaacce tgeettgagg gaagaccace ctectgtcac coggacetea

gtggaageace
gcceoettgt
caaatgagac
gcoceogggee
acggactege

aaaaaaaaaa

gttcceccca

999999999¢

tectggaaac

acttcacggyg

agaataaaca

aaaaaaaaaa

<210> SEQ ID NO 16

<211> LENGT:
«212> TYPE:

H:
PRT

205

<213> ORGANISM: Homo sapiens

<400> SEQUENCE:

Met Ala Ala
1

Val Leu Phe
Tyr Phe Pro
35

Arg Leu Leu
50

Leu Gly Pro
65

Ala

Leu

20

Gln

Glu

Thr

16

Arg

Cys

Ile

Val

Val

Pro

Asp

Val

Pro

Pro
70

Ser

Met

Ser

Val

55

Glu

agggtgctge
tgggtgggaa

gcgggaaggg
tatatgtgge

aaaaaaaaaa

Leu

Gln

Val

40

Met

Leu

ctteccatty

ttggctgage

gaggggaaga

aaaaaaaaaa

aaaaa

Gly

Glu

25

Ala

Leu

Gly

Arg

10

Lys

Ala

Thr

Thr

Val

Phe

Glu

Glu
75

tcecctggate ccaagagtgg tgcgatccac

gacagctgcet

caagatggag

agagtcteag

aaaaaaaaaa

Leu

Arg

Met

Gln

60

Gly

Pro

His

Leu

45

Tyr

Leu

Gly

Asn

30

Lys

Pro

Arg

caggagtgece

cecggaaatyg

gcggggeteg

actgtgggac

aaaaaaaaaa

Ser

15

Ile

Val

Gln

Pro

cte
Leu

45
tac

Tyr

ctt
Leu

cag
Gln

att
Ile

€99
Arg
125

cayg

Gln

tte
Phe

gtc
Val

cca
Pro

cac
His
205

Ser

Ala

Ala

Gly

Leu
80

205

253

301

349

397

445

493

541

589

637

685

738

798

858

918

978

1038

1073
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119

-continued

120

Ala Lys Thr Cys Phe Ser Met Val Pro Ala Leu Gln Gln Glu Leu Asp
85 90 95

Ser Arg Pro Gln Leu Arg Ser Val Leu Leu Cys Gly Ile Glu Ala Gln
100 105 110

Ala Cys Ile Leu Asn Thr Thr Leu Asp Leu Leu Asp Arg Gly Leu Gln
115 120 125

Val His Val Val Val Asp Ala Cys Ser Ser Arg Ser Gln Val Asp Arg
130 135 140

Leu Val Ala Leu Ala Arg Met 2Arg Gln Ser Gly Ala Phe Leu Ser Thr
145 150 155 160

Ser Glu Gly Leu Ile Leu Gln Leu Val Gly Asp Ala Val His Pro Gln
165 170 175

Phe Lys Glu Ile Gln Lys Leu Ile Lys Glu Pro Ala Pro Asp Ser Gly
180 185 190

Leu Leu Gly Leu Phe Gln Gly Gln Asn Ser Leu Leu His
195 200 205

<210> SEQ ID NO 17

«211> LENGTH: 1825

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<220> FEATURE:

«221> NAME/KEY: CDS

«222> LOCATION: (144)..(983)

<400> SEQUENCE: 17
agagtgcgac cgagatgttc cactcgetgg cgtecgggee gectggtgate tceeggtagea
ctcgggeegg cggacagtga gggcgcgaca acaagggagg tgtcacagtt ttcecatttag

atcaacaact tcaagttett ace atg gaa aat tec gag aag act gaa gty gtt
Met Glu Asn Ser Glu Lys Thr Glu Val Val
1 5 10

ctc ctt get tgt ggt tea tte aat ccc ate ace aac atg cac cte agg
Leu Leu Ala Cys Gly Ser Phe Asn Pro Ile Thr Asn Met His Leu Arg
15 20 25

ttg ttt gag ctg gcc aag gac tac atg aat gga aca gga agg tac aca
Leu Phe Glu Leu Ala Lys Asp Tyr Met Asn Gly Thr Gly Arg Tyr Thr
30 35 40

gtt gtc aaa ggc atc atc tet cct gtt ggt gat gcc tac aag aag aaa
Val Val Lys Gly Ile Ile Ser Pro Val Gly Asp Ala Tyr Lys Lys Lys
45 50 55

gga ctc att cct gee tat cac cgg gtc atc atg gca gaa ctt gct acc
Gly Leu Ile Pro Ala Tyr His Arg Val Ile Met Ala Glu Leu Ala Thr

aag aat tct aaa tgg gtg gaa gtt gat aca tgg gaa agt ctt cag aag
Lys Asn Ser Lys Trp Val Glu Val Asp Thr Trp Glu Ser Leu Gln Lys
75 80 85 90

gag tgg aaa gag act ctg aag gtg cta aga cac cat caa gag aaa ttg
Glu Trp Lys Glu Thr Leu Lys Val Leu Arg His His Gln Glu Lys Leu
95 100 105

gag gct agt gac tgt gat cac cag cag aac tca cct act cta gaa agg
Glu Ala Ser Asp Cys Asp His Gln Gln Asn Ser Pro Thr Leu Glu Arg
110 115 120

cct gga agg aag agg aag tgg act gaa aca caa gat tct agt caa aag
Pro Gly Arg Lys Arg Lys Trp Thr Glu Thr Gln Asp Ser Ser Gln Lys
125 130 135

aaa tee cta gag cca aaa aca aaa gct gtg cca aag gte aag ctg ctg
Lys Ser Leu Glu Pro Lys Thr Lys Ala Val Pro Lys Val Lys Leu Leu
140 145 150

60

120

173

221

269

317

365

413

461

509

557

605
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-continued

122

tgt ggg gca
Cys Gly Ala
155

agt gaa gac
Ser Glu Asp

act e¢gyg get
Thr Arg Ala

ctg tgyg aaa

Leu Trp Lys
205

aat gac atc

Asn Asp Ile

220

agc att cgc

Ser Ile Arg

235

cat aat ttg

His Asn Leu

ctg gee cct
Leu Ala Pro
gaattctaca
aataactggyg
aatcgtcetgg
agaatcactt
cagectyggey
atggtaaget
aaatacaaaa
ctgaggeagy
cactgcactc
accgggtgty
cacgtgaggt
agaatacaaa
gctgaggeag
ccattgcact

aa

gat
Asp

atc
Ile

gga
Gly
190

cac
His

tca
Ser

tac
Tyr

tac
Tyr

ttg
Leu
270

gcatgatatt

gaaagaagtt

gcacagtggce

gaccccaggt

acagagcaag

aaaataagtt

aattagecag

agaatcgett

cagectggge

gtggctcaca

caagagttca

aaattagctyg

gagaatcget

ceagectygygy

tta
Leu

acce
Thr
175

aat
Asn

cg9
Arg

tcc
Ser

ttg
Leu

age
Ser
255

cag
Gln

«210> SEQ ID NO 18

<211> LENGT:
<212> TYPE:

<213> ORGANISM: Homo sapiens

H:
PRT

<400> SEQUENCE:

279

18

ttg
Leu
160

caa
Gln

gat
Asp

age
Ser

aca
Thr

gta
Val
240

tect

Ser

aga
Arg

Met Glu Asn Ser Glu Lys

1

5

Phe Asn Pro Ile Thr Asn

20

Agsp Tyr Met Asn Gly Thr

35

Ser Pro Val Gly Asp Ala

gag
Glu

atc
Ile

get
Ala

aac
Asn

aaa
Lys
225

cca
Pro

gag
Glu

aac
Asn

Thr

Met

Gly

Tyr

tce
Ser

gty
Val

cag
Gln

att
Ile
210

atc

Ile

gat
Asp

agt
Ser

act
Thr

gtgatctgtt

tcacgecctgt

ggtggaggtt

actetgtete

tttgtttgtt

gcatggtgee

gaacccggga

aaaaaagcaa

cctgtaatcce

agaccagect

agcatggtygy

tgaacctygygy

tgacagagcyg

Glu

His

Arg

40

Lys

ttt get
Phe Ala

gce aac
Ala Asn
180

aag ttt
Lys Phe
195

cac gtg
His Val

cgg aga
Arg Arg

ctt gtc
Leu Val

gaa gac
Glu Asp
260

gca gaa
Ala Glu
275

gtt
Val
165

tat
Tyr

ate
Ile

gtg
Val

gce
Ala

caa
Gln
245

agg
Arg

gct
Ala

tcagacttee catttgggga

gcctaaacta

agtcccagcet

gcagtgagcece

aaaaaaaaaa

tatttgttte

gcataactat

ggcacaggtt

aactccatct

cagcactttyg

ggccaatatg

tgggctecty

aggcagaggt

agactccatce

Val Val
10

Leu Arg
25

Tyr Thr

Lys Lys

Leu

Leu

Val

Gly

cce aat ttg

tgg aag

Pro Asn Leu Trp Lys

ggg ctec ata
Gly Leu Ile

tat gaa teg

Tyr Glu Ser
200

aat gaa tgg

Asn Glu Trp

215

ctc aga agg

Leu Arg Arg

230

gaa tac att

Glu Tyr Ile

aat gct ggyg
Asn Ala Gly

aag aca tag
Lys Thr

tctgaaacaa
aagcttaaaa
acttgggagg
aagattgcac
aaaaaattta
tgagatggag
aatcccaget
ccagtgggece
caaagagaaa
ggaggcctaa
gtgaaacccce
tagtcccage
tgcagtaagce

tcaaaaaaaa

Leu Ala Cys

Phe Glu Leu
30

Val Lys Gly
45

Leu Ile Pro

170
tgt gtt

Cys Val
185

gat gtg
Asp Val

atc get
Ile Ala

ggc cag
Gly Gln

gaa aag
Glu Lys

250
gte atc

Val Ile
265

tetgggagtt
gtttagtaaa
ctgaggcagy
cattgcactce
gtaaaaatca
tetetactaa
acttgggagyg
aaggttgtge
aaaaaaaaag
gtgggtggat
atctctacta
tacttgggag
caagatcgtyg

aaaaaaaaaa

Gly Ser
15
Ala Lys

Ile Ile

Ala Tyr

653

701

749

797

845

893

941

983

1043

1103

1163

1223

1283

1343

1403

1463

1523

1583

1643

1703

1763

1823

1825
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50

His Arg Val
65

Glu Val Asp

Lys Val Leu

His Gln Gln

115

Trp Thr Glu
130

Thr Lys Ala
145

Glu Ser Phe

Ile Val Ala

Ala Gln Lys

195

Asn Ile His
210

Lys Ile Arg
225

Pro Asp Leu

Glu Ser Glu

Asn Thr Ala
275

<210> SEQ I
«211> LENGT
<212> TYPE:

<213> ORGANISM: Homo sapiens

<220> FEATU
«221> NAME/
<222> LOCAT

Ile Met Ala
70

Thr Trp Glu
85

Arg Hig His
100

Asn Ser Pro

Thr Gln Asp

Val Pro Lys

150

Ala Val Pro
165

Asn Tyr Gly
180

Phe Ile Tyr

Val Val Asn

Arg Ala Leu

230

Val Gln Glu
245

Asp Arg Asn
260

Glu Ala Lys

D NO 19
H: 5690
DNA

RE:
KEY: CDS

55

Glu

Ser

Gln

Thr

Ser

135

val

Asn

Leu

Glu

Glu

215

Arg

Tyr

Ala

Thr

Leu

Leu

Glu

Leu

120

Ser

Lys

Leu

Ile

Ser

200

Trp

Arg

Ile

Gly

ION: (338)..(1261)

<400> SEQUENCE: 19

atataaactc
gggtggggca
gagaagagag
9999aggcgy
accgceggag

gcaaccccta

acc cac gtt
Thr His Val

ggyg cac att
Gly Hig Ile
25

gga agg ttt
Gly Arg Phe
40

taaggaagac agtgatggag
ccaggegaga gatgegaagy
cagagcaata caaaagcage
agagtgacge ggtttgegte

cctegectte cttteteect

gaccaccgeg

atc ttg ctc
Ile Leu Leu
10

cag atg ttt
Gln Met Phe

att gtg att
Ile Val Ile

gce
Ala

gaa
Glu

gge
Gly
45

aaggacccat

tge
Cys

aga
Arg
30

999
Gly

Ala Thr Lys
75

Gln Lys Glu
90

Lys Leu Glu
105

Glu Arg Pro

Gln Lys Lys

Leu Leu Cys

155

Trp Lys Ser
170

Cys Val Thr
185

Asp Val Leu

Ile Ala Asn

Gly Gln Ser

235

Glu Lys His
250

Val Ile Leu
265

tgaagtgggce

aagecagaac

60

Asn

Trp

Ala

Gly

Ser

140

Gly

Glu

Arg

Trp

Asp

220

Ile

Asn

Ala

Ser

Lys

Ser

Arg

125

Leu

Ala

Asp

Ala

Lys

205

Ile

Arg

Leu

Pro

Lys

Glu

Asp

110

Glu

Asp

Ile

Gly

190

His

Ser

Tyr

Tyr

Leu
270

tgggggegat

gaaaagagay

cteggateta gecggagety

tggagcggct

ctgcagacac

cecttggagte

aacgagacac

Trp Val
80

Thr Leu
95

Cys Asp

Arg Lys

Pro Lys

Leu Leu

160

Thr Gln
175

Asn Asp

Arg Ser

Ser Thr

Leu Val

240

Ser Ser
255

Gln Arg

agagaggatg
cgacegagga
caagegttaa
cacagcatce

aaaaagagag

ctgcacc atg acc gag acc acc aag
Met Thr Glu Thr Thr Lys

ggc agc ttc
Gly Ser Phe
15

gce agg gat
Ala Arg Asp

att gtc tcc
Ile Val Ser

1

aat
Asn

tat
Tyr

cct
Pro
50

cce
Pro

ctg
Leu
35

gtc
Val

atc
Ile
20

cac

His

cac
His

5
acc aaa

Thr Lys

aaa act
Lys Thr

gac tcce
Asp Ser

60

120

180

240

300

355

403

451

499
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tat gga aaa
Tyr Gly Lys
55

cag ctg gcc
Gln Leu Ala

tgc tac cag
Cys Tyr Gln

cgg gac ctce
Arg Asp Leu
105

aca cct tecc

Thr Pro Ser
120

cag ccc att

Gln Pro Ile

135

aag ate ttg
Lys Ile Leu

cge ceg ceg
Arg Pro Pro

ggc acg gtg
Gly Thr Val
185

tgt ggt agt
Cys Gly Ser
200

gag gca gat
Glu Ala Asp
215

ccc cgg gat
Pro Arg Asp

cte cge aaa
Leu Arg Lys

cat ccc atg
His Pro Met
265
cat ggy gac
His Gly Asp
280
tac atc cte
Tyr Ile Leu
295
cagccecteg
tcetgectet
ccecccatag
tggacagact
ggggaagtgce
ggctetggtyg

agcatgcetet

tctggetett

cag ggc ctc
Gln Gly Leu
60

gtc cag aat
Val Gln Asn
75

gac acc tgg
Asp Thr Trp
90

atg aag agg
Met Lys Arg

atg aca cct
Met Thr Pro

tac cag aac
Tyr Gln Asn
140

999 aag gtg
Gly Lys Val
155

gtg gag cgt
Val Glu Arg
170

atg cgg tat
Met Arg Tyr

gac ctg ctg
Asp Leu Leu

atg gag gtg
Met Glu Val
220

gca gcc gac
Ala Ala Asp
235

tac aaa aac
Tyr Lys Asn
250

tet gtt gte
Ser Val Val

gge cat gtt
Gly His Val

aaa agc cag
Lys Ser Gln
300

tecteeggea acacaatgge

ctgtttctee atctectegt

tgtgggggac ctgcagagaa

ttectetagt cteegggtty

agtecttgga gatgtactgg

¢eeatectee cagecacgete

agagaggegg ctctggtgece

gcctteccay

gtg
Val

tct
Ser

cag
Gln

gtg
Val

gtg
Val
125

agc
Ser

gga
Gly

tte
Phe

gaa
Glu

gag
Glu
205

att
Ile

aca
Thr

aac
Asn

agc
Ser

gty
Val
285

ctg
Leu

tca
Ser

gat
Asp

acg
Thr

act
Thr
110

atc
Ile

aac
Asn

gaa
Glu

ace
Thr

gag
Glu
190

tcc
Ser

gtt
Val

gac
Asp

atc
Ile

tca
Ser
270

gat

Asp

tac
Tyr

catgcccattt

agc
Ser

tgg
Trp

acc
Thr
95

gg9¢
Gly

gga
Gly

gtg
Val

age
Ser

ttt
Phe
175

att
Ile

ttc
Phe

ggt
Gly

cga
Arg

atg
Met
255

acc

Thr

tac
Tyr

ate
Ile

€99
Arg

atc
Ile
80

tgc
Cys

tge
Cys

cag
Gln

gcc
Ala

cte
Leu
160

gta
Val

gag
Glu

tge
Cys

gac
Asp

atc
Ile
240

gtg
Val

aag
Lys

ety
Leu

aat
Asn

cac
His
65

agg
Arg

age
Ser

atc
Ile

cca
Pro

ace
Thr
145

age
Ser

gat
Asp

cta
Leu

atc
Ile

tte
Phe
225

atg
Met

gtg
Val

agce
Ser

tee
Ser

gee
Ala
305

ccctecatet

cttgactgtt

ccatggeatt

g999tgggty

tgtcegtete

tggggaggcy

cctecteccea

actacaaagg

cgt ctc atc
Arg Leu Ile

gtg gac cct
Val Asp Pro

gtg ttg gaa
Val Leu Glu
100

cte tce aat
Leu Ser Asn
115

caa aac gag
Gln Asn Glu
130

aag ccc act
Lys Pro Thr

cgg ate tge
Arg Ile Cys

gag aat gcc

Glu Asn Ala

180

cgg atc ctg

Arg Ile Leu
195

cca ggg cte

Pro Gly Leu
210

gg9g att gtg
Gly Ile Val

aat cac tcc
Asn His Ser

aag gat gac
Lys Asp Asp
260
agg ctg gcc
Arg Leu Ala
275
cag ceg gte
Gln Pro Val
290
tce gge tag
Ser Gly
ttgtcagcce
ttcecctactt
ccctatteca
agggaatggy
ccagcatget
gctetggtyge

