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SUMMARY

The current work establishes novel heme sensing technology to quantitate
intracellular labile heme (LH) and provides new information concerning the amount and
dynamics of LH pools. Though methods to detect both total and exchange inert
intracellular heme existmeasuring exchange Ll intact cells the pool of heme
accessible for heme dependent processes and signaling, has not been possible until the
development of fluorescent based genetically encoded sensors like that put forth by this
work?. The nature of the regulatory heme pool, how it is controlled, as well as the means
by which heme can & propagated to activate hetnased signals have remained
mysterious phenomena. However, this body of work demonstrates the means to measure
the dynamics of heme mobilization and trafficking, conditions that dynamically mobilize
heme, proteins involved ibuffering or controlling LH availability, and demonstrate the

subsequent effects of altered LH levels on heme dependent transcription.

Before starting this thesis work, tools to monitor intracellular LH levels to
investigate what controls LH availabilitgnd mobilization did not yet exist. The
objective, therefore, was to develop and extensively characterize a tool to quantitate
intracellular LH and apply it in multiple cell lines starting with the easily genetically
tractable model eukaryot®accharomyceserevisiae As a lab, we collectively showed
thatby usingthe heme serms characterized in this body of work, we could measure and
identify factors that induce dynamic heme mobilization and identify new heme

trafficking proteins thatontrol LH availability.

XXVi



After using the heme senstmrdemonstratéhe first reported cagbat heme could
be dynamically mobilized by signaling molecules like nitric oxide (NO), further stress
conditions that may cause dynamic shifts in heme mobilization were investigated.
Investigated stresses included heme starvation, heme chelation, ZnpgoRbning in
Saccharomyces cerevisidadeed, fluxes in LH availability under these stress conditions
resulted in changes imeme dependent signaliryincinga role for this regulatory pool
of hemein controlling heme signalingOf the investigated stress, PB" poisoning,
which was originally hypothesized to induce heme signaling in the form of a
mitochondrial retrograde signal, was shown to have the most adverse effects on heme
homeostasis. Our extensive characterizatioounfyeasimodel of PB* poisoning and its
effects on labile and total heme motivated the development of a heme affinity assay using
hemin agarose beads to be used with quantitative mass spectrometry to identify proteins
that dynamically lose or gain heme in response t§ phisoning The identification of
these proteinsvashypothesized to shed light on new heme signaling networks activated

under PB* poisoning.

The other main goal of this thesis was to fully characterize the heme sensors in a
mammalian cell line. Aftedescribingthe use of our heme sensors in HEK293 catid
developing calibration protocote quantitate LH in these cellthe sensors were used to
interrogate compartment specific LH availabilitysing the heme sensomse identified
how both synthesis and impat extracellular hemeach impact cytosolic, nuclear, and
mitochondrial heme poalsin this investigation, wediscovered a preference for
synthesized heme in the mitochondti#d pool and that nuclear and cytosolic LH pools

were more sensitive to exogendumme availability than mitochondrillext, given that
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overexpressed heme oxygenase 2 (H@&Z)s ascribed cytoprotective roles under
oxidative stress that weradependent of its catalytic activitye sought to test if HO2
overexpressiohad an impact orabile and total heme availability. Quite surprisingly, we
found thatboth WTHO2 and catalytic mutants, but not heme binding mutants of HO2,
sequestetH in HEK293 cells without effecting total heme availabilifyhis unexpected
resultultimately elucidadd a cytoprotective role for HO2 acting as a heme sequestering
or heme buffering factoin total, the work done in HEK293 cells putstfothe means to
guantify subcellular pools of LHhat should be adapted to othmammalian cellines
anddemonstrate #huse of our heme sensorauttcover previously undescribed effectors

of LH availability like HOZ2.

Altogether completion of this body of work poises others to use the developed
fluorescent sensor technology to shed more light on questielesant to heme
trafficking and transpoyfa s  we | | as LH6s roles in heme
proteins identified by the investigation in the hemin agarose mass spectrometry studies
represent a new putative heme binding proteome, and thensweand characterization
of these proteins may demonstrate their involvement in regulating LH availability and

their potential roles in heme signaling.
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CHAPTER 1. INTRODUCTION

Iron protoporphyrin IX, or heme, &n irorcontaining macrocycle required for all
aerobic life that functions as a protein prosthetic group to most porphyrin binding
proteing 3 Heme is an extremely well characterized moleculedbates as a cofactor in
numerous proteins and is involved in controlling signaling in a myriad of different ways.
Even so, little is known about how heme is trafficked throughout the cell after being
synthesized in the mitochondtieBeyond heme being essential for life, understanding
how heme igartitionedthroughout the cell to be acquired by hemoproteins and control
heme dependent processesriscial to understandiniipe contributions oberrant heme
trafficking in several disease statés Our understanding of heme trafficking aitsl
involvementin pathogenesigs quite limited, largely irpart by these two factar§irst,
there is adearth of proper chemical and genetic toolsdemtify and characterizeeme
transporters Secondly, bme issuch apromiscuous molecule that many candidate
proteins could bind to it at low affinityo transport it throughout the celadding
difficulty to designing screens for heme trafficking factorBhese pointswvere large
motivations to our approach to develop a ratiometric heme sensomamie:quantitative
means to identify new heme traffickifgctors with hemin agarose beads and mass
spectrometry This introduction will serve as hrief review of heme, its roles in cell
biology as both a static cofactor aedchange labilenolecule,describe the current
knowledge concerning heme traffickingdatransport, angrovide a brief summary of
heme in pathogenesal while highlighting crucialpoints that motivated this body of

work.



1.1 Heme in Cell Biology

Heme is an indispensable metatiotrient utilized in cells to facilitate a diverse
set of functons that span energy production, regulating metabolism, and facilitating
redox biochemistry Heme can adapt many different conformations when bound to
proteirs that are often associated with the function of the associated hemoprdtka
iron atom of the heme is tigally in one of two oxidation states, either ferroE&’* or
ferric, F€*. There are 4 main types of herheme a, b, ¢, and which are distinguished
by theirside chains around the porphyrin fngleme b is the most comméorm and is
the cofactor of mosglobins like hemoglobin and myogloBirHeme ais solely known
for its role as @ofactor in cytochrome ¢ oxidaséleme o issimilar toheme autis only
found in Escherichia cofi®. Lastly, reme c is different from thether hemesn that it
forms a covalent attachment terhoproteins via a thioether linkage like in cytochrome ¢
and the cytochrome bcl comptehe work in this dissertation is focused on the most

abundant form, protoheme or heme b.

Most organismsincluding mammals, fungi, andl}proteobacteriasynthesize
heme via the Shemin pathway, a highly conserved -sigt process, starting with the
condensation of glycine with succinglo e n z y me A -anmimmlevdiirocr acid U
(ALA) 'L, The next four steps ofthe Shemin pathwagpccur in the cytosol followin
mitochondrial export of ALA . The cytosolic steps end with théogynthesis of
coproporphyrinogen l1ll, which is shuttled back into the mitochondria for the remaining
steps of heme syntheXisThe final step of the pathway is the insertionFef* into

protoporphyrin IX by ferrochelatagfECH)to form heme I. After its terminal step of



synthesis in the mitochondria, hen® shuttled by unknown mechanisms to virtually

every subcellular compartment where there are heme dependent procésses

The most commonly known rolesf hemeare asa static proteincofactor or
prosthetic grougn globins and cytochrome proteil's As a cofactorin globing heme
serves multifacetedoles ingas sensingtransportand scavenging '° Regarding gas
sensing, dferential gas binding to heme regulatesany metabolic switches and
signaling process>1%, In gastransport hemoglobinis well known tobind and deliver
diatomic oxygerand carbon dioxidgia hemebut was also recently shown to control the
transport ofnitric oxide toregulatevasodilatiod® %% Finally, concerning
gas scavenging, many bacteria rely on specific glpbateinsto detoxify nitric oxide
imposed by environmental stres$ 2 In cytochromes, éme is required as a prosthetic
groupto shuttle electrons in respiratory and photosynthetic pathways that require the use
of anelectron transport chédih Additional roles for heme as a&ssentiatofactorinclude
in enzymatic reactionsvhereit facilitatesas part of cytochrome p450 enzymes #sd
involvement inscavenginghydrogen peroxide (#02) when bound to catalaser in
clearing HO; in disproportionation reactions as a cofactorpiroxidasg' 14 2426,
Altogether heme is indispensable as a protein cofactor for its use in regulating signaling

and metabolismadating tooxidativestressandfacilitating many enzymatic reactions.

Even though heme is mostly thought of as a static protein cofactor buried deep
within the core of tight binding hemoproteins, more recent genetic and biochemical
evidence have indicated that heme may act as a dynamic signaling molecule that
regulates cellmetabolism and physiology 272°. In fact, heme dependent nuclear

transcription factors, like HAP1, p53, Bachl, and Reverb, collectively serve to regulate



diverse functions from oxygen sensing, iron homeostasis, antioxidant stress response,
energy metabolism, circadian rhythms, apoptosis, and melliferation and are
conserved from yeast to mat®>.  Additional roles for heme in signaling extend
beyond regulating metabolism and physiologydir@ct modulaton of transcription For
instanceferric heme has been showmregulate the activity of the RNAinding protein
DGCRS8 for primary microRNA processitfy Furthermore, heme transportfrom
cytochrome c peroxidase in response tHproducedas cells switch taespiratory
metabolism is required for cells to undergo proper mitohorifeaisdK arp channes are
regulaed by binding of both heme and heme degradation product, carbon monoxide
(CO), toa Katp CXXHX16H hemebinding motif® *° Beyond direct effects of heme on
signaling, variable heme transport and heme availability affect the stores of different
signaling molecule For example, heme availability to inducible nitric oxide synthase
(INOS) and cytosolic catalase, as regulatedigheme chaperone GAPD# will alter
intracellular levels of nitric oxide (NO) and hydrogen peroxideGf, which are two

vital signaling moleculé$“3, These aresome of many examples of heme dependent

regulation that exists outside of heme directly regulating transcription.

1.2 Heme Trafficking and Transport

The roles for heme in regulating cell metabolism and signaling are exhaustive.
Even so,the factors involvedn mobilizing heme from its site of synthesis in the
mitochondria to all these client hemoprotethsit exist in virtually every subcellular
compartment igoorly understoott (Figure 1.1). When conceptualizing the number and
the diversity of heme regulated processes, it is clear that heme transport and trafficking

must be tightly regulated to ensuthat this metallmutrient is available as needed by the



c e | plethasa of heme dependent functioBsen so, the dearth of knowledge regarding
how heme is partitioned leaves us in the dark on whether there are distinct cellular
mechanisms that activetye | i ver heme from where itédés syr
directly to different client hemoproteins or if hemetiansportedmore passively as a
passenger of herr@nding proteins that are themselves traffickktbughout the cell

The former notiorpoints to there being a direct transfer method from synthesis or from a
regulatory pool of heme that could regulate hatfapendent processes aignaling The

latter idea of heme as a passenger with hbimeéing proteins describes a means to
allocate hemeanore passively through the exchange of heme between several proteins
that are themselves trafficked in a way that gets heme to equilibrate to different locales
and client hemoproteingiroughout the cell. Each method, active transport or passive
exchangebetween proteins couldlistribute heme to meet cellular demands/hile
buffering heme to low levels as mandated byajiparent hydrophobicity and cytoxicity
Even so,complete pathways for heme portioning throughout the lmeleither means

have yet to belucidated in detais there as the technology to monitor heme levels and
heme mobilization in cells was recently develdp&dRegardless of thmeans for heme
allocation throughout the cellthe cytotoxicity of misregulated heme dictates tttegt
acquisition of heme by these client hemoproteins and transcription factoegulae
metabolism and signaling is ultimately reliant on the abilitycelfs to safely mobilize
heme and use an exchargbile source of hemeand the underlying mechanisms and

proteins involved in heme trafficking and transport must be elucidated
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Figure 1.1 7 Model of eukaryotic heme transport and trafficking. The final step of heme
synthesis occurs in the mitochoradrmatrix, and heme must be transported out of the
mitochondria and incorporated into a multitude of hemoproteins found in different
compartments. This process is likely mediated by heme chaperones and transporters.
Proteins previously implicated in hertransport, trafficking, or buffering are identified,

and trafficking pathways that are currently unknown are marked with question marks.
Figure reproduced exactly as published by Hanna et al, Copyright © 2017 American
Chemical Sociefy

Exchange labile heme (LH) is a pool of chelatable, kinetidabile heme that
can readily exchange between proteins and biomolecules to be used for heme dependent
process€eS. Exchange inert heme, on the other hand, represents the fraction of heme that
is too tightly bound or buried within the core of a hemoprotein, like in cytochromes or
globins, so that the heme is not readily available for new hdependent procesge$”
45 These two posl of heme comprise the total heme within a cell, where the pool of
exchangeable heme utilized for regulating heme dependent processeseirythosid
cells has been estimated to be around 10% of ¢ dottal hiérae quofd. In order b

elucidate howthe cellular demands for heme aretmihe characterization of LH,



including its concentration, speciation, oxidation state, distribution, and dynamts
be understodd. However, hesedetails regarding LHjncluding what proteins and
biomoleculesaffect its availability, have remained mystets mostly due to #ack of

requiredtools to studytH availability andtrafficking®® 28 29

The relevance for studying heme transport goes beyond heme being an essential
protein prosthetic group and signaling molecule. Heme is also a very cytoxic molecule
due to is inherent peroxidase activity and its promiscuous, nonspecific binding
interactions'® 1 46 Therefore, understanding the cellular mechanisms that underlie heme
trafficking and transport will help elucitea mechanisms of aberrant heme trafficking
apparent in different disease states like cardiovascular and neurological diséases
These properties that make heme cytotorandate the need of dedicated pathways to
facilitate the safe transfer and mobilization leéme. In much the same way that
Aessenti al toxinso |li ke copper and i ron r e

deliver these metals safely, | propose that heme requires this &s'wéf|

Heme is required by bottmembraneébound and soluble hemoproteins, requiring
heme to be both soluble and able to cross membranes. However, heme is not readily
soluble in aqueous media due to its hydrophobic character, and its hydrophilic propionate
groups make heme unable to completely £ithe lipid bilayer unassisted. Therefore, for
both membrane and soluble hemoproteins to access heme, the assistance of a binding
partner or heme chaperone is warrarifed" Even so, the identities of such chaperones
that assist in heme transfer are mostly unknown. In fact, how heme leaves the
mitochondria to be acquired by hemoproteins in virtually alcsliblar compartments is

a mysterious phenomendn4



Although a complete list of required heme trafficking factors is lackimgye has
been some success in identifyiaghumber oheme transporters and chaperones within
the past 10 year$-igure1l.1). Several of these heme trafficking factors were discovered
usingmoleculargenetis approaches to identify genes that were regulated differbgtly
hemein the heme auxotrop@. Elegan® >0 Of the identified heme responsive genes
dubbed HRGs, several wecharacterized to have direct roles in heme trafficking and
haveelevatedvhat we currently know about heme transport in cells and whole organisms

(Figure1.1)4%56,

In addition to the identification of transporters and chaperones, small molecule
oxidants like NO and KD, have proverkey to facilitatingheme transfer mechanisms.
Recent studies have shown thaiObl generated during the diauxic shifthen cells
switch from fermentation to respiration, triggers a heme transfer from cytochrome c
peroxidase (Ccpl) to mitochondrial catafds@he peroxide labilizes heme from the
otherwise exchangmert cytochrome c¢ peroxidaswhich causes heme dissociation and
heme transfer to catalase. Beyond regulating heme reallocation between these two
mitochondrial hemoproteingther instances gberoxidedependent heme transfeave
not been identified nor extensively studiedBeyondperoxide based heme transfenrk
by Stuehr and his colleagues has shown a more diverse set of ratésidarxide (NO)
in regulating heme signaling and protein heme acquisffiom fact, Snitrosylation of
GAPDH, a recently discovered major heme bu#Hiad chaperonenegatively regulates
inducible nitric oxide synthase (iNOS) and excess NO blocks insertion of heme to a
number of hemoproteins, including iINOS, hemoglobin, catalase, and cytochrome p450s

40-43,57.58 On the other hand, NO can also help facilitate heme insegialone wittthe



b-subunit of soluble guanylate cycla¥e Beyond NO regulating protein heme
acquisition, NOhas been postulated to regulate heme homeostasis fofydariact,
different nitrosylation mechanisnteave been shown to begrdated by heme, and vice
versa various heme cleavagad hemdransfer mechanisms are regulated by?NE$68,
Indeed, heme and NO signaling appear to be intimately tied, but the extent to which NO

availability regulates heme trafficking and availability is undeternthed

1.3 Heme Related Pathology

As mentioned, heme is essential for life, serving countlesss rivie both
facilitating and regulating biological processes. Even so, heme is also cytotoxic and
causes many deleterious effects when mishandled by.cddisne is preoxidant that
catalyzes the formation of reactive oxygen species, has the potential fepedfic
binding interactions, and is known to intercalate membfanéteme is also both
hydrophobic and charged, and yet, must be able to cross membranes to be incorporated
into soluble hemoproteihs Taken together, theseharacteristics enable misregulated
heme to cause the peroxidation of membrane lipids, as well as damage proteins and
nucleic acids'**%  Further, dysregul ated fAfree heme:
iron that can facilitate the Fenton reaction toagate free hydroxyl radicals, ramping up
oxidative damage and the generation of more reactive oxygen species that can negatively

affect a widearray of cellular process¢Bigure1.2)*.
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Figure 1.2 i Diagram of free heme toxicity. Hem causes tissue injury by inducing
oxidative damage, hemolysis, inflammation, and vascular dysfunction. This figure was
reprinted withpermission from Chiabrando et al. (2014) as part of Drug Metabolism and
Transport, as section of the journal Frontiers in Pharmacblogy

Natural ways for heme to be misregulated include defects in heme synthesis and
catabolism by heme oxygenase (HO) enzymes, as well as hemoprmeakddwn.
Heme synthesissia very well characterized and tightly regulated process but when
misregulated induces class ofmetabolic disordercalled porphyria, characterized by the
overproduction of porphyrin intermediates, porphyrins, and heme defiéiéacihe
toxicity associated with heme and its biosynthetic enzymes, along with increasing
amounts of biochemical evidence, support the idea that there is a heme synthesis
metabolon to ensure thédfieient and safe production of heme and the shuttling of its
intermediates between the cytosol and mitochofAtffaThis heme metabolon comprises

several of the cytosolic anditochondrial heme synthesis enzymes, several heme related
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proteins, and has the potential to serve as a scaffold for interactions with other pathways,
signaling moleculesand organell€s. Therefore, understanding defects in heme synthesis
may be crucial towards understanding how heme is directed out of the mitochondria and

how heme may be misregulated in porphyria, anemiasptued heme related disordérs

4,70,71,73

Heme catabolizing HO enzymesrge a dual protective role by regulating heme
levels while also controlling cytoprotective responses to str€&ss HO6s cyt opr ot
roles are usually attributed to its hemdegradation products, biliverdin and CO, which
have been shown to reduce several models of inflammation in the liver an& Brain
Both free heme anthe two main isoforms oHO, HMOX-1 (HO-1) and HMOX2
(HO2), are associated in a number of neurological disoffts | n Par ki nsonos
Al z hei mer ansl mutipls scleresgsHO-1 is upreguleed presumably to help
manage inflammation associated with neuroinflammation and continual celPfjeoy
undetermined reasons, however, in human immunodeficiency virus (HIV) infections of
the brain, HOL1 is downregulatéd ® How heme oxygenase expression and its
regulation of free hemactin heme related pathology extremely importarend needs to

be better understood.

Although there araededicatedheme chaperones, transporters, buffering factors,
and tightly controlled mechanisms to regulate heme synthesis and induce heme
degradation, heme ill inappropriatey handled in cellsandthere are conditions that
increase free hemeto pathophysiological levelé Regarding high heme levels,
hemolysis, hemorrhage, and myolysis all catlerelease of excesses of hemoproteins

and free heme into the extracellular space that is often too much for scavenging proteins
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like hemopexin and haptoglobin to handle and deliver for clearing 5. Widder these
contexts, endothelial cells become dysfunctional leading to vascular digégaes

1.2)*7- 8. 87 Whenheme isnot in detrimental excess under hemolytic strassnelikely

acts as an alarmin to signal to TLR3! ensure an adaptive respons®wever,under
hemolytic conditions ammonly associated with malaria, sepsis, and sickle cell disease,
heme has been shown to activate innate immune receptors that contribute to lethality and
the pathogenesis of these disea@féigure 1.2)8* 8 87: 8 vet, the modes by which heme
activates these extracellular signals, and ifipalty those contributing to lethality, are

unknown and may lead to new therapeutic strategies for hemolytic df$e®&ses

Heme isthe focus ofseveral other diseas including infectious dises like
tuberculosis and malarighere thes@athogensely on their hosi s  has ansource of
iron for virulence The mechanisms under which heme is regulated and acquired in these
organisms is of high relevance in discovering new therapeutic drugstahge could
selectively target the pathod@f’. Therefore, in this context, understanding how heme is
trafficked differently betweenthe host and the pathogen is crucial to developing new

therapeutic strategies.

