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Chapter 1: Literature Review
Introduction

Heme is a protein prosthetic groopfundamentabiologicalimportancelt
serves as a critical component in the activity of a diverse set of proteins, whose functions
include oxidative metabolism (cytochrome c oxidase), gas transport (globins), xenobiotic
detoxification (GSTs), gas sengifNOSynthase, guanylate cyclases) and microRNA
processing (DGCR8)2 Hemeconsiss of an organic tetrapyrrole ring with iron
coordinaed at he center, where each pyrridgoined at the alphposition by methine
bridges. Theiron coodinated by hemeanundergo reduction or oxidation between the
ferric and ferrous stateBroteins possessing heme as a cofaaterthen able tharness
this propertyto mediateredox reaction$or various substrate$he use of heme in this
capacity evolved early in biology, evidenced by the highly conserved cgtoes used
in oxidative phosphorylation, critical for efficient synthesis of ATP.

Many of the properties which make heme biologically essential concurrently
manifest in cytotoxicity. By itself, iron can generate reactive oxygen species (ROS)
which has been shown to cause oxidative damage to proteins, lipids, and nucleic acids.
Hemeir on mai ntains these properties, and hem
increases rakive cyotoxicity by its tendency to insert into and intercalate between lipid
bilayers and bind to many proteins rspecifically->¢=2,

Argumentsfor Intracellular Heme Trafficking

In most metazoans, heme is synthesized by the well characteigiedtep
Shemin Pathway It begins in the mitochondria with the condensation of succinyl CoA
and glycineby ALAS to form t-aminolevulinic acid (ALA).ALA is then converted

though five enzymatic reactions @oproporphyrinogen Il (CPgenlllh the cytosalln



the mitochondrial IMS, CPgenlll undergoes two more enzymatic reactions which results
in Protoporphyrin IX(PPIX). The finalinsertion of ron into PPIX results in the edse
of hemeb, the mosabundant heme, into the mitochondrial matrix.

Hemeis syrthesized de novo in the mitochondrial matriyil proteins which
require hemeasa prosthetiogroup reside in most subcellular compartments. This
necessitates thatracellular transport of henfeom the mitochondrial matrix to other
compartments for incorporation into hemoprotese to inherent cytoxicity,
organisms have likely evolved mechanisms to tightly regulate heme trafficking in order
to avoid spurious cell damag&thoughheme syrtiesis is well characterized, the
pathways underlyingeme traffickingarerelativelypoorly understood.

Arguments for Intercellular Heme Trafficking

While intracellular heme trafficking isnplied by the necessity for traversing
intracellular membraneseveral lines of experimental evidence suggest that pathways for
the intercellular transport of heme are utilized in higrestebratesFirst, acute
intermittent porphyrigAIP) is a human disease which is due to deficiency in
hydroxymethylbilane synthase (the third enzyme in ther@h@athway) which results in
an overproduction of the upstream heme synthesis intermeduaitedevulinic acid
(ALA) and porphobilinogePBG).° The most common treatment for an acute atéak
prevention of recurrent attacksintravenous infusion of herffeeitheras heme
albumin!, heme arginate, or lypholized hematimfusion of hemeacts to repress
ALAS, attenuating accumulation of ALA and PB@& has also been shown to replete
regulatory heme pools and restactivity of liver hemoproteind. These observations

indicate that centrally infused heme can be utilinegeripheral tissues.



Anotherset ofstriking observatiosemerge in the phenotypesmutant animals
where the heme synthesis pathway is genetically disruipt@dice, deletion in
ferrochelatase (the final enzyme in the heme synthesis) is unsurprisirgiyosino
lethal; however, homozygous mutants survive until at least&&8icating that
developing embryosan access maternal hef@imilarly, mutation inzebrafish
protoporphyinogen oxidas€ppox)results in embryonic lethalifyput some mutants
survive until approximately 27 days pdsttilization'3, implying maternal deposition of
heme is sufficient for early embryonic developnent

Finally, polarized Cac@ cells (epithelial colorectal adenocarcinocedls) are
capable of transportingeminfrom theapical to basolateral sitferaising the possibility
that this procesmsiay also occuin vivofor delivery of heme to circulation, where it is
avalable to peripheral tissués.

Componentsof Prokaryotic Heme Trafficking

Despite the challenges associated with the identification of factors mediating the
trafficking of heme, significant advancements have been made in several traditional
modé systems. Bacteria represent a simplistic system for trafficking studies without the
confounding factors ahter-organelle transparBacterialneme uptake systerhave
been relatively well characterized. Thieyd to be robust due to the fact that baate
generallylive in iron restricted environmerifsthus heme represents a significaource
of iron.%® Variations oftwo common heme uptake systegxist in may gramnegative
bacteria and are usually clustered into ircggulated operond The first involves
binding of heme or hemoproteins by an outer memb{@m) receptor (HemR) and

transport by an ABC transporter into the periplasmic sfadeere a periplasmic



transport pragin (HemT)delivers heme to cytoplasmic membrane ABC transporters
(HemU, HemV) for translocation into the cytosol. TBeconduptake pathway involves
seaetion of a hemophore (HasA) into extracellular space where it binds heme and
delivers it to an OM req®or (HasR); once in the periplasm, heme follows the pathway
previously described to traverse the plasma membrane. Once in the cytosol, heme is
degraded by hemexygenase like enzymes (HemS) which may also function as a
chaperoné®!’
Componentsof Unicellular Eukaryotic Heme Trafficking

Heme uptake systems in simple unicellular eukaryotic systems such as yeast are
poorly defined relative tprokaryotesAlthough the budding yeaSt cerevisiadacks a
robust heme uptake system, the pathogenic y2aabicansefficiently utilizes
exogenous hem&.Genome wide screening @ abicansidentified two genes involved
in heme uptake: RBT5 and RBT81Bothare GPianchored proteinghich localize to
the plasma membrane and are necessary for receptor mediated endocytosis of free heme
and hemoglobin, respectivel@nceendocytosed, heme is delivered to the vacuole and
catabolized5?
Components Mammalian Heme Trafficking

Although theevidencefor intercellular heme traffickingn mammalgs not
widely recognized, it is well established tleadogenousmieme is imported from dietary
sources present in the intestinal lurd&mon absorption is poor in the small intestine due
to the fact that under conditions present theitagreadily oxidized and forms insoluble
complexeg® Thus it has been estimated that although higoremakes up one third of

total dietary iron, it represents twhbird of absorbed iro® Two mammalian heme



importershave been identifieddRG-1 was identified first by its ortholog iG. elegans
and will be discussed further in lagedions. The other heme importétcplwas
identifiedusing expression analysis mice?* However subsequent analysis
demonstrated that while it does import hemg & 1p2/} it transports folate with
much higher affinityKma  JuM)3rendering a physiological rofer this transporter
uncertain?®

Similarly, heme export has been recognized irrespective of arwitercellular
trafficking due to the fact that heme efflux represents a viable mechanism for attenuation
of heme hyper accumulatiom cells The first recognized heme exporter, FLVCR, was
serendipitously identifieth cats Although it was a predicteshember of the major
facilitator superfamily obecondry permeases based on homology, its physiological
substrate was unknowAFLVCR acts as the cell surface receptor for the retrovirus feline
leukemia virus, subgroup C (Fek®).2° When infectedfelines develop profound
anemiagxhibit an arrest of erfitopoiesis and feline embryonic fibroblasts
hyperaccumulate hentéSinceFeLV-C envelope surface unit proteiras shown to have
a daminant negative effect on FLVCR it was postulatethese phenotypes may be due
to aloss of function of FLVCR® Ectopic expression of FLVCR in renal epithelial cells
reduced cellular heme levels, and was capable of inducing export of radiolabeled heme
and thefluorescenheme analog ZinMesoporphyriNZnMP) inrenal epithelial and
K562 cells, suggesting that FLVCR is capable of heme efflé&VCR1 knockout
micelacked definitiveerythropoiesis and diedn midgestatiorf® FLVCR1 was also
necessary for export of henren from bone marrow derived macrophag&Subsequent

work identified two isoform$or FLVCR1 in micelmmunofluorescence and subcellular



fractionationshowed that FLVCR1a localizes to the plasma membveanié FLVCR1b
lacks the first exomndlocalizes to the mitochondriotf.Deletion ofthe first exon did not
result in anemia, but siRNA against FLVCR1b impairedreopt! differentiation,
implying that loss of FLVCR1b but not FLVCR1a is responsible for the observed
erythropoietic defects of FLVCR possibly by playing a role in mobilizing synthesized
heme from the mitochondrfd*° FLVCR2 has been proposed to act as a heme importer,
but rigorous studies exploririts potential role have noteen conductedf.

Given hemeds capacity for ROS generatio
chaperoning of heme by herbending proteins has long been proposedequestration
of heme for storage, @0 mediate its delivery to transporters asechmanism to prevent
cytotoxicity associated with free hertfeDemonstration of hembinding itself is not
convincinggiven that leme has been shown to associgith proteins norspecifically?
The Needfor an Animal Model: Enter C. elegans

Although previous efforts have identifiedany mechanisms capable of
trafficking hemea majorshortcaning has beenhefailure to adopt an appropriate system
for targetedyeneticscreeninglnsteadprogress hasften réied on serendipitous
discoveryexemplified by the finding of FLVCRA classic approach to pathway
di scovery is to change a s ysabstatmlddsherenvi r onm
examinehow the system iadapting tanaintain homeostasisor heme,tiis hasbeen
difficult to conductasmost model systems are capable of heme synilaggisipon heme
challenge it is difficult to differentiatbetweercomponentgontributing totrafficking

andsynthesisOne strategy tov@rcome this is tehemicallyinhibit heme synthesidut



this has many platropic effectamaking thedentification ofchanges specifically
associated with heme traffickimgoblematic

A potential model system emerged with the finding @a¢nhorabditislegans
lacks enzyma necessary fdreme synthesis rendering théemeauxotropls.® This
necessitated that worms take heme up from the diet and into enterocytes. Since heme is
required in a wide range of fundamdrdellular processes alreadysdebed, it also
implies that dietary heme taken up in the intestine must be made availablexiva
intestinal tissues. Thus components regulating the trafficking of heme must coordinate
the uptake of heme into the intestine, its intracellular trafficking and eventual export from
the intestine, as well as its uptaked utilizationby all exte-intestinal tissuesThis
makesC. elegansiniquely suited animahodelfor elucidating pathways that control
heme trafficking. Additionallynormal heme trafficking would be required for elegans
viability. Loss of a vital component of the heme tr&fig pathwaycould be lethglan
excellentgenetic readoubr conducing forward genetic screen

Among subsequent efforts identify functional components of heme uptake, a
microarraystudywas conducted on wornggown axenically in low, optimal, and high
heme. This approadtentified 288 genesvhose expression was changed . 6 f ol d
across the three conditioasd subsequently classified as heme responsive deggesy(
HRG-1 and its Paralogs

Proof of concept emerged with the identificatiorited firstbona fide conserved
heme importehrg-1.1 Both C. elegansnd humarHRG-1 are capable of inducing heme
dependent current in Xenoplagvis oocytesmplying a direct capability to bind and

transport hemé: Early evidence indicated thatg-1 functionis conserved in metazoans



asbothC. elegansand humamHRG-1 co-localize in human cell lineddorpholino
knockdownof hrg-1 in zeébrafish results imorphologicaldefects including impaired
erythropoiesis, and these phenotypes are rescued by heterologous expreSsion of
eleganshrg-1.3* The discovery of this conserved heimmporter inC. eleganwalidated
the approach of using worms as a model for discovery of novel components and
pathwaysof heme trafficking which may be conserved in higher ordetzoans

In C. eleganshrg-1 hasthreeparalogshrg-4, hrg-5, andhrg-6.3* Low heme
transcriptionally upregulatdgg-1 andhrg-4, and both arelown regulatedn high heme.
In contrasthrg-5 andhrg-6 remain transdptionally active at high hem&3 HRG-
1::GFPlocalizes to intracellulavesicles while HRG-4::GFP is localized exclusively to
the apical membrane of enterocyte® Feeding of a toxic hemanalog,gallium
protoporphyrinIX(GaPPIX), results in embryonic lethalitytime progeny ofexposed
adults®? Interestingly, RNAI ofhrg-4 but nothrg-1 rediwced toxicity associated with
GaPPIX exposure, indicatirigg-4 function may be more critical for uptake of
porphyrins3* Pulsing with Zinc Mesoporphyrin (ZnMP), a fluorescent heme analog,
resuledin accumulation of ZnMP in intracellular vesicles within the intestine. Treatment
with RNAI againsthrg-4 resuledin a loss of ZnMP accumulation, while RNAI lofg-1
resuledin anincreaseof ZnMP accumulatior? Interestingly HRG-1::GFP showed
significantco-localization with ZnMP vesicle¥. These data support a model where
HRG-4 acts to mediate heme uptake at the apical membrane, MR{E1 mediates
import from an intracellular comparemt.In HelLa cells and yeadiRG1 colocalizes
with V-ATPase subunité and the interaction diRG1 with hemen vitro requires low

pH8, perhaps due to the fact that heme has enhanced solubility below physiological pH



These data indicate thidte identity ofHRG-1 compartmentss likely acidifiedorganelles
of the endolysosomal systett?® Loss of eithehrg-1 or hrg-4 is not lethaland loss of
both results in only a mild growth phenotypas it seems that intestinal heme uptake
C. eleganss highly redundanfThis also means that scremg for suppression of loss of
intestinal import may not be ideal since it would regageringa norlethal phenotype.