gcatgetety

gctattttte

atg tgt

Met Cys

70

tgg gag

Trp Glu
85

cac cac

Hig His

gtc aac
Val Asn

acc ccce
Thr Pro

gca gcc

Ala Ala
150

tgt gte

Cys Val

165

aat ctg

Asn Leu

ctg ctg
Leu Leu

tgg aac
Trp Asn

gtg gtg

Val Val
230

tca ata

Ser Ile

245

atc aac

Ile Asn

ctg cag
Leu Gln

ate gac
Ile Asp

cetgtttete
gctgacttaa
cagtcatett
gtgggagtcg
ctagagaggc
ccatectece
gggaggegge

tttetetttet

547

595

643

691

739

787

835

883

931

979

1027

1075

1123

1171

1219

1261

1321

1381

1441

1501

1561

le21

1681

1741
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tttgtttatt tatttttctt tgttcactcc ctgtagaact tggatgaaat cagtgtccat 1801
ggttctttat gtttgtagtc ttgatgtgct cctgtggtat tacttccecct ctgataggac 1861
attgtagcca gecctcagcac tcagtgagtt catcagggec acacccagta gagaaggceca 1921
agcaacctee acttetteag caccacacac acgcacacac acacacacge acacatgegt 1981
gtgcaccege gcacgcacat acacacacac atatagcagt agcagcagca gcagcagcag 2041
cagcaacctt tgatcaggag tgagattttc gggttctgaa acctgggaca cgagtctgtyg 2101
aatagtcggt tttctcagaa taatttgaat ctgttttett agtttcaaat gaccatttcece 2161
ctgatgctcet gagettatga tcacacagag ccagtccatce ctcatttect ggtggcatcet 2221
gttcatttac ctttgtggac tgtagctgat ggcacagtgc gggttcecta ccagcecaggg 2281
gtttccaagg gacctttgga ggccatgett agacacattc ctgtacctga gaacaaccac 2341
ataggcagga ccagatccac atcgtgcagt cgtgtcataa aaaaacaaaa caaaacaaaa 2401
aaacactagg agtccactca accectggagg tetttgetaa ttggaattat gtattgtetyg 2461
ttgggetggg aaatgtcetet ttcatattgt aagtccagga tgaactagga gaaagcaatt 2521
tgttgccoetyg atgataactg atgatttteca ccctetetag ctgaggtaac tcagacagtyg 2581
catgaggtca gtttettett gagaagcagt gecttggtet tgttteotgtyg gttggtteta 2641
geeoectgeayg agectgggay ctgcaggaac tgtctgagaa aatcteccta ataggggagt 2701
gggttcccayg aagggagatc tgggaggggt caggagccac taagttgctt cactcctttt 2761
ttctctaatt ttctacctte ctctectgtte ctgcagacag ttttgccagce tttgcttetg 2821
gttactaggg tctcatgegt gtecctgettyg gagagccata aggaaattge tgtcttgtge 2881
tttgtgtcte tcatccagte tcetggcetcett gggattetgg tcectttgagaa atagtceccty 2941
agtattagga tacttttatc aaaatctagt accagctacg gcecagaaagyg gecaggtggy 3001
acctgaaagc aaagacaatg ttctttacca cacgtttcac atctgcaaca tcecttcaatt 3061
gcgggaaaag gaacttgatt taacagaaga acatggtaga gcagcatcca gaaagtctgt 3121
tattcectett ggattttttg aaataatctt cagaggaagg aaggaaaatc ctattttggy 3181
gtatcagtgt ttgactaggg atcatgaaat aataaactga aaaaaacttt agagttcagt 3241
tgatccaaca ctttccttta aaagttgagg gagcagaggc ccatgggatt aaatggetgg 3301
tccaggtcag ccagcaggtg tagggcctga caagaacata ttgtttcecct gaccectagg 3361
ccgtcacace acaccctcca tttectcatg ttgectgacca ggtgcccata tgatttcetac 3421
actteococaag ccttacceetg geatctttet tttaaattat atctgtecca ggtgetetee 3481
acacatagga tggtaatgece agtcccaggg gagggtgtga tagtaaggaa ggccactgtt 3541
aggtttcctt tagaaataaa gagatctcag cagcttggaa gaaatcccag aagcggaact 3601
ccatcaatce aagaaagagt tgctttgtgg aaggtgaagg aagacccaca gagtgctcag 3661
gatgatgcta ttgctggaga gcgaaagatg gaacagcctt gtccaggcag aacagtcata 3721
agccaggaaa tgaaacaaag gaaaacaggt gcctgaattt cctggggaaa catggcettgt 3781
ttaaggactt ggagttatgg atggaattta tgggacccac gtgagcagac ctgaggaagy 3841
ctcgatttet tttgtttett ggteccactet gtcactctge tcetggtcaag ccccatttgy 3901
tctacagece atgagaagga atgaggctgg ttetgcactce tcagcatgca gtcecgaaage 3961
atgtgggagt ggggagggaa agtgagatga attaagacaa agaacaggtyg ccatagaagt 4021
agatttctag gaatgaagtg gggcagatct tatctttgtg gattacaggce actgtactaa 4081
aaacaggttt cctatttaat ataaaaagaa agtgaatctt cttttggata gaatcatcca 4141
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ttecccatege cgcaccecect accccccaaa cacacacaca cacacacaca cacacacaca 4201
cacacacaca cacacacaca cgccctacte ttcatttget aggggaaggt cacagcacaa 4261
ctaaatccag gacaggacat tgtgaccatg acccagccac agtcaatacc agaaagatga 4321
ttcagagtct gaagtggtge cccaggtgcce aacaggataa cctctacccece ccgactttgt 4381
ctetggggte ctgttectte ctgcaaagece caatccaaga ctggcatgge tcagaggtty 4441
tgagaaaggc atggactgga acaatcatgt ccagaggggt ctggagcttt gtttectgtt 4501
caccagcaaa aaatgtctcet cccattttte tgaaagtgge tgatgtaaga acaggcagaa 4561
ggaaaaccct ttttgtcaat aactctgtec ttaaggaatg gtectetggg agggetgtge 4621
tgctagtggg tacctcagte acacacccee aaccccagge agcctctaga gecttettge 4681
tttcatttte cttgaatgta cataggaaca agggggaaag tctcttactg aagtgcctga 4741
aacccaaagc tagagcttct agagacgcceg ttcttectgt ctcagecttgg ccagecttte 4801
aacaatgtte tcectagttteca agctccaget tetcagaaag aattaaagaa cttgetgtte 4861
aaattaagta gaaagtgaga ctcaataata actgaactac agcaaaaggc agagaattac 4921
agggagaaaa aacttgtact taccagccca attctactcet cctcaaactyg acacacacac 4981
acacacacac acacacacac acacacacac acacacactc ttttagggga ctaagagaga 5041
gaagcatgtt attacatttt actcatccaa acagtaatgc aaaaataaaa cggtagaata 5101
tgaaaagctc aggatctctc ccaaggctac ctactgcagg agggccaaca ggtgagatgg 5161
gaagaatgga aacagggacc gattttgtag ctcatacaat taggacacct taggaatagc 5221
attgtagtaa tggtgatgaa tatgctctge caaattcatc cagtctgcac catcttatag 5281
ctgcccagea cactcgactg ttcatgtggt ctcetttgtag tgtgagtttyg gagtgtecta 5341
ttagcetgtt ctggttagga atgagttaac ggcetctttec ctcaacctta gtcetagtece 5401
agggctgagg attcagctgg atccacatgg tcettgagggt tggcatgagyg agggggaagce 5461
ttttttgaat cgctttttga tcacataatc tgccatttta agagtaagat ttgctttatg 5521
gaaatcaatt cattaataaa aaatgatatt caagttgcaa taccatttca cagtgaaata 5581
ttttgagtac aattttgttg ctagaatagt catgggcaag agttttatgc aaaatgtttce 5641
aattatgtta ataaataaga caatgcwaaa aaaaaaaaaa aaaaaaaaa 5690
<210> SEQ ID NO 20
<211> LENGTH: 307
<212> TYPE: PRT
<213> ORGANISM: Homo gapiens
<400> SEQUENCE: 20
Met Thr Glu Thr Thr Lys Thr Hig Val Ile Leu Leu Ala Cys Gly Ser
1 5 10 15
Phe Asn Pro Ile Thr Lys Gly His Ile Gln Met Phe Glu Arg Ala Arg
20 25 30
Asp Tyr Leu His Lys Thr Gly Arg Phe Ile Val Ile Gly Gly Ile Val
35 40 45
Ser Pro Val His Asp Ser Tyr Gly Lys Gln Gly Leu Val Ser Ser Arg
50 55 60
His Arg Leu Ile Met Cys Gln Leu Ala Val Gln Asn Ser Asp Trp Ile
65 70 75 80
Arg Val Asp Pro Trp Glu Cys Tyr Gln Asp Thr Trp Gln Thr Thr Cys
85 90 95
Ser Val Leu Glu His His Arg Asp Leu Met Lys Arg Val Thr Gly Cys



131

US 7,977,049 B2

-continued

132

Ile

Pro

Thr

145

Ser

Asp

Leu

Ile

Phe

225

Val

Ser

Ser

Ala
305

<210>
<21l>
<212>
<213>
«220>
<221>
<222>

Leu

Gln

130

Lys

Arg

Glu

Arg

Pro

210

Gly

Asn

Lys

Arg

Gln

290

Ser

Ser

115

Asn

Pro

Ile

Asn

Ile

195

Gly

Ile

His

Asp

Leu

275

Pro

Gly

100

Asn

Glu

Thr

Cys

Ala

180

Leu

Leu

Val

Ser

Asp

260

Ala

Val

<400> SEQUENCE:

cgegeggece ctgtecteeg geccgag atg aat cct geg gca gaa gece gag tte
Met Asn Pro Ala Ala Glu Ala Glu Phe

aac
Asn
10

tat
Tyr

aag
Lys

gta
Val

gta
Val

cat
His
90

atc
Ile

cca
Pro

aag
Lys

ttt
Phe

gta
Val
75

tte
Phe

cte
Leu

cce
Pro

aca
Thr

tat
Tyr
60

acc

Thr

caa
Gln

ctg
Leu

aac
Asn

gaa
Glu
45

999
Gly

aaa
Lys

gat
Asp

Val

Thr

Ala

Cys

165

Asn

Leu

Trp

Val

Ser

245

Ile

Leu

Ile

SEQ ID NO 21
LENGTH:
TYPE: DNA
ORGANISM: Homo sapiens
FEATURE:
NAME/KEY: CDS
LOCATION:

2376

Asn

Pro

Ala

150

Val

Leu

Leu

Asn

Val

230

Ile

Asn

Gln

Asp

Thr

Gln

135

Lys

Arg

Gly

Cys

Glu

215

Pro

Leu

His

His

Tyr
295

(28)..(1503)

