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Abstract:
Nicotinamide adenine dinucleotide (NAD+) is a vital component of energy metabolism in all
organisms. However, this important biomolecule is also consumed by protein modification
pathways in times of stress. In order to maintain homeostasis of NAD+ under stress, organisms
must utilize de novo synthesis and salvage pathways. In the nematode C. elegans, disruption of
the NAD+ salvage results in a variety of detrimental phenotypes. Because of the relationship
between this pathway and stress response, I hypothesize that this pathway is regulated in
response to stress. Contrary to previous findings in other organisms, I found that this pathway
is downregulated in response to oxidative and temperature stress.
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Chapter 1

All cells, whether prokaryotic or eukaryotic, have adapted to deal with environmental stress.
From the time that photosynthesis evolved and atmospheric oxygen levels began to rise,
oxidative stress has been a challenge to all organisms. Osmotic stress presents different
challenges to saltwater, freshwater, and terrestrial organisms, while temperature changes from
season to season, equator to pole, and day to night occur for organisms in every corner of the
globe. The very dynamics which make life possible also constantly test the ability of that life to
adapt and survive. An important part of that survival has been the creation of pathways to deal
with environmental stress and its detrimental effects on organismal health. These pathways
protect vital cell components, repair damage, and correct imbalances. Cells and organisms that
are unable to effectively deal with stress perish. In order to activate the stress response
machinery, the cell must first detect the stress and only activate the appropriate processes. For
example, an increase in heat-shock response chaperones is unlikely to repair DNA damage
caused by reactive oxygen species. However, some of these response systems overlap and
many stress response mechanisms require multiple pathways to deal with different aspects of
stress response. In multi-cellular organisms, a given stress response also requires a set of
tissue-specific responses that must be correctly monitored and coordinated.
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NAD+ Salvage:
NAD+ consumers form part of the machinery for stress response in cells from yeast to humans.
All NAD+ consumers use up NAD+ in their reactions and produce nicotinamide (NAM). To
maintain intracellular levels of NAD+, NAM is recycled back into NAD+ via the NAD+ salvage
pathway. (Figure 1) To account
for the loss of NAD+ in these
reactions, most organisms have a
de novo synthesis pathway as well
as a salvage pathway that recycles
NAM back to NAD+ to replenish
the intracellular pool of NAD+. In
bacteria and many eukaryotes,
the first step of this salvage
pathway is accomplished by a
nicotinamidase that converts
Figure 1-Diagram of NAD+ Salvage Pathway (NaMNnicotinic acid mononucleotide, NaAD- nicotinic acid
adenine dinucleotide)

NAM into nicotinic acid (NA). In
mammals, the salvage pathway

uses a different enzyme, nicotinamide phophoribosyl transferase, to convert NAM into
nicotinamide mononucleotide. NAD+ can also be produced from nicotinamide ribosides via the
nicotinamide riboside kinase pathway.
In a number of organisms, nicotinamidases have been shown to be upregulated by stress,
though the specific stresses vary from organism to organism. Increased nicotinamidase activity
would result in decreased NAM concentration and increased NAD+, both of which could
potentially increase the activity of NAD+ consumers. I hypothesize that PNC-1 is a master
regulator of NAD+ consumer-based stress responses, as it can control the levels of NAM relative
to NAD+ in the cell and therefore affect the activity of NAD+ consumers. Nicotinamidases are
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upregulated in response to stress in a number of organisms. However, the specific stresses that
upregulate nicotinamidase vary from organism to organism

C. elegans PNC-1:
The nematode Caenorhabditis elegans possesses two functional nicotinamidases, PNC-1 and
PNC-2. Unlike many organisms, C. elegans lacks a homolog to qns-1, an enzyme in de novo
NAD+ synthesis pathway (Rongvaux 2003). PNC-1 is a nicotinamidase in the NAD+ salvage
pathway and the closest homolog in C. elegans to S. cerevisiae Pnc1p. The PNC-1 protein is 335
amino acids with a molecular weight of 36kDa. There are two isoforms of the gene, pnc-1a and
pnc-1b, which differ in their first exon. Three separate promoters have been identified in this
gene, which represents unusual complexity for a C. elegans gene. The biological role of PNC-2
is unknown, though it is a weaker nicotinamidase than PNC-1 (Vrablik 2009). PNC-2 is
comprised of 316 amino acids. The two proteins have 44% identity and 64% homology to one
another. A number of alleles of pnc-1 have been identified that partially or fully block the
function of the enzyme. The primary allele used in our lab is pk9605, which causes a premature
stop codon in the resulting protein (W201X) and removes the catalytic domain of PNC-1. pnc-1
(pk9605) mutants display several phenotypes, including uv1 cell necrosis, gonad timing delay,
and an egg-laying defect (Vrablik 2009). In males, pnc-1(pk9605) leads to crumpled spicules
and difficulty in mating. The egg-laying defect and uv1 cell necrosis are caused by the
accumulation of the PNC-1 substrate, NAM (Vrablik 2009). On the other hand, the gonad
timing delay is solely caused by the depletion of the reaction product, NA. The male mating
phenotype is partially caused by both factors (Vrablik 2011).