The characterization dirg-1 also led to the construction of a heme sensor strain
(1Q6011), consisting of a transcriptional fusion of king-1 promoter with GFP? In this
strain,intestinalGFP levels ar@verselycorrelated with hemevailability.343
Subsequently, a genoméde RNAI screen knocked down 18,533 genes (93% of the
genomei® by RNAI in 1Q6011 sensor worms and 177 genes resulted in significant
alteration ofPng.1::GFP activity.*! The identification ohrg-1 as a conserved heme
importeP*3%42 validatedC. eleganss an invaluable model organism foediscovery of
novel components of hentafficking relevant in higper organisms.
HRG-3

HRG-3 was identified as an intercellular heme chapenoi@ elegang® The
previously described microarrayudyindicatedhrg-3 to be upregulated >70 fold in low
heme®*® Null mutants inhrg-3 have noovertphenotypes in normal growth conditions, but
in conditions where environmental heme is relatively lbkg; 3 mutant progeny
exhibitedembryonic lethality and early larval arré3€itting with thisobservation,
subsequent gR-PCR demonstrated thiatg-3 transcript is only detectable in low heme
condi t u\heme i akedic mG#R-2). A transcriptional GFP fusion indicated
thathrg-3 is expressed in the intestine, with the highest signdanterior intestine

Thus it was surprising when &RG-3 fusion proteirwas shown to bcalized



primarily to extraintestinal tissues including the uterasglomocytes (extratestinal
macrophagéike cells in the pseudocoelongnd gonadal sheath celiben drivereither
from its own promoter or theonstitutive intestinal specific promotetha6. These
results show thatiRG-3 isseaeted from the intestine and taken up iettraintestinal
tissues’

Subsequent spectroscopic analygimonstrated #it HRG-3 binds heme with a
stoichiometry of two partslRG-3 to one part heme regardlessofheameon s oxi dat i
staté?®, fitting with later studies showing thBlRG-3 dimerizes, and histidines are
important for dimerization and henbinding* Analysis ofhrg-3 mutants expressing a
norrintegratedHRG-3 transgene where transgene transmission to progeny was ~40%
indicated that in low heme conditions, IRcking thetransgene laid progeny exhibiting
either embryonic lethality or larval arrest; howeverefpressing the rescue transgene
yielded progeny without defect, regardless pé&gregation of the rescue transgéhe.
These experiments indicate thahieme limiting conditiong;IRG-3 issecretednd taken
up by extraintestinal tissue<Critically, it mobilizes maternal heme to progefy.

MRP-5

While hrg-3 demonstrated a pathway of intestinal heme efflux, several lines of
evidence indicated thatrg-3 independent pathwaysust exist The fact that null mutants
lack a phenotype in normal growth conditions and lingt3 is only transcriptionally
activein very low hemé?imply the necessity fom pathwaymediatingintestinalefflux
under heme sufficient growth conditiods early candidate appeared in the form of
mrp-5, an ABC transporter homologous to human CFTR. Previously described

microarrays showed thairp-5 is inducedoverthreefold in response to low herffe and
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bioinformatic analysis showed that its putative promoter contains the 23bp heme
responsive element responsible liog-1 heme dependent regulatidtf® Subsequent
RNAI aganst 288hrgsin 1Q6011 Phrg-1::GFP) demonstrated that loss wirp-5 results
in a perceived heme deficienashich persistdeven withhigh heme supplementation
( O5 P

Interestingly, RNAIi againgnrp-5 resuls in embryonic lethality, whichanbe
rescued byneme supplementatioRNAI againstsevenothermrp genegbesidesnrp-5)
andfive putative homologs of FLVCR i€. eleganglid notphenocopymrp-5, indicating
thatmrp-5 plays a uniquandecritical role inC. elegandieme homeostast8 Tissue
specific RNAI demonstrated that althouginp-5 appears to be transcribed in several
tissues, only intestinal loss ofrp-5 recapitulates the lethality phenotype, indicating that
a crucial site ofmrp-5 activity was in the intestin€.An intestinalMRP-5::GFP fusion
protein localizel to the basolateral membrane as well as intracellular compartffients.
RNAI againstmrp-5 also resulted in an increased accumulation of ZnMP in intestinal
vesicles, as well as resistance to GaPPIX toxisitggesting thahrp-5 could be
exporting porphyrins from the intestine.

Althoughdirectheme binding by MR has not been demonstrated,
heterologous expression of MRRdecreasgviability of the heme synthesis deficient
yeast straigph e ,raddreporter assays indica®IRP-5 expression results in a-re
partitioning ofheme from the cytoplasm to intracellular organeiféEhis impliesthat
MRP-5 either diredy transpors heme o substrat¢hat influences cellular heme
Mammalian MREB has alsdeen showio promiscuously transport a range of substrates

including glutamate conjugates and anafgehe function of vertebrate MRP5 is
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unclear. In zebrafish, morpholino knockdown wirp-5 resuledin anemia and reduced
blood cell formatiorf® However,Mrp5 knockout mice have no overt phenotypi
MEFs, Mrp5 localized to the plasma membré&elocalized with WGA), Golgi (ce
localized wih galactoysltransferasgndearly/recycling endosomes (tacalized with
Rab4, Rab5, Rab9, and RablrHising the possibility that in mammals MRP5 may
mediate hemé&ansport into intracellular organell#¥94 These data indicate that while
lethality phenotypes are not conserved betwgeelegansand higler vertebratesthe
mechanism for hemigafficking may be conserved.

The fact that loss ahrp-5 can be suppressed by supplementation of dietary heme
implies the presence ahother lower affinitypathway for heme export from the
intestine.The severeembryonic lethality associated with lossnoifp-5 in normal growth
condiions presented agasy to score phenotypm a folward genetic suppressor screen.
Trafficking of Heme Homeostatic Components

Several of the identifiedroteinsimportant in heme homeostasis are
transmembrane proteins, such as impoi#R&-1 and its paralogs, and theporter
MRP-5. Although the signals required for their normal trafficking have not been well
studiad, maintaining proper localization is critical to their function in partitioning of
intestinal heme.

In silico motif analysis reealeda semiconservedcidic dileucine based sorting
signal athe C-terminug®® (ETDLLI in humans at position 1363, GTDKLI i@. elegank
and tyrosine (YRAF irC. eleganst position 172, YRAD in humari$)anddi-leucine
(ESQPLL inC. eleganst position 178, DISILS in humans) based sorting signals in the

carboxyterminusof HRG-1.343647 |n C. elegansthehrg-1 paralogHRG-4 andHRG-5
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lack a hydrophobic residu@] in the final position of the tyrosine based sorting motif
(YLNK, YSNQ, respectively)the HRG-6 sorting signal fits the canonical motif,
although it is distinct from that ?dRG-1 (YGKL).3® Given that tyrosin®ased sorting
motifs are generally degenerate in natemmnputationablnalysis is insufficient to
detemine the roleof these motifs imembranesorting?*® With the exception oHRG-1,
the othemparalogsall lack the dileucine based sorting mottfrg-4: TASEDG; hrg-5:
ILKSEI; hrg-6: KSIIHP). Thediscrepanciebetween sorting signals HRG-1 and its
paralogdits with the purely apical localization seen in the intestindHieRG-4 andHRG-
6 and supports that the endolysosomal localizatiddR&-1 is directed byecognition
of these motifsparticularly its acidic dieucine based sorting mb+3°

Sorting events requinecognitionof these cytosolic sorting signals trgfficking
adaptorsadaptominding mediates the formation and budding of coated vesicles
containing thespecified cargoRecognition of these sorting motifs is mediated by adaptor
protein complexes (AP%) a family of heterotetrameric complexes. In mamnthkse
are currently five APs identifiée®!. However there are onlyhreein C. elegansD.
melanogasterS. cerevisiagandS. pombeThus the exterof functional conservation in
mammals and other model organisms is uncertafriTyrosine based sorting motifs are
proposed to require u AP subunit bindimdhile di-leucine based motifs can bind either p
or b AP*subunits.

Sorting signals fitting th& XX@ motif (whereX is anyaminoacid and @ is an
aminoacid with a bulky hydrophobic side chji#?* mediate sorting of transmembrane
proteins to endosomtslysosomet®, as well as the basolateral membrane of polarized

epithelial cell§® though interactions with the p domains of corresponding
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heterotetrameric adaptprotein complexés. Binding to one of the AP complexes then
specifies a dstination compartment for the YXX@ containing catgdhe same sorting
signal being responsible for sorting to distinct destinations raises an issue of specificity
However,studiesutilizing mammalian orthologs of AP complex p subunits have

demonstrated that while tleur mammalian p subunit homologscgnize the YXXQJ

=1}
(@)

motif, distinctions arise ipreferencefot he i dent i t% of @AX0 or
The conserved tyrosine andlducine based sorting signals in the carboxy
terminusof HRG-1 are likely important for itendolysosomabcalization The acidic di
leucine based sorting signal in MFRs likely an important factoior its normal
localization. Recognitonof MRB 6 s sorting si gnaistypicaly endoc
AP-2 dependent, however sorting of cargo with-tBucine based sorting motifs can also
be influenced by recognition of GGAs which play a critical role in sorting cargo from the
transgolgi in mammal¥’. There are reportsf @ single orthologn C. elegansbut the
extent of their functional awervation has not been explofé8f The acidic dileucine
based sorting signal of MRPmay also mediate its basolateral sorting in polarized
intestinal cells, a process where recognition of the sorting signal Hyig\Recessary for
normal polarized sorting i6. elegansmice, and zebrafisf?%°
Whereas APL and AR2 play major rolesn the tafficking of a large number of
cargoesAP-3 seems to mediate the trafficking of a smaller subset of carghsesome
related organelled. ROs)>! In mammals trafficking to these mpartments are mediated
by AP-3 as well aBLOC-1 (Biogenesis of Lysosomrelated Organelles Complely),
BLOC-2,andBLOC-3. In humans, mutationa these genes result in a Hermansky

Pudlak syndrome, which characterizedisrupted formation of platelet dense granules
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and melanosomé§%° In C. elegansonly orthologs of AP3 and BLOG1 subunits have
been identified, and result in aberrant formation of an intestinal specific LRO known as
gut granuleg®t Gut granules are characterized by their accatian of autofluorescent
and brefringent material, and arémportant sites of storage for micronutrients such as
zinc.”®
Gaps inKnowledgeof C. elegandHeme Trafficking

Despite the advances in our understanding of heme trafficking pathways in the
past decade usir@. eleganss a model, the identification of many putatively necessary
components in this pathway have remained elu$iigure 1)3440437476

Fitting with the intestinal localization of ZnM® work using genetically encoded
HRPreporters indicated that the in high heme, the intestine continues to accumulate
heme afteheme levels imther tissues saturatéand that the intestine may play a role in
heme storagddowever, identification of functional components for heme storage as well
as an intestinal site of storalgas been unsuccessful

Additionally a precise mechanism for intracellular heme chaperoning between
transporters are unknown. Previous studies haveateti that importensrg-1 andhrg-4
transport heme to the cytosol, but how cytosolic heme is delivered teSM&enknown.
The intent of this project was to conduct a forward genetic suppressor screen to uncover
mechanisms by which loss wirp-5 may be genetically suppressed. Identification of
these mechanisms may elucidate additional components which directly participate in
heme trafficking, or perhaps unknown means of regulation of already identified

components.
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Figure 1: Summary of C. elegandHeme Trafficking