Additionally, heme has been implicated Ml z h e idivaase dwhere itan
associate witht he Al zhei mer 6s di s e §ABata) dnd intensify r k ,
Abeta associatkcytotoxicity with its peroxidase activity 3 Interestingly,a number of
hemeassocited proteinand heme degradatiamA|l z hei mer 6 s hdve thara s e
expressiondownregulated potentially increasing the amount of free heme that can
associate with ABet4 In addition,studies in primary mouse astrocyteséahown that

physiological doses of heme and hemoglobin can associate with particular ABeta species
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and that through their interactions with ABewuppress inflammatory response by
preventing the induction of piaflammatory cytokines and prevent ABeta uptake into

the astrocyte€S. Heme has not beencantralf ocus of Al zhei mer 6s di
but understanding the molecular mechanisms surrounding alterecakiarability in the
affectedtissues as well as the downstream effects of heme on physiology are paramount

in undersanding the pathogenesistbfs disease.

Before the start of this thesis, no tools existed for quantifying or monitoring
dynamic changes in LH availabilityldeally, many of the questions underlying heme
related pathologies relevant to mismanaged henssrdkrs in heme synthesis, and
perturbed regulation of HO enzymes aaow be parsed out using some of the novel
heme sensing technologies produced over the last several Meavs using the heme
sensors characterized as part of this dissertaitbeysar e current |l y i nvest
role in infectiousdiseases like tuberculosis and fragsout more details relevant to heme
in Al zhei mer 6s di sease and. Additmnalijaotrilab isbr ai n
currently utilizingour heme sensors in genetscreens to identify new heme trafficking
factorsthat will be paramount to understanding thmwlecular mechanisms that control

hemebs availability in health and disease.

1.4 Scope of Thesis

Chapter 2 describes the initial development and characterizatoam génetically
encoded ratiometric sensors for heme and their deploym&#dcharomyces cerevisiae
to quantitate and reveal the nature and dynamics of LH. We found that there is cell to cell

variability in cytosolic LH availability, thatthe subcellula distribution of LH is
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heterogenoysandwe revealedhat the signaling molecule nitric oxide (NO) can initiate
the rapid mobilization of heme in the cytosol and nucleus from certain thiol containing
factors. Our heme sensing technology developed in Gragtshed light on several
factors regarding the nature of LH; however, the physiological importance of LH

remained unclear.

Hence, in Chapter 3, we first sought to ascribe a physiological roldHfarsing a
blend of sitespecific heme chelators, moleatlgenetics approaches, and our fluorescent
heme sensors. Using these combiapgroacheswe showed that LH has direct effects
on physiologyandthatcells rely on a.H heme pool for regulatory functionsstead of
solely relying onnewly synthesized heme to modulaéd their heme dependent
processesAdditionally, in Chapter 3, we demonstrated that (1) yeast cells preferentially
use LH in hemalepleted conditions; (2) sequestration of cytosolic LH suppresses heme
signaling; and (3)ead (PB*) stress contributes to a decrease in total heme, but an
increase in LH, which correlates with increased heme signaling. We also observed that
the proteasome is involved in the regulation of the labile heme pool and that loss of
proteasomal actity sensitizes cells to Pb effects on heme homeostasis. All these
observations motivated the development of methods to probe the binding and releasing of
heme in response to stress to identify new heme signaling factors that may utilize and
modulate LH availability. To this end, given that Pbhad severe effects on heme
homeostasis and maintained heme dependent signaling, we employed dgamose
bead chromatography approaches coupled to SILAC labeling and L@I$/® identify

proteins that bind and lemse heme in response to our model &f Rixicity.
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Given the broader physiological relevance of heme in mammalian cells, in the
following study outlined in Chapter 4, | employed our genetically encoded heme sensors
in HEK293 cells and demonstrate theans to in situ calibrate the sensor for live cell
guantitation of subcellular LH availabilityThe sensor was then used to interrogate
compartment specific responses to endogenously produced or extracekulaplied
heme Lastly, | employed our hemersors to reveal a novel role for the constitutively
expressed heme oxygenase 2 (HO2) in buffering LH, explaining previous reports of HO2

overexpression being cytoprotective independent of its catalytic activity.
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CHAPTER 2. HEME DYNAMICS AND TRAFFICKING
FACTORS REVEALED BY GENETICALLY ENCODED

FLUORESCENT HEME SENSORS

2.1 Thesis Attribution Statement for Chapter 2.

Portions of this chapter are adapted fr
HannaRaven M. HarveyQsiris  MartinezGuzman;Xiaojing  Yuan;Bindu
Chandrasekharagheevarghese Raji;, Wayne Outtenigbal Hamza; andmit R.

R e d dHeme Dgnamics and Trafficking Factors Revealed by Genetically Encoded

Fluorescent Heme Sensors. Proc Natl Acad Sci, 2016;113778% 0

2.2 Introduction

Heme (iron protoporphyrin IX) is an essential protein cofactor and signaling
moleculg- 3 27. 31, 34,35 980 The canonical view of heme is that it is a static cofactor
buried in the active sites of hemoproteins. This view point is irreconcilable wifladhe
that all heme dependent processes, from heme acquisition by proteins to heme signaling,
require the dynamic mobilization of heme. However, heme mobilization has never been
monitored, and the mechanisms that mediate it are poorly understood. The
hydrohobicity and cytotoxicity of heme necessitate that its concentration is tightly
regulated and buffered to low levels, creating an apparent paradox when trying to
conceptualize the movement of heme to client hemoproteins or for-lvesed signal
transductio® 44 %1 The total hera quota is the sum of the exchange inert and labile

heme (LH) pools. Inert heme, which is unavailable for new héependent processes, is
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more abundant and represents the large fraction of heme that is associated with high
affinity hemoproteins like cytdwomes and globins. The LH pool, which is available for
hemoproteins and heme signaling, is far less abundant and buffered by unknown
factors*®. The properties of LH pools, including concentration, speciation, oxidation state,
distribution, and dynamics, are paramount for understanding how cells assimilate this
essential nutrient, but are@rly understood. The current lack of understanding of LH is,

in large part, due to the dearth of tools available to probe it. Herein, we report genetically

encoded ratiometric fluorescent heme sensors and deploy them in the unicellular

eukaryoteSaccharomjices cerevisia¢ Baker 6 s yeast) to elucidat

of LH. We find that LH is buffered at a concentration of 20 nM in the cytosol and less

than 2.5 nM in the nucleus and mitochondria. Further, we find that the signaling molecule
nitric oxide (NO) can initiate the rapid mobilization of heme in the cytosol and nucleus
from certain thiolcontaining factors. By integrating our heme sensors with genetic
screens, we also find that the glycolytic enzyme glyceraldehyde phosphate
dehydrogenase (@&DH) is responsible for buffering intracellular heme and regulating
the activity of the nuclear hertependent transcription factor heme activator protein
(Haplp). Altogether, these results reveal fundamental aspects of heme trafficking and

dynamics, prowing fresh insight into the cellular management of this essential nutrient.

2.3 Design and Characterization of Heme Sensors

The firstgeneration heme sensor, HS1, consists of a ‘enuing domain, the
His/Met coordinating <lphahelical bundle hemoproteinytochrome bs2 (Cyt bse2)'%?
fused to a pair of fluorescent proteins, EGFP and Katushka 2 (mKATE2), that are

expected to exhibit herreensitive andinsensitive fluorescence, respectiveligure
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2.1A). Holo-Cyt ke is a fluorescence resonance energy transfer (FRET) acceptor for
EGFP3 1%[excitation (ex.) = 488 nm, emission (§r+ 510 nm] but not mKATE®®
(ex. = 588 nm, em. = 620 nmy. Thus, HS1 was designed as an excitadonssion
ratiometric probe®® in which the ratio of hemsensitive EGFP fluorescence heme
insensitive mMKATE2 fluorescence provides a readout of cellular heme independent of

sensor concentration
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Figure 2.1 - Design and hemdependent fluorescence properties of the heme sensors.
(A) Molecdar model and design principles of the heme sensor, HS1. The model is
derived from the Xray structures of mKATE [Protein Data Bank (PDB) ID code 3BXB]
and CG6 (PDB ID code 3US8P). Ferric hegwpendent changes in the normalized
fluorescence emission spextof HS1 at pH 8.0 upon excitation of EGHP, €x.= 488

nm) and mKATE2 C, ex. = 588 nm) are illustrated. Normalized changes in EGFP (ex. =
488 nm, em. = 510 nm) and mKATE2 (ex. = 588 nm, em. = 620 nm) fluorescence upon
titration of h e D) @and HRIMA (B) atpH & 0vare HigstatedF)
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Change in EGFP/mMKATE2 fluorescence ratios for HS1 and-M3A upon titration of
heme. All titration data are fit to 1:1 heme/protein binding models.

HS1 was adapted from a previously reported EGlPhse2 integral fusion protein,
CGB6, that exhibits >99% efficient FRET between EGFP and hé€menKATE2 was
appemled to the N terminus of CG6 with a GlySer linker. Titration of ferric and ferrous
heme into an aqueous buffered solution [20 mM NaPi, 100 mM NacCl (pH 8.0)] of 0.5
eM purified HS1 resulted in visible absorhb
and quenched EGFP fluorescenc®1(-fold decrease in signal), with minimal
perturbation to mKATE2 fluorescencBZ0% decrease in signaligure2.1B-D). Both
oxidized and reduced heme quench the fluorescence of EGFP and mKATE2 to similar
degrees and the change in fluorescence as a function of [heme] evinces a 1:1 heme/HS1

stoichiometry Figure2.1D,F).

HS1-ferric heme dissociation constantsy'K were determined by direct titration of
hemin chloride into HS1 over a broad pH range (jy8)%nd found to be 3 nM between
pH 6.0 and 7.8. At pH 8.0, the 10 nM K!' value for HS1 is identical to thedK values
previously reported for Cyt sk %2 and CG6 %, HSILferrous heme dissociation
constants, K!' values, were too tight to measure by direct titration and are less than 1 nM
The approximate values of¢K can be estimated to be ~10 pM at pH 7.0 and by
completng a thermodynamic cycle relating the reduction potential of free hé&@eny/
vs. NHE)and HS1theme (assumed to be the reduction potential of €yt b7OmV vs
NHE) and by usingthe K" values that were determined here by direct titration
Equation(1)1°% 198 19 F (hound)i s t he heme protein, HS16s

Em(free)is the reduction potential of free hettfe
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Figure 2.2 - Molecular model of the heme sensors HS1 and HS1M7A. Models are
derived from the Xray structures of mKATE (PDB: 3BXB) and CG6 (PDB: 3U8P).

Because previous estimates for the concentration of the LH pool are highly varied
betwveen nanomolar and micromolar valtfesve generated heme sensors with altered
heme binding affinities. One variant, H®7A, which was generated by replacing the
heme axial Met7 ligand of Cyg& with Ala (Figure2.2), exhibits fluorescence properties
similar to the fluoresence properties of HS1 and binds heme in a 1:1 stoichiometry
(Figure 2.1E,P. HS1:M7A binds ferrous heme with agkvalue of 25 nM between pH
6.0 and 7.5. The HSIM7A K¢" values are very weak, determined to bé 25 0 & M
over a pH range of 5(8.0°°. The K{" value of HSIM7A is similar in magnitude to
previous estimates of til0@ nMitritle gsuwelhdsahey o
affinities of proteins thatmay respond to this pool, including the hedspendent

transcri pt i d'hand canstitutive heiReeoxygenddgHO-2)113

Both HS1 and HSM7A are selective for ferrous heme over other metals,
protoporphyrin IX, and the heme degradation products bilirubin divebroiin?®. Further,
ferrous hembound HS1 and HSM7A exhibit

apc and pHindependent

EGFP/mKATE2 fluorescence ratios between pH 6.5 and 9.0 but are markedly pH
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dependent below pH &%The fluorescence ratio of HS1 and HBITA is independent

of protein concentration between 10 nM anct
aggregate over these concentratfdnserrous heme binding to HS1 and H8TA is

reversible because competition with excess@pblss2 restores the fluorescence ratio to
aposensof®. Further,in viva HS1 and HSM7 Ad6s s el eenteiowei lieme f or
biosynthesis intermediates is shown by the EGFP:mKATE2 sensor fluorescence ratio
being identical betweehemIp aherdb @ st r ai n KHS1g@igurel.&.heamim g

cells are heme deficient as they laclarBinolevulinic acid (FALA) synthase, the first

enzyme in the heme biosynthetic pathitdyhemB p cel | s | ack the ult
heme synthesis, which resultsbinoth heme deficiency and buildup of heme synthesis
intermediates, like protoporphyrin %. If HS1 bound hemeintermediatesn vivo, the
EGFP:mKATE ofhemB @ cel | s e x pr ées expeoted toH8& lowemwtbanm | d

hemip cel |l s exhguead3si ng HS1 (

5.0
045
= 4.0
& 3.5
330
€25
w 2.0
L 15

eGFP:mKATE

H- 0.5
0.0

hem1A HS1 hem154 HS1

Figure 2.3 - Comparison of HS1 sensor fluorescencehemp vemb o cel | s.
Cytosolic HS1does not bind heme synthesis intermediatesvo.

2.4 Cellular Heme Imaging: Cytosol

Using fluorimetry Figure 2.4A), flow cytometry Figure 2.4B), and fluorescence

microscopy Figure 2.4C), we find that HS1 and HSW7A can be used to sense
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endogenous LH in a quantitative manner. Fluorimekigyre 2.4A) and fluorescence
microscopy Figure 2.4C) of WT yeast cells expressing cytosolic HS1 and WN&A
indicate @ EGFP/mKATE2 ratio that is markedly reduced in comparison to heme
deficienth e m telfs. The difference in HS1 and H®I7A fluorescence ratios in WT

cells reflects their differential heme binding affinities (vida infra).

A 9 ENo Treatment
o 0200 uM SA
= 8 B800 M 5-ALA |
N ©
Wwe 79 1 N
c 5
Eg ., ;
o n
o3
287
MY
i e T = T T o |
HS1 HS1-M7A HS1 HS1-M7A
WT hem1A
B 12 12
@No Treatment @No Treatment
~10 2.5 mM SA ~10 2.5 mM SA
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o 8 o 8
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eGFP:mKATE2 Ratio eGFP:mKATE2 Ratio
C HS1 HS1-M7A

Figure 2.4 - Hemedependent fluorescence ratios of HS1 and NSA in WT and

h e myapst cells as measured by fluorimetd),(flow cytometry B), and confocal
microscopy C). Where indicated, cells were treated wlBA or SALA. Cells for
microscopy experiments were treated with 0.2 mM SA or 1.5 mML5A . AHe me
saturatedo iIis the ratio recorded wupon digi
with excess heme as described in the main text for in situ calibratitdre cytosolic
sensors. Fluorimetry data represent the mean + SD of triplicate cultures. The green bar
indicates the eGFP/mMKATE2 fluorescence ratio when the heme sensors are saturated
with heme. The flow cytometry and microscopy data are representatihree
independent midog-phase cultures grown in synthetic complete media lacking leucine
and supplemented with ergosterol and tw88r{SCELEU).
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The HS1 and HSM7A EGFP/mKATEZ2 fluorescence ratios ih e m Icefls
decrease when heme synthesis is it@tladue to supplementation withARA (Figure
2.4A,C) in a dosadependent manneFigure2.5C,D), which is consistent with increased
heme bindingExcess BALA does not reduce HSM7A fluorescenceatios to the same
extent as HS1. This effect is because exceds A (1.5 mM) results inintracellular
heme levels similar to WT ceff$ strict control of heme biosynthesis does not allow for
endogenous heme levels that are sufficient to saturate thaffionty heme sensor HS1
M7A. Conversely, theHS1 and HSIM7A EGFP/mKATE2 fluorescence ratios in WT
cells increase upon supplementation with the heme biosynthesis inhibitor succinylacetone
(SA) (Figure2.4Ai C) in a dosalependent manneFigure 2.5A,B), which is consistent

with decreased heme bindifig A variant of HS1 with Hig, and Me} heme

coordinating ligands mutated to Ala, H®8IFA,H102A, and an mKATEZEGFP fusion

protein lacking the Cyt 3, domain do not exhibit herrgependent changes in

fluorescece ratio, indicating that heme iron coordination to HS1 is required for cellular

heme sensinggure2.6).
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Figure 2.5 - Heme dependence of cellular EGFP:mKATE2 fluorescence ratieB) (A

WT cells expressingX) HS1 or B) HS1-M7A were cultured in SCEEU media for 15

hours with the indicated concentrations of the heme biosynthesis inhibitor
succinylacetone (SA) and EGFP:mKATE2 fluorescence ratios were recorddd) (C

h e m teds expressing®) HS1 or D) HS1-M7A were cultured in SCEEU media for

15 hours with the indicated concentrations oefrbinolevulinic acid (PALA) and
EGFP:mKATE2 fluorecence ratios were recorded. The EGFP (ex. 488, em. 510) to
MKATE2 (ex. 588, em. 620 nm) fluorescence ratio was recorded by a plate reader using
100 pL of 6x107 cell/mL in PBS buffer.
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Figure 2.6 - Hemedepeadence of EGFP:mKATE2 fluorescence ratios of heme binding
mutants and various -Nand Gterminal mKATE2CG6 fusion proteins expressed in

h e m te#ls cultured with the indicated concentration efrbinolevulinic acid (BALA).

Only mKATE2-(GS)1:CG6 exhibits enheme dependent EGFP to mKATE2 fluorescence
ratio. The EGFP (ex. 488, em. 510) to mKATE2 (ex. 588, em. 620 nm) fluorescence ratio
was recorded by a plate reader from 100 uL of 6x107 cell/mL in PBS buffer. The data
represent the mean £ SD of triplicate audis. Cells were cultured to mekponential
phase in SCEEU media prior to analyses.

The heme sensor does not itself perturb heme metabolism and is a reliable reporter
for endogenous LH. Titration of HSI7A expression using weak (bPHl), medium
(prTEFl), and strong (&be promoterson cenromeric plasmidsdo not result in a

change in the observed concentration of the bioavailable heme pool,%ﬁ@-ﬁﬁl—
M7A does not affect cell growth or hemegulated functions like total heme, catalase

activity, or respiratiof®.

For quantitative heme monitoring, an in situ method to calibrate the sensor was
developed®. The concentration of [heme] accessible to the sensor is governed by the

following expressioh®
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where K; is the hemesensor dissociation constanBexpt is the EGFP/mKATE2
fluorescence ratio under any given conditi&n is the EGFP/mKATE2 fluorescence

ratio when 0% of the sensor is bound to heRygyis the EGFP/mMKATE?2 fluorescence
. . mKATE2 . ..
ratio when 100% of the sensor is bound to heRg, is the mMKATE2 emission

intensity when 0% of the sensor is bound to heme, I%,ﬁg;{nKATEZ is the mKATE2

emission intensity when 100% of the sensor is bound to heme. DeterminaRgg ahd

2 . .. .
FmaxmKATE involves recording EGFP and mKATE2 fluorescence after digitonin

per meabilization of cells and i n&ubrd@ti on

KATEZ2 . .
mem involves recording EGFP and mKATE2 fluorescence after cells are treated

with SA or fromh e mkeais cultured in parallel. Because the ferrous heme binding

affinities are tighter than ferric affinities for both HS1 and H®4A, Rmax and

KATE2 . . .
Fmaxm are determined in the presence of the reducing agent ascorbate (1 mM) to

drive heme saturation of the sensors.
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Figure 2.7 - In-situ calibration of cytosolic HS1 and H$A47A. 6x107 cells were
harvested after 15 hours of growth and resuspended in 1 mL of PBS buffer.
EGFP:mKATE2 fluorescence ratios were recorded by exciting EGFP (ex. 488) and
MKATE2 (ex. 588) and collecting their emission at 510 nm and 620 nm, respectively. To
calibrate the sens@nd determine the ratio when they are 100% bound to heme (Heme
Saturated), 6x107 cells/mL were incubated for 30 minutes atC3n PBS buffer
containing 1 mM ascorbat@00 pg/mL digitonin, and 50 uM hemin chloride. After
incubation, cells were washed excess heme and fluorescence ratios were recorded as
described for noipermeabilized cells. The data represent the mean £ SD of triplicate
cultures. Cells were cultured to méponential phase in SAHEU media prior to
analyses.