PNC-1 and stress response:
The specific stresses that affect nicotinamidase concentration and activity vary between
organisms. In S. cerevisiae, Pnc1p is increased by many stress pathways, including oxidative,
osmotic, heat shock, DNA-damage and protein mistranslational stress (Gasch 2000) (Gasch
3

2001) (Silva 2009). In other organisms, nicotinamidase regulation is more limited. A study of D.
melanogaster nicotinamidase, D-NAAM, tested a number of stresses that upregulate yeast
Pnc1p and found nicotinamidase was only upregulated by oxidative stress in flies (Balan V.
2008). Osmotic stress and DNA-damage upregulate nicotinamidase levels in A. thaliana (Wang
2007) (Hunt 2007). Evaluating general stress response, van der Horst et al. showed that C.
elegans overexpressing a pnc-1 transgene were more resistant to paraquat, an oxidative
stressor (van der Horst A 2007). However, no one has investigated direct regulation of PNC-1 in
any organism.

NAD+ Consumers:
NAD+ consumers are a group of enzymes that use NAD+ in their reaction mechanisms to modify
proteins and produce NAM. Sirtuins are by far the best-studied class of NAD+ consumers. This
family of NAD+ dependent lysine deacteylases uses ADP-ribose derived from NAD+ as an acetyl
acceptor to produce 2’-O-acetyl-ADP-ribose and NAM (Blander 2004). Sirtuins are highly
conserved from yeast to humans. The prototype enzyme of this family is yeast Sir2, which was
discovered in gene silencing defective yeast (Bitterman 2002) (Rine 1987). C. elegans has four
homologs of yeast Sir2, designated SIR-2.1 through 2.4. Of these, SIR-2.1 is the closest homolog
of Sir2 and the best characterized. Sirtuins have been linked to increased stress response and
longevity. Another major class of NAD+ consumers in poly(ADP-ribose) polymerases (PARPs) .
These enzymes add large, branched chains of ADP-ribose molecules to target proteins and are
linked to DNA damage repair and telomere maintenance.
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Chapter 2: PNC-1 as a Master Regulator of Environmental Stress
Response in C. elegans
I hypothesize that environmental stresses upregulate the activity of the nicotinamidase PNC-1
in C. elegans as a means of triggering downstream stress response. I predict that the stresses
that upregulate PNC-1 represent a set of stresses that require NAD+ consumers as part of their
response. Like any enzyme, PNC-1 may be regulated at any point in its production. To identify
the specific stresses involved in PNC-1 regulation in C. elegans, I performed nicotinamidase
activity assays on worms subjected to stress conditions to detect possible regulation on a whole
organism level. qPCR was used to analysis regulation at a transcriptional level and Western blot
analysis was used to assess regulation on a translational level. Worms were also exposed to
high levels of oxidative stress to analyze whether pnc-1 alleles affect overall survival.

Nicotinamidase Assays:
In order to show
that PNC-1 is
indeed regulated
by stress, similar
to
nicotinamidases
in other
organisms, I first
tested whether or
not the protein
encoded by C.
elegans pnc-1 was
indeed a

Figure 2-Nicotinamidase activity of recombinant PNC proteins. NH3 level
measured using ΔA340 data from Sigma Ammonia Assay kit

functional nicotinamidase. To do this, I used expression plasmids encoding for one of five
proteins: wild-type PNC-1, PNC-1 W201X (a premature stop codon produced by the pk9605
5

