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ABSTRACT

Aging is experienced by most eukaryotic organisms and age is the primary risk factor for many of the
most common causes of death in humans. Age-related diseases not only increase risk of death in older
adults, but significantly reduce their quality of life. Aging research is focused on understanding the
molecular processes that drive age-associated decline with the goal of both extending lifespan and
improving overall health. Recently, the kynurenine pathway, the primary tryptophan metabolic pathway,
has proven to be a potential target for increasing both lifespan and healthspan. The kynurenine
metabolite 3-hydroxyanthranilic acid (3HAA) has been shown to extend lifespan in C. elegans and in
mice. Additionally, 3HAA exhibits antibiotic effects in liquid E. coli culture and increases pathogen
resistance in worms. 3HAA co-localizes with bacteria in lysosome-related organelles (LROs) called gut
granules in the worm intestine, providing a physical location at which 3HAA may directly inhibit bacterial
growth in vivo. Gut granules have several biological roles, including the sequestration and storage of
intracellular zinc. While 3HAA clearly accumulates in gut granules, the 3HAA trafficking mechanisms have
yet to be determined. Through this work | aim to determine the molecular processes that transport
3HAA to the gut granule as well as characterize the immune function of 3HAA and stored zinc within the
worm gut granule. | found that 3HAA is likely using vesicular transport to travel to LROs. Additionally, the
combination of zinc and 3HAA treatment in E. coli liquid culture increases 3HAA’s existing antibiotic

effect.



INTRODUCTION

Aging is conserved amongst most eukaryotic organisms and can lead to a variety of age-related diseases
that decrease quality of life in older adults. It is therefore of interest to discover ways to combat age-
related disease and improve overall health as we age. The kynurenine pathway, or the primary
tryptophan metabolic pathway, has been shown to be a potential target for lifespan extension. Previous
research shows that the kynurenine metabolite 3-hydroxyanthranilic acid (3HAA) extends lifespan in
Caenorhabditis elegans and mice.! In this thesis, | explore the benefits of 3HAA in immune response and
bacterial pathogen resistance during aging. | specifically investigate the role of 3HAA localization within
the worm intestine in pathogen resistance. 3HAA and bacteria appear to co-localize in small granule-like
organelles in the gut, providing a possible physical location within the intestine where 3HAA and
pathogens interact. | aim to characterize the potential mechanism of transport for 3HAA to these

granules as well as its impact on bacterial growth in vitro.

1. Physiological function declines with age.

Between 2018 and 2021, the top 3 causes of death in older adults were heart disease, cancer, and
COVID-19.%2 Aging is the primary risk factor for most major causes of death in the United States, including
neurodegenerative diseases and chronic inflammatory conditions.® Though this is a natural process that
every human being will experience, the impact of aging on the body can greatly decrease quality of life.
Aging is characterized by a general physiological function decline with many underlying molecular
causes, including cellular senescence and genetic change and instability (Fig. 1A).*®> Understanding the
underlying processes that drive aging is vital in our effort to impact both lifespan and quality of life

through the successful treatment of age-related disease.

When discussing aging research, it is important to distinguish between lifespan and healthspan. Lifespan,
or life expectancy, increased by over 30 years in the United States throughout the 20" century.®

Initially, efforts to combat causes of death in younger populations such as infectious disease and high
infant mortality rates allowed more people to reach old age, followed closely by a medical shift toward
targeting age-related disease. ® Healthspan, however, is often more challenging to define, as it does not

always positively correlate with lifespan and is often subjective.® Healthspan loosely refers to the time an
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Figure 1. Overview of aging.

(A) A schematic summary of the nine hallmarks of aging. Image credit:
Lépez-Otin et. al., 2023. (B) Interactions between aging physiology and
immunosenescence. Image credit: Castelo-Branco & Soveral, 2013

individual spends in “good” health.”
Though health declines with age,
healthspan as metric of an
individual’s relative health over the
course of their life cannot
necessarily be directly compared to
their lifespan. Longevity and
healthspan are often correlated, but
an increase in lifespan does not
always equate to increased
healthspan. Additionally, “good”
health is relatively subjective. Many
studies evaluate healthspan, but a
precise definition of what should be
measured is not shared across
studies. This subjectivity makes
outcomes difficult to meaningfully
compare between studies and
highlights a need for more precise
definitions and standardization
within aging research. Simply
increasing the number of years
someone is living does not
necessarily improve their overall
health.® To optimally improve

quality of life for older adults, aging

studies should ideally target mechanisms to improve health, both physiological and environmental.

Lépez-Otin et. al. originally identified 9 hallmarks of aging in a review article in 2013, and have more

recently expanded this list to include 3 additional hallmarks in 2023 (Fig. 1A).** Each hallmark is

identified as a molecular or cellular contributor to the aging phenotype.* To be considered its own

distinct hallmark, a process must be characterized a change that appears with age and can be



experimentally altered to impact lifespan, either positively or negatively.> However, these processes do

not act in isolation, and decline in one area may impact function in another.

Of specific interest to this project are processes contributing to age-associated immune decline. Many
hallmarks identified in Lépez-Otin et. al. contribute to or trigger cellular changes associated with

immune decline. Stem cell exhaustion reduces the population of immune cells, such those involved in
autophagy.® Cellular senescence results in increased secretion of pro-inflammatory cytokines and chronic
inflammation.® Chronic inflammation is a newly-identified hallmark of aging that refers to the constant
low-grade inflammation in the body that develops with age and contributes to the aging immune

system. Though inflammation is ordinarily a beneficial innate immune response, the chronic low-level
inflammation seen in older adults can lead to tissue degeneration and become pathogenic.® Many
hallmarks of aging therefore lead to dysregulation of the innate immune response. This age-associated
immune decline is often referred to as immunosenescence (Fig. 1B).° Lessened immunity impacts
healthspan, and in severe cases may decrease life expectancy. In either case, quality of life decreases
dramatically. Therefore, age-associated immune decline is a clear target to improve quality of life in older

adults as well as potentially increase lifespan.