21

gce
Ala

aca
Thr
30

aac

Asn

ttg
Leu

gag
Glu

gat
Asp

acc
Thr
15

agc
Ser

tcc
Ser

cag
Gln

aaa
Lys

gte
Val
95

gac
Asp

aaa
Lys

aaa
Lys

tac
Tyr

atc
Ile
80

Tttt
Phe

Pro
120

Pro

Ile

Pro

Thr

Gly

200

2la

Arg

Arg

Pro

Gly

280

Ile

tee
Ser

gtt
Val

tta
Leu

att
Ile
65

cag

Gln

aat
Asn

105

Ser

Ile

Leu

Pro

Val

185

Ser

Asp

Asp

Lys

Met

265

Asp

Leu

1

tac
Tyr

tat
Tyr

agg
Arg
50

ctt

Leu

gaa
Glu

gaa
Glu

Met

Tyr

Gly

Val

170

Met

Asp

Met

Ala

Tyr

250

Ser

Gly

Lys

Thr

Gln

Lys

155

Glu

Arg

Leu

Glu

Ala

235

Lys

Val

His

Ser

Pro

Asn

140

Val

Arg

Tyr

Leu

Val

220

Asp

Asn

Val

Val

Gln
300

aag gtt act

Lys

tce
Ser
35

aag

Lys

aat
Asn

gcc
Ala

aag
Lys

Val
20

tac
Tyr

gtg
Val

aag
Lys

aaa
Lys

gga
Gly
100

Thr

ttt
Phe

aaa
Lys

tac
Tyr

gat
Asp
85

tgg
Trp

Val
125

Ser

Gly

Phe

Glu

Glu

205

Ile

Thr

Asn

Ser

Val

285

Leu

5

cac
His

gaa
Glu

tat
Tyr

tta
Leu
70

gte
Val

aac
Asn

110

Ile

Asn

Glu

Thr

Glu

190

Ser

Val

Asp

Ile

Ser

270

Asp

Tyr

tat
Tyr

tge
Cys

gag
Glu
55

aaa

Lys

tac
Tyr

tac
Tyr

Gly

Val

Ser

Phe

175

Ile

Phe

Gly

Arg

Met

255

Thr

Ile

aaa
Lys

cgt
Arg
40

gaa

Glu

ggt
Gly

aaa
Lys

att
Ile

Gln

Ala

Leu

160

Val

Glu

Cys

Asp

Ile

240

Val

Lys

Leu

Asn

caa
Gln
25

gaa
Glu

aca
Thr

aaa
Lys

gaa
Glu

ctt
Leu
105

54

102

150

198

246

294

342
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134

gag
Glu

g9¢
Gly

gat
Asp

cag
Gln

aaa
Lys
170

ctyg

Leu

gag
Glu

Thr

aaa
Lys

Ile
250

gta
Val

gac
Asp

tta
Leu

tect
Ser

aag
Lys
330

cct

Pro

caa
Gln

Ile

cte
Leu

999
Gly
410

aag
Lys

ttt
Phe

cca
Pro

tee
Ser
155

ata
Ile

gaa
Glu

act
Thr

gat
Asp

gat
Asp
235

aca
Thr

aca
Thr

att
Ile

ata
Ile

gga
Gly
315

aag
Lys

tat
Tyr

gag
Glu

gcc
Ala

ttg
Leu
395

att
Ile

tat
Tyr

gte
Val

gag
Glu
140

tgg
Trp

ttg
Leu

tac
Tyr

get
Ala

aca
Thr
220

cct
Pro

gct
Ala

cag
Gln

tat
Tyr

gta
Val
300

aac

Asn

ttt
Phe

ctt
Leu

att
Ile

tte
Phe
380

Asn

aac
Asn

gat
Asp

att
Ile
125

tgt
Cys

tat
Tyr

gce
Ala

aag
Lys

gg¢
Gly
205

gta
Val

gtt
Val

tgg
Trp

ttt
Phe

aat
Asn
285

teg
Ser

cct
Pro

cct
Pro

aga
Arg

gta
Val
365

ggt
Gly

tgt
Cys

gte
Val

999
Gly
110

cce
Pro

tac
Tyr

cca
Pro

aaa
Lys

tta
Leu
190

ata
Ile

gca
Ala

cca
Pro

999
Gly

teca
Ser
270

gcg
Ala

aga
Arg

ctt
Leu

gtt
Val

gtt
Val
350

gaa

Glu

tect
Ser

tee
Ser

tte
Phe

cat
His

aga
Arg

tgg
Trp

ate
Ile

tat
Tyr
175

cat
His

g9a
Gly

gga
Gly

gge
Gly

aaa
Lys
255

teca
Ser

tgt
Cys

agt
Ser

gac
Asp

act
Thr
335

att
Ile

gge
Gly

ggt
Gly

tte
Phe

aag
Lys
415

ctt
Leu

gga
Gly

ctt
Leu

aca
Thr
160

ttg
Leu

gat
Asp

gca
Ala

ctt
Leu

tat
Tyr
240

gac
Asp

gty
Val

gag
Glu

aca
Thr

act
Thr
320

gag
Glu

caa
Gln

atg
Met

gga
Gly

aag
Lys
400

gac
Asp

cca
Pro

aat
Asn

aca
Thr
145

gtg
Val

tta
Leu

ttt
Phe

tct
Ser

gct
2la
225

tect
Ser

cat
His

cet
Pro

aaa
Lys

cag
Gln
305

gtg
Val

aac
Asn

999
Gly

aaa
Lys

ggt
Gly
385

tgt

Cys

cca
Pro

ata
Ile

gtt
Val
130

aat
Asn

gece
Ala

gaa
Glu

ggc
Gly

gct
Ala
210

cta
Leu

gtt
Val

gaa
Glu

gta
Val

ata
Ile
290

gca
Ala

tta
Leu

tca
Ser

gat
Asp

caa
Gln
370

ttg

Leu

agce
Ser

gtt
Val

gaa
Glu
115

cte
Leu

tgg
Trp

aca
Thr

act
Thr

tac
Tyr
195

cac
His

att
Ile

cca
Pro

aaa
Lys

tet
Ser
275

tgg
Trp

cca
Pro

aag
Lys

aag
Lys

gga
Gly
355

aaa

Lys

cta
Leu

tat
Tyr

get
Ala

ata
Ile

ttc
Phe

att
Ile

aat
Asn

tct
Ser
180

aga
Arg

ttg
Leu

aaa
Lys

gca
Ala

gat
Asp
260

gty
Val

ggt
Gly

cta
Leu

gtt
Val

ggt
Gly
340

gta
Val

atg
Met

cag
Gln

gtt
Val

gat
Asp
420

aaa
Lys

acg
Thr

gag
Glu

tect
Ser
165

ggt
Gly

gg9a
Gly

gtt
Val

aaa
Lys

gca
Ala
245
gct
Ala

gte
Val

gaa
Glu

ata
Ile
ttg
325
tac

Tyr

gat
Asp

tg9
Trp

aag
Lys

gta
Val
405

cece

gct
Ala

gtg
Val

act
Thr
150

aga
Arg

aac
Asn

gte
Val

aac
Asn

tat
Tyr
230

gaa
Glu

ttt
Phe

age
Ser

gat
Asp

atc
Ile
310

gag
Glu

aag
Lys

att
Ile

agt
Ser

ttg
Leu
390

act

Thr

aac
Asn

gtt
Val

gaa
Glu
135

att
Ile

gag
Glu

tta
Leu

tct
Ser

ttc
Phe
215

tat
Tyr

cac
His

gaa
Glu

gat
Asp

cta
Leu
295

aga
Arg

att
Ile

ttg
Leu

aat
Asn

att
Ile
375

aca

Thr

aat
Asn

aaa
Lys

cct
Pro
120

aac
Asn

ctt
Leu

cag
Gln

gat
Asp

tcc
Ser
200

aaa
Lys

gga
Gly

agt
Ser

cat
His

age
Ser
280

aga
Arg

cct
Pro

tta
Leu

ctg
Leu

ace
Thr
360

gaa

Glu

aga
Arg

gg¢
Gly

agg
Arg

gag
Glu

aca
Thr

gtt
Val

aag
Lys

ggt
Gly
185

caa
Gln

gga
Gly

acg
Thr

ace
Thr

att
Ile
265

tat
Tyr

cat
His

gat
Asp

ggt
Gly

cca
Pro
345

tta
Leu

aat
Asn

gat
Asp

ctt
Leu

tee
Ser
425

390

438

486

534

582

630

678

726

774

822

870

918

966

1014

1062

1110

1158

1206

1254

1302
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136

-continued
aaa aag ggc cga tta tct tta cat agg acg cca gca ggg aat ttt gtt 1350
Lys Lys Gly Arg Leu Ser Leu His Arg Thr Pro Ala Gly Asn Phe Val
430 435 440
aca ctg gag gaa gga aaa gga gac ctt gag gaa tat ggt cag gat ctt 1368
Thr Leu Glu Glu Gly Lys Gly 2sp Leu Glu Glu Tyr Gly Gln Asp Leu
445 450 455
cte cat act gte tte aag aat gge aag gtg aca aaa age tat tceca ttt 1446
Leu His Thr Val Phe Lys Asn Gly Lys Val Thr Lys Ser Tyr Ser Phe
460 465 470
gat gaa ata aga aaa aat gca cag ctg aat att gaa ctg gaa gca gca 1494
Asp Glu Ile Arg Lys Asn Ala Gln Leu Asn Ile Glu Leu Glu Ala Ala
475 480 485
cat cat tag gctttatgac tgggtgtgtg ttgtgtgtat gtaatacata 1543
His His
490
atgtttattg tacagatgtg tggggtttgt gttttatgat acattacagc caaattattt 1603
gttggtttat ggacatactyg ccctttcatt ttttttcttt teccagtgttt aggtgatcte 1663
aaattaggaa atgcatttaa ccatgtaaaa gatgagtgct aaagtaagcet ttttagggcece 1723
ctttgccaat aggtagtcat tcaatctggt attgatcttt tcacaaataa cagaactgag 1783
aaacttttat atataactga tgatcacata aaacagattt gcataaaatt accatgattyg 1843
ctttatgttt atatttaact tgtatttttg tacaaacaag attgtgtaag atatatttga 1903
agtttcagtg atttaacagt ctttccaact tttcatgatt tttatgagca cagactttca 1963
agaaaatact tgaaaataaa ttacattgcc ttttgtccat taatcagcaa ataaaacatg 2023
gccttaacaa agttgtttgt gttattgtac aatttgaaaa ttatgtcggg acatacccta 2083
tagaattact aaccttactg ccccttgtag aatatgtatt aatcattcta cattaaagaa 2143
aataatggtt cttactggaa tgtctaggca ctgtacagtt attatatate ttggttgtty 2203
tattgtacca gtgaaatgcc aaatttgaaa ggcctgtact gcaattttat atgtcagaga 2263
ttgcetgtgg ctetaatatg cacctcaaga ttttaaggag ataatgtttt tagagagaat 2323
ttectgettee actatagaat atatacataa atgtaaaata cttacaaaag tgg 2376
<210> SEQ ID NO 22
<211> LENGTH: 491
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 22
Met Asn Pro Ala Ala Glu Ala Glu Phe Asn Ile Leu Leu Ala Thr Asp
1 5 10 15
Ser Tyr Lys Val Thr His Tyr Lys Gln Tyr Pro Pro Asn Thr Ser Lys
20 25 30
Val Tyr Ser Tyr Phe Glu Cys Arg Glu Lys Lys Thr Glu Asn Ser Lys
35 40 45
Leu Arg Lys Val Lys Tyr Glu Glu Thr Val Phe Tyr Gly Leu Gln Tyr
50 55 60
Ile Leu Asn Lys Tyr Leu Lys Gly Lys Val Val Thr Lys Glu Lys Ile
65 70 75 80
Gln Glu Ala Lys Asp Val Tyr Lys Glu His Phe Gln Asp Asp Val Phe
85 90 95
Asn Glu Lys Gly Trp Asn Tyr Ile Leu Glu Lys Tyr Asp Gly Hig Leu
100 105 110
Pro Ile Glu Ile Lys Ala Val Pro Glu Gly Phe Val Ile Pro Arg Gly
115 120 125
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138