mutant strain), PNC-1 C265A (a predicted catalytic null mutant protein), PNC-1 W328X (a
premature stop codon produced by the ku212 strain), or wild-type PNC-2 protein. Using
purified protein produced by these expression constructs, I performed nicotinamidase assays to
test for ammonia production. This assay measures the enzyme activity of nicotinamidases by
measuring the ammonia produced when the enzyme is incubated with NAM (Ghislain 2002).
Using this assay, I was able to show that PNC-1 is a functional nicotinamidase, as predicted. This
assay also showed that all three mutant versions of PNC-1 tested are null mutants with no
detectable nicotinamidase activity. Furthermore, the related protein PNC-2 is also a
nicotinamidase, though not as active as PNC-1. (Figure 2)
While this method worked well for purified recombinant protein, the high background levels of
ammonia in multicellular lysates resulted in failure for this method for analyzing total organism
nicotinamidase activity. It is furthermore unclear how much PNC-1 protein is present in the
organism under naïve conditions. It may well be that the PNC-1 levels are not enriched enough
to allow for a detectible signal using this method.

Survival Assays:
Since nicotinamidase assays proved to be ineffective at assaying stress response in whole worm
lysates, I decided to try a different approach to assay stress response in an organism-wide
manner. I used a survival assay using the strong oxidizing agent tert-butyl hydroperoxide
(TBHP). In this assay, worms from each strain were exposed to 15 mM TBHP added to NGM
plates. Using this assay, I showed that there is no significant difference between the strain with
mutant PNC-1, the strain with PNC-1 overexpression, and the control strain (Figure 3). Thus,
PNC-1 activity is not required for normal resistance to this oxidative stress. This assay also
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showed PNC-1 overexpression (strain HV613) provided no additional resistance to oxidative
stress.

Figure 3- Survival Assay of worms exposed to tert-butyl hydroperoxide

Quantitative Real-Time PCR:
Quantitative PCR measures relative abundance of mRNA for a target transcript in a sample
compared to a control. I used this technique to show that pnc-2 transcript abundance is not
increased to compensate for the loss of pnc-1 in pnc-1(pk9605) mutants (Figure 4a) If stress
regulates pnc-1 transcription or mRNA half-life, this would be reflected by a change in mRNA
abundance. However, qPCR showed no change in pnc-1 mRNA levels in worms stressed by
exposure to 20 mM of the oxidative stress agent paraquat. (Figure 4b) Further experiments
performed by M. McReynolds also failed to observe such changes.
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Western Blot:
To evaluate protein concentration, I used western blot analysis. Worms were grown on HGM
plates to encourage extra growth of the cultures. The worms were then harvested and lysed
using sonication. For osmotic stress, extra NaCl was added to the plates to bring the total NaCl
concentration to 150 mM. To expose the worms to heat shock, plates were heated to 37°C for 1
hour before harvesting. For acute oxidative stress, worms were harvested from growth plates,
then transferred to plates containing 15 mM TBHP for 1 hour before harvesting. I confirmed
that the pnc-1 (pk9605) containing strains have significantly decreased PNC-1 levels when
compared to N2 worms. This was also true of pnc-1 (ku212) and pnc-1 (tm3502).

Figure 4-qPCR data showing relative mRNA levels of pnc-1 and pnc-2 genes. a) pnc-1 levels
drop in pk9605 mutant worms, but pnc-2 levels are not elevated to compensate. b) pnc-1
levels are unchanged in worms exposed to paraquat (pQ) over naive worms
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Having validated both the PNC-1 antibody and the null mutant strains, I next used western blots

36 kDa

Figure 5-Western blot analysis of PNC-1 in C. elegans a) PNC-1 (36
kDa) protein levels are decreased in N2 under stressed conditions
(top left) No PNC-1 bands are see in pk9605 mutant strains (top
left). Actin blot (bottom) shows comparative sample loads. b)
PNC-1: Actin ratio quantitated from 3 independent blots. P-values
of TBHP and heat shock compared to N2 naïve are 0.12 and 0.17
respectively.
9

to assay whether PNC-1 levels change in worms exposed to stress. Contrary to previous results,
I found that PNC-1 levels decrease in response to stress in C. elegans, though the decrease was
more pronounced under oxidative stress than under heat shock. (Figure 5)

Conclusions and Future Directions:
While I have confirmed that PNC-1 is a functional nicotinamidase in C. elegans, I have found no
evidence that the function of this enzyme is required for stress resistance in C. elegans. TBHP
survival assays showed no difference in survival was correlated with PNC-1 functional levels.
Both qPCR and Western blot studies showed that PNC-1 levels are significantly decreased at
both a translational and a transcriptional level in pnc-1(pk9605) mutant animals. However,
neither assay showed any upregulation of PNC-1 levels in response to stress. Indeed, contrary
to previous studies, I found evidence of a decrease in PNC-1 levels in response to varied stress
conditions.
Future studies will be needed to confirm these findings. Western blots of worms exposed to
other stress conditions would confirm whether the observed decrease in PNC-1 protein levels is
a general stress response or specific to the stresses tested here. Analysis of post-translational
modification of PNC-1 would further clarify the mechanisms regulating this process. I would
also recommend an alternative assay, such as HPLC, to assess nicotinamidase activity in vivo.