1. Caenorhabditis elegans are a useful model for aging and innate immunity.

Caenorhabditis elegans are a useful model organism for both aging and genetic research. Adults are ~1
mm long and have a short total lifespan of approximately 3 weeks, making them both relatively simple to
maintain in large populations and to perform efficient lifespan studies.'® Genetically, though C. elegans
are phenotypically distinct from mammals, they share approximately 83% of protein-coding genes with
humans and therefore many conserved molecular drivers of aging, making them a suitable and useful
genetic model for human disease as well as molecular aging. In addition to a well-characterized
genome, RNA interference is as simple as feeding worms E. coli expressing a double-stranded RNA
(dsRNA) targeting a worm gene of interest.’>! Genome-wide RNAi feeding libraries for C. elegans are
available to utilize the target gene strain without additional bacterial transformation in the lab. C.
elegans have a transparent body structure, allowing for easy visualization of both internal tissues, dyes,

and transgenically expressed fluorescent markers.
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C. elegans have also proven to be an effective tool in studying immune function. Though lacking an
adaptive immune response, worms have an innate immune response that can provide insight into more
complex pathogen-host interactions.* In particular, C. elegans are well-suited for studies of bacterial
pathogenicity and anti-microbial activity. The typical worm food is a lawn of E. coli on an agar plate, and
worms come in contact with a host of bacterial pathogens in nature. As nematodes and bacteria have
evolved in close proximity, not all bacteria are pathogenic to worms.'* Bacteria may become pathogenic
through gut colonization. However, gut colonization alone does not indicate pathogenicity in worms, but
rather the production of virulence factors by colonizing bacteria.’* Many of these pathogenic bacteria in
worms are also pathogenic in humans, such as the gram-positive Pseudomonas aeruginosa strain PA14.%4
Additionally, worms share innate immune signaling pathways with mammalian systems. Of note, daf-16
(FOX0), pmk-1 (p38 MAPK), and dbl-1 (TGF-B) are all activated in immune responses in both worms and
mammals.>™Y” This similarity to mammalian infection and innate immune response makes worms an apt
tool to study bacterial infection and pathogenicity. However, we are not able to study adaptive immune
function in worms, so testing our findings in a mammalian system is necessary to determine the role of

adaptive immunity in infection.
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Figure 2. Summary of the kynurenine pathway and 3HAA.

(A) NAD+ synthesis via tryptophan metabolism. kynu-1 is responsible for 3HAA synthesis, while haao-1 regulates
3HAA degradation. Image credit: Dang et. al., 2023. (B) Kaplan-Meier survival curve of kynurenine RNAi worms at
20°C. kynu-1, haao-1, and tdo-2 RNAI all exhibit significant lifespan extension compared to wild type (WT). haao-1
knockdown shows the largest increase in lifespan. Image credit: Dang et. al., 2023. (C) Kaplan-Meier survival curve of
haao-1 knockdown and WT worms with 3HAA supplementation at 20°C. 3HAA supplementation extends lifespan
similarly to haao-1 mutation. Image credit: Dang et. al., 2023. (D) Mass spectrometry data of 3HAA in aging
kynurenine mutant worms compared to WT. Image credit: Espejo et. al., 2024. (E) The chemical structure of 3HAA. (F)
WT and haao-1 mutant phenotype. 3HAA becomes visibly red in the haao-1 mutant adult. Image credit: Espejo et. al.,
2024.
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1. Targeting the kynurenine pathway and 3-hydroxyanthranilic acid in aging.

The kynurenine pathway, the primary tryptophan metabolic pathway, has become a target in aging
research. Dysfunctional kynurenine pathway activity occurs with age and has been implicated in a variety
of age-related diseases, including neurodegenerative diseases like Alzheimer’s and Parkinson’s disease as
well as cancer and cardiovascular disease.>® This highly conserved pathway is responsible for ~90% of
tryptophan degradation and results in the de novo production of nicotinamide adenine dinucleotide
(NAD+) (Fig. 2A).29%° Interventions of kynurenine pathway genes and metabolites have been shown to
extend lifespan. The enzymes IDO1 (indoleamine 2,3-dioxygenase) and TDO2 (tryptophan 2,3-
dioxygenase) catalyze the conversion of tryptophan to N-formylkynurenine (NFK) in humans, whereas
worms rely solely on TDO2.! Oxenkrug et. al. first observed kynurenine pathway-mediated lifespan
extension in Drosophila melanogaster.?* The vermillion mutant is deficient in fly TDO2 and exhibits
lifespan extension compared to wild type flies.?! They later show that flies treated with a TDO2 inhibitor
are also long-lived.?? Similarly, tdo-2 (the worm TDO2 ortholog) knockout extends lifespan in C. elegans.?
Sutphin et. al. shows that knockdown of kynu-1, which encodes the enzyme KYNU and is responsible for
the production of 3HAA, significantly extends worm lifespan.?* Finally, Katsyuba et. al. describes that
ascd-1 knockdown extends lifespan in worms. However, both tdo-2 and kynu-1 knockdown result in

decreased NAD+ production, while ascd-1 knockdown promotes NAD+ production.?!242

Previous research in the Sutphin lab shows a marked increase in lifespan when the kynurenine pathway
gene haao-1 is knocked down worms by ~30% compared to wild type, a greater increase than results
from knockdown of either tdo-2 or kynu-1 (Fig. 2B).® haao-1 encodes the HAAO enzyme, which is
responsible for the degradation of the tryptophan metabolite 3HAA (Fig. 1A). With diminished or
depleted HAAO function, 3HAA accumulates in the worms. Supplementing with 3HAA is sufficient to
extend lifespan to a similar degree as haao-1 knockdown and does not further extend lifespan of haao-1
knockout worms, suggesting that 3HAA accumulation is the mediating molecular event (Fig. 2C).1
Additionally, 3HAA has an inherent red color that is easily seen in haao-1 mutant C. elegans under a
dissection microscope (Fig. 2F).2” However, the mechanism(s) through which 3HAA acts to extend
lifespan have yet to be fully determined. In this thesis | examine the working model that 3HAA increases
lifespan, at least in part, by improving immune function in aging worms, thereby enhancing response to

bacterial infection.
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A. 3HAA plays a role in immune function in C. elegans.

In order to determine the impact 3HAA has on immune function, we first examined worm pathogen
resistance in young and older adult worms. We challenged worms with the pathogenic bacterial strain
PA14 at the last larval stage of development (L4), as well as days 2, 4, and 8 of adulthood (Fig. 3A-D). We
see the most significant lifespan extension in haao-1 knockout worms compared to wild type when
worms are infected with PA14 at day 8 of adulthood (Fig. 3D). Interestingly, the red coloration from
3HAA accumulation appears around day 8 of adulthood as well.?” However, haao-1 knockouts still exhibit
reduced pathogen tolerance as they age. haao-1 knockout worms infected with PA14 at day 12 of
adulthood show a 50% median decrease in lifespan compared to haao-1 knockouts infected at the L4
stage (Fig. 3E). Though haao-1 mutants demonstrate an age-dependent decline in pathogen resistance,
they are better able to tolerate infection at day 8 of adulthood compared to wild type worms infected at
the same age. We hypothesize that the accumulation of 3HAA at this age in haao-1 mutants may be

responsible for this increase in pathogen resistance.
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Figure 3. Kaplan-Meier survival curves of immune-challenged worms.