A summary of known andnknowncomponents functioning i6. elegans
intestinal heme trafficking. Dietary heme in the intestinal lumen must be imported and
stored in the intestine, then exported across the basolateral membrane to supply extra
intestinal tissues. The importdRG-4 is localized to the apical membrane anasgorts
heme from the intestinal lumen to the cytosol, while the impétRE-1 transports heme
from an intracellular compartment to the cytosol. The exporter f@RBnsports heme
from the cytosol to the pseudocoelom. In low heRRG-3 dimerizes and isecreted
from the intestine, though the details of its heme acquisition are unknown. ZnMP
accumulation indicates that heme accumulates in intracellular vesicles, some of which co
localize withHRG-1. The mechanisms of intestinal heme storage and chapewmeing

unknown.
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Chapter 2: Methods

Growth Conditions

Worms were maintaineat 20 °Cin axenic liquidnCeHR2 media’® supplemented with
20 uM heme with continuous shaking or on nematode growth medium (NGM) plates
seeded with OP50 bactegeown overnight in Luria Broth (LB)NGM plates contained

3 g/L NaCl,2.5 g/L peptone, 20 g/L agar, 5 mg/L cholesterol, 0.1 M &CL M

MgSQy, and 25 mM KHPQs. NGM agar was autoclaved for 4% and allowed to cool

to 60 C in an oven before addition of cholestef@Ch, MgSQ:, and KHPQu.
NGM Plate Heme Supplementation
Two approaches were used to supplement NGM platesheittinchloride, and the

method used is specified for each assay. One is to directlyeawlishchloride to the

NGM agar following cooling to 66C, just before plating. The other is to supplement LB
Broth used to culturg&. coliwith heminchloride. The prior approach is preferred because
it is difficult to consistently plate the precise volume of agar, thus once hdninis
absorbed, the effective concentratioheminmay vary.

Hemin Chloride Prep

130 mgheminchloride (Frontier CAS# 160093-8) was added to 15 mL of ON3

NH4OH. Concentrated HCL was added until the solution had a pH of 8.00.05). The
solution was brought to 20 mL with OM NH4OH (pH 8.0 to give a final concentration

of 10 mMheminchloride.

Bleaching

Worms were collected from plates with 0AINaCl. Washing consisted of allowing

worms to settle on ice for 1@, aspiration of the supernatant, and resuspension M 0.1
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NaCl. Threewashes wre conducted to remove bacteria, and findleyworm pellet was
resuspendesh 3mL 0.1 M NaCl. All downstream steps (except centrifugation) were
conducted in a sterilaminarflow hood. In a separate tubeml of 5M NaOH was

mixed with 2mL 5% Chlorox bleach solution. Then, In3L of the NaOH / bleach

solution was added to the nematode population. The ratio of worm suspension to
bleach/NaOH is 2:1; for very large batches of worms, the total volume was adjusted as

needed. The suspension was imiigtently vortexed until the cuticles of gravid worms

dissolved and the eggs were released, then immediately centrifugedgeto8ddm at 4°

C. The supernatant was aspirated, anthlLGsterile water was added to the egg pellet

and vortexed for 8. Thesuspension was centrifuged at &fbr 1 m at 4°C. The

supernatant was aspirated, and the egg pellet wasspended in 10\L sterile water and

vortexed for 55. The suspension was centrifuged at §&6r 1 m at 4°C.The
supernatant was aspirateahd the pellet was resuspended-b0&nL M9 salt solution
(86 mM NaCl, 42mM NaHPQ4, 22mM KH2PQy, 1 mM MgSQy 7H20). The eggs were
hatched overnight in the M9 solution at 2Q rotating at70 RPM.

RNAI feeding

Bacterial cultures consisted Bf coliHT115(DE3) expressinglt-1, elt2, elt6 double
stranded RNA from the inger or Orfeome librargnd all sequences were verified by
amplifying regions downstream of the T7 promotdGM RNAI plates were prepared as
described in Growth Conditiorecept hat after cooling and before platirggrbenicillin
(100pg/mL), tetracycline (121g/mL), and IPTG (476.6g/mL) were added to NGM
agar.Bacterial cultures were prepared with HT115(DE3) grown first overnight in LB

supplementedvith carbenicillin(100pg/mL) and tetracycline (1@g/mL). Overnight
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cultures were diluted (80L overnight culture to InL fresh LB carb/tet) and allowed to
grow for 5.5h at 37° C. NGM RNA.: plates were seeded with h.Bultures and dried,
then allowed to sit at 21° C overnigb allow induction of dsSRNA production by IPTG.
Plates were stored at 4° C for up to a week before use.

Worm strains

Worms strains used in this study are listed in Table I. N2, VC1599, RB662, TU3335,
JJ1271[glel(zu391)], gle2(zu445), GH378[pgi2(kx48)], were obtained from the
Caenorhabditis Genetics Center (CGC, USA)

Ethyl Methanesulfonate (EMS) Mutagenesis Screen

Adapted fromJorgensen et. Al (20025. Synchronized worms wegrown axenically in
mCeHR2 media in a 125 flask Once worms reached the early L4 stage, media was
moved from the flask to a 8L conical tubeThe worm suspension wasshedhree
times(one wash consists of spinning at &fr 5m, followed by resuspension in L
M9). For the final washthe worm suspension wassuspenedin 2 mL M9. In a laminar
flow hood, 0.1IM EMS was maddy adding 2QuL liquid EMS (Sigma #M0880) to 2

mL M9 buffer. Thesolutionwas gently invertedntil EMS dissolvedThe 2mL worm
suspension andr@aL 0.1 M EMS was @mbinedfor a finalvolume of4 mL of 50mM

EMS and worm suspension. Therbk conical was closed loosely to allow gas

exchange, and put inside a container in a2hcubator rocking at 7R&PM for 4h.
Following 4h 50 MM EMS treatment, worms were washed twice with M9 as described
above and moved back to &5 flask containingnCeHR2 and allowed to grow. All

EMS contaninated materia{pipette tips, tubes, gloves, etmassoaked in EMS
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inactivating solutior(0.1 M Na(H, 20% w/v NaS:0s) for at least 24, and all EMS
solutionweremixed with equal volum&MS inactivating solution for 24.
ZnMP treatment
Worms weresynchronizeds L1s, and ptzed on 60nm NGM plates seeded with OP50
supplemented with 3@M hemin chloride. Once at the early L4 stage, worms were
collected from plates by washing off with WMLNaCl, and were washetree times
(settling worms on ice for 1@, aspirating the supernatant, thersuspending in 1L
0.1M NacCl); following the final wah, worms were rguspended to a volume ~5QD.
ZnMP treatment was carried out-t2ll plates containing 2 mL of mE&R-2 perwell.
Each well contained 1,5M hemin chloride, plus either M or 50pM ZnMP. Worms
were moved into wells at a final densityrotighly 250 worms/mL. Worms were treated
O/N (~15hs) at 20° C, shaking at 7&PM. Following treatment, worms were removed
from wells and allowed to settle on ice forrhQthen washed twice with OM NaCl.
Worms were then allowed ggentlyshake for 10n to flush the gut. Worm pellets were
kept on ice until being mounted for microscolyorms were mounted on agar pads and
treated with InM NaNs for imaging.
Mapping:
Mapping cross experiment
Crossing plates consisted of 8n NGM plateswith a 10pL spotof OP50
bacteria seeded in the center of the plate. Heme supplemented crossing plates
used both 20@M hemin chloride added in the NGM agar, as well as in the LB
OP50 culture. Thedyeneration consisted 6fteen Hawaiianmrp-5(ok2067/0)

males ananelate L4 suppressor mutant herrheqdite The R were placed on a
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heme supplemented crossing plate. The inclusion ofrarb(+/+) andmrp-
5(0k2067/0k2067(non-suppressor) were critical controls for downstream
screening of Frecombinant linefor mrp-5 suppression. Onceifprogeny were
laid, B were picked off and genotyped to confirm thanp-5 allele, and their
respective Hawaiian/N2 backgrounds. Eaclaimal was picke clonally to24-
well NGM plates supplemented with 20 hemin chloride in the NGMFR
animals were observed, and fhequencyof F1 maleswas used as a relative
gauge of mating success. OnaehBrmaphroditetaid K progeny, kwere
genotyped for N2 and Hawaiian backgrounds as descimeth fidecross
progeny heterozygous foHawaiian and N2 background) were identified, and
~300 k& from true k cross progeny were picked out clonally te\2dll NGM
plateswithout heme supplementatiof animals were allowed to grow and
subsequently wells were screenedrfop-5 suppression, tlicated by
hatching/growing kanimals. Around 50 recombinant lihes and their &
progeny were pooled for sequencing.

Genomic DNA Extraction

Worms were collected from plates with M9; all pipetting of worms was done with
glass Pasteur pipette€ollected worm pedits were washed with 10x voluroé
TE five times to remove bacteria, and aspirated to a final volume ogfill.ODhe
pellet was sonicated withBioruptor on high setting, 3®on, 30s off for two 15

minute cycles. Next, 5QL of Proteirase K (10mg/mL) was added followed by
incubation at 65C for one hour, until the solutiomasclear. Next, 2QuL of

RNaseA (10ng/mL) was added and then the solution was incubatedoél for
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30m. Following incubation, the DNA purified with the Qiage€R purification

kit, and eluted with 3@iL TE. Quantification of DNA was done with PicoGreen
(ThermoFisher).

Library Prep

Library construction was done with the NuGen Ovation SP+ Ultralow DR Kit,
using 50ng sheared genomic DNA samples. Library intggnias checked by
Agilent High Sensitivity DNA Assay Kit.

Sequencing

Sequencing was performed by Harold Smith at the NIDDK Genomics Core on an
lllumina HiSeq 2500; at least 20x genome covelegrd depthyvas obtained for
each sample to ensure accuragant calling. In addition to théree suppressors
analyzed, the two parental strains were also sequembed\2;mrp-
5(0k20670k2067) premutagenesistrainto allow identification ofnovel EMS
induced mutations, as well Blsv; mrp-5(ok2067/0k206 ackground which
contains the paternal contribution for the mapping cross).

SequencingAnalysis

All downstream analyses of the gripped FASTQ files were performed using
CloudMap®. First, FASTQ files were concatenated for each sample sequenced.
Variants present isither parental strains [Hawaiiamrp-5(0k2067/0k2067)
(paternal strain) or Nanrp-5(0k2067/0k2067(premutagenesis strain)]ave
subt r ac tCehudMapSubtrag Vafiants workflow (1 set candidates, 2 sets
variants to subtract) 0*torconstiinthesetofpubl i s h

variants to those induced by EMSsing the output from this workflow, all other
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analysis was conducted using the ACI oud
WGS and Variant OlsHed dygnlX®or kf 1l owd pu
Genotyping
All genotyping used the same single worm PC&gquwol. Single Worm Lysis Buffer was
prepared as a stock (50 mM KCI, 10 mM THEL pH 8.3, 2.5 mM MgCl 0.45% NP
40, 0.45% Tween 20, 0.0% Gelatin). Proteinase K was freshly added to lysis buffer to
the final concentration of thg/mL, and 5.L of this solution was added to a 1@ PCR
tube. A worm was added to the lysis buffer in the tube, then placed at 80 °C for at least 2
h (can be stored at this step), then incubated for 65 °@r@nour, andthen 95 °C for 30
m. For each PCR reactionp® of lysate was used as a template; if multiple reactions
were necessary, lysate was diluted with steiileO up to 10uL. General PCR
conditions were 2nM MgCl,, 2mM dNTPs,and 0.8uM primers (each)Taq was used
for polymerization.
Reaction steps:

1. 95°C,2m

2. 95°C, 30s

3. 58°C, 30s

4. 72°C, 90s

5. 72° C, 10m

6. 10° C, forever

Steps 24 were repeated for a total of 35 cycles.

0o mrp-5(0k2067)

Primers:
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1. 56 frirpeb(okR067) T5GAT GGC TCA AGA
AAG GAC ACGi 3 6
2. 50 i mrpbfokR@6Y) T5G&T ATT TGTTTC
ATG CTTCCGTGG 3 6
3. 30 frirpsb(@R067) TEAGC ATG ACT GTC
AAA AGT GCGi 3 6
Two PCR reactions were used to genotypearhe5(ok2067)
allele. The first reaction used primers 1 and 3, and yielded a
1412bp fragment fomrp-5(+) and a 245bp fragnme for mrp-
5(0k2067) Thesecondeaction used primers 2 and 3 and yielded a
327bp fragment fomrp-5(+), and no product fomrp-5(0k2067)

Below is a summary in tabular form.