Using fluorimetry, in du calibration of HS1 in WT cells indicates that it is >95%
saturated Kigure 2.4A, Figure 2.7), which is not ideal for imaging. On the other hand,
HS1-M7A is typically 20 50% bound in exponentihase WT cells and well poised to
monitor changes in heme availabilitfFigure 2.4A, Figure 2.7). Estimation of the
concentration of LH usingquation (2) depends on assumptions made about its oxidation
state. In the two limiting cases of LH being 100% reduced or oxidized, cytosolic LH can

be estimated to be bufft betweed30 nMandD1 &€ M, r espectively, a

the data depicted iRigure2.4A and the lﬁ” or Kd'” value of 25 nM%or 1 ¢

which is the pH of the yeast cytos6l Given the relatively reducing cellular

environment, lﬂ:qCytosol Di 320 mV vs. normal hydrogen electrode (NME)which is

27



governed by the ratio of oxidized-reduced glutathione, and tiheduction potential of
aqueous heme, estimated to be b¥t%wen 150
propose that LH is biased toward the reduced state and assume herein that LH is 100%
reduced. However, the actual fraction of LH that is reduced is dependéatspeciation

and the degree to which it equilibrates with the glutathione redox buffer, both of which

are unknownHowever,given the weak ferric heme affinities of HB8A7A, if [LH] is

<100 nM, HSIM7A cannot sense oxidized 2}

Flow cytometry of logphase WT cells expressing H8I A reveals that there are
three populations of cells with distinct concentrations of cytosolic LH; 40 nM, 20 nM,
and <1 nM hemeHRigure2.4B). These LH concentrations correspond to 1,200, 600, and
<30 molecules of heme, respectively, assuming a cytosolic volunye) @&f 50 fL*°. By
comparison, total cellular heme was determined t®be £°MAlthough this trimodal
distribution is highly reproducible, the relative abundance of cells with these three
distinct heme levels quite variable between experimerfggre2.8). This observation
suggests that heme availability may be dynamically regulated. In contrasexHibits
only one population due to complete heme saturation as a result of its high heme binding
affinity (Figure2.4B, Figure2.9). For details on how the analyzed cells were processed

see the Appendix.
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Figure 2.8 - Variation in the timodal distribution blabile heme as measured by HS1
M7A. (A-F) Flow cytometry analysis of HSM7A EGFP:mKATE?2 ratios in WT and

h e mTehs in six independent trials. In each trial, cells were cultured in-ISELE
media to midexponential phase before being subject to flow cytomefyar{d G)
Replicate cell cultures indicate the low amount of variation kmtdal distribution
within one experimental trialK), which is also indicated by the small deviation in the
cell weighted average EGFP:mKATE?2 ratio between the three replites (
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Figure 2.9 - Variation in HS1IEGFP:mKATE?2 fluorescence ratios as measured by flow
cytometry. A-D) Flow cytometry analysis of HS1 EGFP:mKATE2 ratios in WT and
hemleae cells in four i ndependent t fLEUR | s .
media to midexponential phase before bgisubject to flow cytometry.

Given WT cells expressingdS1-M7A displayed three populations of cells with
different concentrations of labile hemee wished to ensure that each population was
heme responsive. Validating this confirms that there are intteed populations of LH
in and the three populations do not arise from heme independent effects. To this end, we
in situ calibratd triplicate samples of WT anld e m tedfs expressing HSM7A, and
indeed, each population in the WT cells collapsed ontsdhee value as in e m tetis

expressing HSM7A (Figure2.10).
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Replicate 3

[
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e
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Figure 2.10 - Validation of in situ saturation protocoked inFigure2.7 for HS1-M7A
expressing cells analyzed by flow cytometry in triplicatélse in Figure2.7 bothh e m1

and WT cells expressing sensor have their EGFP levels quemekelting in minimized

EGFP:mKATE?2 ratios.

2.5 Exogenous Heme Incorporabn into Labile Heme Pools n

Baker 6s

Yeast

Mechanisms underlying heme uptake in microbes is not completely understood.

Saccharomyces cerevisideaditionally areinefficient atimporting exogenous hemdut

the growth oh e m dedizient cells can be rescued be heme treatifeBen soh e m1
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cells supplementedvith exogenous hemare not filled with LH unlike those that are

allowed tobiosynthesize heme by ALA supplementat{igure2.11).

6.0

w
o

oy
o

EGFP:mKATE2 Ratio
N w
=} =}

=
o
1

e
o

DMSO

100 uM ALA, DMSO  25uM hemin, DMSO

mWT

® hemlA

Figure 2.11 i Overnight exposure of cells toLA but not hene decreases heme

dependent

EGFP: mKATE
cells are unaffected by ALA or hemin chloride as HS1 is already >95% bound to heme in

rat.i

0]

of

hemlap

these cellsHeme was supplied from a 10mg/mL DMSO stock of hemin chloride.

Are h e m tdlfs that arerescued by extracellular heme radile to fill theirLH pools

with extracellular sourced heme® exogenous hemehandled differently than

cel

biosynthesized heme? To télsheme deficient cells could incorporate exogenous heme

into their labile heme pools, we testedhéme deficienth e m1celp grown in the

presence of heme for prolonged periods would adapt and incorporate exogenous heme

into their LH pools. Indeed, whesxposed to heme plates for 9 days, then set up in liquid

culture with and without hemifh e m1celtp are able tancorporate LH into their

cytosol in the same fashion lase m &elis that were fed ALAFigure2.12).
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Sample Name
0 hem15A HS1-M7A + Heme
hem15A HS1-M7A
O hem1A HS1-M7A +ALA
0 hem1A HS1-M7A

AR BAREE RARES RARES RERS

0 0.100 0.200
EGFP:mKATE2

Figure 212 i Comparison ofh e m1 &dph e m 1Lk availability in response to
prolonged heme exposure wihe m 1cBllepvs an overnight culture bf e m tvitp ALA
HS1-M7A expressing cellsProlonged exogenous heme exposirdr e m1celp on
solid media followed by overnight culture in YPDE media supphted with(purple
and without ¢range)25 uM hemeare compared tbh e m telfs treated overnight with
(blue) or without (red)BOOuM ALA. h e m1lcelipwere exposed to heme for 9 days
before culturing.

2.6 Hyper-expression of Cytosolic Heme Sensor Induces a e Sink

While the titration of HSAIM7A heme sensor does not itself perturb heme
metabolism and is a reliable reporter for’2Hve pursued ihyperexpression of the tight
binding HS1 sensorcould induce a heme sink inside cells. The generation of ahabl
could perturbheme homeostasis by sequestering cellular LH would be instrumental in

probing the roles of LH in health and disease models and could also be implemented in
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high copy suppressor screens to identify new heme regulatory genes and mnigafficki
factors. To this end, given its high promoter strength, we used a 2 micron high copy
GPD promoter (p42&PD) Figure 2.13) to hyperexpress HS1 and teds ability to

sequester LH.

935

B-galactosidase activity [u]

p426TEF
pa26GPD 4

a
&
Q
=
z

p416CYCI
p426CYC1
p426ADH

expression vector

Figure 2.13 i Expression levels of different vectors. Figure was reproduced with
permission from work done by Funk et al. Gene, 156 (1995)1229©1995 Elsevier
Science B.VAIl rights reserved.

To demonstrate that hyperexpression of HS1 induces a heme sink that perturbs cell
growth, WT anch e m tetfs expressing425GPD EV), p425GDP-HS1 (GPD-HS1),
or a noncytochrome containing, nelmeme binding p42&DP-mKATE-EGFP (GPD-
MKATEeGFP)control, were grown in SC media with or without ALA to supply cells
with heme.On SC plates, IBWT strain cells gew fine regardless oéxpressed vectpr

while h e mZXdfs will only grow in the presence of ALAwhich allows them to
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synthesize hem@-igure2.14A-D). At the low 5 pg/mL dose of ALAh e m tetfs have
some rescue in their growth relative to WT cedls,seen by theinighest seed density
tier, 10* cells, haing colony forming unitgFigure2.14B). In addition to thisthe GPD-
HS1 expressing cellsbut not the EV or mKATE2GFP control, have their growth
stunted, indicating thatiS1is sequestering enough heme to impact cell growitpute
2.14B). At the intermediate 10 pug/mL dose of ALA, e m hape even more growth
rescued with almost full rescue at thé-tell tier for theh e m E\¢@mnd pGPBMKATE-
EGHP expressing cellsRigure2.14C). h e m tetfs hyperexpressingdS1, on the other
hand,have stunted growth displayirdpout 16fold less cell growth relative tiheh e m1
cortrols at thelO>-cell tier (Figure2.14C). Finally, atthe high 50 pg/mlconcentration of
ALA, whichtypically rescues heme contantcells grownin solid media the cell growth

of the noRHS1 expressingy e m tedfs has been rescued while the HS1 overesging
cells still display impaired growthunder this heme replete growth conditiobhe
impaired growth can be seen at thé-16 10 -cell tier patches, but is most noticeable at
the 1G cells patch, where there are only several colonies forming for HS1 expressing
h e mXkalls, while theh e m kaptrols grow like WT cells and hawaany colony

forming units(Figure2.14D).
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Figure 2.147 Overexpression of HSbut not empty vector (EV) or a ndreme binding
EGFP:mKATE controlby p425GPD expression vectors induces a heme sink in cells
grown with glucose as a carbon source. Whws m tefjs were plated in 01, and

107 in 4 pL patches serially diluted in Sterile MilliQ onto SC 2% glucose plates that were
supplemented with dier(A) 0, B) 5, (C) 10, or(D) 50 pg/ uL ALA and grown at 30 °C

for 3 days.

These results were shownoth in media containing glucose, which favors
fermentation, and media lacking glucoset loontaining glycerol, a nefermentative
carbon source, whichequires cells to favor a respiratory mode of metaboliBigue
2.15). Cells grown on glycerol containing plates for 3 vs 4 days both show that HS1
impairs growth oh e m tetis grown in the presence of 50 ug/mL ALA, while this dose
nearly rescus the nonHS1 expressindn e m Lais to WT levels of growth. Kigure

2.15A-D).
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Figure 2.157 Overexpression of HS1, but not empty vector (EV) or almame binding
EGFP:mKATE control, § p425GPD expression vectors induces a heme sink in cells
grown with glycerol as a carbon source. WThve m tetfs were plated in 01C, and

107 in 4 pL patches serially diluted in Sterile MilliQ onto SC 3% glycerol plates that
were supplemented with eithex-8) 0 or (C-D) 50 pg/ uL ALA and grown at 30 °C for
(A, C) 3 or B, D) days.

To my knowledge, these are the first results showing thatvieexpression of a
hemoprotein in cells can induce a heme sink that impairs cell growth. The utilization of a
heme sink that is targeted to different cellular locales in tandem with our heme sensors
could shed light on how heme availability and heme deg@nprocesses change when
LH is sequestered. In addition, this technology could be coupled with a genetic screen to
identify novel heme related proteins that could rescue the growth defect imparted by this

heme sink.
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2.7 Cellular Heme Imaging: Nucleus and Mitachondria

To probe the subcellular distribution of heme, we targeted HS1 anavii81to
the mitochondria and nucleus by appendingeNninal COX4 mitochondrial matrix or
C-terminal SV40 nuclear localization sequences, respectifely* (Figure 2.16). The

localization tags do not affect heme binding to the sefisors

Nucleus

Mitochondria |if

Figure 2.1671 Localization imagng of nuclear and mitochondrial heme sensorslabel

DNA, hemlmp cell s expressing fITAWeesatainedr mi t
with DAPI. Live cells were imaged as describedin Materials and Methods ata
maghnificationof 6 3 T . A Mthemgrgedmagesof DAPI, EGFP, and mKATE2

Fluorimetry Eigure2.17) and fluorescence microscoplyigure 2.18) indicate that
nuclear and mitochondrial HS1 exhibit EGFP/mKATEZ2 fluorescence ratios in WT cells
that are distinctly lower than ih e m kais, indicative of heme binding. In contrast,
nuclearand mitochondrial HSM7A EGFP/mKATE2 fluorescence ratios are unaltered
betweenh e margd WT cells Figure 2.17, Figure 2.18). To determine the fractional
saturation of our sensors in these compartments, we developed an in situ sensor
calibration method analogous to the one described for the cytosol. Howecayse
digitonin cannot permeabilize nuclear or mitochondrial membt&hese first had to

enzymatically digest the yeast cell wall with zymolyase and then incubate the resulting
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spheroplasts with 0.1% Triton-X00,® &€ M heme, and 1 -saMratascor b
the sensors. As shown kigure 2.7, this in situ calibration method resulted in limiting

Rmax vValues for F61 and HSIM7A that are identical within experimental error.

MNucleus Mitochondria

mHS1 mHS1

OHS1-MTA O HS1-MTA
| | | |
|

eGFP:mMKATEZ2
Fluorescence Ratio
(_:) — P e Oy o~ 00 WD
S S e N

WT hemiA WT hemiA WT hemiA WT hemiA
Heme Heme

Saturated Saturated

Figure 2.17 - Nuclear and mitochondrial heme monitoring with HS1 and NSA:

fluorimetry. Hemedependent EGFP/mKATE2 fluorescence ratios of emrcland
mitochondrial targeted HS1and H®8M7 A i n WT and heml@p yeast ¢
fluori metsray.uriaemde® i s t he r-800 peomeabibzationr de d
of yeast spheroplasts and incubation with excess heme as described in ttextiarin

situ calibration for the mitochondrial and nuclear sensors.
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Figure 2.18 - Nuclear and mitochondrial heme monitoring with HS1 and NSA:

mi croscopy. Conf ocal mi «ello expresging nuoldar awdl  a n d
mitochondrial targeted HS1 and HS®I7A. Fluorimetry data represent the mean + SD of

triplicate midlog-phase cultures grown in SdHEU. Microscopy images are
representative of at least two independent cultures. DIC, differeriggference contrast.

In total, thesedata indicate that HS1 [3100% hemesaturated in the mitochondria

and nucleus, whereas H®7A is D0% hemesaturated in these organelles. Given the

HS1-M7A KdII of 25 nM, we estimate that heme is buffered at areufpmit of 2.5 nM in

the mitochondria and nucleus. This concentration corresponds to fewer than six

molecules in the nucleus [y, D 5 fL'?3 and D0.6 molecules in the mitochondria Y,

D 0.5 L1913,

2.8 Nitric Oxide Mobilizes Cytosolic and Nuclear Heme
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Previous work demonstrated that NO could regulate hHeansfer between certain
protein pairé’. Could NO also mobilize LH pools? Using cytosolic, nuclear, and
mitochondrial targeted HSWM7A, we found that NO derived from the small molecule
NOC-7*?4 rapidly increases cytosoli¢igure 2.19A) and nuclearRigure 2.19B) LH in
WT cells, but not in the mitochondri&igure 2.19C) or in hemedeficienth e m telfs
(Figure 2.20A). In the cytosol, LH increases from 17 nM to 40 nM within 20 min of
adding5 0 ¢ M-7Nt@ € 10 min at 22 °C), which corresponds to an increase from
500 to 1,200 molecules of heme, assumingytVD 50 fL'° This rapid increase is
followed by the reestablishment of the initial steathte heme levels over the course of
D80 min. In the nucleus, there is an even more pronounced change in tHd7AS1
EGFP/mKATE2 ratio upon NOQC treatment. NO results in an mrease in nuclear LH
from <2.5 nM to a maximum of 218 nM, corresponding to a change from fewer than six
to D650 heme molecules assuming)é¢ D 5 fL1?2 NO-mediated heme mobilization is
dosedependentKigure 2.20B), and the observed changes in fluorescence ratios are not
due to NO interactions within HS#7A because incubation of purified hesbeund

HS1-M7A with NOC-7 does not alter sensor fluorescefice

A G Cytosol B2 5 Nucleus C3 . Mitochondria
o |m0 uMNOC-7 “|mo umNOC-7 “Imo pmNOC-7
~ 2 _|@50 uMNOC-7 @50 uM NOC-7 2 5/ @50 pM NOC-7
@ 0.8 g
W 15
2o AT I " 2,043
v © 06 DL R e
[S é 1.0{§f iy 1.54
o 0.4 . {
G g 0.5 i =
® S o2 . 0.5
w
0.0

i i 0.0
0 25 50 75 100 135 150 °0 25 50 75 100 125 150 0 25 50 75 100 135 150
Time (min) Time (min) Time (min)

Figure 2.19 - NO-dependent mobilization of LH. WT cells expressing cytosoig, (
nuclear(B), or mitochondrial(C) HS1-M7A were incubatedwith 5 0 ¢ NOC-7, and
EGFP/mKATE?2 fluorescence ratios were monitorgdfloorimetry. The data represent
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the mean £SD of triplicate milhg-phase cultures grown in S&HEU. The red and black

lines indicate the fluorescence ratios of H8ZA when it is 0% and 100% saturated with

heme as derived from {MéA:\Wr cellséxpressingHSpr es s i r
respectively. This approachfor determining Rax IS validated by the fact that the
EGFP/mKATE2 fluorescence ratio of HBA7A that is saturated with heme from the in

situ calibration methods is identical within experimentabeeto HS1 Figure2.7, Figure

2.17).
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Figure 2.20 - Mobilization of cytosolic heme by NO.A) WT and h e m Icelis
expressing HSM7A were incubated with 5 uyM NOC and EGFP:mKATE2
fluorescence ratios were monitoreB) WT cells expressing HSM7A were incubated

with the indicated concentration of NOCand EGFP:mKATEZ2lfiorescence ratios were
monitored. C) WT cells expressing HSM7A were incubated with the indicated
concentration of NOC7 and/or iodoacetamide (IAM) and EGFP:mKATE?2 fluorescence
ratios were monitored.D) WT cells expressing HSM7A were incubated with #
indicated concentration of NOT, diamide, HO- or paraquat (PQ) and EGFP:mKATE2
fluorescence ratios were monitored. Fluorimetry data represent the mean + SD of
triplicate cultures. Cells were cultured to r@dponential phase in SAEU media prior

to analyses.

Given that cellular thiols are targets MO, we sought to determine the effect of a
thiol-specific alkylating agent [e.g., iodoacetamide (IAM)] on heme mobilization.

Although IAM does not initiate the mobilization of heme, it does prevent the
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reestablishment of the steasdfate LH pool after NGreatment Figure 2.20C). This
observation suggests that IAM blocks the rebinding of heme from sites of mobilization,

presumably certain thialontainingfactors.

To differentiate the effects of NO and general oxidative stress on heme
mobilization, we probed the role of various oxidative insults. Diamide, a-shegific
oxidant; paraquat, a superoxigenerating agent; and,8, had no impact on LH pools,

suggesting that heme mobilization is specific to g re2.20D).

2.9 Discussion

The mobilization of LH underlies all hentependent processes, includingnie
acquisition by client proteins and hetbased signal transduction. However, the
properties of the LH pool are poorly understood. To address this fundamental gap in
heme cell biology, we developed genetically encoded ratiometric heme sensors and
deployel t hem i n (B prdbekey&lsaragteestics of the LH pool, including its
concentration, subcellular distribution, buffering factors, and dynammcsddition, HS1
was tested for its ability to act as a heme sink when hgyparessed to be used the
design of genetic screens and to probe ligyd6 potential as a cite specific chelator of

labile heme

Using our heme sensors we see that cells do not incorporate exogenous heme into
their LH poolsover short exposure@igure 2.11), even though extracellular heme
rescus the growth of cellshat cannotsynthesizetheir own hem&% However, when
cells have prolongedexposire to exogenous heme, their ability to incorporate

extracellular heme into their LH pools are enhanced, wherevamidt growth with

43



exogenous heme mirrors the effects of allowing m telfs to biosynthesis their own
hemeby ALA supplementatior(Figure 2.12). What molecular changes facilitated this
stark change in celisheme management, allowing themittegrateextracellular heme
into their LH pools(Figure2.11, Figure2.12)? Designing the proper studies to elucidate
the proteins that are expreslsin response to heme starvation in the presence of
exogenous heme is warranted and should reveal novel heme trafficking fhatocan

affect celular hememanagement.

Interestingly, hypeexpressedHS1 in the yeast cytosol acts as a heme sink,
perturbing cell growthmostlyunder heme limiting conditionsrhis growth phenotype
could be exploited in a genetic screen to find proteins that affect heme availability. For
example, looking for a high copy suppsor of the heme sink by transforming a high
copy plasmid library into hypesxpressing HSh e m teals grown with limited ALA
could be used to detembvel heme trafficking factors thttatrescue cells from the heme
sink growth defedt>?’. Conductihg the screerwould be done byplating enough
transformedcells to get colonies under heme replete conditions that represent the entire
overexpression libraryNext, these colonieghat represent the high copy suppressor
library could bevelveiedto an ALA limited andan ALA repleteplate?®. Ultimately, he
colonies that are able to grow wek both velveted plategpresent those that are likely
overexpressing a prin that rescues the heme sink phenotype Begire 2.14. These
identified proteins would be potential heme trafficking factors and/or be involved in

heme dependent signaling pathways required for cell viability.