(A) Survival of haao-1 & kynu-1 RNAi worms challenged with PA14 at the L4 stage of development. (B-D)
Survival of haao-1 & kynu-1 RNAi worms challenged at day 2 (B), day 4 (C), and day 8 (D) of adulthood.
Accumulation of 3HAA in haao-1 mutants at day 8 of adulthood provides improved pathogen resistance
compared to wild type (WT). (E) Survival of haao-1 knockout worms challenged with PA14 at days 2, 4, 8, &
12 of adulthood. Immune challenge reduces haao-1 knockout lifespan with age compared to L4. (F-H)
Survival of daf-16, pmk-1, & dbl-1 immune pathway RNAi worms, respectively. haao-1 knockout extends
lifespan compared to of daf-16, pmk-1, & dbl-1 RNAi worms. However, immune knockdown worms are short-
lived compared to WT.

Percentages indicate median % change in lifespan. * p<0.05, ** p<0.005, *** p<0.0005 . All image credits:
Espejo et. al., 2024.

Next, we aimed to identify a mechanism through which 3HAA accumulation in haao-1 mutants acts to
increase pathogen resistance. Worms have several established innate immune signaling pathways.
Therefore, we chose to determine if 3HAA may be acting through one of these pathways to increase
pathogen resistance and ultimately extend lifespan. Inactivation of daf-16, the worm FOXO ortholog,
decreases immune response in worms.2® Gene expression studies have shown that activation of daf-16
results in the expression of anti-microbial peptides that aid in pathogen resistance.?® Similarly, a worm
p38 MAPK kinase, pmk-1 also plays a role in pathogen defense. pmk-1 is phosphorylated and activated in
response to infection.?® Lastly, the TGF-B ortholog dbl-1 activates a pathway of small molecule signal
transducers that are essential to worm pathogen resistance. Alteration of any of these pathway
components lessens infection tolerance.?® Worms on daf-16, pmk-1, and dbl-1 RNAi all show a decrease
in lifespan compared to wild type. In haao-1/immune pathway RNAI, haao-1 knockout increases lifespan
relative to wild type animals to a similar degree with or without RNAi knockdown of each immune gene
(Fig. 3F-H). Therefore, the haao-1 mediated lifespan extension is likely not due to interaction of 3HAA
with these established innate immune pathways. We see lifespan extension with haao-1 knockout in
both wild type and immune RNAi worms. We hypothesize that 3HAA then acts directly on the pathogen

to increase resistance and extend lifespan.

B. Lysosome-related organelles in the worm gut participate in stress responses and small molecule

storage.

Gut granules are lysosome-related organelles (LROs) found in the worm intestine. Though a relatively
new area of research, these organelles have been shown to have a multitude of functions. As they are

lysosome-related, they share some characteristics of typical lysosomes including an acidic nature and
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lytic enzymes.?>3° Additionally, gut granules have an inherent blue autofluorescence as a result of the
presence of anthranilic acid (AA), a 3HAA precursor in the kynurenine pathway.?! The average gut
granule fluorescence in a total worm population increases steadily as they age, but individual worm

fluorescent analysis shows that fluorescence peaks just before death.3!

The formation and development of C. elegans gut granules are fairly well characterized by the GLO (gut
granule loss) family of genes. glo-1 promotes GTPase activity and glo-1 mutants have been shown to lack
properly formed gut granules.?® Orthologous to Rab32 in humans, glo-1 loss of function worms do not
exhibit the characteristic autofluorescence in the gut granules, indicative of the dysfunction in granule
formation.3® AA is unable to accumulate in glo-1 mutants, resulting in a lack of fluorescence. While glo-1
functions as a GTPase in gut granule formation, glo-3 acts as a guanine exchange factor (GEF) for glo-1
and facilitates the association of GLO-1 with the granule membrane, interrupting granule formation.*
However, as glo-3 is not the sole GEF for glo-1, we observe a phenotype with less autofluorescent gut
granules than wild type in mutants, though some gut granules still form.° This observation implies that
glo-3 is necessary for membrane trafficking and accumulation of AA and other essential metabolites in
the gut granules, as well as granule development .2° Therefore, previous research shows that gut granule

formation and maintenance are both crucial for proper LRO function.

One function that distinguishes gut granules from lysosomes is their role in zinc storage in the intestine.
Using fluorescent quantification, researchers have shown that glo-1 and glo-3 mutant worms exhibit
significantly lower zinc concentrations in gut granules than wild type, consistent with the data
surrounding gut granule formation and maintenance.3? There are two major gene families associated
with zinc regulation: cation diffusion facilitators (CDFs) and Zrt-, Irt-like proteins (ZIPs). In worms, cdf-2
localizes to gut granules and facilitates the storage of zinc as an importer3?, whereas zipt-2.3 regulates
zinc export from the gut granules in response to low cellular zinc levels.3 Gut granules appear to be

essential form normal zinc homeostasis in worms.

Interestingly, gut granules have also been implicated in responses to various types of stress. Previous
researchers utilized volatile benzaldehyde (BA) to mimic an aged phenotype in young worms. Hajdu et.
al. shows that at high doses, day 1 adult worms treated with BA for 4 hours show similar
autofluorescence to older worms. Induction of stress via BA or Pseudomonas aeruginosa (PA14) resulted

in activation of daf-16 and pmk-1, both notable stress response and immune pathways in worms.*° In
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addition to upregulation of stress response genes, researchers observed an increase in autofluorescent
material in gut granules in response to BA or similar stressors, indicating an increase in lysosomal
function in response to stress.° These experiments indicate a role for glo-1 in activation of stress
response pathways. glo-1 and another gut granule marker, pgp-2, were both found to be necessary in
the expression of stress response genes in response to PA14 infection.?° The necessity of these gut
granule genes in the infection response indicates a role for LROs in worm immune function in the

intestine.