Asn Val Leu
130

Thr Asn Trp
145

Val Ala Thr

Leu Glu Thr

Phe Gly Tyr

195

Ser Ala His
210

Ala Leu Ile
225

Ser Val Pro

His Glu Lys

Pro Val Ser

275

Lys Ile Trp
290

Gln Ala Pro
305

Val Leu Lys

Asn Ser Lys

Gly Asp Gly

355

Lys Gln Lys
370

Gly Leu Leu
385

Cys Ser Tyr

Pro Val Ala

Hig Arg Thr

435

Asp Leu Glu
450

Gly Lys Val
465

Gln Leu Asn

Phe

Ile

Asn

Ser

180

Arg

Leu

Lys

Ala

Asp

260

Val

Gly

Leu

Val

Gly

340

Val

Met

Gln

Val

Asp

420

Pro

Glu

Thr

Ile

Thr

Glu

Ser

165

Gly

Gly

Val

Lys

Ala

245

Ala

Val

Glu

Ile

Leu

325

Tyr

Asp

Trp

Lys

Val

405

Pro

Ala

Tyr

Lys

Glu
485

<210> SEQ ID NO 23

<211> LENGTH: 24

<212> TYPE:

DNA

Val

Thr

150

Arg

Asn

Val

Asn

Tyr

230

Glu

Phe

Ser

Asp

Ile

310

Glu

Lys

Ile

Ser

Leu

390

Thr

Asn

Gly

Gly

Ser

470

Leu

Glu

135

Ile

Glu

Leu

Ser

Phe

215

Tyr

His

Glu

Asp

Leu

295

Arg

Ile

Leu

Asn

Ile

375

Thr

Asn

Lys

Asn

Gln

455

Tyr

Glu

Asn

Leu

Gln

Asp

Ser

200

Lys

Gly

Ser

His

Ser

280

Arg

Pro

Leu

Leu

Thr

360

Glu

Arg

Gly

Arg

Phe

440

Asp

Ser

Ala

Thr

Val

Lys

Gly

185

Gln

Gly

Thr

Thr

Ile

265

Tyr

His

Asp

Gly

Pro

345

Leu

Asn

Asp

Leu

Ser

425

Val

Leu

Phe

Ala

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer

<400> SEQUENCE:

23

Asp

Gln

Lys

170

Leu

Glu

Thr

Lys

Ile

250

Val

Asp

Leu

Ser

Lys

330

Pro

Gln

Ile

Leu

Gly

410

Lys

Thr

Leu

Asp

His
490

Pro

Ser

155

Ile

Glu

Thr

Asp

Asp

235

Thr

Thr

Ile

Ile

Gly

315

Lys

Tyr

Glu

Ala

Leu

395

Ile

Lys

Leu

His

Glu

475

His

Glu Cys Tyr Trp

140

Trp

Leu

Tyr

Ala

Thr

220

Ala

Gln

Tyr

Val

300

Asn

Phe

Leu

Ile

Phe

380

Asn

Asn

Gly

Glu

Thr

460

Ile

Tyr

Ala

Lys

Gly

205

Val

Val

Trp

Phe

Asn

285

Ser

Pro

Pro

Arg

Val

365

Gly

Cys

Val

Arg

Glu

445

Val

Arg

Pro

Lys

Leu

190

Ile

Ala

Pro

Gly

Ser

270

Ala

Arg

Leu

Val

Val

350

Glu

Ser

Ser

Phe

Leu

430

Gly

Phe

Lys

Ile
Tyr
175

His

Lys
255

Ser

Ser

Asp

Thr

335

Ile

Phe
Lys
415

ser

Lys

Asn

Leu

Thr

160

Leu

Asp

Ala

Leu

Tyr

240

Asp

Val

Glu

Thr

Thr

320

Glu

Gln

Met

Lys

400

Asp

Leu

Gly

Asn

Ala
480
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-continued

140

aaatccgete gacactgtee tgaa

<210>
<211l>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 24

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

primer

SEQUENCE: 24

ttgggatcag caactgggte ctta

<210>
<21l>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 25

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

primer

SEQUENCE: 25

ttcetecety gagaagaget atga

«210>
<21l>
«212>
<213>
<220>
<223>

<400>

SEQ ID NO 26

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

primer

SEQUENCE: 26

tactcectgct tygctgateca catce

<210>
<21l>
<212>
<213>
«220>
<221>
<222>

<400>

aaaggggcct ctggtgaceg cccctaccty

aaaggggctyg tgggcctete ggggagegag

cgcgettgge tygtegectet tecgetgtgt

attaggaagc tgtgattttc aaagctaatt

SEQ ID NO 27

LENGTH: 1172

TYPE: DNA

ORGANISM: Homo sapiens
FEATURE:

NAME/KEY: CDS
LOCATION: (211)..(810)

SEQUENCE: 27

1 5

agt ggt gtg aca aac agt ggc aaa aca aca ctg gct aag aat ttg
Ser Gly Val Thr Asn Ser Gly Lys Thr Thr Leu Ala Lys Asn Leu

10 15 20

ac cte cca aat tgc agt gtc ata tet cag gat gat tte tte

Lys His Leu Pro Asn Cys Ser Val Ile Ser Gln Asp Asp Phe Phe

25

cca g

30 35

ag tct gag ata gag aca gat aaa aat gga ttt ttg cag tac

Pro Glu Ser Glu Ile Glu Thr 2Zsp Lys Asn Gly Phe Leu Gln Tyr

gtg ¢
Val L

tgg a

45 50 55
tt gaa gca ctt aac atg gaa aaa atg atg tca gee att tee
eu Glu Ala Leu Asn Met Glu Lys Met Met Ser Ala Ile Ser

60 65 70

tg gaa age gca aga cac tet gtg gta tea aca gac cag gaa

Trp Met Glu Ser Ala Arg His Ser Val Val Ser Thr Asp Gln Glu

gcatcectet aacccaggag gagegtgggyg
ctgegggtag cggcgocacty ggtacaggceyg
ttgggaggac tcgaactgge gecaggaaat

atg aaa aca ttt atc att gga atc
Met Lys Thr Phe Ile Ile Gly Ile

24
Synthetic
24
Synthetic
24
Synthetic
24
60
120
180
234
cag 282
Gln
aag 330
Lys
40
gat 378
Asp
tge 426
Cys
agt 474
Ser
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142

75

gct gag gaa

Ala Glu Glu
90

tat aag ccc

Tyr Lys Pro

105

cca tat gaa

Pro Tyr Glu

cca gac tct
Pro Asp Ser

aag tac aga
Lys Tyr Arg
155
gat gga aca
Agp Gly Thr
170
cta ata caa
Leu Ile Gln
185
agacggaaca
aaccttcace
gatttttatt
aggactgtac
cagtgagtca

ttetaactyy

aa

att ccc att
Ile Pro Ile

ctt gac act
Leu Asp Thr
110

gaa tgt aaa
Glu Cys Lys
125

ccg gga tac
Pro Gly Tyr
140

caa gaa atg
Gln Glu Met

aaa tct gaa
Lys Ser Glu

gaa cta gca
Glu Leu Ala
190

caacaaatce ttcctgaagt

aagatacaat gtatactgtg

gcacatggtt

cttagcaagt tgctccctcet

gaaagtctcece

agetcagagt aagaaataaa

<210> SEQ ID NO 28
«211> LENGTH: 199

<212> TYPE:

<213> ORGANISM: Homo sapiens

PRT

<400> SEQUENCE: 28

Met Lys Thr
1

Thr Thr Leu
Ile Ser Gln
35

Lys Asn Gly
50

Lys Met Met
65

Val Val Ser

Ile Glu Gly

Asn Arg Ser
115

Arg Ser Thr
130

Gly His Val

Phe Ile Ile
Ala Lys Asn
20

Asp Asp Phe

Phe Leu Gln

Ser Ala Ile

70

Thr Asp Gln
85

Phe Leu Leu
100
Tyr Phe Leu

Arg Val Tyr

Trp Pro Met

tta
Leu
95

ata
Ile

agy
Arg

Tttt
Phe

cag
Gln

gag
Glu
175

aag
Lys

Gly

Leu

Phe

Tyr

55

Ser

Glu

Phe

Thr

Gln
135

Tyr

80

atc
Ile

tgg
Trp

agy
Arg

gat
Asp

gac
Asp
160

gac

Asp

caa
Gln

ttcccaacat

actttctgaa

Ile

Gln

Lys

40

Asp

Cys

Ser

Asn

Ile

120

Pro

Leu

atc
Ile

aat
Asn

agy
Arg

ggc
Gly
145

atc

Ile

cte
Leu

aag
Lys

gaa
Glu

aga
Arg

agt
Ser
130

cat

His

aca
Thr

ttt
Phe

tgt
Cys

ggt
Gly

agce
Ser
115

aca
Thr

gtg
Val

tgg
Trp

ttg
Leu

ttg
Leu
195

gaattaggaa

gtacaatgac

gtggaacaat

ccagggagcg

catagctcta

gattacatca

Ser

Lys

25

Pro

Val

Trp

Ala

Tyr

105

Pro

Pro

Lys

Gly

10

His

Glu

Leu

Met

Glu

90

Lys

Tyr

Asp

Tyr

Val

Leu

Ser

Glu

Glu

75

Glu

Pro

Glu

Ser

Arg

35
Lttt ctt ctt
Phe Leu Leu
100
tat ttec ctg
Tyr Phe Leu

agg gtc tat
Arg Val Tyr

tgg ccc atg
Trp Pro Met
150
gaa gtt gtg
Glu Val Val
155
caa gta tat
Gln Val Tyr
180
caa gtg aca
Gln Val Thr
actccaagga
agccattgtt
aaatatccat
catagataca