Our heme sensors reveal that thgosol has more LH 20/ 40 nM) than the

nucleus or mitochondria (<2.5 nM). Further, the -teltell heterogeneity in cytosolic
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heme suggests its availability may be dynamically reguldtggule 2.4B). Given the
subcellular distribution of heme, we propose that once heme is biosynthesized in the
mitochondrial matrix, a fraction of heme transits to the cytosol and acts as a reservoir for

signaling and/or a heensource for proteins.

The mitochondria, which have a very high demand for heme and are the site of
heme biosynthesis, have exceptionally low quantities of LH, less than 2.5 nM or fewer
than one molecule. By comparison, total ferrbame in the yeast mithondria has been
estimated to béd3 0 & M)9,000 moleculed®. Taken together, this low amount of
mitochondrial LH suggests that mitochondrial heme is tightly regulated and trafficked
a manner that limits its availability. This observation is consistent with the identification
of mitochondrial heme metabolism complexes that traffic heme via transient protein

protein interactions, thereby circumventing the LH pbol

The nucleusalso limits LHto less than 2.5nMr fewer than six molecules. This
low amount of nuclear LH is not surprising, given the cytotoxicity of heme and proximity
to genetic material 4~ However, this observation raises the question of how nuclear
hemeregulated transcription factors acquire heme, given that the-regutatory motifs
(HRMs) of many hemelependent transcription factoreciuding Haplp in yeast, exhibit
micromolar affinities for hen. Factors like Haplp may acquire heme from transient
increases in LH due to active signaling processes. Indeed, this concept is supported by
our demonstration that signaling molecules like NO ult in a >1€fold increase in
nuclear LH Figure2.19B). An alternative possibility is that the heme affinities of many
HRM-containing proteins are mischaracterized. For instance, a reevaluation of the heme

dissociation constants of the HR&éntaining transcription factor Rewvr bb f ound

45

t



heme binds 10@old tighter than previously estimated, with"Kand Ky of D20 nM vs.

216 &M

Our observation that subcellular [LH] is heterogeneous stands in striking contrast to
a recent report by He and coworkétdhat used a heme chaperdresed FRET sensor
(CISDY-9) for heme in human cell lines. In thabrk, cytosolic, mitochondrial, and
nuclear heme were all reportéd beD25nM. The deviation between our two results
needs to be clarified but could reflect organismal variation, difficulty in calibrating

CISDY-9 in organelles, or uncertainties in LH oxida state.

Quite surprisingly, we observed th&accharomyces cerevisjagrhich is not
thought to import exogenous heme but solely rely on endogenously biosynthesized heme,
can rely on exogenous sources of heme to fill its labile heme pools under extreme
conditions such has prolonged hemin treatment of heme deficient Eggleg 2.11,
Figure2.12). Studying the genetic differences, such as differences in mRNA transcripts,
may reveal proteins that are upregulated under heme deficiency in these cells to facilitate
the upregulation of heme in these c&f$*. And, asSaccharomyces cerevisia® a
model eukaryote thas geneticallytractable with higher organisms, this may reveal new

mechanisms by which other cell types respond to cellular stress.

We demonstrate, for the firsine to our knowledge, that LH is dynamic and can be
mobilized by signaling molecules like N®iQure 2.19,Figure2.20). Although previous
studies have indicated that® and NO can regulate heme transfer between specific
protein paird” *% our results suggest that NO can mobilize-setle LH pools to regulate

hemedependent processes in multiple compartments. The mechanism ofeNi@ted
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hememobilizationis unknown,but likely involves S-nitrosation of certain hemoproteins

and heme dissaadiorf'! 6

NO-mediated heme mobilization provides insights into NO physiologyuding
NO-dependeninflammatoryresponsesBoth heme and NO regulate inflammation, but
through disinct mechanisn®® 132 133 Our wok indicates that NO can promote
inflammation via heme mobilization. Indeed, previous observations in endothelial cells
found that NO elevates cellular iron due to enhanced activity of the-tegrading
enzyme, H®. This observationvas proposedo occurasa resultof NO-inducedheme
releasérom hemoproteinsOur currentstudiesarethefirst to our knowledge, to provide

direct support for this model.

Since developing and characterizing these heme sensors, they have been deployed
to both mammalian cells to bacteria to study heme in neurodegeneration and infectious
disease.In addition, HS1 and HSM7A have been used to screen for new heme
homeostatic factors in genetic screens. Indeed, it was found using the sensors that
GAPDH was a heme trafficking factédhat regulates heme dependent transcription in
Sacharomyces cereva?® 4 Our findings that NO regulateheme availability and
mobilization are highly reminiscent of and supported by previous studies demonstrating
that GAPDH and NO coopate to control heme insertion into nitric oxide synthasss
such, it is tempting to speculate that Tdh3p is the source oimiNlized heme.
However, NQdependent heme mobilization is unaffected inl h G&Itg°. Altogethe,
the HS1s can be applied across prokaryotes and eukaryotes to probe heme trafficking,

signaling, and dynamics in various physiological contexts.
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2.10 Materials and Methods

2.10.1 Cell Lines, Culturing, and Plasmids

2.10.1.1Yeast Strains, Media, and Grow@londitions

S. cerevisiae strains used in this study were derived from BYMATH, his3eel,
leuZa®, metlsH, ural3ad). tdhlae:karMX4, tdhz2ee:kanMX4, and tdh3se:kanMX4
strains were obtained from the yeast gene deletion collection (Thermo Fisher Scientific).
A h e m:IH#83 strain was generated by deleting HEM1 using the hem1::HIS3 deletion
plasmid, pDHO001. Yeast transformations were performed by the lithium acetate
proceduré&®, Strains were maintaineat 30°C on either enriched yeast extrpeptone
based medium supplemented with 2% glucose (YPD), or synthetic complete medium
(SC) supplemented with 2% glucose and the appropriate amino acids to maintain
selection. Culturing oh e m teds required suppmenting YPD or SC media with 50
pg/mL of 5aminolevulinic acid (RALA) or 15 mg/mL of ergosterol and 0.5% Twe8f

(YPDE or SCE, respectivefy.

2.10.1.2 E. coli, Meda, and Growth Conditions

For routine cloning, subloning grade chemically competest coli cells, strain
10G E. cl oni (Lucigen), were used accordi |
recombinant protein overexpression studies, E. cloni EXPRHAS3(BE3) chemically
competent cell s (Lucigen) were wutilized a
Unless otherwise stated, &l coli strains were cultured in Lysogeny broth (EB)with

the appropriate antibioti c kaadmgcmt i on, ei th
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2.10.2 Experimental Methods

2.10.2.1Instrumentation

All  UVlvisible absorbance spectra were recorded on a Cary 60
spectrophotometer. Fluorescence measurements were collected on a Synergy Mx multi
modal plate reader. Flow cytometry was performed on &BDS Aria lll Cell Sorter or
BD LSR Il Flow Cytometer, with data analysis accomplished using FlowJo v9.9.3
software. Confocal laser scanning microscopy was accomplished using a Zeiss ELYRA
LSM 780 Superesolution Microscope, with all images processed inage3®.
Quantifications of metal and heme stock solutis@se accomplished by total reflection
x-ray fluorescence (TXRF) on a Bruker S2 Picofox TXRF. Measurement for cellular
heme was accomplished by highessure liquid chromatography (HPLC) on an Agilent

1260 Infinity HPLC with a diode array detector.

2.10.2.2Characgrization of Heme Sensors in Yeast

For all sensor fluorescence measurements, WThantkeyeast cells expressing
the heme sensors were cultured in SE&J) media for ~1416 hours to mieexponential
phase (an optical density at 600 nm of @D, ~ 1-2. Unless otherwise noted, all
cytosolic measurements were accomplished with the indicated sensor proteins expressed
on the p415GPD plasmid, a low copy centromeric plasmid with a GPD profidter
Nuclear and mitochomal matrix targeted sensors were expressed on-p&PD and
p415TEF plasmids, which are low copy centromeric plasmids with GPD and TEF
promoters, respectivg®’. After culturing, cells were harvested, washedwvater, and

resuspended in phosphate buffered saline (PBS) solution at concentrations between 3 and
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5 ODsoo ndML, or 6 x 10 to 1 x 10 cells/mL. For fluorimetry measurements on a
population of cells, fluorescence was recorded on a Synergy Mxmaodtd plate reader

using black Greiner Bione flat bottom fluorescence plates. EGFP and mKATE
fluorescence were recorded using excitation and emission wavelength pairs of 488 nm
and 510 nm and 588 nm and 620 nm, respectively. Background fluorescence wbtcells
expressing the heme sensors were recorded and subtracted from the EGFP and mKATE2

fluorescence values.

The impact of nitric oxide (NO), superoxide}) hydrogen peroxide (#D.), and
glutathione oxidation on intracellular heme dynamics was deternbypedcubating 6 x
10" to 1 x 10 cells/mL of cells expressing the heme sensor in PBS with the indicated
concentrations of NOC (Enzo Life Sciences), paraquat,.@4, and diamide,
respectively. The kinetics of heme mobilization were monitored by meashergGFP

to mKATE2Z ratios as described above.

For quantitative heme monitoring, we developedhnasitu method to calibrate the
sensor in cells similar to that previously describ®dThe concentration of [heme]
accessible to the sensor is governed by the following expré¥sion

Y 0
Y O

<] <

MaQ v

(2)

Kp is the heméneme sensor dissociation constaRip: is the EGFP:mKATE2

fluorescence ratio under any given conditi®n is the EGFP:mKATE?2 fluorescence
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ratio when 0% of the sensor is bound to heRyaxis the EGFP:mKATE2 fluorescence
ratio when 100% of the sensor is bound to heﬁmmKATEzis the mKATEZ2 emission

intensity when 0% of the sensor is bound to heme, Brd" " is the MKATE2

emission ineénsity when 100% of the sensor is bound to heme.

Determination ofRmax and Fmax " 2 involves recording EGFP and mKATE2
fluorescence after digitonin permeabilizat

Briefly, 3t0 5 OQgondmL Of cellsarse esuspended in PBS with 10
1 mM ascorbate, and 50 &M hemin cQkellsri de.
were harvested, washed, and resuspended in PBS buffer prior to recording of

fluorescence by plate reader, flow cytometinymicroscopy.

Determination ofRmin and Fmin™ =2 involves recording EGFP and mKATE2
fluorescence after cells are treated with the heme biosynthesis inhibitor

succinylacetong€® or fromhemZXecells cutured in parallel.

Since digitonin cannot permeabilize mitochondrial or nuclear membranes, we

devised an alternative strategy to deternitagcand Frmax 152 This procedure involved

digesting the yeast cell wall with Zymolyase, followed by incubatirgstyspheroplasts

with 0.1% TritonrX100, to permeabilize all membranes, as well as 1 mM ascorbate and

50 €M hemin chloride. Briefl y2 ODgedmL,s wer e
washed in sterile MillQ wat er , and resuspen@eMdTrisn fAsof
HCI, pH = 9.4, 10 mM DTT) at a concentration of 10 3,/mL of cells. Cells were

incubated at room temperature, with occasional swirling, fe8@@ninutes. Cells were

then washed and resuspended in a sorbitol buffer containing 50 mMdkipH 7.4,
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1.2 M Sorbitol. To this cell suspension in sorbitol buf@es, mg/mL of 108T Zymolyase

(MP Biomedicals, VWR) was added, followed by incubated for 45 minutes at 30 °C with
occasional inversion. Next, cells were washed and resuspended in darfigo(50 mM

Tris-HCI, pH 7.4, 1.2 M Sorbitol). 3 to 5 Qk) /mL of cells in Sorbitol buffer were
resuspended in a sorbitol buffer that contai@dds Triton X100, 2 mM Ascorbate, and

50 €M hemin chlori de, -4&midutes. Cell wdresthtereveashadt 3 0

and resuspended in sorbitol buffer for fluorescaneasurements

Flow cytometric measurements were performed using a BD FACS Aria lll Cell
Sorter or BD LSR Il Flow Cytometer, both equipped with an argon laser (ex 488nm) and
yellow-green laser (ex 561nm). EGFP was excited using the argon laser and was
measured using a 530/30nm bandpass filter. mMKATE2 was excited using the- yellow
green laser and was measured using a 610/20nm bandpass filter. Data evaluation was
conducted using FlowJo 3 software. The number of cells measured per experiment
was set to 1,000,000 unless otherwise stated. BY4741 empty vector cells were used as a
negative control for fluorescence. Only mKATE2 positive cells were selected for

analysis.

Confocal microscopy as done on a Zeiss ELYRA LSWMB0 Supefresolution
Microscope equipped with a 63x, 1.4 numerical aperture oil objective. EGFP was excited
with the 488 nm line of an argon ion laser, while mKATEZ2 was excited using the 594 nm
of a HeNe laser line. The 4%B¥1nm and 60686 nm band pass filters were used to filter
emission for EGFP and mKATE respectively. Images were collected using Zeiss
software and analyzed with ImageJ 1.48v (Rasband, W.S., ImageJ, U. S. National

Institutes of Health, Bethesda, MarylandSA) http://rsb.info.nih.gov/ij/, 1992007).
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Ratio images were generated using ImageJ RatioPlus software
(http://rsb.info.nih.gov/ij/plugins/ratiplus.html) after background subtraction. To

confirm mitochondrial or nuclear localization of the sensorsprptd microscopy,
exponenti al phase cell s w-daneding2prewlndotee d wi |
(DAPI) (Invitrogen) in SCH.EU media for 30 minutes to stain nuclear and

mitochondrial DNA.

2.10.2.3Immunoblotting

Yeast were cultured in 10 mL of SC meétia 15 hours to a density of 1 @3 nm
/mL. Cells were harvested, washed in-amdd Milli-Q water, and lysed in two pellet
volumes of phosphate buffer supplemented with protease inhibitors as described
previously3? 140 Lysis was achieved 4t°C using one pellet volume of zirconium oxide
beads and a bead beater (Bullet Blender, Next Advance) on a setting of 8 for 3'ifinutes
140 Lysate protein concentrations were determined by the Bradford methetaBiand
12% trisglycine gds (Invitrogen) were employed for SEFAGES® 141 Anti-GFP rabbit
or anttGAPDH polyclonal antibodies (Genetex) and a goat-m@ftbit secondary
antibody conjugated to a 680 nm emitting fluorophore (Biotium) were used to probe for
HS1 and related variants or GAPDH, respectively. All gels were imaged on a LICOR

Odyssey Infared imagéer® 14
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CHAPTER 3. HEME BIOAVAILABILITY  AND SIGNALING IN

RESPONSE TO STRESS IN YEAST CH.LS

3.1 Thesis Attribution Statement for Chapter 3.

Portions of this chapter are Dadidhhpted fr
Hanna, Rebecca Hu, Hyojung Kim, Osiris Martir@azman, Matthew P. Torres, and
Amit R. Reddi Hetne bioavadbility and signaling in response to stress in yeast cells.
Journal of Biological Chemistry. 2018; DQI0.1074/jb293/32/12378 6Regarding
unpublished work investigating heme binding proteins with hemin agarose, sepharose
beads, and SILAC labeling, Hyojg Kim and the Torres Lahelped set up cultures for

SILAC labeling anchandled these samples pbstadelution up to data analysis.

3.2 Introduction

Protoheme (ironprotoporphyrinIX or heme b) is an essential cofactor and
signaling molecule that is also teatially cytotoxié 3 3 4% The molecules and
mechanisms cells employ to utilize protoheme, while mitigating its inherent toxicity, are
complex and poorly understood, especially during stré%sCells manage protoheme,
which is hereafter referred to as heme, by controlling both its total concentration and
bioavailability” *°>. Heme concentration is primarily governed by the relative rates of
heme synthesis and degradation, which are well understood précEssedeed, althe
enzymes involved in eukaryotic heme synthesis and degradation have been structurally
characterized to atomic resolution and the mechanisms of action have been largely

delineated 3 '3 4° On the other hand, the factors that control heme bioavailability are
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poorly understoodl *°. Bioavailable heme can be operationally defined as a pool of
chelatable, kinetically labile heme that can readily exchange between biomolecules and is
accessible for herngependent processes. The identity of factors that buffer and traffic
labile heme (LH)and the mechanisms employed to mobilize it for utilization are largely
unknowrt %% In order to mitigate heme toxicity, it is generally thought that heme is made
on demand, i.e. heme synthesis and utilization are tightly coupled, and heme in excess of
that required for metabolism is degradfett 4 As a cmsequence, it is unclear what role,

if any, steadystate LH plays in supporting heme dependent functions. Using genetically
encoded ratiometric fluorescent heme sensors to probe LH and heme homeostatic
mechanisms, we have previously demonstrated the egestd a highly dynamic steady

state pool of LH in the cytosol, spanning-20 nM, and identified new heme trafficking
factors, e.g. glyceraldehyde phosphate dehydrogenation (GAPDH), and signaling
molecules that mobilize LH, e.g. nitric oxide (N®)However, the physiological
importance of LH remained unclear. In the current work, uSelgharomyces cerevisiae

as a model eukaryote and heme sensors and chelating agents, we establish the functional
importance of LHin regulating heme signaling, demonstrate that LH is preferentially
consumed when cells become heme depleted, and discovered that certain xenobiotics,
e.g. lead ions (P), can, rather paradoxically, both deplete total cellular heme, primarily
through itsinhibition of heme synthesis, and increase labile bioavailable heme. We
further find that the proteasome is involved in the regulation of labile heme and its
response to P stress. In total, our results establish a functional role for LH, indicate
that total and labile heme pools can be decoupled in response to certain stressors, and

provide evidence for herlgased signaling in response to heavy metal sthesght of
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these discoveries underPtressjn order to identify heme signaling networkgiaated
by PI¥* we designed a method to identify proteins that bind and release heme in response

to stress.
3.3 Sequestering Labile Heme Impacts Heme Signaling

We first sought to determine if cytosolic LH serves a functional role in heme
signaling. Towards this end, we developed an approach to sequester LH and probe its
effects on the heme=gulated transcription factor Ha{31'4? 143 In orde to chelate
cytosolic LH, we induced the expression of a high affinity hemoprotein, cytochrgme

(Cyt bsgp)t0? 144147 using a galactose (GAdizducible promoter (pGALE Cyt bsg,

Fe(lll
binds ferric heme at pH 7.0 with a dissociation consﬂémtet )) of 10 nM%, Given the
reduction potentialHy,) of hemeCyt bsg, +200 mV vs. NHE at pH 7%¢f, and theEm of

free heme-38 mV vs. NHE% 109 gne can estimate thferrous heme dissociation

Fe(l) . .
constantKy ) ) to be ~1 pM by completing a thermodynamic c¥fle

First, we confirmed that Cytsk overexpression could sequester heme by
measuring changes in LH with the genetically encoded ratiometric fluorescent heme
sensor, HSIM7A. HS1 is a tddomain fusion protein consisting of a hebiading
domain, the His/Metoordinating 4alphahelical bundle hemoprotein Cykdafused to a
pair of fluorescent protein&EGFP and mKATE2, that exhibit hersensitive andi
insensitive fluorescence, respectivélyFigure 3.1A). Heme bindig to the Cyt ks
domain results in the quenchingB&FP fluorescence via resonance energy transfer but
has little effect on mKATE2 fluorescegfé. Thus, the ratio oEGFP fluorescence (ex:

488 nm, em: 510 nmptmKATE2 fluorescence (ex: 588 nm, em: 620 nm) provides a

56



readout of cellular heme independently of sensor concentration, wiBGRE/mMKATE?2

ratio inversely correlating with heme binding to the setis@he high affinity of HS1 for

ferric and ferrous heme, K = 10 nM and K' < 1 nM at pH 7.0, renders it fully
saturated wi heme in WT celf§. On the other hand, a variant of HS1, H8IA, in

which the heme coordinating Met ligand is mutated to Ala, exhibits ferrous and ferric
affinities of Kd' =25 nMand K" = 2 & M a td is2®50% hond ia the yeast
cytosof®. The observed sensBGFP/MKATE?2 fluorescence rati®Rdxp) can be used to
determine the fractional heme saturation of the sensor and the concentration of LH,
assuming a 1. heme:sensor binding model and previously established sensor calibration
protocols that involve determining the sensor ratio when the sensor is FaQ%oand

0% (Rmin) bound to heme (se@hapters2.10.2.2and3.10.52°. Notably, heme binding to

the sasor is reversible and expression of the heme sensor in cells does not itself perturb

heme homeostasis or otherwise affect vial3flity

Wild type (WT) cells expressing heme sensor H&IA and GAL-inducible Cyt
bse, (PGAL-Cyt bsgo) were cultured in 2% raffinose (RAF) with or without 0.1% GAL for
16 hours. As demonstrated kiigure 3.1B, induction with GAL results in an increase in
the EGFP/MKATE?2 fluorescence ratio, from 1.90 (.09) to 2.82 (.04), consistent with less
heme binding to the sensor and diminished LH. By comparison, cells exgressin
empty pGAL vector (EV) or that are heme depleted with the heme biosynthetic inhibitor,
succinylacetone (SA} 38 159 are unaffected by induction of C¥kg,. Using the
aforementioned sensor calibration proto¢bks induction of Cybsg, results in a decrease

in the fractional saturation of the heme sensor from ~60% to ~35% heme bound, which

corresponds to a change in LH from 35 to 14 nM.
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Having established that LH can be sequestered byeymession of Cyisg, we
next sought to determine if this would impact the activity of the heme regulated
transcription factor Hap? 142 143 151 Heme binling to Hap1 alters its ability to promote
or repress transcription of a number of target genes, includ¥igl which Hapl
positively regulated: 30 142 143 151 |n order to probe Hapl activity, we used a
transcriptional reporter that employs the promoter of a Hapl target@e¥i€1 driving
the expression of enhanced green fluorescent proEGFRY°. As demonstrated in
Figure 3.1, not only does heme depletion with SA decreB&FP fluorescence, as
expected, Cybsg, induction with GAL also radts in a decrease iIBGFP fluorescence,
both of which are consistent with reduced heme binding to Hapl and diminished
transcriptional activation o€YC1 Altogether, our results strongly suggest that over
expression of Cyisg, can sequester LH anbis results in diminished heme signaling and

Hap1l activity.
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Figure 3.1 - Overexpression of a high affinity hemoprotein, Cyt b562, attenuates labile
heme and the activity of hemnegulated transcription fear, Hap1.(A), molecular model

and design principles of the heme sensor, HS1. Model derived from-fifng sructures

of MKATE2 (Protein Data Bank code 3BXB) and CG6 (Protein Data Bank code 3U8P).
(B), cells expressing the heme sensor, #¥§A, and an akle of Cyt b562 on a
galactose (GALJnducible promoter (pGAICyt b562) or empty vector (pGAEV)

were cultured in 2% RAF with or without 1.0% GAL or 500 M SA for 16 h in SCE
medium. After growth, HSM7A sensorEGFP (excitation 488 nm, emission 510 nm)
and mMKATE2 (excitation 588 nm, emission 620 nm) fluorescence emission ratios were
recorded(C), Hap1l activity was measured in cells expressing p&At.b562 or pGAL

EV and cultured in 2% RAF with or without 1.0% GAL or 500 M SA for 16 h in SC
medium using dranscriptional reporter consisting of an alleleE3FP driven by the
CYC1 promoter (pCYCEGFP), a Hapl target gene. All data represent the mean £ S.D.