C. 3HAA localizes to lysosome-related organelles in the worm intestine.

Previous research in the Sutphin lab shows that 3HAA, a downstream product of kynu-1 and AA, localizes
to organelles in the gut suspected to be gut granules.?’” Though these organelles morphologically
resemble LROs, we have yet to definitely identify them as such. Additionally, 3HAA is synthesized in the
hypodermis and is degraded in the neurons, meaning it is not synthesized or degraded in the gut (Fig.
4A). Additionally, we see that bacteria also localizes to gut granules, which are an acidic zinc-rich
environment (Fig. 4B). Lysosomes are known to be a bacterial degradation site in cells. As a part of
autophagy, bacteria are engulfed in phagolysosomes, a fusion of a phagosome and lysosome in response
to infection.?* Pathogens have evolved ways to avoid degradation in the cell, including mechanisms to
avoid recognition by the immune system and prevention of phagosome formation.®® Worm LROs do
retain some lysosome-like functions due to their acidity and the presence of hydrolases.*® This may be
the cause of bacterial localization to these organelles. Additionally, we have shown that 3HAA incurs
some pathogen resistance in worms to extend lifespan. We see a distinct green coloration in PA14
infected LROs, as well as in increase in red 3HAA in the same location in response to infection (Fig. 4B).?’
We therefore hypothesize that 3HAA’s pathogen resistance in worms may take place at the gut granule.

Additionally, we seek to explore the role of stored zinc within the granules as a part of this immune

impact.



IV. Thesis Overview

Throughout this project, | chose to examine two questions that arise from earlier work on the
localization of 3HAA and its role in pathogen resistance.?” First, | investigate the mechanisms of 3HAA
transport within the worm intestine. Second, | aim to characterize the interaction between 3HAA,
bacterial pathogens, and zinc to understand the impact of 3HAA on bacterial pathogens. | hypothesize
that 3HAA improves pathogen resistance in worms by killing or inhibiting bacterial growth in the gut
granules. Additionally, | explored the role of zinc in both pathogen resistance as well as 3HAA transport

due to its localization within the granules.
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Figure 4. Thesis Overview

(A) 3HAA is synthesized by KYNU in the worm hypodermis, travels to the gut granules in the intestine, then
ultimately transports to the neurons where it is degraded by HAAO. Our working model is that 3HAA may serve an
immune function in the granules. (B) Microscopy images of wild type (WT) and haao-1 knockout worms infected
with E. coli or P. aeruginosa. Images taken just below the pharyngeal pump. Image Credits: Espejo et. al., 2024.
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RESULTS

1. 3HAA Transport and Localization

The transport mechanism of 3HAA within the gut has yet to be identified. In order to elucidate this
mechanism, | systematically knocked down target genes in worms involved in molecular pathways or
processes implicated in small molecule trafficking using RNA interference (RNAI). | selected genes to
screen based off of both the chemical structure of 3HAA as well as the lysosome-like function of gut
granules. Amino acids consist of an amino group (NH2), a carboxyl group (COOH), and a variable R group.
Given 3HAA’s structural similarity to this amino acid structure, particularly tyrosine with a hydroxyl R
group, we first chose to target amino acid transporters as a potential mechanism of 3HAA transport (Fig.
2E). Additionally, 3HAA is a metabolite of tryptophan, another amino acid.' However, none of our target
genes visibly impacted the tell-tale red phenotype compared to haao-1 knockout worms fed empty
vector bacteria. Therefore, we shifted our focus to genes involved in lysosomal formation and stability.
Given our hypothesis that 3HAA is localizing to LROs specifically, targeting genes that impact lysosome or
LRO formation similar to glo-1 or glo-3 will inhibit 3HAA localization. However, while interrupting gut
granule structure and function will illustrate how 3HAA enters the granules, it does not give us much
insight as to how it travels to the gut granules. Therefore, we simultaneously explored vesicular

trafficking as a potential mechanism of action.

A. 3HAA produces a distinct phenotype in haao-1 knockouts.

To investigate the impact of each target gene on 3HAA transport, | performed a qualitative RNAiI screen
using haao-1 worms. A full list of target genes and their reported functions can be found in Supp. Table
1. | fed haao-1 knockout worms E. coli bacteria (strain HT115) bacteria targeting amino acid transport,
lysosome formation, and vesicular transport. 3HAA is naturally a vibrant red in color and therefore quite
easy to see in the translucent worm under a stereo microscope. For roughly two weeks, | observed
worms daily to note any significant visual changes in red coloration between the haao-1 knockout
control and RNAi strains. | chose to image the gut granules in each worm strain at day 8 of adulthood as
this is when haao-1 control worms are visibly red yet still healthy, as gut granules become less stable and
break down with age. Under 100x magnification, 3HAA’s red coloration becomes more clearly visible

within the LROs specifically. For consistency, we took two images per strain where gut granules tend to
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congregate: just under the grinder and next to the vulva. Additionally, | explored the impact of a
selection of these target genes on worm lifespan. | hypothesize that if 3HAA is not able to properly
localize to the granules with bacteria, pathogen resistance will be diminished and therefore lifespan will

be reduced in RNAi worms.

B. Lysosome formation and vesicular transport gene knockdown disrupts 3HAA localization to LROs.

lyst-1

Lyst-1 is a BEACH (Beige and Chediak-Higashi) domain containing protein (BDCP) necessary for gut
granule biogenesis.?®3” BDCPs all share a highly conserved BEACH domain in eukaryotes, but variability in
the remaining protein structure denotes specific cellular function. Currently identified BDCPs are known
to impact cell signaling, membrane dynamics, immune function, and epigenetic modifications.3®
Mutations in the lyst-1 gene disrupts gut granule formation specifically, resulting in smaller fragmented
granules.3® We found that RNAi knockdown of lyst-1 in haao-1 knockout animals produces visibly less
accumulation of 3HAA in the gut granules compared to haao-1 knockout worms on empty vector RNAI
(Fig. 5C). Though we did not see the dramatic decrease in gut granule size seen in lyst-1 knockout
worms, RNAi knockdown impeded lyst-1 function sufficiently to disrupt 3HAA localization to the gut
granules typically seen in haao-1 knockout worms. Interestingly, while haao-1 knockout extends lifespan
in lyst-1 RNAIi (~22%), haao-1 knockout extends lifespan to a greater degree in empty vector controls
(~30%) (Fig. 6A). Given this similarity in haao-1 lifespan extension in lyst-1 knockdown and wild type,

lyst-1 knockdown does not appear to have a dramatic impact on worm lifespan.

uso-1 and syx-7 — the SNARE complex

uso-1, the worm P115 ortholog, is a soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) tethering factor involved in vesicular transport from the endoplasmic reticulum (ER) to
the Golgi.>® The docking of vesicles to their target membranes in intracellular vesicular transport requires
a multitude of specific proteins. The vital components of the SNARE complex are an N-ethylmaleimide-
sensitive factor (NSF), an ATPase, and a soluble NSF-attachment protein (SNAP).3° Additional proteins
denote specificity to a particular target membrane and aid in docking, including syntaxins and tethering

factors.3°
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Previous research by Gkikas et. al. noted that uso-1 often localizes to the mitochondria and may have a
role in autophagy regulation. Though the SNARE complex is most often associated with synaptic signaling
of neurotransmitters in the neurons, we found that uso-1 knockdown in a haao-1 knockout worm results
in lessened 3HAA accumulation in the gut granules (Fig. 5D). Additionally, | found that uso-1 RNAI
reduces lifespan by ~17% in wild type worms (Fig. 6B). However, haao-1 knockout extends mean lifespan
in uso-1 knockdown worms by 31%. Comparatively, haao-1 knockout in empty vector control worms
extends mean lifespan by only 13% (Fig. 6B). Therefore, haao-1 knockout appears to extend lifespan to a

greater degree in the absence of uso-1 than in wild type worms.