506 fl ank 56 internal
mrp-5(+) 1412 bp 327 bp
mrp-5(0k2067) 245 bp no product
apb-3(0k429)

Primers:
1. 506 fapb8(Kd429) T5GAA TTG GAG TGC TGC
TTGGTi 3 6
2. 506 i mpbs(okd29) T5AAC CGATTT TAG

GGT AGC ACAAiI 30
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3. 306 fapb®©K429) iT5G&C CGT TTC CTT CAA
TTACAT 30
Two PCR reactions were used to genotypeatite3(ok429)allele.
The first reaction used primers 1 and 3, and yielded a 1688bp
fragment forapb-3(+) and a 622bp fragment fapb-3(0k429)
Thesecondeaction used primers 2 and 3 and yielded a 407bp
fragmert for apb-3(+), and no product faapb-3(0k429) Below is

a summary in tabular form.

5060 fl ank 50 interna
apb-3(+) 1688 bp 407 bp
apb-3(ok429) 622 bp no product

N2, Hawaiian genotyping for mapping cross

Protocol for genotypinglawaiian background from N2

background by sniSNPs was adapted from Davis, et8Al.
Specifically, an N2 specific sSMNP on clone T24B8 (dll at
position 9,052,466; wormbase ID: snp_T24B8[1]) and a Hawaiian
specific snipSNP on clone F56C9 (@Il at position7,320,107;
wormbase ID: snp_F56C9[1ere usedDescribed primefs

were sed and PCR was conducted as described except that 0.4
MM each primer was used, the annealing temperature was 60
(step3), and elongation time wasniinute (step 4). A 16

digestion which consisted of 1.6puL 10x CutSmart (NEB), 0.1pL
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Dral (NEB),4.3uL sterile dBO, and 10uL PCR product (directly
from PCR reaction, no cleanup) was incubated overnight at 37°C.
Both digested and udigested (PCR product) products were
analyzel by 2% agarose gel. The N2 specific st&NP

snp_T24B8[1] reaction produces a 494bp fragment, which upon
Dral digestion yields 373bp and 121bp fragments. The Hawaiian
specific snipSNP snp_F56C9[1] reaction yields a 486bp fragment,

and upon Dral digestioresults in 354bp and 132bp fragments.

N2 Hawaiian N2/Hawaiian
snp_T24B8|[1] 373bp + 494bp 494bp +
121bp 373bp +
121bp
snp_F56C9[1] 486bp 354bp + 486bp +
132bp 354bp +
132bp

Assay forRNAI suppression ofmrp-5(0k2067/0k2067)ethality

RNAIi wasconducted as specified, except that RNAiI was conducted for a generation on
high heme, and the progeny were moved to the same RNAI conditions with no added
heme. In detail, {gravid worms were picked clonally onto RNAI plates with 200

heme added to tfeGM (after cooling, before pouring). The worms were allowed to lay
eggs (k) overnight and thedRyravid wormswere picked off. The fgeneration was

allowed to grow until gravid, yielding adult vorms grown for an entire generation
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under high heme RNAionditions. Adult Fworms were picked clonally onto fresh

RNA. plates of the same condition, lwithoutadded heme. The worms were allowed to
lay / progeny overnight, and then thewere removed. Plates were observed until F
worms reached adulthoodhdithen the entire population was analyzed by COPAS
BioSort(Union Biometrica).

Combinatorial RNAI

Combinatorial RNAi was conducted the same as descrierkpt that following 5.5

hour cultures of HT115(DE3), equal volumes of the two cultures (eachogta

bacteria designed to target a specific gene) were combined, mixed by vortex, then the
normal volume of combined culture was used to seed the NGM RNAi plates. Worm
strains used for these experiments all contained the RNAI hypersensitivity mlitation
15B(n744)

Worm Growth Assay

Populations obleached andynchronized.1 worms were plated onto in NGM

plates without any bacteria seed€&treeL1 worms (R) were picked into each well of a
12-well plate. Once gravidirworms were observed in the positiventol growth

condition (either vector or vector +Hepspecified in figure description), all populations
were analyzeds describetly ReFLx on a COPAS BioSort (Union Biometiica
Transcriptional Reporter under RNAI

Approximately 46synchronized-1worms of the indicated strain were gaa into each

well of a 12well plate. Once gravid, populations were analyzed by ReFLx on a COPAS
BioSort (Union Biometrica)For each individual event, the integral GFP was normalized

to Time of Flight(TOF) to obtain the average intensity of GFP along the length of the
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worm. All of the values for individuals in a given replicate (well) were then averaged,
and the averages of thi@eereplicates were averaged to give the value for ooledical
replicate.

ReFLx Analysis by COPAS BioSort (Union Biometrica)

Worms were washed from plates withmL M9 and transferred witt
pipette tol.7 mLeppendorf tubes. Worms were allowed to settle on ice fon;lthe
supernatant wahien aspirated, and an additiodahL of M9 was added to the pellet;

this constitutes one wash. Worm suspensions were washed once more, and then the
supernatant aspirated to a remaining volume of +000 heseworm suspensiswere

then moved to a welhia 96well plate. Samples of worm suspension were separated by
threen bl anko wash wells containing M9 only. A
out debris. All conditions were tested in triplicatieréeindividual wells), and the
arithmetic meamf these constituted one biological replicate.

Confocal

Confocal images were taken with aig&L.SM710 confocal microscope with a 63x oil
immersion objective. Autofluorescence was visualized with excitation at 405nm, and
emission hhough a DAPI filter. ZnMRand mCherry were visualized with excitation at
561nm and emissiomaugh arhodamindilter. To calibrateDAPI filter settings for
visualization ofautofluorescence, N2 worms were udealser power was set at 1.0 and
the gain was adjusted until intesticalls showed autofluoresnt punctae just below

signal saturation. To calibrateodamindilter settings for visualization of ZnMMN2

worms treated with vehicle (@M ZnMP, NH:OH) were usedLaser power was set at

1.0, and gain was adjusted until norgigwas present. To caldterhodamindilter
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settings for visualization diRG-1-mCherry, 1Q6112 worms treated witing-1 RNAI as
described were usetlaser power was set at 1.0, and the gain was adjusted until no signal

was present.
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Chapter 3: Results
A system ofmrp-5 deficiency

The first stegowards conducting a forward genetic screen for suppression of
deficiency ofmrp-5 was to identify a system aofirp-5 deficiency which elicited a strong
lethality phenotypeRNAI mediated knoatown ofmrp-5 in the parental generation
results in heme dependent embryonic lethalitisiprogeny, a phenotypexacerbated for
embryos laid late(Figurel). However, RNAI is not a suitable system to conduct a
forward genetiscreen because any gene capable of impacting the RNAI pathway could
erroneously classified as amp-5 suppressor

A deletion allelemrp-5(0k2067) was already availabtarough the CGQFigure
2). Themrp-5 genetic locus is situated on the right arnthef X dilomosome, between
14,945kb and 14,938kb. Tinerp-5(0k2067 alleleharbors a 1,167bp deletion which
spandour exons. RTPCR confirmed that this results in a truncated mRNA witina
frame528bp deletion. Bioinformatic analysis of the truncated mRNA sequence indicated
that the deletion of 178minoacidscontainghreetransmembrane domaina/ildtype
MRP-5 consists of two membrane spanning domains each consisting of six
transmembrane helisgas well as two ATP Binding Cassettes (AB@hich must
physically interact to catalyze ATP hydrolysis, allowing transport of a substrate.
Topology modeling othe truncated/RP-5 showsthat thesecondABC would be flipped
to the opposite side of the membrane from the first AB€ventingnteraction of the
two cassettes making the truncated protein incapable of ATP hydrdlisis, the

resultant mutant protewould be unable to function ianergy dpendentransport.
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In support of the assertion thatp-5(0k2067/0k206 Avorms would show
phenotypes associated witirp-5 deficiency, worms homozygous for the deletion allele
were nonviable, and the deletion was maintained as a balanced heterozytfwestain
VC1599. Subsequent isolationmfp-5(0k2067/0k206 Avorms under high heme
conditions recapitulated hertkependent lethality seen with RNAI wirp-5. To further
investigate the precise heme requirementai@k5(0k2067/0k206Avorms, homozygous
mutants or theiwildtype broodmate were grown in various levels of supplemented heme,
and the viability of their offspring was scored by checking for embryonic lethality
(Figure3A). Embryonic lethality was observed@80 uM supplemented hemand total
embryonic lethality was observed@50 uM heme It was also apparent that in addition
to the viabilitydefectof offspring, mrp-5 deficiency resutdin delayed development
(Figure3B). By 93 h, F1 embryos were already laid @100puM heme, while Fembryos
did not appear on plates supplemented with 40 uM heme unth.JAthe final time
pointof 167 h, worms with no supplemented heme were still at the L4 stage. The
wildtype broodmate showed: fprogeny hatching by 67 regardless ofieme
supplementatiofFigure 3B) Importantly, this assay also providdwe growth conditions
under which a forward genetic screen for suppression of lethality could be conducted
With heme supplementatidd50 uM, mrp-5(0k2067/0k206 Avorms will not lay viable
progeny.

A Forward Mutagenesis Screen for Suppression ahrp-5(0k2067)Lethality

EMS has been used extensively as a mutagen in forward scre@nslegan®’.

It is an alkylating agent capable of inducragpndomsingle base pair transitions, as well

as small indelsand even large intragenic deletidisiowever, the majority dEMS
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induced mutations consist of simple guani@¢ to adenine (A) transins®? EMS
mutagenesisvas conducted on ~20,0@@arly L4P, mrp-5(0k2067/0k206 Ajvorms,
inducing germ line mutation&igure 4) These germ line mutations were propagated
though selffertilization in the I8, and appeared somatica#lg heterozygous mutatioims
the ~80,000 E representing ~160,000 haploid genonwsan eighfold genomic
coveragé? Seltfertilization in the i and subsequent screening of th@f NGM plates
supplemented with 3AM hemeyielded 32 suppressovghich laid viable & progeny
(Figure 4)

Giventhe relatively large number of suppressor lines isolated, a strategy was
necessary to prioritize the mapping of suppressor mutbypgcally whena genetic
screen reaches saturation, there is a potential for the generation of allelic suppressors.
Indepenently mappingallelic suppressors would benasteof resources, and testing for
genetic complementation is a straightforward means of identifying allelic suppressors and
prioritizing mapping to identify suppressor allelesinique gene®*®* This assumes
suppression is recessive, and involves intercrossing of suppressor lines to check if
heterozygouprogenyfor paternal/maternal suppressor alleles maintain or lose
suppression; if suppressi@maintained, one possible conclusion is that the two
suppressor alleles are in the same gene. It quickly became clear that this approach would
not be pragmatic in the case of analyzing these mutants, due to the fauthat
5(0k2067/0O)nales are defecte in mating (Figur®). As hermaphroditesnrp-
5(0k2067/0k206 Awvormsmate normally withwildtype males(Figure 5AB), indicating
the defect is paternaFurthermorethere are no issues with séftilization indicating

that their sperm are function@lthoughmrp-5(ok2067/O)males displayvell
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characterizednating behaviof, there is a possibility that there is a defectperm
motility or the male mating apparatusdeed,mrp-5(0k2067/O)males exhibit stunted
fan formation, reduced number of rays, and potentially defective spicule retraction
(Figure 5C) Interestingly, although suppressor mutants are capable of suppnesping
5(ok2067)associated lethality, they are still deficiamtmatingand heme
supplementatin does not rescue the mating def€agjure 5B) It is possible thamnrp-5
playsadditionalroles outside of its capacity in intestinal heme homeostasis and that
genetic suppressors or heme supplementatomot overcoméhis function. It is also
possibé that the male tail defects are due to a background mutation which has remained
linked tomrp-5(0k2067)though twelve backcrosses. Given that testing for genetic
complementation among suppressees not feasible, we adopted other means to
prioritize mapjng of suppressor mutants.

One obvious property to sartrp-5 suppressor mutants was to gauge the strength
of their ability to suppressirp-5 growth deficiency (Figuré). Worm viability in heme
supplementation ranging from 00, 20,and30 uM wasassayed over several generations
(Po, F1, i). Suppressor mutants were grouped by the lowest level of heme
supplementation where hatchinggfogeny were observetreedays after Premoval
These parameters were chosen to given the highest level icsiiah anong the
strongest suppressors.