Materials and Methods
Nicotinamidase Assays: Expression of His-tagged PNC proteins was induced in BL21 (DE3) cells
with 200 mM IPTG at 18°C for 20 hours. Protein was harvested using sonication and purified
using Ni-NTA agarose (Qiagen, Valencia, CA, USA). Nicotinamidase activity was assayed as
described (Anderson et al., 2003). Briefly, recombinant wild-type or mutant PNC protein
(between 5 and 20 mg, determined using a Bradford assay) was combined with either 0 or 8
mM NAM in a final volume of 400 ml buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl and 1 mM
MgCl2) and incubated at 30°C. Ammonia production was assessed using an Ammonia Assay Kit
(Sigma) and corrected by subtracting the 0 mM NAM control according to the manufacturer’s
10

instructions. I performed triplicate experiments at 30 minutes and calculated specific activity
(nmol of ammonia produced/minute/mg of PNC-1).
Survival Assays: NGM plates were supplemented with TBHP to a concentration of 15mM by
direct application of TBHP solution to solid media, as suggested in (J. e. Wang 2010).
Immediately after the solution on the plate dried, worms were plated onto supplemented
plates. Care was taken not to place worms directly on the initial TBHP spot. Worms were
checked every 2 hours and scored as dead when unresponsive to repeated prods with a pick.
Worms which crawled off the plate were not included in scores.
Quantitative Real-Time PCR: RNA samples were extracted from worm lysates using TRIzol and
were purified using RNeasy kit (Qiagen). Control genes used were cdc-42, pmp-3 and Y45F10D.4
as suggested by (Hoogewijs 2008). All samples were run in triplicate and normalized to the
geometric mean of the control genes as per (Vandesompele 2002).
Western Blots: Worms for western analysis were grown on HGM plates and harvested via
sonication. Primary anti-PNC-1 rabbit polyclonal antibody was produced against purified PNC-1
in collaboration with Capralogics (Hardwick, MA). Primary anti-actin antibody was rabbit antiβ-actin from Santa Cruz. The primary antibodies were both used in a 1:400 dilution. Anti-rabbit
secondary was HRP-conjugated goat anti-rabbit from Abcam. Donkey anti-goat secondary was
from Santa Cruz. Both were used in a 1:4000 dilution. Images were obtained on Typhoon
imager and quantitated using ImageStudio software (LiCor).
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Chapter 3
In order to perform as a master regulator, PNC-1 must be able to regulate NAD+ consumers
such as sirtuins and poly(ADP-ribose) polymerases. I hypothesize that PNC-1 can regulate NAD+
consumers by altering the levels of NAM and NA, which then is converted into NAD+. An
increase of NAD+ and a decrease in NAM will potentially increase NAD+ consumer activity,
resulting in the activation of stress responses. To test this, I first established that regulation
occurs in vivo using biochemical assays and fluorescent imaging. I also hope to determine
whether the accumulation of NAM
or the reduction of NA and NAD+
is the primary regulator of NAD+
consumers, which was analyzed
using pharmacology. These
results will help to establish a
unified model of NAD+ consumer
regulation in response to stress.
PNC-1 is a metabolic enzyme, and
I hypothesize that PNC-1 can
regulate NAD+ consumers by
altering the levels of NAM and
Figure 6-- NAD+ Salvage and SIR-2.1 pathways

NA/NAD+, and the corresponding
change in NAD+ consumer activity

will then result in the activation of stress responses.

Psod-3::gfp Analysis:
SIR-2.1 is the best characterized NAD+ consumer in C. elegans and is known to play a role in
several biological processes. To determine if PNC-1 can regulate SIR-2.1, I used a GFP reporter
12

gene construct, Psod-3::gfp. (Figure 6) Previous research demonstrated that SIR-2.1 regulates
the oxidative stress gene SOD-3 via the DAF-16 transcription factor (Berdichevsky 2006). In
order to exploit this pathway, I created several lines using the Psod-3::gfp transgenic line
(muIs84). I used photographic analysis to assess the SOD-3::GFP expression of each strain and
compare the GFP intensity between strains and conditions.