Syx-7 is the worm ortholog of human syntaxins 7 and 12 and serves as part of the SNARE complex in
vesicle trafficking.*® Syntaxins are transmembrane proteins that also aid in the docking of vesicles to their
target membranes during transport.®® We found that syx-1 knockdown in haao-1 knockout worms also

disrupted 3HAA transport; RNAi worms showed less red 3HAA accumulation in the gut granules (Fig. 5E).

Zipt-2.3

As previously stated, a key role of the gut granule is zinc homeostasis. Zipt-2.3 is transcribed in response
to low cellular zinc levels and releases zinc stored in the gut granule.®® Curiously, when zipt-2.3 is
depleted, haao-1 knockouts show a disruption in 3HAA localization to the gut granule. haao-1 knockouts
on zipt-2.3 RNAi were noticeably less red in color than haao-1 knockout controls (Fig. 5F). Additionally,
LROs in these knockdown worms appear much older than the age of worm as indicated by the increase
in green coloration. | have observed that in older adult worms, LROs appear particularly green or blue.
Aging gut granules also experience an increase in blue fluorescence before death.3! Though | have not
confirmed that zipt-2.3 RNAi induces this death fluorescence, it appears that this change in color is
somewhat indicative of intestinal health in worms. Therefore, in addition to a disruption of 3HAA

localization, zipt-2.3 knockdown gives gut granules a more aged phenotype.
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Figure 5. Confocal microscopy images
of 3HAA localization to the gut
granules at day 8 of adulthood in
haao-1 RNAi worms. Left images taken
adjacent to the vulva, right images
taken just under the grinder.

(A) haao-1 knockout worms on
EV(RNAI). Typical 3HAA accumulation in
haao-1 knockout worms. (B) wild type
worms on haao-1(RNAi). Similar 3HAA
accumulation as haao-1 EV(RNAI)
controls. (C-F) haao-1 knockout worms
on lyst-1(RNAi) (C), uso-1(RNAi) (D),
syx-7(RNAi) (E), and zipt-2.3(RNAi) (F).
All show a less vibrant red 3HAA
accumulation as compared to haao-1
EV(RNAI) control. (G) Schematic of
worm image locations.
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1. 3HAA has an antibiotic function.
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knockout worms with RNAi knockdown of lyst-1 & uso-1. Comparisons
lifespan in both immune deficient and without mean percentages shown are not significant. * p<0.05, **
p<0.005, *** p<0.0005.

wild type worms, indicating the (A) lyst-1(RNAi) does not significantly affect worm lifespan from WT.

potential role for 3HAA does not act haao-1 knockout extends lifespan in lyst-1(RNAi) less than haao-1
knockout alone. (B) uso-1(RNAI) decreases lifespan from WT. However,
through established worm innate haao-1 knockout in uso-1(RNAi) worms increases lifespan.

immune pathways (Fig. 3F-H).?’

Additionally, we see an accumulation of bacterial pathogens in LROs localized with 3HAA in the worm
intestine, suggesting that 3HAA interacts with pathogens directly in the gut to illicit resistance (Fig. 4B). |
thus chose to explore 3HAA’s impact on pathogenicity. To that end, | measured bacterial growth in liquid
culture to determine the impact of 3HAA treatment on E. coli ex vivo. | hypothesize that 3HAA impedes

bacterial growth and therefore reduces pathogenicity, resulting in increased pathogen resistance in vivo.

The bacteria growth curve is sigmoidal and defined by several distinct phases (Fig. 7A).** We focused
here on measuring the max velocity of the culture as well as the time spent in the lag phase, referred to
as lag time.** Max velocity (Vmax) is a measurement of the fastest growth rate reached during the log
phase, or the exponential phase, and can be determined by the greatest slope on the growth curve (Fig.
7A). These two metrics provide different ways to measure the impact of 3HAA and zinc sulfate treatment
in Escherichia coli. Bacteria culture density was measured and diluted as a normalization step such that
each 250 pl well started at an optical density of 0.1 at 600 nm to standardize the starting bacteria

population (Fig. 7B).
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Figure 7. 3HAA as an antibiotic.

(A) A diagram of an idealized bacterial growth curve in liquid culture.
Vmax indicates maximum slope of the optical density curve in the log
phase. Lag time indicates time spent in the lag phase. Image credit:
Espejo et. al., 2024. (B) Sample OD600 linear regression for cell number
normalization in culture. Linear regression of OD600 readings for serial
dilutions of E. coli culture is used to estimate OD600 0.1 in wells. (C-D)
Change in max velocity (C) and change in lag time (D) of E. coli treated
with increasing 3HAA doses for 24 hours. 3HAA reduces Vmax and
increases lag time in a dose-dependent manner.
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A. 3HAA inhibits E. coli growth.

We performed a series of liquid
bacterial growth assays measuring
optical density over time to
determine the impact of 3HAA on two
metrics of bacterial growth. As worms
are typically fed a lawn of E. coli, we
measure the growth of a fluorescent
strain of E. coli developed in the lab.
The addition of GFP does not have a
significant impact on growth and is
otherwise identical to the typical E.
coli strain. This fluorescent strain is
utilized for other concurrent immune
function studies in the lab and was
therefore chosen for consistency. We
assayed seven doses of 3HAA from

0.01 to 20 mM over 24 hours. We

found that 3HAA treatment has a dose-dependent impact on both max velocity and lag time at doses of

1 mM or higher. As 3HAA dose increases, max velocity decreases and lag time increases compared to

untreated E. coli (Fig. 7C-D).

B. Supplemental zinc enhances 3HAA’s antibiotic effect.

Zinc homeostasis is vital not only for host organism health, but for pathogens as well. We previously

established that gut granules are a storage site for intestinal zinc, and 3HAA localizes to the granules.3?