Suppressor stra;were named 1Q1xxx. The firstixdicates the lowest level of
heme supplementation where viableAereobserved10 uM). Thenext two xxdigits
indicate an arbitrary designation within that grol@@1001 is not necessarily a stronger

suppressor than 1Q1005, but both are stronger than IQTB@lstronger phenotypes
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would bepreferable for initial mapping due to the fact thatrong sup@ssionwould be
most evident in a mapping cross experiment. Subsequent analysis of suppressor strains
prior to mapping watherefore generallgestricted to stronger suppressors.

Sincemrp-5 suppressor mutants exhilfite abilityto grow in low heme
condtions insufficient formrp-5 mutant growth, we reasoned that this is due to a rescue
of heme efflux from the intestine. Previous work demonstrated that losged results
in reduced toxicity when exposed to a toxic heme anggltyum protoporphyrin 1X
(GaPPIX) indicating that MRF5 is capable of effluxing GaPPIX and that retention of
GaPPIX in the intestine attenuates its toxi¢ftiPresumably, rescue of intestinal heme
efflux would also result in a reversionwaldtype lethality upon GaPPIX exposar A
GaPPIX lethality growth curve was conducted to establish ideal conditions, and GaPPIX
lethality in suppressor mutants was tested (Fig@je All mrp-5 suppressors tested
showed a reversion of GaPPIX lethalitytddtype levels. Interestingly, strayer
suppressors (1Q10xx) showed highethhlity than most intermediaseippressors with
the exception of 1Q1207 (1Q11xx, IQ12xx) indicating thap-5 suppression is due to a
restored efflux of heme from the intestine and the degree to which heme efflux is rescued
is also reflected ithetoxicity of GaPPIX. tis possible that 1Q1207 is a strong
suppressom terms of the rescue of porphyrin efflux, ibluat there are is another
background mutation which is limiting its growth. The readout of these adspgad on
whether intestinal porphyrin efflux is occurring by assaying phenotypes associated with
delivery to extraintestinal tissues, but make nofdrentiation in the mechanism of this

intestinal efflux. Aphenotypiaeadout which depesan an intermediate step in
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intestinal porphyrin efflux woulthe more likely to highlight distinct mechanisms of
suppression in theseutants.

One such assay is nadolic labeling with théluorescent heme analoginc
mesoporphyrin (ZnMP)XnMP treatment has been usedinelegansand other systems
as a proxy to visualize heme traffickif}*4%887 C. elegansiccumulates ZnMP in
intracellular punctae within the intestine. Losad-1 or mrp-5 increases the intensity of
accumulation at these sites, while lossigf-4 results in a loss of ZNMP sign#t*°
ZnMP treatment was carried outnmrp-5(o0k2067/0k2067mrp-5(+/+), andmrp-5
suppressor mutant worms (Fig@e As previously reportef, mrp-5(0k2067/0k2067)
worms show an increase inc@mulation of ZnMP as comparedrntop-5(+/+) worms.
Interestingly, of the five suppressors tested, there were two general phenotypes observed.
1Q1003, 1Q1004, and 1Q1005 all showed a total loss of any ZnMP signal. In contrast,
Q1001 and 1Q1002 both reted high leved of ZnMP accumulatiofFigure 8) This
resultsuggests that while all strains tested rescue heme efflux sufficiently to grow
without heme supplementation, they appear to do so by at least two distinct mechanisms.
In addition, it would be ide# to map suppressors of both phenotypes to maximize the
likelihood of identifying norallelic suppressors
Hawaiian Variant Mapping of mrp-5 Suppressor Mutants

With a small group of suppressors prioritized, the next step was to map suppressor
mutations to a genetic locus. Si¥Bsed deep sequencing offered a relatively high
throughputmeans for identifying mutatienin strains isolated from a forward genetic
scre@, and is widely used and well establishe€irelegan®. The Hawaiian strain

CB4856 (subsequently referred to as Hawaiian or &8 mapping straisue to its high
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level of sequence divergence amdhgelegansvild isolate$® (Figure9). There is a
average of one SNP per 1kb between theahPHawaiian strain§>8°

First, themrp-5(ok2067)allele was introgressed from the N2 strain to the
Hawaiian backgroundhbugh nine backcrosses, yielding a Harp-5(0k2067/0k2067)
mapping strain. The mapping cross required crossing of this mapping strain and a
suppressor mutant; however, this task was complicated by the fact that as previously
statedmrp-5(0k2067/0O)males mate with a very low frequency. To aimvent this issue,
all F1. progeny of the mapping cross were clonally picked and subsequently genotyped for
Hw/N2 SNPs Only bona fideF; cross progeny which were heterozygous for HW/N2
SNPs were use(Figure 10) We chose to majQ1003, 1Q1004, and IQ10Gkue to the
fact that theyore all strong suppressors,

We picked~300 k. recombinant lines clonally to plates without added heme. F
worms were allowed to selértilize, and plates were screened for hatching of the F
generationUnder these low heme conditions, only worms capable of suppgesgd-5
lethality would lay viable fFanimals.Each of thehreesuppressor mutants exhilite
slightly less than 25% suppressiomarfp-5 embryonic lethalityamong recombinantF
linesasexpected of a recessive suppres&bre possible explanation for this is that there
are known incompatibilitiebetween Hawaiian and N2 alleles. A well stukgample is
thezeetl, peell interaction on the left arm ohomosome | where embryos homozygous
for a naturally occurring deletion zeetl arrest f the paternal contribution contains a
Hawaiian variant irpeell. This isan unintentional selection anelsults in a bias towards

N2 recombinants in this regiéf Another, less likely explanation is that #ireemrp-5
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suppressor mutants are in fact multigenic rather than containing only a single suppressor
allele.

At least 49ecombinant; lines werepooled; greater than 50 recombinant F
lines have aninimal contribution in increasing the resolution of the mapping intéfal.
Pooled recombinant:fines were sequenced along with the paternal mapping strain (Hw;
mrp-5(0k2067/0k2067%)and the original prenutagenesis strain (N&rp-
5(0k2067/0k2067) The online mutant analysis pipeline CloudN¥fapas used to analyze
NGS data and construct mapping plots (FidLie

Identification ofa region containing theutative suppressor allele, or mapping
interval requiresthe observatiorof a region of unexpectedd? linkage Snce the
suppressor allele is linked to the N2 background, and only worms homozygous for this
allele should survive screening, the suppressor allele region should show complete N2
linkage.In all mrp-5 suppressomutantsequences analyzetiere was a strong region of
N2 linkage on the right arm of the Xh@mosome at therp-5 locus (~15Mb), fitting
with, the fact that thenrp-5 allele in this region was introgressed from the N2
backgroundFigure 11AC). A putative mapping interval shoule a region of complete
N2 linkage of roughlywo Mb (due to thexumberof recombinant lines sequeni&28%%°
All mutants alse showed a slight N2 linkage on the left arm db@osome | around
2.5Mb (Figure 11AC), which corresponds to theeviously describedeetl, peell
locus® These regions were expected sites of N2 linkage and wéedlyniot considered
as regions containing suppressor alleles.

Q1003 did not have any other regions of N2 linkdgeaddition, the left arm of

chomosome | showed a stronger bias than the other two mutants, and the peak of N2
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linkage was around 1Mb rather than 2.5Mdarthezeell, peell locus(Figure 11A)
For these reasons the mapping interval fomting5 suppressor allelén1003was chosen
as the first 2Mb on the left arm dfi@mosome [Figure 11D)

Q1004 showed a geon of strong N2 linkage centered at 4Mb twmosome Il
(Figure 11B) The mapping interval for therp-5 suppressor allelén1004was chosen as
3-5Mb on dilomosome I(Figure 11D)

Q1005 showed no strong linkages to N2 anywhere except themasome
(Figure 11C) In addition to thenrp-5 locus ~15Mb, there was a region of strong N2
linkage on the left arm of the Xhomosome centered around 1Mb; neither of the other
two mutants analyzed showed any linkage on th@ofnosome besides therp-5 locus.
Thusthe mapping interval for th@rp-5 suppressor allelén1005was chosen as the first
2Mb of the X tomosomgFigure 11D)

The next step was to construct a list of candidate suppraésesin each of
these regionéFigure 11E) The snpEff function inhe workflow used for mutant
sequence analy$fpredicts the effect of a SNP at the protein level. Effects most likely to
disrupt normal protein function were prioritized as candidates, including mutations
categorized as missense, nonsefraeeshift,or thosdikely to have an effeadn mMRNA
splicing.1Q1004 hadsix candidate alleles, 1Q1005 h&wlr candidate alleles, and
Q1003 only had a single candidate allele in their respective mapping intervals.
Interestingly, althreesuppressor mutant candidate alialecluded a unique subunit of
adaptor protein complex 3 (AB), indicating a strong likelihood that #fireesuppressor

mutants were in fact in the same classgf-5 suppressoréFigure 11E)
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The most straightforward meargsitlentify which mutant allele is responsible for
suppression airp-5was to conduct RNAI knockdown against each candidate in the
original premutagenesis straimrp-5(0k2067/0k2067under low heme conditions.
Assumingthat the suppressor allele is adaf function mutation, RNAi knockdown of
the true suppressor allele will recapitulate the suppressiome5 lethality in low heme,
but no other candidate gene RNAI will have an effect. Although unlikely, it is possible
that a gain of function mutatiaould be recessivdf this were the cas&NAI
knockdown of the true suppressor allele in the suppressor strain would result in a loss of
mrp-5 suppression, but not in any other candidate. The former strategy was adopted first
because it is more likelyat a recessive suppressor allelalsss of function. RNAI
knockdown of the suppressor allelesnnp-5(0k2067/0k206 Avorms over two
generations resulted in a suppressiomg#-5 lethality for subunits of all four subunits of
AP-3, but not in any othecandidate gene (Figude?). Although onlythreesubunits of
AP-3 (apd-3, apm3, aps3) were candidates, the fourtipp-3) was includedThe details
of the molecular lesions in suppressor all@led-3(ih1004) apm3(ih1005) andaps
3(ih1003)are described (FigurE3A-C). Mutants have previously been generated and are
available from the CGC fapd3, apb-3, andapm3; however, this is the first reported
mutant allele ohps3. Likely, this is because its small geniclocus 619bp) makes it
an unlikelytarget of random mutagenesis (Figure 13A).

AP-3 suppression of generainrp-5 deficiency

The candidate verification imrp-5(0k2067/0k206 Avorms showed that RNAI

induced deficiencyf genes encoding AB subunits was capable of suppressing lethality

associated witimrp-5(0k2067/0k2067gnd that the same was true of the suppressor
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alleles To see if this is true of genenalrp-5 deficiency or if these suppressavere
informational suppressor allelesymhnatorial RNAI of candidate suppresgggnesvas
conducted with owithout mrp-5 (Figure14). Subunits of AR3, but no other candidates,
resulted in a significant suppressiomufp-5 RNAI induced loss of viabilityFigure
14A). Additionally, RNAi knockdown of candidate genes in combination with vector had
no impact on viabilityFigure 14B) indicatinghat AR3 subunit mutant alleles identified
in our screen were directly responsible for nimgy-5 suppressiont also indicates that
neither AR3 swbunits nomrp-5 are allele specific in this regarfiutant alleles or RNAI
of AP-3 are capable of suppressing lethality causechipy5 deficiency implyingthat
AP-3 subunitmutants are bypass suppressomg#-5 deficiency.
Testing of other Adaptor Protein Complexes