Figure 7-Example images of SOD-3::GFP expression pattern under a dissection microscope
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Figure 8-Mean GFP intensity of strains containing Psod-3::gfp (muIs84). All differences are
significant with p-values less than 0.01.
My results show that strains with the low-copy overexpression transgene showed a significant
increase in GFP expression over the control strain. (Figure 8) This increase was not seen in the
strain containing the overexpression transgene combined with the mutant pnc-1(pk9605). This
suggests that PNC-1 activity is required for the overexpression of sir-2.1 to increase sod-3::gfp
expression. However, mutant pnc-1(pk9605) did not significantly impact sod-3::gfp expression
levels.

TBHP Survival:
To further analyze the relationship between PNC-1 and SIR-2.1, I used a variation of the TBHP
survival assay used previously. For this assay, I exposed worms to a lethal concentration of
15mM TBHP, but removed the worms after 2 hours to an untreated NGM plate and allowed the
worms to recover overnight. Similar to the results of the SOD-3::GFP test, I saw a significant
increase in survival in the strain containing the SIR-2.1 overexpression transgene (pkIs1642.)
14

This increase was not seen in the strain containing the overexpression transgene combined
with the mutant pnc-1(pk9605). Furthermore, the strain containing the mutant sir-2.1(ok434)
showed a moderate decrease in survival, although this decrease did not reach significance. Both
the pnc-1(pk9605) containing mutant and the pnc-1 overexpression transgene (psIs8) showed
no significant change in survival compared to the muIs84 control.

Figure 9-Survival of strains exposed to 15mM TBHP for 2 hours and recovered overnight

Pharmacology:
In order to investigate whether PNC-1 regulation of SIR-2.1 is due to a NAM buildup or NA
depletion in the pnc-1 mutants, I employed pharmacological techniques. As described above,
the pnc-1 mutant phenotypes are separable by those that are NAM dependent, NA dependent,
or both. I grew worms of each strain on plates containing NAM or NA, and GFP expression was
compared in each strain while on NAM, NA, or the NGM control. Despite the success of this
method in evaluating other pnc-1(pk9605) mutant phenotypes, all experiments using
pharmacology to evaluate sirtuins related phenotypes were inconclusive.
15

PARP western blots:
SIR-2.1 is not the only NAD+ consumer in C. elegans. PARPs are also present in C. elegans and
are thought to be involved in DNA damage sensing and repair. Using the western blots for
PARP quantification described by (Dequen 2005), I analyzed PARP activity by using an antibody
reactive to the poly-ADP ribose (PAR) post-translational modification. PARP activity in wild type
and pnc-1(pk9605) mutant worms were compared, as well as three PARP mutant strains (pme1(ok988), pme-2(tm3401), and pme-2(ok344)). While differences between strains were
observed, the difference in molecular weights of the bands indicated that different proteins
were being PAR-modified in the strains used. (Figure 10) Interestingly, no PAR modifications
were observed in the wild-type lysate, indicating a very low level of PARP activity under naïve

Figure 10-Western blot analysis of C. elegans lysates with anti-PAR antibody
conditions. Without sequencing the protein bands and identifying the blotted proteins,
however, the significance of these results cannot be determined.
16

Conclusions and Future Directions:
While the Psod-3::gfp assay provided some useful results, overall, this assay was too variable
for fine differences to be observed. Despite the results in (Berdichevsky 2006), I did not observe
strong, easily visualize differences between the strains I tested. Even using computer-based
quantitation techniques, the variability between individuals in GFP expression rendered this
technique unwieldy and difficult.
Given recent results from our lab showing a rescue of uv1 necrosis in pnc-1(pk9605);pme1(ok988) double mutant worms, further research into PME-1 activity in C. elegans and its
connection to NAD+ salvage may reveal interesting insights into necrosis pathways (A.
Upadhyay, unpublished). I would recommend investigating the proteins targeted by PARPs and
comparing pnc-1(pk9605) worms and pnc-1(pk9605);pme-1(ok988) double mutant worms in an
anti-PAR Western blot.