Additionally, RNAi knockdown of the major gut granule exporter zipt-2.3 results in less 3HAA

accumulation within the granules (Fig. 5F). Given this colocalization and potential interaction, | aimed to

determine the effect of supplemental zinc and 3HAA on bacterial growth. First, | measured zinc’s effect

on E.coli growth without concurrent 3HAA treatment. | chose concentrations of zinc sulfate from 0.2 mM

to 1 mM, as preliminary zinc dose responses in E. coli show a plateau in the effect on Vmax at around 2
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mM (Supp. Fig. 1A). We see that, similar to 3HAA, zinc treatment impedes E. coli growth in a dose-

dependent manner; Vmax decreases and lag time increases as zinc concentration increases (Fig. 8A-B).

Next, we combined our zinc doses with 1 mM 3HAA, as this concentration significantly slows bacteria
growth without being toxic on its own. With the addition of 3HAA to the previous zinc concentrations,
we see ~2-fold decrease in max velocity compared to the respective zinc concentrations alone (Fig. 8E).

We also see a dramatic increase in lag time (Fig. 8F). Both observed effects remain dose dependent.

+1 mM 3HAA
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Figure 8. Impact of 3HAA and zinc treatment on E. coli growth in liquid culture.

(A-B) Change in max velocity (A) and lag time (B) in E. coli treated with increasing doses of zinc sulfate for
24 hours*. Zinc treatment decreases Vmax and increases lag time in a dose-dependent manner. (C-D)
Change in max velocity (C) and lag time (D) in E. coli treated with increasing zinc doses with 1 mM 3HAA.
(E) Combination of (A) and (C) for comparison. All zinc sulfate doses apart from 0.4 mM show a significant
decrease in Vmax with the addition of 1 mM 3HAA. (F) Combination of (B) and (D) for comparison. 0.3 mM
& 0.8 mM zinc sulfate show a significant increase in lag time with the addition of 1 mM 3HAA.

Data represents 3 biological replicates per treatment. All conditions normalized to untreated E. coli
control. Zinc sulfate doses in blue, zinc sulfate doses with 1 mM 3HAA treatment in green. Unpaired t-tests
used to determine significance in (E-F). * p<0.05, ** p<0.01, *** p<0.001.

*One biological replicate contaminated after 8 hours. Data after 8 hours was disregarded for that replicate.
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DISCUSSION & CONCLUSIONS

In the absence of HAAO, the metabolite 3HAA accumulates in granule-like structures in the intestinal
cells of C. elegans leading to longer lifespan. Though the precise mechanism through which 3HAA
accomplishes this has yet to be fully described, we find that one likely mechanism is that 3HAA increases

worm pathogen resistance through interaction and association in the intestine.

Our RNAi screen suggests that 3HAA is likely transported to gut granules in the worm intestine via
vesicular trafficking. Though 3HAA is neither synthesized nor degraded in the gut, we find that 3HAA and
infectious bacteria colocalize in gut granules. uso-1 and syx-7 encode SNARE complex proteins involved
in vesicle docking at the target membrane; in this case, the granule membrane. RNAi targeting both
SNARE genes visually disrupts 3HAA localization to gut granules (Fig. 5D-E). Additionally, haao-1
knockout extends lifespan in the absence of uso-1 to a greater degree than in wild type worms (Fig. 6B).
Though this finding disagrees with the hypothesis that disruption of 3HAA transport in the gut reduces
lifespan, it is intriguing. We have thus far observed 3HAA localization in LROs, but 3HAA may be present
elsewhere contributing to lifespan extension; 3HAA localization to these granules may not be essential to
the long-lived haao-1 knockout phenotype. Replication of this lifespan study in order to confirm these
observations is vital, as well as 3HAA quantification in the gut. Analyzing expression patterns of these
genes in the worm would also provide insight into the mechanism of 3HAA-mediated lifespan extension
in these RNAi worms. Additionally, this lifespan study was performed using the HT115 RNAi E. coli
feeding strains. However, the lab observes that haao-1 mutant lifespan extension is more pronounced in
worms fed the strain OP50, the typical worm laboratory food, than in HT115. Therefore, | would like to
compare haao-1 knockout lifespan extension in uso-1 RNAi worms in each of these strains as well.
Additionally, comparing uso-1 RNAi lifespan to syx-7 RNAi lifespan would be beneficial in determining the
role of the SNARE complex in 3HAA trafficking. Finally, | would like to explore additional SNARE and

vesicular trafficking genes in the future to confirm this method of 3HAA transport.

In addition to SNARE genes, lyst-1 knockdown disrupts 3HAA localization in the gut (Fig. 5C). As depletion
of lyst-1 results in reduction and fragmentation of gut granules, interrupting gut granule biogenesis
should impede 3HAA import since granules are unable to form properly. While SNARE gene knockdown
inhibits 3HAA transport via vesicle localization, lyst-1 knockdown presumably acts upstream of this

process, disrupting gut granule formation and inhibiting 3HAA from entering. Additionally, this finding
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supports the hypothesis that 3HAA is localizing to LROs specifically; targeting LRO formation results in
reduced 3HAA accumulation. However, unlike uso-1, haao-1 knockout does not appear to have an
impact on lyst-1 RNAi lifespan. Though haao-1 knockout significantly increases lifespan in both wild type
and lyst-1 RNAi, the mean lifespan extension is similar (Fig. 6A). It is possible that though 3HAA can no
longer localize to the gut granules, it is still present elsewhere in the worm and therefore lifespan and
relative health remains unchanged, further necessitating 3HAA quantification. We have found that 3HAA
is autofluorescent, and fluorescent imaging of these RNAI strains may be beneficial in determining 3HAA
localization in tissues outside of the gut. This technique has yet to be fine-tuned, as the 3HAA
fluorescent emission, though in the red range, is relatively non-specific, so identifying red fluorescence
as 3HAA is not completely reliable. As with analyzing SNARE gene expression in the worm, noting 3HAA

accumulation in different tissues would aid in identifying a potential lifespan extension mechanism.