To test whetheadaptor proteimeficiencysuppressingnrp-5 deficiency was
unique to AP3 or if this was a general featureamfaptins, RNAIi ofyenes encodingP-2
and AR1 subunitsvas conducted imrp-5(0k2067/0k206 Avorms(Figure15). RNAI
knockdown ofgenes encodingP-2 subunits resulted in suppressiomof-5 loss of
viability. However RNAi knockdown ofgenes encodingP-1 subunits had no effect on
themrp-5 phenotypeTo test this in @econdsystem oimrp-5 deficiencyas well as to
ascertain the impact of knockdown of these subunits atmmebinatorial RNAI was
conducted againgfenes encoding AR and AR2 subunits with or without RNAI against
mrp-5 (Figure16). In concordance with thearp-5(0k2067yesult,RNAI against genes
encoding AP2 subunits but not AR subunits suppressearp-5 RNAI lethality (Figure
16A). However, combination with vector RNAiI demonstrated that knockdowerdés

encodingAP-1 subunits is lethal, while knockdown génes encodingP-2 subunits
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resuled onlyin mild brood size reductioffFigure 16B) These experiments demonstrate
that although onlgenes encodingubunits of AP3 were identified in the suppressor
screen, RNAI knockdown a@jenes encodingP-2 subunits also results irsappression
of mrp-5 lethality. However these experiments do not sufficiently address whethgér AP
may have the same capacity due to the fact that RNAigeine encoding akP-1
subunitis lethal. This question could potentially be probed in the futuretdaying AR1
knockdown later in development rather than from the L1 stage.
Effect of AP-3 Subunit loss on Systemic Heme Status

The factthat loss of AP3 seems toescue worm viability as vileas reversion to
GaPPIXtoxicity in the absence ahrp-5 indicates that loss of AB subunits in amrp-5
deficient background resulits a restoration oporphyrinefflux from the intestineTo
testif heme levels in extrantestinal tissues are truly restored, we loofadh rescue of
tissue specific heme defencysignask. First, theeffect of combinatorial RNAi was
examinedn anhrg-1 transcriptional reporter strain, 1Q6015 (Figw@. Despite being
transcribed in the intestinkBrg-1 promoter activity acts as a reporter of whole animal
heme statysandis inversely correlated with heme levél4! As expected, knockdown of
mrp-5 results in an increase GFP signaf® Knockdown ofgenes encodingP-3
subunits does not have a significant impachapl transcription alone (with vector)
Additiondly, no subunit is able to significantly supprele increased signal duertop-
5 RNAI, althoughaps3 RNAI resuledin a consistentnild attenuatiorof hrg-1 promoter
activity, which was statistically insignificant

To examinethe effect of AP3 subunit deficiency on an exiinatestinal reporter,

the same assay was carried out gtrain containing ahrg-2 translational reporter
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driven by thehrg-2 promoter 1Q8125 (Figure 8). Thehrg-2 promoter is active in the
hypodermisand is negatively regulated by hefi€? A caveat here is thaince this is a
fusion protein iis not equitable to the transcriptareporter if there are any pest
translational effects. As expectedrp-5 RNAI caused in increase HRG-2-YFP signal,
indicating hypodermal heme deficien®jietary supplementation of heme but not
knockdown of AP3 subunits suppressed this hypodermal heme deficiency Sldresle
experiments indicate that while AB’subunit mutants are capable of suppressing
macroscopienrp-5 phenotypes such as lethality, theky not show suppression loéme

responsive reporter&iven thatmrp-5 RNAI growth defectsvererescued by

suppl ement i nutPn@Sgpr @aheme acti ve with

supplemented, this result is not unsurprisihg.

To get a more complete picture of tissue heme status independent of signaling, a

similar experiment was conducted on genetically encoded tissue sptRRieporters
HRPrequires hemas a cofactofor activity andHRP activity is a measuref heme
availability in thesecretorypathway’’ 1Q6351 containgin ER targetedHRP driven from
the constitutive, intestinspecific promoter ofha-6°, and 1Q6352 contains the same
transgene but driven from the hypodersigcific promoter ofipy-7’"%2. Combinatorial
RNAI againstgenes encodingP-3 subunits andhrp-5 or genesencodingAP-3 subunits
alone (+vector) was carried out in these strains (FigjBreln the intestinelHRP activity
was increased with the knockdownrofp-5, consistent with previous resultsThere

wasa mild increase iHRP activity in the knockdown of some AR subunit genesand

interestingly, all AP3 subunit genesxceptaps3 showed an additive increase in activity

when knocked down in combination withrp-5 (Figure 19A).In the hypodermal
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reporter, knockdown ahrp-5 resulted in lower heme loading HRP which is consistent
with previous result§’ As in the intestine, knockdown of APsubunits resulted in a
similar increase itHRP activity. In combination withmrp-5 RNAI, knockdown of AP3
subunits increasedRP activity compared to knockdown aofrp-5 alone(Figure 19B)
This indicates that in facAP-3 subunit deficiency does suppress the decrease in activity
due tomrp-5 deficiency Notablythe suppression iglatively mildand remains
significantly lower than vector only conditioriBhis result could be the potential
explanation for the lack afuppression airp-5 heme deficiency signassheme levels
in peripheral tissues are restored to a sufficient degree to rescue viabiligufticient
to suppress heme responsive reporteirsce the HRP readout is dependent on heme
availability to anER reporter, it is likely dependent on heme availability in the secretory
system and may not be representative of total tissue heme AfRgtBsubunitsare
expressed ubiquitoust and RNAI knockdown of AP3 subunit geneis systemigthus
changes in heme availability in the hypodermis could be the result of mistrafficking of
hypodermal heme stores t@@acretorycompartment rather than a reflectioraothange
in total hypodermal heme levedsie to arincreasen intestinal efflux.This could be
addressed by tissue specific RNAi of fBubunits in the intestin€hese data indicate
that loss of AP3 causes an anease in heme efflux from the intestimkich could be due
to anincrease in heme efflux specifically, or perhaps efflux of all materials is increased
non-specifically.

To determinghe specificity ofAP-3 complexes on micronutrient trafficking, we
analyzedccua1l mutants. Preliminarwork in the Kim labhas demonstrated the copper

exporter ATP7A hasreortholog inC. elegansvhich seems to show a conserved role as
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an intestinal copper exportand losof cua1 is lethal?*®® These parallels to heme
trafficking and the ease of scogisuppression of a lethal phenotype made copper
homeostasis an attractive system to gauge the universality-8fmirant suppression of
micronutrient export deficiency. RNAI againgta-1 was conducted in N2 @pb-3
mutantsand the effect on viability vgatestedn normal and high copper as \was copper
limiting conditions in the presencé BCS a copper chelator (Figug9). Vector RNAI
conditions suggest that in ideal copper conditions, N2aghe8 mutants show identical
growth. Howeverapb-3 mutants are less viable than N2eixtreme coppeconditions.
RNAI knockdown ofcua-1 resulted in decreased viability compared to vector, except
with supplementation of copper. Interestinglya-1 knockdown inapb-3 mutants
resulted in a complete losswaability in any copper growth conditior{gigure 20) The
primary interpretation from this result is that unlike in heme homeostgdis3
deficiency does not suppress loss of viability due to deficiency in intestinal elpbrt
instead sensitizes the@verall, these results suggest that2\Beficiency does not
suppress deficiency in intestinal export for all micronutrients.
Gut Granules

The majority ofwork regarding AP3 functionC. elegansleals with its role in the
biogenesis of gut granules, an intestine specific lysosome related organelle (LR®). AP
subunit mutants do not develop gut granudesobvious phenotype due to the fact that
gut granules are autofluorescit and aprominentfeature of the worm intestine. Given
that the AP3 mutantmrp-5 suppressors isolated from the screen showed a complete loss
of ZnMP accumulation (Figur@), weexamined whether the lack ahMP vesicles and

gut granulesvere correlatedSincebackcrossing the suppressor mutants would be
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problematic due to the poor matingrofp-5(0k2067/O)males, we sought to reconstruct
an AR3 mutantmrp-5 suppressorAn independently generated APsubunit mutant

strain RB662 &pb-3(0k429/0k429)which wasisolated in a screen for loss of gut granule
(glo) mutant$® was crossetb mrp-5(0k20676k2067)worms to yield 1Q1901, as well as
wildtype broodmates (Imrp-5(+/+); apb-3(+/+), 2. mrp-5(+/+); apb-3(0k429/0k42)).

To ascertairf there is a relationship between ZnMP vesicles and gut granules we
exposectach of these strains with ZnMP and analyzed them by confocal microscopy
(Figure2l). In wildtype worms, there is in fact an overlapping population of gut granules
and ZnMP containing vesicles, andaipb-3(0k429/0k429)nutants there is no detectable
signalfor gut granules or ZnMP, irrespective of timep-5 genotypelt has been reported
that gut granules representeaminalendocytic compartment, and that anything taken up
though fluid phase endocytosis, such as TRB®A, will localize to these
compartment$®” However, loss ofhe heme importenrg-4 preventsZnMP
accumulation in thentestine, indicating thdocalization to these sites doest depend
on a norspecific endocytic pathway.Interestingly, although thapb-3(0k429/0k429)
mutants have no gut granules, there appears to be autofluorescent materialededumu
in the intestinal lumefFigure 21) This phenotype was originally observed in a genetic
screen foglo mutants, and the authors hypothesized that as a result of defective gut
granule biogenesis, material normally trafficked to these organellesiin$tto the
plasma membrane, reléagtheir contents into the lumen (apical) or pseudocoelom
(basolateraly*°” Given that ZnMP accumulates in these vesitlds possible
mechanisntould result in théntestinalefflux of henein the absence &P-3 activity in

mrp-5 mutants
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Intrigued by the role gut granules may be playing in inteshiaatlling of
porphyrins, we sought to explore this relationdhipher. Isthe suppression ahrp-5 due
to the loss of gut granules, or some upstraarficking event mediated by AB? Ifthe
mrp-5 suppressiophenomenon is a direct result of gut grariags @lo), then mutations
in otherglo genes wouldalsoresult ina similar phenotypaNe therefordested the
viability of pgp-2, glo-1, andglo-2 mutants when exposed tarp-5 RNAI (Figure22).
While glo-1 andpgp-2 localize to gut granules and are reqdifer their normal
biogenesisglo-2 is a BLOG1 complex subunjtwhichin mammalian cell linebas been
shownto interact with AP3 and berequired for normal traffickingf AP-3 cargd®®.
However,C. elegan88LOC-1 seemgo have fundbns in trafficking to gut granules
independent of AR."! As expected, mutations in APsubunitsapd-3 andapb-3
suppressnrp-5 lethality without the addition of hemwhile otherglo mutants tested did
not suppreserp-5 depletion AP-3 subunitmutants do not shosomplete suppressipn
mrp-5 RNAI results in a smaller population than vector treatnidiost interestingly,
supplementation of heme does not improve the viability oBARutants like it does for
N2 or otherglo mutants(Figure 22)

Role of Other Heme Homeostatic Components in AB Deficiency

Given thatseverakcomponents mediating intestinal heme trafficking have
previously been identifiéd*%4143 wedetermined the role of these wh&R-3 is
depletedGiven thatZnMP accumulates in gut granules atiG-1 has been shown to
co-localize with ZnMP vesicle§, we examinedvhetheross of AR3 may affecHRG-1
localization 1Q6112 wormswhich expres$iRG-1-MCHERRY fusionprotein, were

exposed to RNAI against genes encodiiy3/AP-2 subunis, andHRG-1-MCHERRY
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localization wasxaminedoy confocal microscope (Figu3). In wildtype worms,
HRG-1-MCHERRY localizes to small vesicles near the apical surface, consistent with
previous reporté® However, HRG-1-MCHERRY was not cdocalized to autofluoscent
vesicles, indicatinghatZnMP accumulates iIHRG-1 vesicles as well as gut granules
and that these represéwb distinct sites of ZnMRccumulation. Loss of AB subunits
resulted in a slight perturbation of apical concentratiod®&-1-MCHERRY vesicles.
However, knockdown afenes encodingP-2 subunis resulted in a more pronounced
mis-localization ofHRG-1-MCHERRY to enlarged punctaghich were distinct from
sites of autefluorescence. This result c®nsistent with our in silico observatitmat
HRG-1 harbors canonical@rminalsortingsignals recognized by adaptins. However,
the fact that midocalization was more dramatic with loss of -@Fmplies thaHRG-1
trafficking may be mediated by AR, which is generally responsible for trafficking of
components from the plasma membrane tgaleny endosomesnd suggests thedlRG-
1 may be recycling between the plasma membrane and an endocytic comp2rtment.
Interestingly, studies in other model organisms have indicated that in polarized cells, AP
2 mediates recycling from the basolateral plasma menravigich cantradicts the
generally conserved apical associatiomM&G-1 proteins3#36 This could represent a
functional divergence i€. elegansegarding a role of adaptins in mediating apical
sorting, as indicated by the requirement of AR the normal apical sorting of PAR
6.101

Given that loss of adaptors appears to alter the function of hemeostatic
components, we determinddany known components are uniquely important in

suppression ainrp-5 lethality by AR3 mutants. To test this, RNAI agaiisg-1, hrg-4,
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hrg-3, andhrg-7 was conducted itheapb-3;mrp-5 mutantstrainlQ1901and itsthree
wildtypebroodmatesand viability was assayed (Figuréd)2As expected, loss of any
component excephrp-5 did not impact viability inwildtype worms(Figure

24A).36404143 |Interestingly,apb-3 mutants showed a general loss of viability when
supplemented with high heme, indicating loss ofA8ubunits results in susceptibility to
heme toxicity(Figure 24B) This raises the possibility that lossagb-3 results in
increasedheme efflux, and that this efflux is unregulated, sttt in high environmental
hemeapb-3 mutants are incapable of attenuating efflux resulting in toxicity.