taacaatgat

caatccaaaa

Thr Asn Ser
Pro Asn Cys
30

Glu Ile Glu
45

Ala Leu Asn
60

Ser Ala Arg

Ile Pro Ile

Leu Asp Thr
110

Glu Cys Lys
125

Pro Gly Tyr
140

Gln Glu Met

ttt aat
Phe Asn

act att

Thr Ile
120

cag cct

Gln Pro

135

tat cta

Tyr Leu

tac ctg
Tyr Leu

gaa gat
Glu Asp

gca taa
Ala
gtaatttaag
tcatatgttt
gccaatggac
gcagagctca
tgtcaaactt

aaaaaaaaaa

Gly Lys

15
Ser Val
Thr Asp
Met Glu
His Ser
80

Leu Ile

95

Ile Trp

Arg Arg

Phe Asp

Gln Asp

522

570

618

666

714

762

810

870

930

990

1050

1110

1170

1172
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144

145

150 155

160

Ile Thr Trp Glu Val Val Tyr Leu Asp Gly Thr Lys Ser Glu Glu Asp

165

170

175

Leu Phe Leu Gln Val Tyr Glu 2sp Leu Ile Gln Glu Leu Ala Lys Gln

180

185

Lys Cys Leu Gln Val Thr Ala

195

<210> SEQ ID NO 29

<211> LENGT:
<212> TYPE:

H:
DNA

1134

<213> ORGANISM: Homo sapiens

<220> FEATU

RE:

<221> NAME/KEY: CDS
(301) ..(993)

<222> LOCAT

ION:

<400> SEQUENCE:

29

aatcatcttyg ttggecctga cctegttgga aaacgaaget

tagggctget
tgceggegee
gagacctata
cgtggtegea

atg aag ctc
Met Lys Leu
1

acg ctg acc
Thr Leu Thr

cat cag gat
His Gln Asp
35

gac gge tte
Asp Gly Phe
50

atg ctg gac
Met Leu Asp
65

cgt gec cac
Arg Ala His

cte cte cty
Leu Leu Leu

ttg tac agc
Leu Tyr Ser
115

tgg agg aga
Trp Arg Arg
130

ttc gat ggc
Phe Asp Gly
145

gag gcc aac

Glu Ala Asn

gag gag ctc
Glu Glu Leu

gtgcgggegy gggtggcectyg gagcetattte

tecgecccat ccccagggge cgecteccce

aaggcgccag gttttctcaa tgaagecggy

cectaccegyg getgecttgg aagtegtece

atc
Ile

aac
Asn
20

gac
Asp

aaa
Lys

acc
Thr

999
Gly

gaa
Glu
100

cge
Arg

agt
Ser

cac
His

ggt
Gly

tte
Phe
180

gtg
Val
5

agce
Ser

tte
Phe

cag
Gln

gtg
Val

gtce
Val
85

gg¢
Gly

€99
Arg

acce
Thr

gtg
Val

gtg
Val
165

cgt
Arg

ggc atc gga ggc atg acc
Gly Ile Gly Gly Met Thr
10

ctg ctc aga gce ctg cce
Leu Leu Arg Ala Leu Pro
25

tte aag cee caa gac caa
Phe Lys Pro Gln Asp Gln
40

tgg gac gtg ctg gag tet
Trp Asp Val Leu Glu Ser
55

cag gcc tgg ctg age age
Gln Ala Trp Leu Ser Ser
70 75

age gtc cag cca gag gcc
Ser Val Gln Pro Glu Ala
20

ttc ctg ctec tac age tac
Phe Leu Leu Tyr Ser Tyr
105

tac ttc ctg acc gte ccg
Tyr Phe Leu Thr Val Pro
120

cgc aac tac aca gtc cct
Arg Asn Tyr Thr Val Pro
135

tgg ccc atg tac cag aag
Trp Pro Met Tyr Gln Lys
150 155

gaa gtg gtc tac ctg gac
Glu Val Val Tyr Leu Asp
170

gaa gtc ctyg gaa gac att
Glu Val Leu Glu Asp Ile
185

190

cccogeoaggyg teccggecte

cattcggcegg cgggaacagyg
ggggeggect ccaggetgee
acgcactecg gagcegcactg
cgcegecect cegcacegge

aac ggc ggc aag acc
Asn Gly Gly Lys Thr
15

aac tgc tgc gtg atce
Asn Cys Cys Val Ile
30

ata gca gtt ggg gaa
Ile Ala Val Gly Glu
45

ctg gac atg gag gece
Leu Asp Met Glu Ala
60

ccg cag aag ttt gcce
Pro Gln Lys Phe Ala
80

tcg gac acc cac atc
Ser Asp Thr His Ile
95

aag ccc ctg gtg gac
Lys Pro Leu Val Asp
110

tat gaa gag tgc aag
Tyr Glu Glu Cys Lys
125

gat ccc cce gge cte
Asp Pro Pro Gly Leu
140

tat agg cag gag atg
Tyr Arg Gln Glu Met
160

ggc atg aag tcc cga
Gly Met Lys Ser Arg
175

cag aac teg ctg ctg
Gln Asn Ser Leu Leu
190

60

120

180

240

300

348

396

444

492

540

588

636

684

732

780

828

876
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aac cgc tec cag gaa tca gec ccce tee ceg get cge cca gee agg aca 924
Asn Arg Ser Gln Glu Ser Ala Pro Ser Pro Ala Arg Pro Ala Arg Thr
195 200 205
cag gga ccc gga c¢gce gga tgc ggc cac aga acg gcc agg cct gca geg 972
Gln Gly Pro Gly Arg Gly Cys Gly His Arg Thr Ala Arg Pro Ala Ala
210 215 220

tece cag cag gac age atg tga gegtttecet atgggggtgt ctgtacgtag 1023
Ser Gln Gln Asp Ser Met

225 230

gagagtggag gccccactec cagttgggeg tceccggaget cagggactga gecccaagac 1083
gcectcetgtaa cctegetgea gettcagtag taaactgggt cctgtttttt t 1134

<210> SEQ ID NO 30

<211> LENGTH:

<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE:

Met Lys Leu Ile

1

Thr Leu

His Gln

Asp Gly

50

Met Leu
65

Arg Ala

Leu Leu

Leu Tyr

Trp Arg
130

Phe Asp
145

Glu Ala

Glu Glu

Asn Arg

Gln Gly

210

Ser Gln
225

Thr

Asp

35

Phe

Asp

His

Leu

Ser

115

Arg

Gly

Asn

Leu

Ser

195

Pro

Gln

Asn
20

Asp

Thr

Glu
100
Arg

Ser

His

Phe
180

Gln

Asp

230

30

Val

Ser

Phe

Gln

Val

Val

85

Gly

Arg

Thr

Val

Val

165

Arg

Glu

Arg

Ser

<210> SEQ ID NO 31

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

oligonucleotide

<400> SEQUENCE:

20

31

Gly

Leu

Phe

Trp

Gln

70

Ser

Phe

Tyr

Arg

Trp

150

Glu

Glu

Ser

Gly

Met
230

Ile

Leu

Lys

Asp

55

Ala

Val

Leu

Phe

Asn

135

Pro

Val

Val

Ala

Cys
215

Gly

Arg

Pro

40

Val

Trp

Gln

Leu

Leu

120

Tyr

Met

Val

Leu

Pro

200

Gly

Gly

Ala

25

Gln

Leu

Leu

Pro

Tyr

105

Thr

Thr

Tyr

Tyr

Glu

185

Ser

His

Met

10

Leu

Asp

Glu

Ser

Glu

90

Ser

Val

Val

Gln

Leu

170

Asp

Pro

Arg

Thr

Pro

Gln

Ser

Ser

75

Ala

Tyr

Pro

Pro

Lys

155

Asp

Ile

Ala

Thr

Asn

Asn

Ile

Leu

60

Pro

Ser

Lys

Tyr

Asp

140

Tyr

Gly

Gln

Arg

Ala
220

Gly

Cys

Ala

45

Asp

Gln

Asp

Pro

Glu

125

Pro

Arg

Met

Asn

Pro

205

Arg

Gly

Cys

30

Val

Met

Lys

Thr

Leu

110

Glu

Pro

Gln

Lys

Ser

190

Ala

Pro

Lys
15

Val

Glu

Phe

His

95

Val

Glu

ser

175

Leu

Arg

Ala

Thr

Ile

Glu

Ala

Ala

80

Asp

Lys

Leu

Met

160

Arg

Leu

Thr

Ala
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148

caggcagtce tttctattte

<210> SEQ ID NO 32

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 32

gettgttaac tcteegacag

<210> SEQ ID NO 33

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 33

aatgtcttat caagaccgac

<210> SEQ ID NO 34

<211l> LENGTH: 20

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 34

tacagtccag aaatcgctee

<210> SEQ ID NO 35

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 35

gaaaggattt gcccggacag tttg

<210> SEQ ID NO 36

<21l> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 36

cttecttecca gtagectgtt cott

<210> SEQ ID NO 37

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 37

gtggcattac tccacttcaa gtaag

20

Synthetic

20

Synthetic

20

Synthetic

20

Synthetic

24

Synthetic

24

Synthetic

25



US 7,977,049 B2
149 150

-continued

<210> SEQ ID NO 38

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 38

caagagcaag acgatgggg 19

<210> SEQ ID NO 39

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 39

ttttoceogetyg aaccgtteca 20

<210> SEQ ID NO 40

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 40

cattggcact catgacctte 20

<210> SEQ ID NO 41

<211l> LENGTH: 40

<212> TYPE: PRT

<213> ORGANISM: Drosophila melancgaster

<400> SEQUENCE: 41

Phe Asp Gly Thr Ser Asn Val Leu Ala Gly Lys Leu Phe Asn Ile Pro
1 5 10 15

Val Lys Gly Thr His Ala His Ala Tyr Ile Thr Ser Phe Ser Ser Ile
20 25 30

Gly Glu Leu Lys Thr Arg Leu Ile
35 40

<210> SEQ ID NO 42

<21l> LENGTH: 40

<212> TYPE: PRT

<213> ORGANISM: Caenorhabditis elegans

<400> SEQUENCE: 42

Phe Asp Ala Thr Ser Asn Val Leu Ala Gly Lys Leu Tyr Gly Ile Pro
1 5 10 15

Val Lys Gly Thr Gln Ala His Ser Phe Ile Cys Ser Phe Ser Ser Pro
20 25 30

Ala Glu Leu Lys Val Arg Leu Leu
35 40

<210> SEQ ID NO 43

<21l> LENGTH: 40

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 43
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Phe Asp Ser Ser Ser Asn Val Leu Ala Gly Gln Leu Arg Gly Val Pro