Materials and Methods:
Psod-3::gfp analysis: L4 animals of each strain were selected on to fresh plates and imaged on
a dissection scope. The images were analyzed using NIS-Elements software from Nikon. The
pharynx of each animal was selected and the mean GFP signal for each animal was calculated.
For pharmacology assays, NGM plates were supplemented with either NA or NAM solution to a
final plate concentration of 25 mM.
Survival Assays: TBHP supplemented plates were prepared as above. Worms incubated at
room temperature for 2 hours, and were then transferred to a fresh NGM plate and allowed to
recover overnight. Worms were scored as dead that did not move from the initial transfer area
and were unresponsive to prodding with a pick.
Western blot: Western blots were performed as above. The primary antibody used was rabbit
anti-PAR monoclonal antibody from Trevigen (Gaithersburg, MD). The primary was used at
1:1000 per manufacturer’s recommendation. Anti-rabbit secondary was same as used above.
Imaged on a Storm processor.
17

Chapter 4

Alternate NAD+ metabolic pathways:
Despite the detrimental phenotypes observed in PNC-1 mutant worms, we have been
consistently unable to kill worms by negating this pathway, despite the crucial biological
importance of NAD+. To explain this, we investigate other metabolic pathways which feed into
NAD+ metabolism. Despite the lack of BLAST homology to a qPRTase, the last step in the de
novo synthesis pathway (Rongvaux 2003), we have seen evidence of activity in this pathway via
quinolinic acid rescue (Wang and Lynes.)
The other possible
pathway feeding into
NAD+ salvage is the
nicotinamide riboside
kinase (NRK) pathway,
first discovered in yeast
(Bieganowski 2004). This
pathway converts
nicotinamide riboside and
nicotinic acid riboside into
nicotinamide
mononucleotide and
nicotinic acid
Figure 11-Gonad delay on NR supplements

mononucleotide,

respectively. Based on the predicted activity of the NRK pathway, I predicted that it would
rescue similarly to nicotinic acid. To test this, I supplemented NGM plates with nicotinamide
riboside (NR) (CtMedChem, Brooklyn, NY.) As predicted, the pnc-1(pk9605) worms grown on NR
supplemented media showed rescue of the gonad delay phenotype but showed no rescue of
18

the NAM-dependent uv1 necrosis phenotype. (Figure 11a) To further confirm this, I
supplemented pnc-1(pk9605);nrk-1(ok2571) double mutant worms and saw no rescue in these
mutants. (Figure 11b) This evidence strongly suggests that the NRK pathway is functional in C.
elegans and can contribute to NAD+ levels. However, even combining mutants in both
pathways is not sufficient to kill a worm, so more sources of NAD+ are likely contributing to
overall NAD+ levels in C. elegans.
To further explore this pathway, I planned to verify that the nrk-1 gene does encode a
functional nicotinamide riboside kinase. While I succeeded in isolating and amplifying the nrk-1
cDNA, I was unable to clone this cDNA into an expression plasmid. When this is achieved, it
should be possible to create recombinant protein and perform a kinase assay using this protein
to verify its enzymatic activity.

19

Figure 12- Examples of PNC-1::GFP localization under naive and stress conditions

20

PNC-1::GFP Localization:
While investigating different ways to assay PNC-1 stress response (Chapter 2), I came across an
interesting result using the HV616 strain, which contains a transgene combining the full-length

Figure 13- PNC-1 subcellular localization under heat shock

PNC1

genomic sequence with GFP and a nuclear localization signal. Unsurprisingly, this strain has GFP
signal primarily localized to the nucleus, particularly in the anterior cell of the intestine.
However, after an hour of heat shock at 37°C, the GFP relocalized to the cytoplasm. This effect
was not seen in this strain after an hour of exposure to 15 mM TBHP. (Figure 13) While highly
reproducible, because of the transgenic nature of this strain, it is unclear at this time what the
biological relevance of this result may be.

Materials and Methods:
NR supplementation: Plates were supplemented by adding nicotinamide riboside (NR)
(CtMedChem, Brooklyn, NY) in solution to a final plate concentration of__. Gonad delay was
scored via DIC microscopy as described in (Vrablik 2009).
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PNC-1 GFP Localization: HV616 and control worms at the L4 larval stage were placed on fresh
NGM plates and scored on a dissection scope for GFP expression in the anterior intestinal cells.
The plate was then placed in a 37°C incubator for 30 minutes. Animals were scored again and
replaced in the incubator for an additional 30 minutes before final scoring. Animals were scored
as nuclear if there was a stronger signal in the nuclei of these cells than the cytoplasm. No
significant difference in signal was scored as mixed and stronger signal in the cytoplasm than
the nucleus was scored as cytoplasmic. Animals that died during heat shock were not included
in final numbers.
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