Previous research in the lab shows that 3HAA accumulation in haao-1 mutants boosts pathogen
resistance in worms (Fig. 3A-D). However, it does not appear to act through established worm innate
immune pathways as haao-1 knockout extends lifespan in both immune pathway RNAi and wild type
worms (Fig. 3F-H). We have shown that 3HAA acts on pathogens directly to impede bacterial growth.
3HAA treatment both increases max velocity and decreases lag time in liquid culture, slowing overall
bacterial growth. However, liquid bacterial culture differs from the gut granule environment. Further
studies are necessary to confirm this interaction in vivo. Additionally, though a precise concentration of
3HAA in LROs has yet to be determined, the accumulation of 3HAA within the granules suggests that the
concentration is higher in the organelle than in the worm as a whole. This higher concentration may be
contributing to pathogen resistance in gut granules. Alternatively, 3HAA may accumulate elsewhere in
the intestine, and the colocalization of 3HAA with the pathogen is the key factor in its antibiotic function,
rather than the site of colocalization. We are currently working to fluorescently identify sites of 3HAA
and bacteria colocalization in the gut, which would confirm whether this interaction occurs outside of
LROs. In addition, | would like to explore the impact of RNAi knockdown of identified 3HAA transport
genes on infection. Through a novel worm imaging method, we can fluorescently track bacterial infection
in the worm gut in individual worms.*?>** My hypothesis is that if these 3HAA transport genes reduce
total 3HAA in the gut when knocked down, worms will show increased infection as a result of decreased
pathogen resistance. Accompanying immune-challenged lifespan studies of these worms on PA14 would

show if the hypothesized increased infection decreases lifespan.
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In addition to bacteria and 3HAA colocalization, gut granules act as a zinc storage site in the worm
intestine. Given the colocalization of these three elements, | explored the impact of zinc on the antibiotic
effect seen with 3HAA treatment in liquid culture. | show that zinc treatment alone produces a similar
trend to 3HAA treatment; as zinc concentrations increase, so does lag time (Fig. 8B). Conversely, Vmax
decreases with increasing zinc doses (Fig. 8A). With the addition of 1 mM 3HAA to these zinc
concentrations, we see an additive effect on Vmax and a synergistic effect on lag time (Fig. 8C-D). Most
dramatically, at the highest zinc dose measured we see ~5-fold increase in lag time with the addition of
3HAA (Fig. 8E-F). These findings indicate that zinc may enhance 3HAA’s antimicrobial properties, and vice

versa, in the gut.

Notably, | found that RNAi knockdown of the gut granule zinc exporter zipt-2.3 disrupts 3HAA localization
to the gut granules. Given that zipt-2.3 is transcribed in response to low cellular zinc concentrations, |
hypothesize potential roles for zinc in the observed immune function as well as 3HAA transport. First,
zinc may simply be toxic to pathogenic bacteria in a manner similar to but separate from 3HAA. In zipt-
2.3 RNAI, zinc can still enter the granules, but much less can be exported. Therefore, the increase in zinc
concentration within the granule may contribute to pathogen resistance in addition to the 3HAA’s
impact. Second, GTPase activating proteins (GAPs) have been shown to be necessary for vesicle budding
from the Golgi.** In a study by Cukierman et. al., a GAP with a zinc-finger domain requires this domain to
form vesicles. Given that 3HAA is likely trafficking to the gut granules in vesicles and zipt-2.3 regulates
zinc export, a reduction or loss of free zinc in the zipt-2.3 RNAi worms may prevent vesicle formation
through dysfunction of GAP zinc-finger domains, and therefore 3HAA transport. Exploring the immune
capacity of these knockdown worms in vivo is vital to further understand zinc’s role in both 3HAA

transport and pathogen resistance.

In the future, testing these findings in a mammalian model system would be beneficial in translating
potential immune benefits to humans. Similar to worms, haao-1 knockout mice are longer lived relative
to wild type mice.! Additionally, mice fed a diet supplemented with 3HAA exhibited similar lifespan
extension.! As previously noted, the worm immune system differs greatly from ours. However,
measurement of mouse immune cell populations in mice fed chow supplemented with 3HAA shows that
B cells and natural killer (NK) cells both decrease with 3HAA treatment compared to controls.! The
decrease in innate immune activation in response to 3HAA treatment supports its anti-inflammatory

role. These findings also support the hypothesis that 3HAA has beneficial effects on immune function.
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Given my findings and previous research, | would like to further explore 3HAA’s role in a mammalian
system in the future. Mammalian systems are inherently more complex than nematodes, and 3HAA may
have more beneficial impacts on health than can be identified in worms. In a recent study, 3HAA was
shown to inhibit inflammasome assembly and cytokine secretion by macrophages, contributing to its
anti-inflammatory function and reducing atherosclerosis in mice.* In liver cancer, increased 3HAA
reduces hepatocellular carcinoma (HCC) tumor growth by inducing tumor cell apoptosis.*®
Cardiovascular disease, chronic inflammation, and cancer development are all common age-related

diseases, further supporting the anti-aging benefits of 3HAA.

The colocalization of 3HAA, bacteria, and zinc within the worm gut granules plays a key role in immune
function and health. Though there is much more to learn about 3HAA and its role in aging, these findings
show compelling evidence for 3HAA colocalization with pathogens via vesicular transport in the
intestine. The complex nature of the relationship between 3HAA and zinc homeostasis in immunity

leaves much to be explored in the future.
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MATERIALS & METHODS

Strains. Wild type (N2) worms, Escherichia coli OP50 bacteria, and E. coli HT115 empty vector (EV)
bacteria were originally obtained from Dr. Matt Kaeberlein (University of Washington, Seattle, WA, USA).
Strains kynu-1(tm4924) X (FX04924; backcrossed 6x to N2 to create strain GLS129) and haao-1(tm4627)
V (FX04627; backcrossed 6x to N2 to create strain GLS130) were obtained from the C. elegans National
Bioresource Project (NBRP) at the School of Medicine at the Tokyo Women’s Medical University. RNAI
feeding vectors in the E. coli HT115 background were obtained from the Ahringer (Source Bioscience) or
Vidal (Horizon Discovery Darmacon Reagents RCE1181) RNAI feeding libraries. Pseudomonas aeruginosa

strain PA14 was used for worm immune challenge conditions.

Media and culture. We maintained worms on solid nematode growth media (NGM) seeded with E. coli
bacteria at 20°C as previously described*” except where otherwise noted. RNAi experiments used E. coli
strain HT115, while bacterial growth assays used OP50 tagged with GFP (GOP50) liquid culture. Growth
behavior in OP50 and GOP50 is comparable. We conducted RNAi feeding and lifespan assays according
to standard protocols. All worms were transferred to NGM plates containing 50 uM 5-fluorodeoxyuridine

(FUdR) starting at the L4 larval stage to prevent reproduction.

RNA interference (RNAI). All experiments were conducted on NGM containing 1 mM Isopropyl B-D-
1thiogalactopyranoside (IPTG) to activate production of RNAi transcripts and 25 pug/mL carbenicillin to
select RNAI plasmids and seeded with live E. coli (HT115) containing RNAi feeding plasmids. Worms were
age-synchronized via timed egg laying at the experimental temperature and transferred to plates
containing 50 uM 5-fluorodeoxyuridine (FUdR) to prevent reproduction at the L4 larval stage as

previously described®’.