In mrp-5 mutant wormgFigure 24C) viability is restored with supplementation
of dietary hemeUnexpectedlyloss ofhrg-4 in mrp-5 mutants causes a complete loss of
viability which cannot be rescued bhgme supplementatiomhe synthetic lethality
betweerhrg-4 andmrp-5 which cannot be rescued by heme is the first report of a lethal
hrg-4 phenotypé®, and suggests a clear distinction between heme importe& &yl
andHRG-4. This is also unexpected due to the high leveedtindancy ointestinal
heme import irC. elegansit appears thdtrg-land itsparalogshrg-5 andhrg-6 are not
sufficient to act as heme importers in the absentegss if mrp-5is lost A potential
complication arises from tHagh homology betweehrg-1, hrg-4, hrg-5, andhrg-6. If
RNAI transitivity againshrg-4 resulted in generatioof secondry siRNA1%?
complementary to othdwrg paralogs, it ould result inanunintended knockdown of
otherhrg-1 paralogsIn fact, previous work has indicated thad-4 RNAI results in a
decrease ihrg-6 promoter activity®. To differentiate between this being lary-4
deficiency phenomenon and not an artifact of RNip-5 RNAI could be conducted in

hrg-4 mutants. However, the fact thaig-1 RNAI has no effect implies that RNAI
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transitivity does not play a role in the off target knockdowhrgf4 by hrg-1 RNAI
treatment.

Surprisingly,mrp-5; apb-3 double mutantgFigure 24D)showed a loss of
viability with RNAI knockdown ofhrg-4, hrg-3, andhrg-7 in low heme A possible
explanation ighathrg-3 andhrg-7 have been repordeo effect viability inlow heme
conditions**3 Thus lethality without heme supplementation could simply be due to the
fact that simultaneous deficienof AP-3 subunits andhrp-5 results in relatively heme
starved worms based on analysis of systemic heme Stbtnstheless, heme does not

reverse the lethality due tog-4 RNA..
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Figure 1: mrp-5 RNAiI embryonic lethality is increased later ina brood

(A) A protocol schematitor Figure 1B (B) Approximately 10synchronized.1 N2
worms (R) obtained from bleaching were péad onto 35mm platepre-seeded with
HT115(DE3) bacteriaxpressed dsRNA agairigstockdown vectocontrolor mrp-5. P
worms were movetb a fresh plate of the same conditi@very 24h following the

observation of Fembryos
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Figure 2: Genomic structure ofmrp-5(0k2067)and putative protein topology
Picture of genetic locus was adapted from material obtainedvinemwormbase.org;
membrane protein topologies were generated using TMHMM®2a0d drawn using

TOPO2 {ttp://www.sacs.ucsf.edu/TOPPDeletion sequenceas confirmed by RT

PCR?
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Figure 3: mrp-5(0k2067/0k2067heme growth curve

(A) NGM agarplates were seeded with OP50 grown overnight irsupplemented with
the indicated concentration bémin Worms weremaintained foone generation on 200
MM hemeNGM plates, and their progeny wesgnchronizedApproximately 50
synchronized.1 (Po) were seeded onto each plate and observed @ailse i embryos
were observed on a platé were removed and hatching was scoredth Ber. No
embryos were observed at 10 or 20 uM hefBg During the course of the experiment
described in Figure 3Ahe R generatiorduration was scored by duration between

seeding of Pand observation df. embryos.
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Figure 4: EMS screenschematic

N2; mrp-5(0k20670k206 Avorms were maintained in axemwCeHR2 media
supplemented with 200 pMemin Following EMS treatment (see methods),
mutagenized FPanimals were moved back to axem€eHR2 media supplemented with
200puM heminand allowedo lay R progeny. Gravid Fwere bleached to isolate and
synchronizéhe . generation, which were then placed on 3&d0plates supplemented
with 30 uM heme. Viable fvere picked to fresh NGM plates seeded with 30 uM heme
OP50. Only lines capable of laying viable progeny after seven days werermghéd

Suppressors.
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Figure 5: Mating deficiency in mrp-5(ok2067/0)males

(A) Mating plates consisteaf 35mm NGM plates with a 1j0L spot 0of200 uMhemin
OP50 cultureSeven males of the indicated strain were picked onto a plat®meth
sperm exhausted N&rmaphroditePresence of progeny was used as a measure of
mating success due to the fact thatmaphroditesvere sperm exhauste@®) Mating
plates consisted of 33am NGM plates where 200M heminchloride was supplemented
directly to the NGM, and were seeded with gui.0spot 0of200puM heminOP50 culture
Six males of the indicated strain were picked onto a plate with one uingihl9
hermaphroditewhich have a high mating success due to their relative lack of
locomotion. Once progeny were observed, all parents were removed from the plate by
aspirationMating success was scored by checking if progeny contained rf@l&dales
of both strains were grown for at least one generatidd@W agar plates directly
supplemented with 100 uMemin Males were placedntoagar padsvith M9 and 1mM
NaNs. Images wee taken using a DMIRE2 epifluorescence microscope (Leica)

connected to a Retiga 1300 cooled mondoitZamera.
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A

Male Strain # with Progeny # with No Progeny Total
mrp-5(ok2067/0) 0 7 7
1Q1001 1 16 17
mrp-5(+/+) 12 1 13

Male Strain # successful # unsuccessful Total
mrp-5(0k2067/0) 1 (<10% progeny) 18 19
mrp-5(+/+) 4 0 4

C

Dorsal

Lateral

Hawaiian;
mrp-5(+/0)

Hawaiian;
mrp-5(0k2067/0)

Hawaiian mrp-5(0k2067/0) Males Exhibit Fan/Ray Defects
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Figure 6. Suppressionstrength assay

(A) Poworms were grown on plates seeded with fdDheminOP50.ThreePy animals

were moved as L4 larvae to plates supplemented wittd,010 uM, 20 uM, or 30uM

hemin Once k progeny were laid, fvorms were removed.hreedays following

removal of the B, the growth of the Fand hatching of Fwas scored. Suppressor stgin

were categorized by the lowest concentration of heme supplementation where hatching F
progeny were observetreedays following I8 removal.(B) Representative photographs

of 1Q1001(red inFigure 6A, mrp-5(+/+), mrp-5(0k2067/0k2067)
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Figure 7: GaPPIX lethality in mrp-5 suppressor mutants

(A) Gallium Protoporphyrin IX (GaPPIX) was directly supplemented to 35mm NGM
agar pates which were theiseeded with 20QL OP5Q Approximately 50synchronized

L1 worms were pleedon platesat time 0, and lethality was scored at the indicated time
points. Lethality wasleterminedy a complete lack of movement and failure of a worm
to respond todctile stimulus.(B) Plates were prepared as described. All strains were
maintained foone generation on NGM plates supplemented with 100 uM heme, and
their progeny wersynchronizedy bleaching and placed onto GaPPIX plates for the

lethality assay.
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Figure 8: ZnMP uptake in mrp-5 suppressor mutants

The indicated strains were grown and treated with ZnMP as described. WT refers to the
mrp-5(+/+) broodmate ofmrp-5(0k2067/0k2067)while mrp-5 refers tomrp-
5(0k2067/0k2067)mages were taken using a DMIRE2 epifluorescence microscope
(Leica) connected ta Retiga 1300 cooled mono-b#t camera, and ZnMP signal was
detected byhodamindfilter. Exposure time was calibrated with worms not exposed to

ZnMP. Scalebar = 5am.
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Figure 9: Hawaiian Variant Mapping Strategy

A general scheme for the Hawaiian Variant Mapping appraasiiminghe simplest

case of a recessive suppressor. Paternal mapping straim(igvs(ok2067/0) is

crossed to Aermaphroditesuppressor mutant. progeny are picked clonally to low

heme. Only Erecombinant lines homozygous for the suppressor allele will lay vigble F
Pooling of recombinantaHines and subsequent sequencing should reveal no bias towards
either background at unlinked loci; linkexti should includenrp-5 and the suppressor

allele.
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Figure 10: Hawaiian Variant Mapping i F1, Fs screening

(A) A schematic of the strategy for ensuringaFe tle product of the indicated cross
rather than selprogeny of thénermaphroditeGenotypingor the background strain
using snipSNPswas conducted as describéd) A report of screening of thHe
screening containg the observed ratio of males apoina fidecross progengonfirmed
by heterozygosity for Hawaiian and ISSNPs (C) A report of theatio of suppression of

mrp-5 lethality for clonally picked Frecombinant lines.
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Figure 11 Hawaiian variant mapping resultsi 1Q1003, 1Q1004, 1Q1005

(A-D)A 1 | mapping plots wer dangimm\anaatMapdingu si ng
with WGS and Variant Cal l i fontheGalexyvieb owod pub
server For a given somosome (linkage group, LG), the top plot represents the ratio of
Hawaiian to N2 versions of a SNRhereeach black dot represts an individual SNP.

The red line represents an LOESS regressiorolitiee frequency of Hawaiian SNRS

a function ofgenetic locus. The bottom plot represents the frequency of pure N2 alleles

over a given intervalRed bars represent bin size of Olb&hdgrey bars represent bin

size of 1Mb.The mappings plots for (A) 1Q1003, (B) 1Q1004, and (C) 1Q1005 are

shown. (D) The mapping intervals for each strain are summafEg@.andidate genes

generated by compiling all genes containing missence, nondeameshift,or splicing
variants (predicted by snpEff function of
WGS and Variant Calling %Rovithikfhéiodisaledpubl i she

mapping intervals for each suppressor mutant.
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Figure 12 Candidate testing by RNAi inmrp-5(0k2067/0k206y

RNAI against candidate genes was conducted for a generation on 200 uM heme NGM
plates, and these adults were moved clonally to the same RNAI conditions without heme
supplementation, allowed to lay progeny overnight, then removed. The positive control
condtion was observed until treecondgeneration reached adulthood, and then the

entire populatiorior all treatmentsvas analyzed by COPAS BioSort (Union Biometrica).
Data represents averagdghreetechnical replicateBom two independent experiments,
where all populations were normalized as a percentage of the vector +200 uM Heme
condition. Indicated significant differences compared to the vector treatment were
obtained by poshoc multiple means comparisons utiliziBgnferroni correction *** p <

0.001, ** p < 0.01. * p < 0.05.
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Figure 13: AP-3 subunit suppressor alleles

(A) Theaps(ih1003pllele contains a substitution at nucleotide position 383 &@ho

aT. This is predicted to result innronsense mutatioof codon 115 from R to a stop, and
result in a Germinaltruncation of 7@minoacids. (B)Theapm3(ih1005)allele

contains aubstitution at nucleotide position 1967 from a G to aiil#e mutated
guanine is predicted to act as a 506 nucl eo
An effect on transcript splicing has not been confirnf€j. Theapd-3(ih1004)allele
contains a substitution at nucleotide position 7,853 from a O'td &is is predicted to
result in a nonsense mutation of codon 761 from a Q to a stop, and resuitemairial
truncation of 492minoacids. (D) The genomic sequenceaps(ih1003)s reported. (E)
The genomic sequence apm3(ih1005)is reported. (FThe genomic sequence apd
3(1h1004)is reportedNucleotide positions refer to genomic sequence. Position 1 is the
translational start site (A in ATG start codo@enomic sequences contdie indicated
mutationin red as well asp to 500bpof flanking sequencdmages of genomic loci are
adapted from wormbase.org. Interpretation of coding effects based only on genomic

sequences.