59



(error bars) of triplicate cultures, and the statistical significance was assessed using a two
samplet-test *, p °~ 0.01; **, p ~ 0.001.

3.4 Labile Heme is Preferentially Consumed Relative to Total Heme During Heme

Depletion

We next sought to determine if LH is consumed preferentially relative to total
heme during conditions of heme deficiency in orderdcegain if LH is mobilized for
heme dependent functions when cells are confronted with defects in heme synthesis.
Towards this end, we titrated the heme biosynthetic inhibitor succinylacetone (SA) in
WT cells expressing the high affinity heme sensor, H8Xhe medium affinity sensor,
HS1- M7A, and measured total and labile hefRgre3.2). Titration of SA over a broad
concentration range, up to 50GGigeeR2C)anckesul t s
labile heme Figure 3.2A,B) as expected. However, most interestingly, LH is more
sensitive than total heme to SAediated Bme depletionKigure 3.2). When total heme
is only modestly depleted by 25%guesd,ng a r
there is a much larger diminution of LH as measured by-H&IA and HS1 Figure
3.2A,B); heme loading of the medium affinity sensor, H@IA, shifts from ~26%
bound to ~ 0% bound, and the high affinity sensor, HS1, shifts in heme loading from
~100% bound to ~60% bound. In terms of LH conceianatbased on the ferrous heme
dissociation constants of H®7A, K4' = 25 nM®, and HS1, assumed to Kg' ~ 1 pM
based on the estimatéd" for Cyt bsg,, we would estimate LH decreases from ~10 nM
to < 1 nM (likely ~2 pM based on the predict&d' for HS1) in response to an SA

concentration that modestly depletes total heme by 25%. Taken together, these data
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strongly suggest that heme deficiency mobdizabile heme to neaxchangeable, and

likely higher affinity and/or buried, herd@inding sites.

eGFP/MKATE2 Ratio >
oA R A O - oW

eGFP/MKATE2 Ratio UJ
oo R Lo B Oy =] oo W

[SA] UM

Figure 3.2 - LH is more sensitive to heme depletion using the heme biosynthetic
inhibitor, SA, than total hem Labile heme was measured in H®IZAT expressingA)

or HSZXexpressing B) cells cultured in SCE medium for 16 h with the indicated
concentration of SA before measurement of the eGFP/ mKATE?2 fluorescence(@tios.

total heme was measured in the cultures depicted in Aorin-deené i ci ent hemlao
All data represent the rae + S.D. (error bars) of triplicate cultures, and the statistical
significance was assessed using a -tample t-test Black asterisks, statistical
significance between the indicated pairwise comparisons of conditions; red asterisks,
statistical signifcace r el ative to OM SA. * p °~ 0.05;
not significant.
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3.5 Pb?* Depletes Total Heme but Increases Labile Heme and Heme Mediated

Signaling

A number of xenobiotics and environmental toxins negatively impact heme
homeostasis? including Nmethylprotoporphyring® %% catain alkylating agentsg.g.
2-Allyl -2-isopropylacetamidé®, tetrachlorodibenzg@-dioxin and various
polyhalogenated biphenyf 17 and heavy metai$1®, PIr*, in particular, is a major
public health concern given the ubiquity of?Rbased paints, piping, and munitidts
Among other targets, Pbis well known to inhibit heme biosynthetic enzymes
aminolevulinic acid (ALA) dehydratase (ALAD) and ferrochess4dFECH), resulting in
defects in heme synthesis, whichtimn leads to anemia, cognitive decline, and other
health problem$®. Further, PB" and other heavy metals are known to induce'%4cP>
which may also contribute to decreased heme levels. However, while much is known
about the role of P in impacting heme synthesis and degradation, virtually nothing is
known about the effects of Pon bioavailable labile heme. Given our findings that LH
is important for maintaining heme signaling to Hapl and is preferentially consumed
relative to total hemeuting heme deficiency, we sought to determine the effed&rof
on LH and heméased signaling. Towards this end, we established a yeast m&t#t of

toxicity and probed the effects Bt#* on total heme, LH, and heme signaling.
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Figure 3.3 - Correlation between yeast cell viability as scored by outgrowth and a dye,
FUN-1, that is sensitive to metabolic activityd)( Outgrowth and FUNL measured
viability was plotted as a function of [Pb] witht normalization. Cell viability using
FUN-1 was measured by taking the fraction of cells exhibiting red punctate fluorescence
of the dye, which is indicative of metabolically active cells, and dividing over the total
number of fluorescence positive cellsat displayed either red punctate fluorescence or
diffuse green fluorescence, which is indicative of metabolically inactive cBljsTl{e

data in A was normalized to the outgrowth or Flllased viability at 0 uM [Pb]. These
data are representative ofd independent trials.
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Due to the insolubility of Pb(Ng), in standard yeast growth medias, we
employed &P?* toxicity model similar to what was previously described in which yeast
cells are subjected to an acute 3 hour exposure to varying concentodt®is in 10
mM 2-(N-morpholino)ethanesulfonic acid (MES), pH = 6.0 buffer, a media in which
Pb(NQ,), is soluble andPl?* is not complexed by the bufféf. Following Pk** exposure,
cells are washeand allowed to recover for 4 hours in an appropriate synthetic complete
(SC) dropout media prior to subsequent analyses. Cell viability is measured by diluting
cells into SC media after the recovery period and monitoring growth for 20 hours. Cell
viability as measured by outgrowth is virtually identical to viability measurements using
FUN-1, a fluorescent dye that exhibits red punctate emission in the vacuoles of
metabolically active live cells and diffuse green cytosolic emission in dead [Eigis €
3.3A-C)1%¢ As shown inFigure 3.4A, yeast viability decreases with increasimi].

The concentration oP?* that inhibits growth by 50%, lethal do5€ (LDsg), varied
bet ween 25 and 500 & M o \hdifferentbatches of meds®r of o
reasons that are not completely understood. As a consequence, all of our analyses were

done at thél?* LDs, dose and not necessarily at a cons®dit concentration.

At the PP LDs, dose, elemental analysis using totaflection Xray
fluorescence (TXRF) spectroscopy confirms a significant enrichmeRidfin yeast
cells Figure 3.4B). In addition, a host of other bElements are impacted as a
consequence d¥?* toxicity; P, S, K, Fe, and Zn are diminished, whereas Ca and Cu are
increasetf’. These effects are consistent with prior studies in a number of organisms and
cell types demonstrating the impact BE* on various aspects of mefd 168172

phosphat¥ 14 and sulfur homeostadis!’”.
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Figure 3.4 - Labile heme and heme signaling is increased, but total heme is attenuated in
response to Pbtoxicity. (A) yeast cell viability, as measured by solution turbidity at an
optical density (O.D.) of 600 nm, is diminished by exposurelfd in a dosedependent
manner.(B) at the LD50 dose oPk’* (500 uM), cells hyperaccumulate up to 10 mM
PI?*, as measured by TXR(C) a dose of 500 MPI?* diminishes total heme to levels
similar to 500M SA, buPb’* increases labile hemefald, whereas SA does naD)

Haplp activity in response to heme depletion by SAPLi is measured using the
pCYCI-EGFP Hapl reporter constit (pCYCL1). To control for the Haghdependent
effects ofP?* on EGFP expression, we measutg@FP fluorescence in responsePic*

or SA using an allele oEGFP driven by the heme/Hajxidependent promoter, GPD
(pGPD). The ratio of pCYC1 to pGPBGFP epression (pCYC1/pGPD) is a measure of
heme/Hapispecific activation of CYCL1. All data represent the mean S.D. (error bars) of
triplicate cultures, and the statistical significance relative to untreated cells was assessed
using a twesamplet-test *, P* 0.05; **, P" 0.005; *** P’ 0.001; n.s., not significant.
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Interestingly, while total heme is depleted dudtB" exposure, as expected due
to its known effects on inhibiting heme synth&isand upregulating heme
degradatiotf* 15 LH is completely maintained, and in fact, increases bfpll (Figure
3.4C). In striking contrast, a dose of SA that depletes total heme to a similar degree as
P+ treatment attenuates both LH and total heRigure 3.4C). Titration of P>*over a
broad concentration range indicates a dose dependent increase Higure 3.5A),
decrease in total henmfégure 3.5B), and decrease in cell viabilityFigure 3.5C). The
P?*-dependent depletion of total heme and increase in LH primarily occurs after the
recovery period in SC media; measurement of total heme and LH after the 3 hour
P*exposure in MES buffer has minimal effects on LFig(re 3.5D) and total heme
(Figure 3.5E) relative to cells allowed to recover in SC medag(re 3.5A,B). The
changes in HSM7A sensor ratio are not due to artifacts associated Rthdependent
changes in sensor expression given that the emission of mMKATE2, theinsansitive
fluorophore, is constant over a widange ofP?**doses Figure 3.6A). Furthermore, a
variant of HS1 that cannot bind heme, H8IA, H102A, which has the Met and His
heme coordinating residues mutated to Ala, does not eXibitdependent changes in
fluorescence ratioHigure 3.6B). Altogether, these data indicate that the total and labile
heme pools can be acted upon independently of each other in response to stress and
metabolically active cells are required finle observed changes Rt**-dependent LH

and total heme.
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Figure 3.5 - P** only perturbs total and labile heme after a recovery period following
exposure to PB. In cells expressing HSM7A, PP increases labile hemeA),
decreases total hemB)( and diminishes cell viabilityd) in a dosedependent manner if

cells are allowe to recover for 4 hr in SCE medium following #exposure in MES
buffer. However, labile ) and total heme E) in cells expressing HSM7A
immediately after the exposure to?Pin MES buffer are not significantly affected. All

data represent the mean ED. (error bars) of triplicate cultures, and statistical
significance was assessed using a -sample t-test Black asterisks, statistical
significance between the indicated pairwise comparisons of conditions; red asterisks,
statistical significance rei@e toO M Pb.*P" 0. OF%'; 0* *0,0%; 0* *0*0,1 ; n.
not significant.
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Figure 3.6 - The PB*-dependent changes in heme sensor fluorescence ratios are not due
to degradation of sensor and are kedependentA) The EGFP (ex. 488 nm, em. 510

nm) and mKATEZ2 (ex. 588 nm, em. 620 nm) fluorescence channels that give rise to the
HS1-M7A EGFP/mKATE2 ratios depicted ifrigure 3.5A. The relatively constant
mKATE2 fluorescence emission across a wide array éf 8ses indicate that sensor
expression is stableB] A sensor variant that cannot bind heme, H&IA, H102A,

does not exhibit PB-dependent changes BGFP/mKATE?2 fluorescence ratio relative to

the heme sensor, HSM7A. This suggests that the change in sensor fluorescence
emission is due to heme and notPhiependent, heri@dependent changes in sensor
fluorecence. All data represent the mean + SD of triplicate cultures and statistical
significance was assessed using a-sample itest. These data suppé&igure3.5. Black
asterisks represent the statistical significance between the treated and untreated samples.
* P <0.05, * P <0.01, n.s. not significant.

Given that LH levels are changes so differently between SA afidti@atment,
and that SA inhibitsALAD while Pt* inhibits both ALAD and FECH we sought to
analyze differences in protoporphyrin IX (PPIXgvels between these treatments.
Correlating a buildup of PPIX in Pbtreated cellsnay indicate a preferential inhibition
of FECH, andmay allow us to derive insight from these results to help understand
potential causes for heme mismanagement in porphjien comparing SA and Pb
inhibition of heme synthesis, total heme decreases to a siketaee with comparable
doses of each inbitor (Figure 3.7A,B); however, PPIX levels change differently in
response to each inhibitg¢Figure 3.7C,D). At low doses ofP?* PPIX levelsdecrease

only slightly with larger absolute drops in total herpeesumably by inhibiting FECH
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much more tha®LAD (Figure3.7B,D). At higher doses of Ph however, there appears
to be moreinhibition of ALAD, resulting in the tapering of PPIX levetkat was not
apparent at lower dose$ B’ (Figure3.7B). SA, on the other hand, has a steady dose

dependent decrease in PPIX, as reflected by its sole inhibition of AEADre3.7C).
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SA treated cells(A) Total heme changes in response to 3. Total heme changes in
response in response to?Ppost recovery.) Total protoporphyrin IX (PPIX) changes
in response to SAD) Total PPIX changes in response in response togeist recovery.

We next addressed if the increase in LH in respon&iotranslates to changes
in heme signaling. Towards this end, we measured Hapl activity usinGW@H{EGFP
transcriptional reporter in cells conditioned with theshDiose of P?*. In order to
account for the effects #ft?* on EGFP expression independently of Hapl activation, we
also expressedGFP under control of th&PD promoter (6PD), which is not a

transcriptional target of Hapl. As shown Figure 3.4D, exposure tdPl?* results in a
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~33% decrease in tHeGFP fluorescence of the Hapl reporter while SA exposure results

in a 6fold decrease, despite a similar depletion in total heme.

Given that Pt** also affectsEGFP fluorescence independently of Hapl, as
evidenced by a ~60% decrease in fluorescence ofiglacaltures harboring the@PD-
EGFP construct, we normalized the fluorescence fro@Y@1 driven expression of
EGFP to the fluorescence from GPD driven expression ofEGFP, giving a
pCYCIpGPD ratio. Exposure t®?* results in a nearly-Bld increase,rom .16 to .26,
in the PCYCYpGPD ratio of EGFP fluorescence, an indicator of Hapd¥C1 specific
activation. In striking contrast, cells conditioned with a dose of SA that results in a
similar concentration of intracellular heme as thesd_Bose of B?* exhibits a nearly
~10fold decrease in the@¥ CIpGPD ratio of EGFP fluorescence, with a nearly-fiddd
decrease in fluorescence of thEYCEEGFP construct and minimal perturbation to

fluorescence from theGPPD-EGFP construct.

Taken together, at minimum, these results suggest that, in respor&&*to
toxicity, Hap1 activity is largely maintained, despite a >fdld decrease in total heme.
At maxi mum, these repekisisogylaptli Bbai viihg
the pCYC1/pGPD ratio, actually increases in respongtostress. The maintenance of
or increase in Hapl activity, depending on the interpretation of the data, is presumably

due to thePk**-induced increase in LH.

3.6 Pb?*-mediated Heme Depletion is Largely De to a Block in Heme Synthesis
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Figure 3.8 - P**-dependent attenuation of total heme is largely dependent on heme
synthesis. &) WT cells untreated (left) or treated (right) with 500 uM SA and the
indicaied concentrations of Pbdemonstrate that Pbhas a larger effect on depleting
total heme in cells that can properly synthesize heBjearfd C) endogenous heme, but
not exogenous heme, is degraded in 4-Bbpendent manner. Totd)(and labileheme

(C) were measuredinH,x pr essing WT or hemlp cell s
P?* concentration and/or 200 uM ALA or 50 uM hemin chloride during the preculture
and/or post Pt?* recovery period. All data represent the mean + S.D. (error bérs)
triplicate cultures, and statistical significance was assessed usingsaripbet-test In

A, black asterisks represent the statistical significdmeveen the indicated pairwise
comparisons of conditions, and red asterigggesent the statisticaignificance relative

to OuM Pb for each time point. 1B, black asterisks represent the statistical significance
relative to OpuM Pb foreach test condition. In C, the black asterisks represent the
statistical significance between the indicated pairwssaparisons of strains. 8 0.05;

* P’ 0.01;*** P’ 0.001; n.s., not significant.
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We next sought to determine the mechanism by which intracellular heme is
depleted in response RI¥* toxicity. The intracellular concentration of heme is governed
by the relative rates of heme synthesis and degradation or export. In order to parse apart
the effects oPI?* on these opposing processes, we tested the effetg’adn cells that
had a defect in the ability to synthesize heme. First, we determineBtfiatependent
heme depletion occurs within the first 1.5 hours of theodr recovery period in SC
media Figure3.8A, 0O ¢eM SA). Second, we found that
synthesis due t o c onPi#ihadao attenuajed affect dn th& 16s8 & M
of total heme. For instance, aftef7 zhours, cells that could biosynthesize hefigure
3.8A, 0 &M SA) -faddxahd 6fold teerdasean td?al heme when treated with
125 and PPF5S espectMely. On the other hand, in cells with ablated heme
biosynthesis Kigure 3.8A, 500 &M SA), b o tPE* rebuttéd inaan d 2 5 (
relatively modest ~30% decrease in total heme. The diminished effdet’dfon total
heme in cells conditioned with the heme biosynthetic inhibitor SA suggesteBhat

depletes total heme by largely suppressing heme biosynthesis.