Lifespan analysis. Lifespan and paralysis experiments were conducted as previously described®’. Briefly,
adult animals were maintained on NGM RNAI plates with FUdR throughout life. Each animal was
examined every 2-3 days by nose- and tail-prodding with a platinum wire pick. Animals were scored as
dead if they failed to react to prodding. Live and dead animals were counted, and dead animals removed
from the plate at each examination. Animals displaying vulva rupture were included in all analyses, while

worms that left the surface of the plate were excluded.
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Each lifespan experiment included test groups consisting of 105-150 worms (3 plates with 35-50
worms/plate). Each experiment included a negative control test group fed E. coli strain matched to the
test conditions. For lifespan epistasis and tissue-specific RNAi experiments, each combination of
candidate gene RNAi and mutant/transgenic strain was measured in three independent experiments,
each including: wild type worms fed EV(RNAI), wild-type worms fed candidate RNAi, mutant worms fed
EV(RNAI), and mutant worms fed candidate RNAI. P-values for statistical comparison of lifespan between
test groups were calculated using the log-rank test (survdiff function in the R “survival” package) with
Holm multiple test correction applied to comparisons made within each experiment. Mean lifespan
percentages indicate change in average day of worm death. Median lifespan percentages indicate change

in the day at which 50% of worms have died.

Liquid Culture Bacteria Growth Assays. GOP50 colonies were inoculated at least 16 hours prior to assay
from a single colony and grown in a Lab-Line Incubator-Shaker at 250 RPM and 37°C. Masses of 3HAA
(CAS: 548-93-6) and zinc sulfate (CAS 7446 20-0) were used to create 200 mM and 1 mM stock solutions,
respectively. Serial dilutions of 3HAA and zinc sulfate were made using LB broth and stock solutions, then
added to a clear 96-well tissue culture plate. ODgoo measurements were taken of serial dilutions of
GOPS50 just prior to assay to ensure consistent cell populations in wells. GOP50 culture was diluted such
that each individual well begins at a starting cell concentration of ODggo 0.1. Standardized GOP50 culture
was added to wells using a p200 multichannel micropipette just before measurement. 96 well plates
were placed in a microplate reader for 24 hours at 37°C. ODgyo measurements were taken every 15
minutes with constant shaking in the meantime to prevent biofilm formation. Data was analyzed using

Biotek Gen5 3.12 software and presented in GraphPad Prism 8.4.3.

High resolution microscopy.

High resolution microscopy was performed on an Olympus I1X83 DSU fluorescent spinning disk confocal
microscope using differential interference contrast (DIC) light. Monochrome images were captured with
a ORCA-FLASH4.0LT+ sCMOS monochrome camera and color images with a DP27-CU-1-2 5MP color
camera. For 40X confocal imaging, 100x confocal imaging, and 100X color imaging C. elegans were plated
on 2.2% agarose pad mounted on a 1 mm thick slide. 25 mM levamisole was used to paralyze the
animals. For confocal microscopy the animals were given 15 minutes in the levamisole before imaging in
order to complete the paralysis prior to collecting z-stack images. Image deconvolution was performed

using cellSens software and analyzed using Arivis 4K.
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Table 1. A complete list of the 48 candidate genes screened. Genes without cited references credited to Wormbase.

Gene

Reported Function

Reference

Intracellular Transport
cup-5

rab-10
rab-2 (unc-108)
rab-5
rme-6
rab-7
rab-6.1
skat-1
cav-1
cav-2
sec-10
vps-29
vps-22
rabr-2
did-2
eas-1
uso-1
C31EI10.6
C34D4.4
sftd-3
gop-1
vps-33.1
trpp-10
syx-7
cup-16
sel-9 (tmed-2)
vps-60
trpp-5
Organelle Biogenesis
vps-16
vps-41
glo-3
lyst-1
dsbn-1
snpn-1
glo-2
mrp-3
pep-2
mrp-4
cup-15
blos-7
blos-8

Organelle Organization

Zinc

Immune Response

endocytosis; located in the lysosome
endocytosis in the intestine
vesicular trafficking & endocytosis; GTPase
vesicular trafficking & endocytosis; GTPase
vesicular trafficking & endocytosis; rab-5 GAP
vesicular trafficking & endocytosis; GTPase
retrograde endocytic recycling
transmembrane amino acid transporter in LROs
required for cav-2 localization
intestinal trafficking & signaling
endocytic recycling
retrograde intracellular trafficking
vesicular trafficking
vesicular trafficking
vesicular trafficking
Golgi vesicle trafficking
vesicular trafficking; SNARE complex component
vesicular transport
vesicular transport
vesicular transport
rab-2 activator
vesicular trafficking
vesicular trafficking
vesicular trafficking; SNARE complex component
endocytosis; located in the lysosome
vesicular trafficking
vesicular trafficking
vesicular trafficking

gut granule biogenesis
gut granule biogenesis
gut granule biogenesis
gut granule biogenesis
gut granule biogenesis; BLOC-1 component

gut granule biogenesis & vesicular trafficking; BLOC-1 component

gut granule biogenesis; BLOC-1 component
gut granule biogenesis
gut granule biogenesis
gut granule biogenesis
lysosome organization
LRO biogenesis
LRO biogenesis

lysosomal positioning
intracellular localization of ITROs

intestinal zinc transporter
gut granule zinc transporter

pathogen defense in the lysosome
pharyngeal grinding of bacteria

fat storage; suppressed by skat-1

Fares & Greenwald et. al., 2001
Chotard et. al, 2010

Zhang et. al., 2016
Soukas et. al., 2013
Williams & Lisanti et. al., 2004
Parker et. al., 2009
Chen et. al., 2014

Yin et. al., 2017

Rabbitts et. al., 2008

Morris et. al,, 2018
Tan et. al., 2023
Schroeder et. al., 2007
Currie et. al, 2007

Griffin et. al., 2019

Brandt et. al, 2022

Davis et. al., 2009

Mack et. al., 2022

Mak et. al., 2006
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Supp. Figure 1. Impact of 3HAA and zinc treatment on E. coli growth in liquid culture at higher
doses.
(A) Change in max velocity in E. coli treated with increasing zinc doses with and without 1 mM

3HAA treatment. Both treatments show a decrease in Vmax up to 2 mM. (B) Change in lag time in E.

coli treated with increasing zinc doses with and without 1 mM 3HAA treatment. Both treatments
show an increase in lag time that does not appear to be dose dependent. Data represents 3
biological replicates per treatment. All conditions normalized to untreated E. coli control. Zinc
sulfate doses in black, zinc sulfate doses with 1 mM 3HAA treatment in red.
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