78



A
aps-3(ih1003)

1:1152407 . .1158300 !
155 1156k

PTC
ops-3 T ‘Loss of 79 C-terminal AAs

p in ©

GTG.GAT.(C>T)GA

B

apm-3(ih1005)

X:954369 . 957932
955K, 956k 957k

apm=3 (F53H8.1)
apm-3
protein coding

*Loss of splice site donor

TGTCCGGATTAAA(G-> A)gttagctttat

C

apd-3(ih1004)
11:3529745. .3547265
3/3zk 3533k 3534k 3535k 3536k 3537k 3538k 3539k 3540k 3541k 3542k 3543k 3544k | 3545k 3546k

apd-3 (W09G10.4)
apd-3
apd-3

protein coding

-PTC
ATG.GAG.(C>T)AA +Loss of 492 C-terminal AAs

79



D

>Y48G8AL.14(ih1003)
ATGATAAAAGCGATACTTGTCATCAACAATCACGGAAAACCAAGACTTTTAAAATTTTATCAA
CATTATCCAGAGGAGAAGCAACAGCAAATCGTTCGAGAAACCTTCCAACTGGTGTCAAAGCG
CGACGATAACGTCTGCAATTTTCTGGAAGGAGGAACTCTCATCGATGGAAATGACTATCGATT
AATCTACAGGCATTATGCCACATTGTATTTCATATTTTGTGTTGATTCTTCTGAAAGTGAACTT
GGAATCCTCGATTTGATTCAGGTAAGCTATCCTATTTTTAAAAATCGATTAAAGTGTTCAGGTC
TTCGTTGAAACTCTCGACCGCTGCTTCGAAAACGTGTGCGAGCTGGATCTAATCTTCCACGTG
GATTGAGTTCACCACATTCTCGGCGAAATCGTGATGGGCGGTATGGTTCTCGAGACGAACATG
AACGAGATCCTTCAACGCATCCAGGAACAGGACAAAATCCAGAAGCAAGAGGCTGGAATCAC
TGCGGCGEGGCCCGTGCCGTGTCGGCCGTCAAGAATATGAACATTTCCCAGCAGTTGAAGGA
CATCAAGCTGCCAGATTTACCGTCGCTTTCGAATTTGAAAAATGCATTTTGA

E

>F53H8.1(ih1005)
é AAATAAAGCGATTATGGCTACTGATAATCTCTATCAATTTGTAATTGTAGTGAATATCGGAT
TGCAAAATTGTTTAGTTCTGTGCACCTCTAAAGATTTAAATACAAAATTATAAATAAACCAAA
TGAAAATATTTTAATAATATAATACTTCACACCACCAAATTTGGGTGCTGACGTTTTGAACTA
GCATGTGTTCTGGAGGTAAAAATTCTGAAAAATATTTGGAAATATTAAGAATATATTCATCTT
ATCCTTGACAAATTTCAGGTTGACGTTTGCTGTAAACTGTCCGGAATGCCTGATCTCACAATG
ACCCTTATCAACCCAAGACTTCTAGATGATGTATCCTTCCATCCATGTGTCAGATACAAGCGCT
GGGAGGTAAACCGCTCATAACATTTATATCTTAATCACAATTTTTTCAGAACGAGAAGGTTCT
TTCATTTGTTCCTCCAGATGGCAACTTTCGTCTGTTGTCCTATCATATTGCTGCACAAAGTAA
TGATTTTCATTCTACAGATAAAATTTCTATAACTTAATTAATTTCAGTATGGTTGCCATTCCAA
TCTACGTTAGACAAGTGATCTCCTTGAAACCAAATGCTGGAAAACTTGACCTCACAGTTGGAC
CAAAGCTAAGCATGGGTAAAGTGGTGAGTTTTCGAAGATCTAAATCACAATCCCTCTAACAAA
AACGATGTTAAGCTGGAAGACGTTGTTCTTGAAATCACAATGCCAAAATGTGTACAAAACTGC
AATTTGGTGGCGAGTCACGGAAGAATCGCGTTCGACCCGACGACTAAACTATTGCAATGGAC
CATTGGAAAAATTGAAGTCGGAAAACCATCAACACTCAAAGGATCAGTTGCTGTGAGCGGAA
CTACTGTTGCAGAGAATCCACCAATTTCACTGAAATTCAAAATTAACCAGTTGGTTCTGTCCG
GATTAAAAGTTAGCTTTATCAGCTTGAAGTGAATACCCCTATACTTGCAAAGTAAA é

F

>W09G10.4a(ih1004)

é CTCGGCACGACAATTTTTTGTAAAATACCAACGAGCATGCGCCTTTAAAGAGTACTGTAAC
AGGAGTTTTCCATCGATTTTTTCATAGTATTTTATTTAAAAATTTATATTTATAAGGCTATTTTT
TAAAGATAAAGAAGTACTTGGCTCAATGGATGGAGGAAATTTTTTTAGATTAAAAAAATATTC
TAAAAAAATTATATTAAATTTTGTGACATTTTTCAATTTTTTTCCGATATTTTATCGATTTTTTA
TTTTCAGAATAAACAGTTTTTGAGCATTTTTAATGAAAAATTCCATAAATTGGCTCCTAAAATG
CTGAAATTTCGAAAAAAAAGTTCTACAATTTTTTCCTAAATTTCCAGGGCTCAGCAACTGCTCC
AAAACGTCCAACACGTTTCGGCAACCCTCTCGAACGCGTAGAAATTGTCGAAAAAGAAAAAG
AAATTCAATCACCACTGGAAATTCCGGGTGTAGTTGGGCTCCACCGGTATATGGAGAACAAG
ACTCGACGTTGAGCTGGAAAAAAGCGAAAGAGGATGATATAATTGGTGGTGGAAAAAAGAA
GAAATCGACGAAAAAAGATGGAAAAAAGAATGGGAAGAAAAGTGGAAAAAAGCGAAGAAC
AACGAGTACAAGTAGTGAAGAAGAGGATCGAATTGTGCATAAAGTTAATCGAAATGATGGAG
AAATGCCTGAAGGAGCCAAGTCAACGGATGATGAGGATGAGAAAGTACGGAAAATTGAGGA
TTTTCAGAGAAATTTG GAGAAAAATTGTCCAAAAAAGGGAAATTTTTTTTTTGGGAAATTGGG
CAATTTTTGGCATATTTACAAAAAAATCCAAAACATGTCGAATTTTACCAAAAAAAATGTCCA
GTTTTTGCCGAAAAATGTTTACCTAAAAAAGTCAATTGTTTACCAAAAATGTCAAATTTTTTAC
CAAAAAAGTGCAATTTTTGCCAAAAAAATGTCAATTTTTTACCGAATAATTCCAAAAAAA é
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Figure 14: Candidatetesting by canbinatorial RNAI

The 1Q6015 RNAI hypersensitive strain wagichronizedandthreelL1s (R) were placed

onto NGM plates for combinatorial RNAI against he indicated gene(s); eittpeb and

a candidate gene (A), or vector control and a icktd gene (B). Once tha eneration
reached gravid in the positive control treatment, total populations for each condition were
analyzed by COPAS BioSort (Union Biometrica). Data represents the averalyeseof
technical replicates from two independent experiments, where all populations were
normalized as a percentage of the positive control treatment. Indicated significant
differences compared to the vector treatment were obtained biigostultiple means

comparisons utilizing Bonferroni correction *** p < 0.001, ** p < 0.01. * p < 0.05.
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Figure 15: RNAI against AP-1 or AP-2 subunit genesn mrp-5(ok2067/0k2067)

RNAI against genes encoding subunits of adaptor protein complexes was conducted for a
generation on 200 uM heme NGM plates, and these adults were moved clonally to the
same RNAI conditions without heme supplementation, allowed to lay progeny overnight,
then removed. The vector +200 uM heme positive control condition was observed until
thesecondyeneration reached adulthood, and then the entire population for all treatments
was analyzed by COPAS BioSort (Union Biometrica). Data represents averalgeseof
technical replicates from two independent experiments, where all populations were
normalized as a percentage of the vector +200 uM Heme condition. Indicated significant
differences compared to the vector treatment were obtained biigostultiple means

comparisons utilizing Bonferroni correction *** p < 0.001, ** p < 0.01. * p < 0.05.
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Figure 16: Combinatorial RNAI against AP-1 or AP-2 and vector or mrp-5

The 1Q6015 RNAI hypersensitive strain wagichronizedandthreelL1s (R) were placed

onto NGM plates for combinatorial RNAI against he indicated gene(s); eittpeb and

a gene encoding an AP subunit (A), or vector control and a gene encoding an AP subunit
(B). Once the Fgeneration reached gravid in the positive contedtiment, total

populations for each condition were analyzed by COPAS BioSort (Union Biometrica).
Data represents the averageshoéetechnical replicates from two independent

experiments, where all populations were normalized as a percentage of tive posit

control treatment. Indicated significant differences compared to the vector treatment were
obtained by poshoc multiple means comparisons utilizing Bonferroni correction *** p <

0.001, ** p < 0.01. * p < 0.05.
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Figure 17: AP-3 subunit RNAI in Pnrg-1::GFP::unc-54 UTR [in-15B(n744n744)
Q6015 Prrg1::GFP::unc-54 UTR lin-15B(n744/n744)worms weresynchronizedand
40 L1s were placed onto NGM plates seeded with HT115(DE3) bacteria for
combinatorial RNAI against either vector and genes encoding sdbunits, omrp-5

and genes encoding APsubunits. Integral GFP signal was obtained by analysis with
COPAS BioSa (Union Biometricausing a ~13mW 488nm laser for excitation, and a
510(+£ 23)nm filter to detect emissiontegral GFP signal of each worm was

nor mal i zed t o t haadthe average ef allsaduitsen thatTeChnigal
replicate were averagethen normalized to vector treatment. Data represents the
averages fronthreeindependent experimentshere each experimental average is the
mean of three technical replicatésdicated significant differences are as compared to
the vector + vector tré@ent unless indicated by a grey line, and were obtained by post
hoc multiple means comparisons utilizing Bonferroni correction *** p < 0.001, ** p <

0.01. * p < 0.05.
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Figure 18 AP-3 subunit RNAI in Phrg2:: HRG-2-YFP::unc-54 UTR

1Q8125(Phrg2:: HRG-2-YFP, lin-15B(n744/n744)worms weresynchronizegdand 40 L1s
were placed onto NGM plates seeded with HT115(DE3) bacteria for combinatorial RNAI
against either vector and genes encodingdAfRbunits, omrp-5 and genes encoding

AP-3 subunits. Integral GFP signal was obtained by analysis with COPAS BioSort
(Union Biometrica) using a ~13mW 488nm laser for excitation, and a 542%)m
filter to detect emission. I ntegr al GFP
size (TOF), ad the average of all adults in that technical replicate were averaged, then
normalized to vector treatment. Data represents the averatijgeaitchnical replicates

from two independent experiments. Indicated significant differences are as compared to
the vector + vector treatment unless indicated by a grey line, and were obtained by post
hoc multiple means comparisons utilizing Bonferroni correction *** p < 0.001, ** p <

0.01. * p < 0.05.
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Figure 19 HRP activity Assay in RNAiI model ofmrp-5 suppression

Wormswere bleached from stock plates (NGM, OP50) and ~1G906hronized.1s

were plated to 18M plates seeded with 1.5mL of HT115(DE3) for combinatorial RNAI
against the indicated genes. Worms vwalewed to grow until at the young adult stage,
washed twice with M9 and lysed in 100 buffer (150mM NaCl, 20mM HEPES, 0.5%
Triton X-100, with Protease Inhibitor Cocktail Set Ill) and Lysing Matrix C beads (MP
Biomedicals) in a FastPrept BeadbeateMP Biomedicals). Lysates were kept on ice at
all times. A volume of (x) pL worm lysate (for IQ6311, x=2; for 1Q6312, x=5) was
mixed with (200x) pL fresh peroxidase assay buffer (h@j/mL odianasidine, 0.02%
H202 in 0.1M NaH2PO4/Na2HPO4 buffer, pH 6P&well plate; absorbance at 440nm
(OD440) and 600nm (OD440) were immediately measured using a plate reader
(SynergyHT, BioTek). Protocol adapted from described methdgsperiment was
conducted witl{A) 1Q6351 {ha6::ER-HRP-mcherry::une54 UTR; lin

15b(n744/n744)pr (B) 1Q6352 @py-7::ER-HRP-mcherry::une54 UTR,; lin
15b(n744/n744)%trains.Data represents the averageshoéetechnical replicates.
Indicated significandifferences are as compared to the vector + vector treatment unless
indicated by a grey line, and were obtained by-past multiple means comparisons

utilizing Bonferroni correction *** p < 0.001, ** p < 0.01. * p < 0.05.
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