We next sought to further validate the observation Bi&t depletes heme by
primarily affecting heme synthesis and not heme degradation or export. Towards this end,
we utilized ahemZXestrain, which lacks tha&® enzyme in the heme synthesis pathway,
ALA synthase (ALAS), to test the effectsRIf* on the degradation of mitochondrially
derivedde novosynthesized heme or exogenously supplied hémekecells can only
acquire heme by stimulating mitochondrial heme synthesis via supplementation with
ALA, the product of ALAS, or by heme uptake via hemin supplementation. We

supplementechem®e cells with ALA or heme during a 38our preculture in SCE

72



media, subjected them Ri¥*exposure in MES buffer for 3 hours, followed by-haur
recovery in SCE media,nd then analyzed total hemEidure 3.8B). WT andhemZXe
cells supplemented with ALA in both the prelture and during the recovery
accumulated similar anumts of intracellular heme, experienced Pé#*-dependent
depletion of total hemeF{gure 3.8B, black and green columns) and exhibited >80%
hemeloading of the high affinity heme sensor HSHigure 3.8C, black and green
columns).hemZXecells treated with ALA only during the prlture, but not during the
recovery, also exhibited R?*-dependent attenuation in intracellular herfig\re 3.8B,

red columns). However, the total amount of heme wafoleblower (Figure 3.8B, red
columns) and the hemeading of HS1 was considerably reduced, ~10% bound,
compared tohemZXe cells supplemented with ALA in both the prelture and the
recovery mediaKigure 3.8C, red columns), presumably due to the fact that ALA was
limiting since it is not supplied during the recovery phase. In striking contrast to ALA
supplementatiorhemZXecells supplemented with exogenous heme during theyltere,
which contributed to a -Bld increase in intracellular heme relative to ALA
supplementetiemXecells, did not exhibit th@?*-dependent depletion of henteigure
3.8B, yellow columns). Exogenously supplied heme is still available to bind HS1, and in
fact, its fractional saturation is similar to ALA treated cells after normalizing for the
change in total intracellular heme concentratiéigyre 3.8C, yellow columns). The
observation thaP?* depletes endogenously synthesized heme and not exogenously
supplied heme strongly suggests tRat* primarily inhibits heme synthesis, with minor

effects on heme degradation.
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Given that heme synthesis is,-@ependent and our results thHab?* largely
inhibits heme synthesis, we next sought to test our predictionPtitatshould have
minimal impact on total heme in the absence gf T» test the @dependence dPl’*-
induced heme depletion, we subjected aerobically grown ceR&’toexposure in MES
buffer in an anoxic or normoxic environment, followed by recovery in anoxic or
normoxic culture conditions and measurement of total heme, LH,Pdfidtoxicity
(Figure 3.9). Quite strikingly, despite accumulating similar levels RIF* between
normoxic and anoxi®k**-exposures Kigure 3.10), in the absence of Dcells do not
exhibit P¥*-dependent heme depletiofigure 3.9A). Onthe other hand, the increase in
LH in response tdPk’* is similar between both normoxic and anof’* exposures
(Figure 3.9B). Notably, Pt**-mediated cell toxicity is entirely £dependent given that
viability is not affected in anoxic cultureBigure3.9C). Taken together, our data suggest
that Pk**-induced depletion of total heme only occurs in cells that are synthesizing heme

de novofurther supporting the notion thab?* largely inhibits heme synthesis.
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Figure 3.9 1 Pb**-induced depletion of heme is,@ependent. Cells expressing HS1
M7A were conditioned with the indicated concentration of*faind allowed to recover in
an anoxic, nitrogemich (N2) atmosphee or in air (Q), and total hemeA), labile heme
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Figure 3.10 - Anaerobic and aerobic Pbuptake are virtually identical. Intracellular Pb
was measured by TXRF after treatment with a bolus of 100 uM or 200 uM RBJp(tkax
was administered either anaerobically.)(r aerobically (@ as described i3.10.11
The data are presented as a ratio of aerobi) {® anaerobic () cellular PB*
concentrations and represent the mean + SD of triplicateiresl The statistical
significance was assessed using a-sample test. These data suppoRigure 3.9. n.s.
not significant.

We next sought to determe if a block in heme degradation or export could
preserve total heme in the faceRIF* toxicity and affect labile heme. One established
mechanism of heme degradation is via heme oxygenase (HO), an enzyme that oxidatively
degrades heme into bilirubin, re@n monoxide (CO), and ferrous iroRet*)®%. In order
to test the role of HO iPk’*-dependent heme depletion, we conaolaWT andnmxise
cells, which lacksheme oaxygenasel'’® '7° for Pk#*-dependent heme depletion. As
shown inFigure3.11A, in the absence d??*, hmxlkecells exhibit a ~25% increase in
total heme, consistent with prior studies in yeast and the known role of Hmx1 in heme
degradatiof’® However, both WT andmxZecells exhibit thePk’*-induced depletion of
heme to similar degrees, indicating HO does not play a role in the loss of heme during
PP+ toxicity. Both WT andhmxZe cells exhibited aPk?*-dependent incres& in LH
(Figure3.11B). For reasons that are not entirely clear at this thmeslecells appeared
to be more resistant t®K’* toxicity (Figure 3.11C). In contrast, prior work has
demonstrated that Hmx1p confers resistance to various oxidative insults, incly@yng H

diamide, and menadio® presumably due to released CO, bilirubin, and biliverdin.
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Figure 3.11 - Pi**-induced depletion of heme does not involve HMX1 or PUB1C}

hmx1ae cel | s*deperdént) decrease i liotal heme anB) (increase in

labile heme. €) hmxleae cell s aP@ toxoity (D-F) e piugtlaen tc etl
exhibit a PB*-dependentd) decrease in total hemé)(increase in labile heme, ané)(
WT-sensitivity to PB" toxicity. All data represent the mean + SD of triplicate cultures

and statistical significance was assessetigus twoesample itest. Black asterisks

represent the statistical significance between the indicated pairwise comparisons of
conditions and red asterisks represent the statistical significance relative to 0 uM [Pb]. *

P <0.05, * P <0.01, *** P <0.001,n.s. not significant.

An alternative mechanism for cellular heme depletion is heme export. Many
metazoans express heme exporterg. FLVCR1, to aid in heme detoxification.
Saccharomyces cerevisiagpresses a porphyrimeeme exchangeRUG1, which uptakes
protoporphyrin IX and expels heAi® In order to test the rolef heme export via Pugl

during P?* toxicity, we determined the extent to which heme is depleted in WT and
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puglze cells exposed to increasing dosesRif*. As with hmxZke cells, puglee cells
exhibit a similar degree dPl?*-induced heme depletion as WT selFigure 3.11D),
indicating Pugl does not affect the loss of heme duPlxg toxicity. Both WT and
puglze cells exhibit an increase in LH in responsePig* (Figure 3.11E) and similar

sensitivities tdPk?* toxicity (Figure3.11F).

Altogether, our data indicate that:Pt?* depletes total heme primarily through its
ability to inhibit heme synthesis ardl heme degradation and export pathways do not

affectP?*-dependent changes in total and labile heme.

3.7 Pb?**-dependent Increases in Labile Heme Correlate with Protein Degradath

Most heme is associated with Rerchangeable binding sites in high affinity
hemoproteins. As such, we predicted that the increase in labile heme in respeifée to
may be associated with the degradation of hemoproteins and the release of henge into th
labile heme pool. To test this hypothesis, we conductéd PAGE analysis of cells
conditioned with and without B?* at the LD, dose immediately after the-I®ur
exposure tdPk?* in MES buffer and after the-dour recovery phaséigure3.12A). We
found that immediately following exposure Ri¥*, protein expression is unaffected,
whereas after the-Hour recovery, a number of proteins degradedKigure3.12A). The
diminished protein expression during the recovery phase correlates with when we
observe increased LH, suggesting protein tuencand an increase in LH are linked.
Notably, using tandem mass spectrometry, we found that GAPDH, a component of the
LH buffer’®, is retained durindPt’* exposure Figure 3.12A,B and Table 1). Another

glycolytic protein, enolase, is also maintained dui® exposure. On the other hand,
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Pt has the capacity to degrade high affinity hemoproteins. Cttl, which is a heme
containing catalase enzyme, is degraded iPl&*-dependent mannefFigure 3.12B).
Altogether, our data is consistent with a model in wHith* induced degradatioof

hemoproteins releases heme that contributes to the LH pool.

In order to test the hypothesis tiRi¥*-dependent protein turnover releases heme
from hemoproteins and increases LH, we ass®@tdependent changes in LH in yeast
mutants defective in various protein degradation pathways, including vacuolar,
autophagic, and proteasomal degradation. We fthaica proteasome mutann10se,
exhibited PI?* dependent and independent changes in BEifjufe 3.12C), whereas
mutants defective in vacuolgrep4e®!, (Figure3.12D) or autophagicatglse®? (Figure
3.12C), pathways did not have altered LH. Under 1stressed conditions, WT cells
exhibited a LH concentration of ~ 5 nM, corresponding to an-M3A fractional
saturation of 17%. On the other hardS1-M7A was ~ 0% bound to heme when
expressed inrpnlCee cells, which corresponds to a LH concentration ofl <M.
However, PIZ* induced a greater increase in LRigure 3.12C) and decrease in total
heme Figure 3.12E) in rpnlCeecells relative to WT. Moreover, the growth qin10ee
cells were more sensitiie P?* toxicity that WT Eigure 3.12F). In total, these results
indicate that the proteasome positively regulates LH and loss of proteasomal function

sensitizes cells tBl**-dependent effects on heme homeostasis.
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Figure 3.12 - PI**-dependent changes in heme homeostasis correlate with the

degradation of a large fraction of the proteome and are affected lpydtemsome(A)
SDSPAGE and Coomassie staining of lysapespared from cells conditioned with or
without an LD50 dose of Pty 100 uM, that did or did not undergo a pd3b’* exposure

recovery period. Tandem mass spectrometry reveals that the high intensity chromatic
bands that are retained under?Pétress, ndicated by the arrows, are GAPDH and

enolaseTablel). (B) The expression and activity of the high affinity hemoprotein Cttlp,
a hemecatalase enzymes idownregulated in response to Plrconditioning, whereas

GAPDH expression, a constituent of the labile heme buffer, is maintained. All gels are

ef f ed®,t s

representative of at least three independent cultugeangD)
r p n 1@),aand(pep D) (deletion on PH-dependent changes in labile heme were
assessed. (E and F) #ependent changes in total henf® @nd growth ) were
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mean = SD of triplicate ctures, whereas the growth data represent the mean = SD of

duplicate cultures. Statistical significance was assessed usingsamme itest. Black

asterisks represent the statistical significance between the indicated pairwise comparisons
of conditions ad red asterisks represent the statistical significance relative to O uM [Pb].
*P <0.05, * P <0.01, ** P <0.001, n.s. not significant, n.d. not detectable.
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Table 1 - Mass spectrometripased protein identification of enolasedaBAPDH from
the SDSPAGE gel depicted iffigure3.12 (Hyojung Kim'®?).

Gel % MW Score
# Accession Symbol # Peptides | PSMs
Band Coverage [kDa] Sequest HT
1 YHRI174W ENO2 65.68 19 381 46.89 1154.83
Upper
2 | YGR234W ENO1 60.87 17 170 46.79 517.04
1 YGR192C TDH3 43.67 9 111 35.72 357.34
Lower | 2 YJR009C TDH2 39.76 10 106 35.82 334.19
3 YILO52ZW TDH1 46.99 12 77 35.73 254.91

3.8 Investigation of Heme Binding Proteins in Untreated vs. Pb-shocked Cells

Up to this point, using our models of heme inhditiwith SA, heme chelation by
Cyt bss2 induction, and PB poisoning we have divulged a great deal of details
underpinning how yeast handle heme under stress. Specifically regardimmpRbning,
we revealed that Pbincreases cellular LH but decreases total heametight binding
hemoproteins like catalageong others(data not shown)are turned ovewhile labile
heme buffering protein GAPDH is preservédiditionally, the LH preserved under b
stresssustails hemesignaling Figure 3.4, Figure 3.12). Further, we have unveiled that
the proteasome, which is positively regulated by?**Plpositively regulatesLH
availability and that the lossf proteasomal function bRPN10deletion sensitizes cells
to PI3* dependent effects on heme homeosté&gure3.12). Givenall these details, and
specifically that heme signaling is maintained while heme and hemoprotein availability
are drastically altered between rsmmessed and Pbstressed cells, we sght to reveal
what proteins are binding and releasing heme in response to stress to reveal new heme

signaling networks in yeast.
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To do so, we optimized the use of hemin agarose beads to affinity purify
hemoproteins from cellular lysates in hopes of idginij proteins that bind or release
heme in response to Plstress. We did this under two assumptions. 1.) These proteins
that are binding and releasing heme in responseXoskbss, by definitiorarepart of a
heme signaling network. 2.) With this @pach, proteins that change in their heme
speciation or fractional saturation upon stress{(Pbisoning) will bind differently to
hemin agarose~{gure 3.13), and the abundance by which they afenity purified with
hemin agarosbetween two conditions reflects the relative change in fractional saturation
of that protein with hemeTo do this we optimized hemin agarose chromatography
methods(See Appendix)coupled to quantitative mass spectromgit MS-MS) to
assess the heme speciation of proteins eluted from hemin agaroseobieleasify new

heme binding factors involved in heme signaling.

3.8.1 ValidatingApproach: Hemin Agarose Binding Ajpemoprotein

To test our approachnd functional assumptions of hemin agarose illustrated
Figure 3.13, we sought todetermine how well the canonical hemoprotein myoglobin
would stick to hemin agarose in its unbound versus heme loaded stat®@AGE
analysis of elutions from hemin agarose beads treated wittmgpglobin with and
without coetreatment of hemin reveal ahonly apomyoglobin sticksto the hemin
agarose bead§igure3.14). Theseaesultsserved as amitial validation of our approach.
See Appendix fomoredetailsregarding optimization of preparing, treating, and eluting

hemebinding proteinoff the beads.
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Figure 3.13 i Cartoon representation of hemin agarose beddtiling that heme
saturated, holtnemoproteins will not stick to hemin agarose beads, while heme vacant,
apohemoproteins will bind to hemin agarose.
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Figure 3.14 i Elution of myoglobin off of hemin agarose bea#@sch hemetreated
samplereceived 30 equivalents of heme to berombated with the hemin agarose beads.

From here, we further tested our original hypothesis that hemin agarose would
preferentially bind with heme binding proteins based on their hemeusiad cellular
lysates To do this cellular lysates fronheme deficienh e m tetis andWT cells treated
with and withouta low or highdose of heme biosynthesis inhibitor $Astarve cells of
hemewere treated with hemin agarose to interrogate whétbere availability tdhese

c e | proteids impactsheir ability to bind hemgFigure 3.15). The same lysates were
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treated with sepharose control beadstsure that any eluted protein stuck to hemin
agarose because of an interaction specifitiédemeof the hemin agarose beadhtrix
(Figure 3.13, Figure 3.15). Fitting to our model, there are at least 8 noticeable protein
bands visiblen both contrast settings displayedHRigure 3.15 that bind hemin agarose
better when extracted from heme starved c®lI§ ¢ 500 uM SAor h e m tetfs) with

very little abundance in the sepharose bead elutitmsrestingly only complete
depletion of heme availability by 500 uM SA, and not partial depletion by 100 uM SA

treatmenthas thes® proteins bind hemin agarose more effectieigure3.15).

Hemin agarose Sepharose Hemin agarose Sepharose

+100 + 500 +100 +500 +100 +500 +100 +500
WT uMSA pMSAhemlA WT upMSA uMSAhemlA WT uMSA uMSA hemlA WT upuMSA uMSA hemlA

Contrast Setting A Contrast Setting B

Figure 3.157 Hemin agarose versus sepharose treated lysates from WT + $Aeamill
cells analyzed by 1D PAGE Resultsaredisplayed with two different contrast settings.
Bands that increased in abundance in hemin agarose elutions in heme depleted cells are
pointed out with black arrow®rotein bands detected in hemin agarose treated lysates f
outweigh those from sepharose treated lysates.

3.8.2 SILAC Labelling and Analysis of Heme Binding Proteins by Hemin Agarose

versus Sepharose Chromatography
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Given thatour model and hypothesis that proteinswd stick to hemin agarose
preferentially based dtteir heme loadvasconsistent with both analyses withyoglobin
experimentsaandwith cellular lysatesKigure 3.14, Figure 3.15), we soughto apply our
hemin agarose and sepharose bead chromatography methods to study heme speciation of
proteins between untreat ¢(Pb) vs PB" poisoned (+Pb) cellsTo comprehensively
distinguish proteins that are bindiry releasing heme betweeRb s +Pb cells we
devised a means to couple our hemin agadsematography (HAC) methodsith
stableisotopelabeling byamino acids incell culture (SILAC) to accurately quantithe
differences in all affinity purifiedproteinseluted from the bead$Given theextreme
differences inprotein expression observed byD1PAGE and whole proteoméWP)
analysis (Figure 3.12A, Figure 3.17A), it would be difficult to directly compar¢he
protein abundances resulting from hemin agarose treatedRtithr +Pb cellular lysates
directly. Instead, we devised a means to use SILAC labeling to charadtezizeeme
binding specificityof proteins, operationally defined as the ratio of pro&duted from
hemin agarose vs sepharoseasuredn both-Pb lysates and +Pb lysates independently
(Figure3.16, See3.10.3for relevant details on our model of Phoxicity). Utilizing this
approachthe heme binding specificity of eaatentified protein was plotted to compare
the relative abilities of each protein to bind heme unBérand +Plronditions(Figure

3.17).
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Figure 3.161 Cartoon for SILAC growth of cells coupled to#khock protocol and LC
MS-MS to identify heme binding proteins in P{+Pb) shocked versus neRl?* (-Pb)

treated cells. To identify specific binders of heme A" Rieated cells, a heayy’Cs,°N>

lysine) and light(*2Ce,X*N2) culture of cells weregrown, both subject to Pbtreatment
allowed to recover, and lysed. The lysates from the light labeled samples were treated
with sepharose beads, while the heavy labeled cellular lyates were treated with hemin
agarose bead# 1:1 volume ratio of the eluents from the light labeled, sepharose treated
cells was mixed with with the eluents from the heavy labeled, hemin agarose treated
cells. This elution was prepped for and analyzed by LGCNi&and the proteins that
bound to henm agarose but not sepharose beads were deemed putatitive heme binding
proteins. The same procedure was conducted in tandem fooriiRb?* treated cells.
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Figure 3.171 Proteomicsanalysis of global proteiaxpression and fractionally saturated
heme proteins imontreated-Pb or PbN)versus toP?* treated(+Pb or PblP cells. (A)
Whole proteomgWP) analysisof the relative abundance of proteins betweehb and
+Pb treatment conditions on a Lograle.Blue circles represent proteins that decreased
in abundance in response to?Plreatment, and red circles represent proteins with
increased abundande PIF* treatment The results indicate that protein expression
changes dramatically following Ptreatment. The WP analysis helped filter changes in
protein binding to hemin agarose betweén Pb conditions by controlling for loss
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gainin protein abundancéB) Results of SILAC labeled hemin agarose chromatography
(HAC) proteomics study in both +Ply-éxis, PbP_HAC) andPb (-axis, PoN_HAC)

treated cells. The hemin agarose specificity, a measure of protein abundance from hemin
agarose divided by the protembundance from sepharose elutions, from +Pb lysates was
plotted against those frorPb lysates as a Legatio. Only the proteinsletectedirom

HAC analysis in both Pb and -Pb treatment conditions werdotied The graphed
proteinsfall into 4 main group identified in the platin the legend on the righthe
changes in general protein abundance measured froVfhere indicated in color, and

the size of the circles are direct measure of the PSM values frodRrenalysis.The

WP analysis metrics weressential in deciding how mueh pr ot ei n6s <change
for hemin agarose was a measure of heme specificity or not, and therefore, proteins
without WP detection, were excluded from analysis in pandlhg data was generated

with eluents provided tblyojung Kim and Matthew Torres, who provided this graph.

The eluted protein abundances from the heavy labeled hemin agarose were ratioed
against their light labeledegative controsepharose bead abundances to give them a
measure of specificity for hemin agarose, which is ideally a direct meastreirdfeme
specificity. The resulting heme specificitie®r the ratio ofhemin agarose to sepharose
enrichmentfor the PB* treated clis (y-axis, HAC_PbP)vere plotted against those for
the untreated celléc-axis, HAC_PbN)in order to assess how the heme specificity of
proteirs changein response to Pb treatment(Figure 3.17B). Only proteins that were
detected by WP analysis were includedrigure 3.17B so that the changes in protein
abundance in the HAC study can be assessed to be from changbsgitinto be
preferentially enriched by hemin agarasgher than from a change general prain

abundance betweeRb and +Pb conditions, which is quiet varialfiggre3.17A).

Proteins that were not enriched by sepharose in eRter+Pb, oboth conditions
represent Groups 3, 2, andpfioteins respectively Figure 3.17B). When a protein was
not detected irthe sepharoseluents its value for sepharose enrichmewnas set to a 1,
yielding higher hemin agarose to sepharose enrichment ratios for many proteins in

Groups 1 through 3. 1@Gup 4 proteinspn the other handyere enriched byoth hemin
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agarose andepharose with and without Plireatment For these reasongie Groups 1
to 3 protein listswere deemed more likely tontainheme binding proteinthan Group 4
proteins. Even so, Group 4 proteins should not be ignored as there plenty of proteins with
hemeagarose to sepharose enrichmmatips that are greater than 6 on a 1ecale and

the heme binding chaperone protein GAPDH was identified in this group

All in all, Group 1 proteins bind to hemin agarose specifically under both
treatment conditionsGroup 4 proteingnay contain heme binding proteins but were
enriched by botlhemin agarosandnegative controsepharoséeads Group 2 proteins
bind to hemin agarose specifically only undef*Rbeatment conditionsand therefore,
Group 2 is hypothesed to contain proteins that have lost their heme in responsé‘to Pb
stress, increasing their capacity to bind to hemin agarose. Conversely, Group 3 proteins
are those that only bind to hemin agarose witho’t Rieatment therefore,Group 3
proteinsare hypothesized to have lost the ability to bind to hemin agarose pést Pb
treatment by acquiring heme in response t& Btoess In total, Groups 1to 4 represent a
putative heme binding proteome in yedatoups 1 to 3 are easier to prioritize givenrthei
lack of enrichment with sepharose beads, anou@s 2 and 3 represent putative heme
binding proteins whose fractional saturation with heme changes dramatically as a

function of PB* stress.