1 5 10

15

Val Ala Gly Thr Leu Ala His Ser Phe Val Thr Ser Phe Ser Gly Ser

20 25

Glu Val Pro Pro Asp Pro Met Leu
35 40

<210> SEQ ID NO 44

«211> LENGTH: 37

<212> TYPE: PRT

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 44

30

Leu Leu Leu Gly Thr Ser Asn Ile Leu Phe Ala Lys Lys Tyr Gly Val

1 5 10

15

Lys Pro Ile Gly Thr Val Ala His Glu Trp Val Met Gly Val Ala Ser

20 25

Ile Ser Glu Asp Tyr
35

<210> SEQ ID NO 45

«211> LENGTH: 221

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 45

Met Ala Ala Ala Arg Pro Ser Leu Gly Arg
1 5 10

Val Leu Phe Leu Cys Asp Met Gln Glu Lys
20 25

Tyr Phe Pro Gln Ile Val Ser Val Ala Ala
35 40

Arg Leu Leu Glu Val Pro Val Met Leu Thr
50 55

Leu Gly Pro Thr Val Pro Glu Leu Gly Thr
65 70

Ala Lys Thr Cys Phe Ser Met Val Pro Ala
85 90

Ser Arg Pro Gln Leu Arg Ser Val Leu Leu
100 105

Ala Cys Ile Leu Asp Pro Arg Ser Tyr Pro
115 120

Leu Tyr Pro Gln Asn Thr Thr Leu Asp Leu
130 135

Val His Val Val Val Asp Ala Cys Ser Ser
145 150

Leu Val Ala Leu Ala Arg Met Arg Gln Ser
165 170

Ser Glu Gly Leu Ile Leu Gln Leu Val Gly
180 185

Phe Lys Glu Ile Gln Lys Leu Ile Lys Glu
195 200

Leu Leu Gly Leu Phe Gln Gly Gln Asn Ser
210 215

<210> SEQ ID NO 46
<21l> LENGTH: 241

Val

Phe

Arg

Glu

Glu

75

Leu

Cys

Gly

Leu

Arg

155

Gly

Asp

Pro

Leu

Leu

Arg

Met

Gln

60

Gly

Gln

Gly

Leu

Asp

140

Ser

Ala

Ala

Ala

Leu
220

Pro

His

Leu

45

Tyr

Leu

Gln

Ile

Ala

125

Arg

Gln

Phe

Val

Pro

205

His

30

Gly

Asn

30

Lys

Pro

Arg

Glu

Glu

110

Leu

Gly

Val

Leu

His

190

Asp

Ser

15

Ile

Val

Gln

Pro

Leu

95

Ala

Thr

Leu

Asp

Ser

175

Pro

Ser

Ser

Ala

Ala

Gly

Leu

80

Asp

Gln

Ser

Gln

Arg

160

Thr

Gln

Gly
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<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 46

Tyr Gly Asp Gln Ile Asp Met His
1 5

Ala Glu Glu Trp Gly Gln Tyr Val
20

Ser Glu Arg Cys Lys Val Arg Leu
35 40

Thr Leu Gly Asn Leu Thr Pro Ser
50 55

Met Gln Glu Arg Phe Arg Pro 2Ala
65 70

Ser Val Gly Gln Arg Leu Leu Gln
85

Val Ile Val Thr Glu Gln Tyr Pro
100

Glu Ile Asp Leu Thr Gly Val Lys
115 120

Ser Met Val Leu Pro Glu Val Glu
130 135

Val Arg Ser Val Val Leu Phe Gly
145 150

Gln Thr Ala Leu Glu Leu Val Gly
165

Ala Asp Ala Thr Ser Ser Arg Ser
180

Glu Arg Leu Ala Arg Thr Gly Ile
195 200

Leu Leu Gln Leu Val Ala Asp Lys
210 215

Gln Asn Leu Ile Lys Ala Ser Ala
225 230

Val

<210> SEQ ID NO 47
<211> LENGTH: 199
<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

-3

Met His Arg Lys Phe Val Val Gln
1 5

Tyr Val Asp Leu Pro Lys Gly Phe
20

Arg Leu Val Pro Leu Gln Ile Gln
35 40

Pro Ser Ser Thr Val Phe Phe Cys
50 55

Pro Ala Ile Lys Tyr Phe Gly 2sp
65 70

Leu Gln Gly Ala Arg Ile Leu Gly
85

Tyr Pro Lys Gly Leu Gly Ser Thr
100

Arg

Asp

25

Val

Ser

Ile

Gly

Lys

105

Leu

Ala

Val

Arg

Met

185

Ile

Asp

Pro

Leu

Ala

25

Leu

Cys

Ile

Ile

Val
105

Lys

10

Leu

Pro

Thr

Lys

Ala

90

Gly

Val

Ala

Glu

Gly

170

Met

Val

His

Glu

Phe

10

Val

Thr

Asp

Ile

Pro

90

Gln

Phe

Pro

Leu

Val

Tyr

75

Arg

Leu

Leu

Leu

Thr

155

Val

Asp

Thr

Pro

Ser
235

Ala

Ser

Thr

Met

Ser

75

Val

Glu

Val

Lys

Gln

Phe

60

Phe

Ile

Gly

Pro

Ala

140

His

Glu

Arg

Thr

Lys

220

Gly

Glu

Glu

Leu

Gln

60

Val

Ile

Ile

Val

Gly

Ile

45

Phe

Gly

Leu

Ser

Lys

125

Glu

Val

Val

Met

Ser

205

Phe

Leu

Glu

Arg

Gly

45

Glu

Gly

Val

Asp

Gln

Phe

30

Gln

Cys

Asp

Gly

Thr

110

Thr

Ile

Cys

His

Phe

190

Glu

Lys

Leu

Trp

Cys

30

Asn

Arg

Gln

Thr

Leu
110

Leu
15
Ala

Leu

Ile
Ile
95

Val

Pro

Ile

Ile

175

Ala

Ala

Glu

Ser

Gly

15

Lys

Leu

Phe

Arg

Glu
95

Thr

Phe

Val

Thr

Asp

Ile

80

Pro

Gln

Phe

Gly

Gln

160

Val

Leu

Val

Ile

Lys
240

Gln

Val

Thr

Arg

Leu

80

Gln

Gly
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Val

Val

Phe

145

Val

Arg

Gly

Lys

Glu

130

Gly

Gly

Ser

Asp

Leu

115

Ala

Val

Arg

Met

His
195

Val

Ala

Glu

Met
180

Ser

Leu

Leu

Thr

Val

165

Asp

Asp

<210> SEQ ID NO 48

<211> LENGTH:

<212»> TYPE: PRT
<213> ORGANISM: Drosophila melancgaster

<400> SEQUENCE:

Ser Gln Asp Ser

1

Val

Val

Cys

Leu
65

Thr

Arg

Lys

145

Val

Thr

Cys

Thr
225
Asp

Arg

Ser

Cys

Asp

Ser

50

Leu

Pro

Asp

Val

His

130

Val

Asp

Leu

Gly

Ser

210

Asp

Gly

Asp

Pro

Gln

Val

35

Ala

Asp

Ser

Glu

Ile

115

Cys

Val

Ser

Asn

Leu

195

Ala

Val

Val

Arg

Asp
275

Ser

20

Gln

Gln

Thr

Asp

Ser

100

Phe

Val

Asp

Ala

180

Ala

Gly

His

Ile

Arg

260

Ser

288

48

Asn

Leu

Asn

Gln

Val

His

85

Ser

Ala

Gln

His

Ser

165

Gln

Tyr

Tyr

Asp

Val

245

Pro

Val

Pro

Ala

His

150

Glu

Arg

His

Asp

Arg

Asp

Gln

Asp

70

Val

Ala

Gly

Asp

Gly

150

Val

Leu

Asp

Arg

Ile

230

His

Glu

Leu

Lys

Glu

135

Val

Val

Met

Glu

Asn

Ile

Phe

Gly

55

Phe

Ser

Leu

Pro

Ser

135

Ile

Phe

Lys

Val

Thr

215

Glu

Thr

Leu

Ser

Thr

120

Ile

Cys

His

Phe

Leu

Val

Ile

40

His

Asp

Phe

Asp

Pro

120

Trp

Lys

Trp

Met

Cys

200

Ile

His

Asn

Gly

Gln
280

Lys

Pro

Ile

Ile

Ala
185

Thr

Arg

25

Ser

Glu

2la

Ile

Ser

105

Pro

Gly

Val

Asp

Lys

185

Val

Leu

Thr

Gln

Tyr

265

Arg

Phe

Gly

Gln

Val

170

Arg

Ser

10

Pro

Gly

Ile

Val

Asp

90

Asp

Met

Ala

Tyr

Asn

170

Gly

Gly

Ile

Lys

Val

250

Lys

Asn

Ser

Val

Gln

155

Ala

Leu

Cys

Val

Ser

Leu

Phe

75

Asn

Ser

Lys

Glu

Lys

155

Lys

Ala

Ala

Asp

Glu

235

Lys

Leu

Gly

Met

Arg

140

Thr

Asp

Thr

Ser

Asn

Leu

Glu

60

Tyr

Val

Ala

Gln

Leu

140

Gly

Lys

Thr

Thr

Asp

220

Lys

Ala

Ala

Phe

Val

125

Ser

Ala

Ala

Ser

Leu

Ala

Asp

45

Pro

Ser

Lys

Lys

Arg

125

His

Thr

Leu

Asp

Ala

205

Cys

Val

Met

Met

Arg
285

Leu

Val

Leu

Thr

Arg
190

Cys

Phe

30

Ile

Ile

Leu

Met

Val

110

Leu

Lys

Asn

Ser

Ile

190

Val

Cys

Asn

Ala

Glu

270

Pro

Pro

Val

Glu

Ser

175

Ser

Val

15

Leu

Ser

Asn

Asp

Arg

95

Phe

Trp

Asp

Pro

Asp

175

Asp

Arg

Thr

Glu

255

Leu

Ser

Glu

Leu

Leu

160

Ser

Asn

Cys

Ile

Asn

Lys

Trp

80

Pro

Asp

Pro

Leu

Glu

160

Thr

Val

Ala

Gly

Ser

240

Gly

Lys

Tyr
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-continued

<210>
<211~
<212>
<213>
<220>
<223 >

SEQ ID NO 49

LENGTH: 6

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

3xHA tag
<400>

SEQUENCE: 49

Hig Ala His Ala His Ala
1 5

OTHER INFORMATION: Description of Artificial Sequence: Synthetic

The invention claimed is:

1. A method for modulating the life span of a cell or its
resistance to stress, comprising providing a cell having a flux
through the NAD+ salvage pathway and modulating the flux
through the NAD+ salvage pathway in the cell, wherein the
step of modulating the flux through the NAD+ salvage path-
way in the cell comprises introducing into the cell at least one
nucleic acid encoding an enzyme that metabolizes nicotina-
mide selected from the group consisting of a nicotinamidase
enzyme and a nicotinamide phosphoribosyltransferase
enzyme, thereby modulating the life span of the cell or its
resistance to stress.

2. The method of claim 1, wherein the stress is heatshock;
osmotic stress; exposure to a DNA damaging agent; inad-
equate salt level; inadequate nitrogen levels; inadequate
nutrient level; radiation; or exposure to a toxic compound.

3. The method of claim 1, wherein modulating the flux
through the NAD+ salvage pathway occurs without changing
steady state levels of NAD+ and NADH.

4. The method of claim 1, wherein the lifespan of the cell is
extended by at least about 40%.

5. The method of claim 1, wherein the cell is in vitro.

6. The method of claim 1, wherein the cell is a eukaryotic
cell.

7. The method of claim 6, wherein the cell is a mammalian
cell.

8. The method of claim 6, wherein the cell is a yeast cell.

9. The method of claim 1, comprising introducing into the
cell at least 5 copies of a nucleotide sequence encoding the
enzyme.

10. A method for increasing stress resistance of a cell,
comprising introducing into the cell at least one nucleic acid
encoding an enzyme that metabolizes nicotinamide selected
from the group consisting of a nicotinamidase enzyme and a
nicotinamide phosphoribosyltransferase enzyme, thereby
increasing stress resistance of the cell.

11. The method of claim 10, wherein the cell is in vitro.

12. The method of claim 10, wherein the cell is a eukaryotic
cell.

13. The method of claim 12, wherein the cell is a mamma-
lian cell.

14. The method of claim 12, wherein the cell is a yeast cell.

15. A method for increasing the life span of a cell, com-
prising introducing into the cell at least one nucleic acid
encoding an enzyme that metabolizes nicotinamide selected
from the group consisting of a nicotinamidase enzyme and a
nicotinamide phosphoribosyltransferase enzyme, thereby
increasing the life span of the cell.

16. The method of claim 15, wherein the cell is in vitro.

17. The method of claim 15, wherein the cell is a eukaryotic
cell.

15

20

25

30

35

40

45

50

55

60

65

18. The method of claim 17, wherein the cell is a mamma-
lian cell.

19. The method of claim 17, wherein the cell is a yeast cell.

20. A method for increasing stress resistance of a cell,
comprising introducing into the cell at least one nucleic acid
which hybridizes under high stringency conditions to SEQ ID
NO:3 or SEQ ID NO:21, wherein high stringency conditions
comprise hybridizationin 0.2 to 1xSSC at 65° C. followed by
a wash in 0.2xSSC at 65° C., wherein the nucleic acid that
hybridizes under high stringency conditions to SEQ ID NO:3
encodes a nicotinamidase enzyme and wherein the nucleic
acid that hybridizes under high stringency conditions to SEQ
ID NO:21 encodes a nicotinamide phosphoribosyltransferase
enzyme, thereby increasing stress resistance of the cell.

21. A method for increasing the life span of a cell, com-
prising introducing into the cell at least one nucleic acid
which hybridizes under high stringency conditions to SEQID
NO:3 or SEQ ID NO:21, wherein high stringency conditions
comprise hybridizationin 0.2 to 1xSSC at 65° C. followed by
a wash in 0.2xSSC at 65° C., wherein the nucleic acid that
hybridizes under high stringency conditions to SEQ ID NO:3
encodes a nicotinamidase enzyme and wherein the nucleic
acid that hybridizes under high stringency conditions to SEQ
ID NO:21 encodes a nicotinamide phosphoribosyltransferase
enzyme, thereby increasing the life span of the cell.

22. The method of claim 20, wherein the cell is in vitro.

23. The method of claim 20, wherein the cell is a eukaryotic
cell.

24. The method of claim 23, wherein the cell is a mamma-
lian cell.

25. The method of claim 23, wherein the cell is a yeast cell.

26. The method of claim 21, wherein the cell is in vitro.

27. The method of claim 21, wherein the cell is a eukaryotic
cell.

28. The method of claim 27, wherein the cell is a mamma-
lian cell.

29. The method of claim 27, wherein the cell is a yeast cell.

30. The method of claim 1, wherein the nicotinamidase
enzyme is PNC1.

31. The method of claim 30, wherein the nicotinamidase
enzyme consists of SEQ ID NO:4.

32. The method of claim 1, wherein the nicotinamidase
enzyme is at least 80% identical to SEQ ID NO:4.

33. The method of claim 32, wherein the nicotinamidase
enzyme is at least 90% identical to SEQ ID NO:4.

34. The method of claim 1, wherein the nicotinamide phos-
phoribosyltransferase enzyme is NAMPRT.

35. The method of claim 34, wherein the nicotinamide
phosphoribosyltransferase enzyme consists of SEQ ID
NO:22.
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36. The method of claim 1, wherein the nicotinamide phos-
phoribosyltransferase enzyme is at least 80% identical to
SEQ ID NO:22.

37. The method of claim 36, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 90% identical to
SEQ ID NO:22.

38. The method of claim 10, wherein the nicotinamidase
enzyme is PNC1.

39. The method of claim 38, wherein the nicotinamidase
enzyme consists of SEQ ID NO:4.

40. The method of claim 10, wherein the nicotinamidase
enzyme is at least 80% identical to SEQ ID NO:4.

41. The method of claim 40, wherein the nicotinamidase
enzyme is at least 90% identical to SEQ ID NO:4.

42. The method of claim 10, wherein the nicotinamide
phosphoribosyltransferase enzyme is NAMPRT.

43. The method of claim 42, wherein the nicotinamide
phosphoribosyltransferase enzyme consists of SEQ ID
NO:22.

44. The method of claim 10, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 80% identical to
SEQ ID NO:22.

45. The method of claim 44, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 90% identical to
SEQ ID NO:22.

46. The method of claim 15, wherein the nicotinamidase
enzyme is PNC1.

47. The method of claim 46, wherein the nicotinamidase
enzyme consists of SEQ 1D NO:4.

48. The method of claim 15, wherein the nicotinamidase
enzyme is at least 80% identical to SEQ ID NO:4.

49. The method of claim 48, wherein the nicotinamidase
enzyme is at least 90% identical to SEQ ID NO:4.

50. The method of claim 15, wherein the nicotinamide
phosphoribosyltransferase enzyme is NAMPRT.

51. The method of claim 50, wherein the nicotinamide
phosphoribosyltransferase enzyme consists of SEQ ID
NO:22.

52. The method of claim 15, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 80% identical to
SEQ ID NO:22.

53. The method of claim 52, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 90% identical to
SEQ ID NO:22.
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54. The method of claim 50, wherein the nicotinamidase
enzyme is PNC1.

55. The method of claim 54, wherein the nicotinamidase
enzyme consists of SEQ ID NO:4.

56. The method of claim 20, wherein the nicotinamidase
enzyme is at least 80% identical to SEQ ID NO:4.

57. The method of claim 56, wherein the nicotinamidase
enzyme is at least 90% identical to SEQ ID NO:4.

58. The method of claim 20, wherein the nicotinamide
phosphoribosyltransferase enzyme is NAMPRT.

59. The method of claim 58, wherein the nicotinamide
phosphoribosyltransferase enzyme consists of SEQ ID
NO:22.

60. The method of claim 20, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 80% identical to
SEQ ID NO:22.

61. The method of claim 60, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 90% identical to
SEQ ID NO:22.

62. The method of claim 21, wherein the nicotinamidase
enzyme is PNC1.

63. The method of claim 62, wherein the nicotinamidase
enzyme consists of SEQ ID NO:4.

64. The method of claim 21, wherein the nicotinamidase
enzyme is at least 80% identical to SEQ ID NO:4.

65. The method of claim 64, wherein the nicotinamidase
enzyme is at least 90% identical to SEQ ID NO:4.

66. The method of claim 21, wherein the nicotinamide
phosphoribosyltransferase enzyme is NAMPRT.

67. The method of claim 66, wherein the nicotinamide
phosphoribosyltransferase enzyme consists of SEQ ID
NO:22.

68. The method of claim 21, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 80% identical to
SEQ ID NO:22.

69. The method of claim 68, wherein the nicotinamide
phosphoribosyltransferase enzyme is at least 90% identical to
SEQ ID NO:22.

70. The method of claim 20, wherein hybridization is con-
ducted in the presence of formaldehyde.

71. The method of claim 21, wherein hybridization is con-
ducted in the presence of formaldehyde.
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