3.8.3 PANTHERAnNalysis of Group 2 and 3 Putative Heme Binding Protsome

Given the evidence supportit@roups 2 and proteins to heme binding proteins
involvedin heme signaling and/or trafficking in resposige stressve analyzed therby

PANTER pathway analysis to investigate what types of proteins were identified by
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molecular function Figure 3.18, Figure 3.19), biological processHgure 3.20), and

protein classKigure3.21).

PANTHER GO-Slim Molecular Function
Total # Genes: 462 Total # function hits: 371

130 Click to get gene list for a category:
120 1 M binding (GO:0005488),
110 catalytic activity (GO:0003824)
o 1001 B molecular function regulator (G0:0098772)
ac) 90 1 molecular transducer activity (GO:0060089)
@ 80 M structural molecule activity (GO:0005198)
70 1 W transcription regulator activity (G0:0140110)
60 translation regulator activity (GO:0045182)
50 { transporter activity (G0:0005215)
401 Web
30 . — e Colors by
Color picker powered by "= VisiBone
20
10
0 1 —
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Figure 3.18 - Groups 2 and 3 catalytic proteins analyzed for their molecular function
using PANTHER.

The largest subset of molecular functions ascribed to Group 2 and 3 proteins were
either the class of having catalytic activity, which are further analyz&tjure 3.19, or
binding Figure 3.18). The major class of binding proteins identified were of the class
heterocyclic compound binding (77 proteins, :G@1363), which were all nucleoside
and nucletde binding proteins. This is an overrepresented class of proteins involved in
DNA and RNA binding, including many ribosomal subunits. The second major class of
binding proteins identified inabes proteinshiat are involved in protein bindin@7
proteins, GO:0005515)ncluding cytoskeleton protein binding (GO:0008092), enzyme
binding (G0:0019899), unfolded protein binding (GO:0051082), heat shock protein

binding (G0:0031072), and transcription factor bimgdi{ts0O:0008134) among several
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others.In total, the most abundant molecular functions of the identified proteins include
enzymatic activity, interacting with other proteins, controlling translation and

transcription, and facilitating transport within thél ¢€igure3.18).

PANTHER GO-Slim Molecular Function
Level 1: catalytic activity (G0O:0003824)
Total # Genes: 161 Total # function hits: 187

601 Click to get gene list for a category:
55 1 W catalytic activity, acting_ on DNA (G0:0140097)
50 { catalytic activity, acting on RNA (GO:0140098)

M catalytic activity, acting_on a protein (GO:0140096)

g 401 hydrolase activity (GO:0016787)
uc, intramolecular transferase activity (GO:0016866)
© 34 ligase activity (GO:0016874)
30 1 M lyase activity (GO:0016829)
251 M oxidoreductase activity (GO:0016491)
201 transferase activity (GO:0016740)
B Q) B 1y
101 Color picker powered by = VisiBone
3 [
o =z m—
Category

Figure 3.19 - Groups 2 and 3 catalytic proteins analyzed for their molecular function
using PANTHER. The 161 catalytic proteins identifiedFigure 3.18 where analyzed
here for their specific catalytic function.

Of the catalytic proteins identified, the most abundant enzyme activity identified
was hydrolase activityoxidoreductase activity, and transferase activitiie proteins
with transferase activity are those itved in thetransferof phosphorousontaining

groups acyl groupsandseveral other organic functialhgroups Figure3.19).
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PANTHER GO-Slim Biological Process
Total # Genes: 462 Total # process hits: 415
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Figure 3.20- Groups 2 and 3 proteins analyzed by biological process.

Grouping proteins by their biological process revealed that most identified
proteins are involved in regulating metabolic and cellular procg$sgare 3.20). A
breakdown of these processes revealtti@main biological processes regulated by these
proteins includegene expression (57 proteins, ®010467) organelle organization (29
proteins, GO:0006996jranslation (28 proteins, GO:0006413mino acid biosynthesis
(19 proteins, GO: 0008652)macromolecule catabolic processeq15 proteins,

G0:0009057), and cofactor metabolic processes (14 pspi@i0:0051186).
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PANTHER Protein Class

Total # Genes: 462 Total # protein class hits: 295
Click to get gene list for a category:
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Figure 3.21 - Groups 2 and 3 proteins analyzed by Protein Class.

Additional organization by protein class further revetds diversity of te
identified proteins Relevant to nutrient trafficking and signaling there were 13
transporters3 transfer/carrier proteins, 30 transferagemembrane trafficking proteins,

1 storage protein, 10 transcription factors, and 7 proteins with transcription regulatory

activity (Figure3.21).

Lastly organizing proteins based on pathwaysi ng PANTHEROGS or gar
GO:Termsrevealsan exhaustive list o149 pathwaysaffected by hese proteinsFor
brevity, the top 7 pathways affected wefg) ubiquitin proteasome pathway, (2) a
pathway ascribed t® a r k i wlisease, 3 the EGF receptor signaling pathway, (4)
purine biosynthesis, (5) genes implicated Hhu n t i n djiseasen @)sflammation
mediated by chemokine and cytokine signaling pathway, and7)hategrin signaling

pathway. The most represented pathway, the ubiquitin proteasome pathway included 9
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subunitsof the 26 S proteasome, and the Parkin
genes involved in nutrient traffickingproteasomal proteinsstress response,n@

signalingproteins including a 143-3 protein and a mitogen activated protein kinase

3.9 Discusson

Heme synthesis and degradation is tightly coordinated so as to minimize the
accumul ation of potentially &y* 8thsxai c " fr
consequence, the concentration and physiological role of LH in biology has been
controversia %°. While estimates for the concentration of LH acroasous cell types
have spanned syfiM to pM quantitie$ 44 4% 183 184the yse of genetically encoded heme
sensors in yeast and various ragthroid human cells lines have established a consensus
range for cytosolic LH that spans-100 nM, representing up to 10% of the totamlee
concentratiof? 't However, few studies have directly probed the contribution of steady
state LH as a heme source for hemoproteins and heme signaling. Herein, we established a
functioral role for LH in regulating heme signaling and demonstrated that LH is

preferentially consumed relative to total heme when cells become heme depleted.

We find that modestly depleting total heme by 25% with succinylacetone, an
inhibitor of the second enme in the heme biosynthetic pathway, ALAD, results in a
much larger perturbation to LH, depleting it more tharfd@, from 10 nM to < 1 nM,
possibly as low as ~ 2 pMrigure 3.2). The sensitivity of the LH pool towards heme
depletion relative to total heme is an indication that LH is mobilized to support heme
dependent processes when cells are confronted with diminished heme synthesis. In other

words, LH e-equilibrates with other highffinity and/or poorly exchangeable heme

94



binding sites that may become vacant when heme is deplédteske results are consistent
with prior pulsechase experiments that utilized radiolabelled ALA and/or heme sources
to demosstrate that P450 enzymes equilibrate with't2HAltogether, these observations
may hae significant implications for conceptualizing new hebased therapies for
porphyrias, a family of inherited disorders associated with defects in heme biosynthesis.
For instance, treatment methods designed to increase LH via supplementation with
appropride heme complexes may form the basis for alleviating the symptoms of heme

scarcity®.

In order to address the role of LH on heme dependent functions, we induced a
site-specific heme chelator in the cytosol via the overexpression ofseyard assessed
its effect on heme signaling through the yeast heme regulated transcription factor Hapl
(Figure 3.1). We found that sequestration of LHhibited Hapl activity, demonstrating
that LH can control hemsignaling processes. Importantly, these results indicate that
increasing heme synthesis, a metabolically demanding process, is not the only means to
activate heme signaling, as was previouslggested for activation of Haff# ®¢and
metabolic cycling in yea$t” ¥ as well as heme regulation of the circadian clock

through the nuclear receptors, RmpbU an derbBevi n fammal s

In order to understand the relationship between total heme, LH, and heme
signaling during adaptation to cellular stress, we sulgjecgeast cells to an
environmentallyrelevant toxicant well known to affect heme homeostdBiB1¢. In
yeast,PI?* toxicity suppresses metabolic activity and proliferation through a mechanism
that requires new protein synthé&fsin addition, mitochondria are a major targePbf*

toxicity and are the source Bt?*-induced reactive oxygen species production (R8S)
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Heavy metal sequestration bycusles and binding to glutathione and metallothioneins

are important detoxification pathways for?Pf°.

A number of previously established yeast models fof* Rbxicity employ
exposures spanning 0.110 mM, which is high relative to the 240 nM fPlathreshold in
patient bloodsamples used to initiate public health acti®hshe 1i 5 uM blood [PB*]
associated with inhibition of hemgosynthesis in humah® % or the 0.1i 250 pM
[P?*] used in mammalian cell culture models of?Ptoxicity!®* 1% However, it is
important to note #it the biochemical features of Pbtoxicity at these high
concentrations in yeast phenocopy many of the hallmarks%ft@®tcity in mammalian
cell lines at lower concentratiotist® 190 19898 ‘including inhibition of heme synthesis
(current work). The higher Pbexposure concentrations required for yeast may reflect

differences in PH uptake, efflux, or intracelluldsioavailability.

While PIF* has the capacity to deplete cellular heme through its ability to inhibit
two enzymes in the heme biosynthetic pathway, ALAD, also the target of SA, and FECH,
and upregulate the expression of the hel®grading enzyme HE15 we found that, in
yeast, PP significantly attenuates total heme primarily due to the inhibition of heme
synthesis Figure 3.8, Figure 3.11). However, rather surprisingly and paradoxically, we
found that PB" significantly increases LHFigure 3.4C). When comparing heme
synthesis inhibition between SA and?Plthere ishigher PPIXlevelsin PI?* treated cells
indicaing that FECH is inhibited by Ph If the mode of inhibition contribas to
uncoupling LH from total heme, a potential explanation could be tht iRy be
affecting the proposed heme transport machinery that may associate with FECH and the

heme synthesis metabofdnOtherwise given our previous findings that thielpecific
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alkylating agents impact the N@ediated mobilization of LK and the well documented
interactions between Pband cysteine residu¥8 we propose that Pbmay liberate

heme in cells from certain thiol containing heme binding sites. Alternatively, sifée Pb
induces the degradation of a large fraction of the proteome, the increase in LH could
simply be a result of heme that is released from hemoproteins tHaiageturneebver.
Consistent with this model, we found that a mutant that has a defect in proteasomal
function,r p n lhassdess LH than WT cell§igure3.12C). However, it is unclear why

r p n Icdlisexhibit a greater magnitude increase in Hifjjre 3.12C) and decrease in

total heme Figure3.12F) in response to Pbstress. One explanation theould account

for the former is that PHis directly or indirectly inducing the release of heme from a
hemoprotein target that is stabilized due to the attenuation in proteasome function in
r pnldelise Given that previous studies have demonstratet! Rh& positively
regulates the proteasofitand heme and ALAD act as negative regulators of the
proteasom@' 2°2 there is a complex mosaic edmpeting effects that might account for

the PB*-dependent changes in heme homeostasis in WTrapdn 1céllse We are
currently elucidating the molecular mechanisms underlying heme regulation of LH and

the proteasome.

The PB*induced increase in LH seento impact heme signaling via Hapl
(Figure 3.4D). Indeed, despite the attenuation in total heme concentration du&*to Pb
toxicity (Figure 3.4C), we still observe a level of Hapl activity that is much greater
relative to SAmediated heme depletiofrigure 3.4D), which attenuates both LH and

total hemeltigure3.4C).
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The observation of an increasedH Lpool in response to Pb may have
implications for the pathology of Pbtoxicity. For instance, the increase in LH in
response to PbHmay contribute to a cytotoxic heme ptioféthat leads to the oxidative
stress associated with Phoxicity?°> 2%4 Alternatively, given that there are a number of
heme regulated transcription factors, kinases, and iannei$ “°, the increase in LH in
response to Pb may be required to activate hetinased signaling pathways important
for adaptation to heavy metal stress. The specific physiological consequences of

increased LH in response to%btress remains to lkeshed out.

Interestingly, when optimizing and validating our methods to interrogate what
proteins bind and release heme in response to stress, we found that a number of proteins
preferentially stick to hemin agarose only when completely depleted wfabkular
stores of heme by 500 uM SA treatment, butwith partial depletion with100 uM SA
treatment. The increased protein abundance detected between 100 and 500 pM SA
treated cells may result from there still being approximately 30% total cellehae nd
have LH buffered to less thdnpM in the 100 uM SA cells, while the 500 uM SA cells
are completely depleted bbthtotal heme andlH (Figure3.2). This suggests that the 8
protein bands that increase in affinity for hemin agarose under heme starvation, hold onto
heme when cells are moderately heme starved and only release their hemieewige
pools are completely depletedrigure 3.15). Therefore, the identification of these
proteinsby our methods magnly be possible under extreme herdepletion by SA or
using h e mIcefls and their identities should bpursued as they may represent
previously undisclosed, tightinding heme trafficking factors or shed light on cellular

processes for heme that are maintained even under heme liooitidtions.
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To determine the specific roles and potential signaling networks employidd by
in response to Bbst r e s s, we sought to discover alll
partners in untreated versus 4o[Pt?* poisoned cells by coupling SILA@ith hemn
agarose (heavy label) and sepharose bead (light label) chromatogFagime 3.16).
Identifying the differences in a protémnability to stick specifically to hemin agarose
betweenany two conditionsthat elicit dynamic responses in hememeostasis, like
untreated versusiteer NO (Ch. 2.73° or P¥* poisoning,ideally represents a dynamic
change ina proteird $ractional saturation with heme in responsehe induced signal
(i.e. PBY). Furthermore, the proteins identified to have any dynamic changfeein
fractional saturation with heme, by definition, are those that are involved in a heme
signaling networkby binding or releasing heme in response to that sidtehce, our
hemoproten discover approach here was to identify any putative heme binding proteins
that are changing in their heme fractional saturation in response *tostRéss by
identifying stark differences protein heme binding capacitetween the treated and
untreatel conditions Ultimately, as identified irfFigure 3.17B, when plotting the heme
binding specificitiesof proteins in +Pb versu#b treated cellsve wereable to identify
differences in heme binding capacity of proteins. Indeesl pelieve to have identified
many putative hemoproteins @roup 2that lost heme in response to Pbstress and
therefore stick to hemin agarose specifically only in’Plreaed cells(Figure 3.17B).
And, conversely, in the smallerGroup 3list of proteins to have identified potential
hemoproteinghat gained heme in response td*Ritressas indicated by their binding to
hemin agaros@nder basal conditions but not in?Plreatd cells (Figure 3.17B). The

proteins identified in Groups 1 and 4 should not be ignored, but Groups 2paateiBis
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were prioritized as they had the most adverse changes in their enrichment by hemin
agarose relative to negative control beads in responsétstRiss. Most

prioritized proteinsfor screenindgell into Group 2, which are hypothesized to have lost
heme in response to stress. The fact that most proteins thatstuekin agarosseem

to have lost heme in response to stisswith our model that heme binding proteins
should onlybe enrichedby hemin agarose if their heme binding site is vac&mgure

3.13). Additionally, this observation is consistent witte fact that most cellular heme is
depleted in cells treated with this dose of'PAnd several canonical hemoproteins have
their expressiondepletedin PI?* treated cells as indicated bur whole proteome
analysis (data not showrpertaining to Group 3 proteinspresistent with the idethat

these proteingained heme in response to®Plis the fact that of 9 proteins that made our
final list (Figure3.17B), there was an isoform of theeme trafficking factor GAPDH, an

iron regulated protein, and a negative regulatory of coenzyme A biosynthesis, which is
required for the formation of ALAThe result regarding negative regulation of ALA

synthesis is notable, because heme is known tosgpveA syntlesi<®.

In supportof proteins that were starkly enriched bgme agaroseelative to
negative control sepharose beads, within Groups ltlierg@ were 16 heat shock proteins
that stick to hemin agarose specifically in the dataset, whigtofainterest ashere are
severalheat shock proteinthat have implicated roles in heme traffickid§?*2 Other
promising proteins identified that may be bona fide heme binding proteinsdencl
proteins with enzymatic functions and sequence similarities to proteins identified in other
species to be heme binding, including serine protés€&sand alcohol dehydrogenases,

which were shown to bind heme within crystal structures or at least lawe or
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protoporphyrin modulated activiti??!®. Lastly, a large subset of the proteins identified

in these groups are involved in the proteasome, which heme has been shown to regulate
by unknown mechanisrff$: 2°2 Finally, there were a number of enzymes with regmb
oxidoreductase activity, which at minimum contain iron to carry out their activity and
often have heme as a cofactGollectively, there is ampleupport fromprevious reports
regardingmanyof our identifiedproteins being actual henlénding protens Given that

the identified proteinfrom Groups 2 and &ll into classes involved inontrolling gene
expression, stress response, and transcripioaretransferases, transfer/carrier proteins,
chaperonesand storage proteinielps solidify the ntion thatthere may be proteins
involved indirect roles inheme signaling and heme transp@iigure 3.18,Figure 3.20,

Figure3.21).

Altogether ourdesignto interrogate the heme binding proteins that exist in
untreatedvs. PI?* treated cellgesulted in the identification of two novel putative heme
binding proteome listsThe first list, representea list of heme specific proteins from
nonstress conditions (axis, Figure 3.17) and thesecondlist represerdd the putative
heme binding proteome of cells that are recovering from agp d8se of Pb(NG)2 (y-
axis, Figure 3.17). Comparing these twdeme binding pr@&omes resulted in the
determination of Groups 2 and 3kigure3.17, whichrepresent the proteins that lost or
gained heme in response to*Plrespectiely. In total, Group 2 and 3 proteins represent
many candidate proteins that have the potential to be part of a heme signaling network
required for cells to adapt to stre€adven the number of identified proteins and their
diverse set of functionguture work entails screeningrioritized proteirs from each list

via the development of heme bindimgsays andheme dependent enzymatic assays.
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These screens are warranted given that some of the proteins identified having changes in
heme specificity mayolely be from PH-dependent, hemi@dependent reasons. One

such reason would be Phnduced protein misfolding or protein hypexidation that

could allow these proteirs to interact more favorably with hemin agarasdependently

of hemé® 220 Even so, confirmingseveralpromising protein hits as bona fide heme
binding proteins wuld validate this approach to be used to identify heme signaling
networks activated between any number of conditions that are known to mobilize heme,
i.e. heme starvatiorF{gure3.2), exogenous nitric oxide supplementatfSor in between

two genetic backgrounds that have altered heme homeostasis, for ekathpled T

cells?®,

Altogether, our studies demonstrate the functional importance of LH in heme
utilization, especiajl during stress associated with heme depletion aAtit®icity. Our
future work will involve probing the specific mechanisms by which LH can be coupled to
heme utilization, as well as the mechanisms underlying thenRidiated increase in LH
and the phsiological consequences of this action. Furthernfatare workrelated to the
putative heme signaling proteins identified in our screetails using HS1 to elucidate
the identifiedputativeh e mo pr ot e i mld dvailability, @esign enzyona screetts
screenmany of theidentified enzymaticproteins for heme dependent activ{fyigure
3.19), and to canvas the role for the proteasome in regulating heme availability and

signaling

3.10 Materials and Methods

3.10.1 Yeast Strains, Transformations, and Growth Conditions
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S. cerevisiaestrains used in this study were derived from BY4741 (MATa,
his3pl , leuap0 , metlsp0 , ura3pO0 ) .pugl:KANMXA4, hmx1:KANMX4,
ctal:KANMX4, and cttl::KANMX4 strains were obtained from the yeast gene deletion
collection (Thermo Fisher Scientific)nd the hem1:HIS3 strain was described
previously®. Yeast transformations were performed by the lithium acetate proé&dure
Strains were maintained at 3C on either enriched yeast extract (ipgptone (2%)
based medium supplemented with 2% glucose (YPD), or synthetic complete medium
(SC) supplemented with 2% glhme and the appropriate amino acids to maintain
selectior®. Cells cultured on solid media plates were done so with YPD or SC media
supplemented with 2% adarSelection ér yeast strains containing the KanMX4 marker
was done with YPD agar plates SWhelsement e
treated with the heme synthesis inhibitor, succinylacetone (SA)hamdp cel | s wer
cutur ed i n YPD or SC medi a s ugmmdlesubméicracide d wi t

(ALA) or 15 mg/mL of ergosterol and 0.5% Twe8a (YPDE or SCE, respectivefy)

114

For the proteomics studies, an auxotrophic yeast strain lacking lysl,
lys1D::kanMX4 from the deletion library. This strain was provided by the Torres lab
following verification that this wasys1D by playing on YPD vs. SDys and found no
growth on SDBLys plates. See Appendix for growth conditions for SILAC labeling and

the PB* treatment using this strain.

3.10.2 Labile Heme and Total Heme Depletion
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In order to sequester labile heme in the cytosel,generated a WT yeast strain
expressing an episomal plasmid (p33AL) containing an allele of the high affinity
hemoprotein Cytochromésg, (Cyt bsg,) driven by the galactoseducible promoter
(pGAL); the plasmid is referred to as pGAlyt bsg,. A contol strain expressing the
empty vector (EV), (0GALEV), was also generated. For labile heme measurements, the
strains expressing pGACyt bsg, or pGAL-EV also ceexpressed the previously
described heme sensor, HBIWA, using an episomal plasmid (pRS415gnttidrives
sensor expression with ti@&PD promotef°. For Hap1 activity measurements, the strains
expressing pGAICyt bseg, or pGAL-EV also ceexpressed the previously described
pCYC1-EGFPHapl reporter, which is an episomal plasmid (pRS415) that de&Es?
expression using th€YC1 promoter, a transcriptional target of Haplin order to
induce Cytbsg, expression, cells were cultured in $RA-LEU media to maintain
selection of both Cybsg, and the heme sensor, HSIZA, or pCYCI1-EGFP. Instead of
using 2% glucose, which will repress the expression of the-BAlcible promoter, we
cultured cells in 2% raffinose and either 0.1% galactose (indwcinditions) or vehicle
(sterile water, nofinducing conditions). Parallel control cultures were treated with 500
€M succinylacetone (SA) in order to depl et
at an initial optical density of Oy ,m = 0.005 andcultured until cells reached a final
density of ORgonm ~ 1.0, which typically took 146 hours. Following growth, cells were
harvested, washed, and resuspended in phospbH&zed saline (PBS) and sensor or
EGFP fluorescence was measured as desciib8dL0.5 fiLabile heme quantificatian

and3.10.7 fiHap1l activity.
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In order to deplete total heme, cells were cultured with the indicated
concentrations of the heme biosynthetic inhibitor, succinylacetone (SA), in an appropriate
SCE dropout media. All cultures were seeded at an initial optical density bR =
0.005 and cultured until cells reached a final density ofdoda ~ 1.0, which typically
took 14 16 hours. Following growth, cells were harvested, washed, and processed for
determination of labile or total heme as described.ir0.5 fiLabile heme quantificatian

and3.10.6 fiTotal heme quantification

3.10.3 Yeast Model of P% Toxicity

Due to the insolubility of Pb(Ng), in yeast media, we subjected exponential
phase yeast cells to varying dosePbt" in MES bufferfor 3 hours, a media in which
Pb(NG;), is soluble. Cells were preultured in an appropriate SC dropt media to a
final density of ORy nm ~ 1.0. Following washing with sterile water, cells were
resuspended in 10 mM MES buffer containing vary@ogcentrations of Pb(N{) at a
density of 1 OD/mL, and mixed every 15 minutes at°25for 3 hours. Following
exposure toP** in MES buffer, cells were thoroughly washed with sterile water,
resuspended in an appropriate SC evap mixture to a final desity of ODyggpnm ~ 1.0
and allowed to recover for 4 hours, while shaking at 220 RPM &C3Cell viability
was measured by diluting the cells to an initial densityOddsgg nm = 0.01 in an
appropriate SC dreput media after the recovery phase and swhutiurbidity was

recorded by measurin@Dgqg nmafter 20 hours of growth shaking at 220 RPM and@0

In order to assess the effectsRif* toxicity in an anaerobic environment, the

PI?* toxicity model described above was modified as follows:Ré exposure in MES
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buffer was accomplished in @mssed MES buffer with varying concentration®bt" in

a COY anaerobic chamber maintained with an inert atmosphere oN9%¥d 5%H.o.
Following Pt?* exposure, cells were washed with sterilegdesed wateand allowed to
recover in dggassed SC media, all anaerobically in the COY anaerobic chamber. Cell
viability was measured by diluting the anaerobic cultures into in an appropriate SC drop
out media after the recovery phase and solution turbidity was eztdrg measuring

ODsgo nmatfter 16 hours of growth shaking at 220 RPM and 30° C in air.

All analytical analyses, including for labile or total heme, was conducted
immediately after the 3 holRt?* exposure in MES buffer (preecovery) or after the 4

hour recovery in SC media (peagicovery).

3.10.4 Viability Measurements Using FUN

Cells were gown as indicated ir8.10.3 fiYeast model of B+ toxicityo . After
conditioning cells in MES buffer with or witholRl?*, 1 OD of cells were pelleted,
washed once with 1 mL sterile M#D) wat er , and once with 500
(pH 7.2)with 2% Glucose (w/v) (HG Buffer). Cells were pelleted again then resuspended
in 300 €L of HG buffer, t he-rl (Tharneskisher)do wi t h
afina | concentrati on o f1wbrkingstdtk sollitibrewapbepfared M F U
by diluting a 10 mM DMSO FUM stock solution into HG buffer. Cells were allowed to
incubate in the dark at 3 for 30 minutes and then washed three times in HG buffer.
Cells were imaged on glass slides with cover slips using the Cytation 3 imaging plate
reader (Biotek) wittGFPand TexasRed Filter Cubes. In stained cells, the observation of

red puncta was used to score viable cells and the observation of diffuse green
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fluorexcence was used to score dead cells. On average, ~100 cells were analyzed per

sample.

3.10.5 Labile Heme Quantification

Measurements of labile heme were accomplished as previously described
(Chapter 2.11.3.3J. For all heme sensor fluorescence measurements, following cell
growth, cells were washed in water and resuspended in pho4plitgeed saline (PBS)
at a density between 3 andd®gqo nm/mML, or 6 X D’ to 1 x 108 cells/mL. Fluorescence
was recorded on a Synergy Mx muttiodal plate reader using black Greiner-Biwe flat
bottom fluorescence plate&GFP and mKATE2 fluorescence was recorded using
excitation and emission wavelength pairs of 488 nm and 510 nm and 588 nm and 620
nm, respectively. Background fluorescence of cells not expressing the heme sensors were
recorded and subtracted from tB&FP and mKATE2 fluorescence values. The sensor
EGFP/mKATE2 fluorescence ratioR,) is a qualitative indicator of labile or
bioavaildble heme, with a low ratio indicating a high concentration of labile heme and a

high ratio indicating a low concentration of labile heme.

For quantitative labile heme monitoring, we can conVsl, values to the
fractional heme saturation of tisensor (% Heme BoundEquation5) or, if the sensor
heme dissociation constant is knovidy), the concentration of labile heméquation2).
Both metrics require that tHeEGFP/mMKATEZ2 sensor fluorescence ratio is known when
the sensor is 100% bounB.y) or 0% bound Rmin)?®. Based on a 1:1 henbénding
model, the fractional saturation, % Bound, of the sensor can be calculated according to

Equation32®;
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The labile heme concentration can be calculated accordiBguation22®: 116

Rexpt IS the EGFP/MKATEZ2 fluorescence ratio under any given experimental
condition,Rmin is theEGFP/MKATE?2 fluorescence ratio when 0% of the sensor is bound
to heme,Rax iIs the EGFP/MKATE2 fluorescence ratio when 100% of the sensor is
bound to hemeE™ATEZ i is themKATE2 emission intensity when 0% of the sensor is
bound to heme, anB™ATE2., is the mMKATE2 emission intensity when 100% of the
sensor is bound to heme. TREATEZ;, | FMKATEZ  ratio is typically taken to be 1 given
that mMKATE2 fluorescence emissignnot significantly perturbed upon heme binding to

the sensdf. Determination oRmax and FMKATE2

max involves recordingeGFP and

MKATE2 fluorescence after digitonin permeabilization of £elhd incubation with 50

eM heme. BrODgof.d mL B8f t oebl s are resuspended
of digitonin, 1 mM ascorbate, and 50 &M he
30°C, cells are harvested, washed, and resuspended inUPBE dyior to recording of
fluorescence. Given that the high affinity heme sensor, HS1, is quantitatively saturated

with heme and its fluorescence properties are virtually identical toNHSY, we can

also determineRmax and FMATEZ ., from parallel WT cltures expressing HS1
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Determination of Rmin and F™ATEZ.. involves recording EGFP and mKATE2
fluorescence after cells are treated with the heme biosynthesis inhibitor succinylacetone

(SA)8or fromhemip cel |ls cul®tured in parallel

3.10.6 Total Heme Quantification

For more detailed methods with technical instructions, see Appendix.

Measurements of total heme were accomplished using a fluorometric assay
designed to measure the fluorescence of protoporphyrin IX upon the release of iron from
heme as described previouly For all total heme measurements, following cell growth,

2 x 108 cells were harvested, washed in sterile water, and resuspertd€dGn ¢ | of 2
mM oxalic acid and stored in a closed box at 4 °C overnightl@®). Next, an equal
volume (500 ¢l) of 2 M oxalic acid was adc¢
acid. The samples were split, with half the cell suspension transfereetieat block set

at 95 °C and heated for 30 min and the other half of the cell suspension kept at room
temperature25 °C) for 30 min. All suspensions were centrifuged for 2 min on a-table

top microcentrifuge at 21,000 x g, and the porphyrin fluorasedaxcitation 400 nm,

emi ssion 620 nm) of 200 ¢l of each sampl e
plate reader using black Greiner Bioe flatbottom fluorescence plates. Heme
concentrations were calculated from a standard curve prepared bygddQfill 500 & M
hemin chloride stock solutions in 0.1 M NaOH into MilliQ water, which was then added

back to extra cell samples as prepared above. To calculate heme concentrations, the
fluorescence of the unboiled sample (taken to be the background |lguetaborphyrin

IX) is subtracted from the fluorescence of the boiled sample (taken to be the free base



porphyrin generated upon the release of heme iron). The cellular concentration of heme is
determined by dividing the moles of heme determined in thisrdicence assay and
dividing by the number of cells analyzed, giving moles of heme per cell, and then
converting to a cellular concentration by dividing by the volume of a yeast cell, taken to
be 50 f12°. This fluaescence assay gives similar qualitative trends between samples as an
HPLC assay for heme we employed previotfslgut the absolute concentrations tend to

be consistentlyi®-fold higher (data not shown).

3.10.7 Hap1l Adivity

After growth, cells expressing p418YCLIEGFP, or EGFP driven by the Hapl
regulatedCYC1 promoter, were washed in sterile water and resuspended in PBS to a
concentration of 1 x  cells/mL and 100 uL was used to measE@FP fluorescence
(ex. 488 nm, em. 510 nm). Background afltmrescence of cells not expressiBGFP
was recorded and subtracted from the p@YSCEEGFP expressing strains. In order to
account for heme/Hapl indepemd changes iEGFP expression/fluorescence, we also
cultured cells expressing p4T&PD-EGFP, a plasmid expressintgGFP under control of

the heme/Hapl independdbPD promoter.

3.10.8 Immunoblotting

After culturing, cells were harvested, washedcacold Milli-Q water, and lysed
in two pellet volumes of phosphate buffer supplemented with protease inhibitors as
described previousty *° Lysis was achieved at 4 °C using one pellet volume of
zirconium oxide beads and a bead beater (Bullet Blehtstt, Advance) on a setting of 8

for 3 minute$®. Lysate protein concentrations were determined by the Bradford method
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(Bio-rad) and 14% trigjlycine gels (Invitrogen) were employed for SP88GE®. - U

GAPDH rabbit pol ycl onal anti bodi erabbit( Genet

secondary antibody conjugated to a 680 nm emitting fluorophore (Biotium) were used to
probe for GAPDH. Yeast cytosolic catalasétp®, was probed using a custom antibody
generated by Genscriptés custom antibody
S C1 6 7 6 )Cttlp Amtibody was raised in rabbit against320 amino acid fragment

of Ct t 1Qitlp aftibhoely Wds validated iregst by comparing immunoreactivity
between WT, cttlsee and ctalze cells, the latter being a deletion mutant of a
peroxisomal/mitochondrial catalase, Ctalp, unrelated to ¥t gels were imaged

on a LICOROdyssey Infrared imagér +3°

3.10.9 Catalase Activity

After culturing, cells were harvested
protein lysate were subjected to native PAGE on a 10%gliyrsne gel (Invitrogen).
After electrophoresis, an4gel activity stain was utilized to measure catalase actfvity
29 Briefly, a catalase staining solution containing 1 part Dopaig@fig/mL) in pH 8
0.2 M KPi buffer, 1 part pargphenylenediamine (3.5mg/mL) in pH 8 0.2M KPi, 1 part
15% H0,, and 2 parts DMSO were mixed in the order listed. The staining solution was
added directly to the gel and allowed to stain for 2 minutes, fotldwyerinsing in Mill-

Q water and imaging.
3.10.10Plasmids

All yeast expression plasmids used in this study are listélthlle 2 and were

previously describedexcept for pDH039, the plasmid expressing Cytochrbgge(Cyt
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bsg,) driven by a galactose (GAlipducible promoter, pGAICyt bsg,. This plasmid was
constructed by amplifying the coding sequence of &y from the HS1 sens®t The

following primers were utilized to amplify a BamHI/Xbal fragment of Gy

prDHO025: 5 €CTTTGGTGGCTCTGGATCATGGCAGATCTGGAAGACAACA

TGG3 0

prDH026: 56 GGTCAGTTTGCCACCTCTAGATCATCTGTATTTCT

30

Following amplification and digestion with BamHI and Xbal, the B coding
sequence was ligated into BamHI and Xbal digested 434618 The amino acid
sequence of Cyisg, is as follows, with the heme coordinating residues highlighted in

red

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKS
PDSPEMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAY HQKY

R

Table 2 7 List of plasmids used in Chapter 3 studi8ge Appendix for more details
regarding construction of previouslgported pDH plasmids, else séefor details
regarding the construction of the pJA, pRH, and pOM plasmids.
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Name Description

p415-GFPD pRS415 containing the GPD
promoter

p415-CYC1 pRS415 containing the CYC!
promoter

p316-GALI{ pRS316 containing the GAL!
promoter

pDHOL3 HS1 heme sensor subcloned into
p415-GPD

pRHO21 HS1-M7A heme sensor

subcloned into p415-GFPD

pJAO10 HS1-M7A H102A heme sensor

sub-cloned into p415-GPD

pRHO03 eGFP sub-cloned into p415-GPD

pOMO03 eGFP sub-cloned into p415-
cyct

pDHO039 Cytochrome bsg sub-cloned into
p316-GALI

3.10.11Total Reflection Xay Fluorescence (TXRF) Spectroscopy

Elemental analysis of cells, and particular metal analysis of P4 row
transition elements, P, and S, were accomplished by total reflectiay fkuorescence
(TXRF) on a Bruker S2 Picofox TXRF as described previdtisBriefly, following
growth, cells were washed sequentially in-cmd TrisEDTA (TE), pH 8.0 buffer and
Mil li-Q water, and then finally resuspended inllMQ water to a density of 2 £0°

cell s/ mL. 2 eL of a cel l suspensi on,

11
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spdted onto a quartz sample disc, and atomic fluorescence emission spectra were
coll ected according t o t h® Theacelluldrametalur er 0 :
concentrations were determined by assuming a yeast cell volume of 50 fL and that a

solution turbidity 0fODgo nm= 1.0 is equivalent to 2 x 1@ells/mL?°.
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CHAPTER 4. INTERROGATING COMPAR TMENT SPECIFIC
HEME AVAILABILITY AN D TRAFFICKING DYNAMI CS WITH
GENETICALLY ENCODED HEME SENSORS IN MAMM ALIAN

CELLS

4.1 Introduction

Heme, an essential iron containing metaildgrient located in every subcellular
compartment, has long been thought of as a static prodéactor buried in the core of
hemoproteins. However, genetic and biochemical evidence have indicated that heme may
act as a dynamic signaling molecule that regulates cell metabolism and physf3idgy
Since heme is tightly regulated and buffered to low levels due to its toxicity, heme
acquisition by client hemoproteins that regulate heme dependent functions and signaling
are reliant on the ability to safely mobilize heniéis tightly buffered and cordled
pool of bioavailable hemis often referred to agbile heme(LH), defined as a pool of
heme chelatable, kineticallgbile hemehat can readily exchange between biomolecules
and is accessible for herdependent proces$és The emergenceand continued
developmenof severalLH sensing technologies @pening the means tharacterize and
understand the natuend dynamics ofEH, aiding investigations fofactors that control
its availability, which ae largely unknowf?- 111 167, 22224 Theyse of these heme sensors
has demonstrated thbH has a functional role in regulating heme signakingl can act
independently oheme synthesifor regulatory purposs®’. Truly, the development of
new heme sensing technologies has aided in identifying several heme trafficking factors

and insights into the importance of LH.
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In this work, we find that our heme sensor assates with gpool of LH that is
bufferedto eitherlow pM levelsof ferrous heme olow nM levels of ferrichemein the
mitochondrial, nuclear, and cytosolic fractions of HEK293 cells. These reports are in
staggering contrast to the previouslgsessedevels demonstrated witlactivity based
heme reportershat report ferric LH levels on the order of 100s of mMHEK293
cells$?2. We demonstrate thatosolic, nuclear, and mitochondriaH availability can be
replenished to varying degrees by synthesis alone, but when cells are supplied with
excess heme synthesis intermediate, the heme sensor becomes saturated with heme in
each compartment. Additionally, the cytosol and nucleus equéikith extracellularly
supplied heme ta higher degree than mitochondrial LH podisnally, given that
previous reports ascribed cytoprotective roleBeme oxygenase (B102) independent of
its catalytic functionwe soughtto probeH O 2 @ffectson LH availability using our
sensorsQur investigation revealed novel LH heme sequestering and buffering roles for
HO2 that have no effect on total heme availability and are completpendenof its
catalytic function but sol el y r edhind kem®in itsldataBtic hema b i | i t
binding pocket. Our worldemonstrategshe functionality of our sensor to quantitate
compartment specific LH levels arits use in characterizing new heme trafficking

factors, like the unexpected role for H@2 aheme buféring factor.

4.2 Cellular Heme Imaging: Cytosol.

To assess LH availability in HEK293 cells, we first began by testovg human
codon optimized HS1 (hHS1l) sensors responded to hdepmetion and heme
supplementationBriefly, as mentioned in previouwhapters, HS1 employs a-ttomain

architecture consisting of a fusion of heme binding protein cytochragepius two
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proteins that exhibit fluorescence that is quenched (eGFP) or unaffected (nKATE2) by
heme. Thus, heme binding to HS1 results in a dseran the eGFP to mKATE2
fluorescence emission ratio, allowing for ratiometric [heme] measurementhese
studies, heme replete media refers to basal growth media or regular media with heme
containing serum, while the heme depleted (HD) media conktainse depleted serum

and a heme biosynthesis inhibitor, succinyl acetone (SA).

The high affinity hHS1 sensoKd" = 3nM, K4' ~10 pM, is quite sensitive to
heme availability in HEK293Rigure 4.1A), while the weaker affinity variant, HS1
M7A, Kd" = ~1 pM, K4' 25 nM, is much less responsive to henmeHEK293 cell$®
(Figure 4.1B). Cells expressing hHS1 havéarge differences in hemedependent
fluorescence irhemedepleted (HD + SAeGFP:mKATE2 mode ~)%s regdar media
(eGFP:mKATE2 mode ~ 4and become saturated with heme in response to peaong
hemetreatment(10, 25, or 50uM hemedr from upregulation of heme synthesis by
supplementation witta bolus ofheme synthesis intermediateaminolevulinic acid
(ALA) (modes ~ 1)(Figure 4.1A). The difference in modes between each treatment
conditions exhibits thé H S Isénsitivity of hemendits ability to sense both increases
and decreasad LH availability. Cells expressing hHSWM7A, on the other handio not
respond as well to heme depletion by HD + SA cell growth (mode ~ 6.5) compared to
regular media growth (mode ~.%)dditionally, there is no difference in the H347A
ratios in regular media cell growth with and withot {M heme treatment or ALA
supplementationwhich are conditions that drastically effected hHiSme binding
(Figure4.1A,B). However, these cells do seem to responidriger doses of exogenous

heme treatment, indicated by the regular media nnatile lowering from ~ 5 to a ratios



of ~2.6 with higher doses of hemleiqure4.1B). Even though the modes do change, the
overall distribution of the hHSM7A ratio histograms between conditions that effést i
eGFP:mKATE2mode are much broader than with hHS(Figure 4.1A,B). Taken
together, hHS1s very heme responsive and can sense both increases in hemgldyaila

in HEK293 cells, whilehHS1:-M7A is much less useful.

To further assess the heme responsiveness ofidhe useful sensor variartells
expressing hHS1 were titrated with smaller doses of exogenous heme in regular versus
HD + SA media Regular medi cells have a characteristically lower ratimode 5.5
than HD + SA media cellénode ~11) and the heme deficient cells have a broad range
of eGFP:mKATE2 ratios, indicative of heterogeneity in the ability to heme starve cells
(Figure4.2). Both hemestarved and regular media cells have eidesgendent responses
to 0.2, 0.5, and 1 uM exogenous heme treatmieigu(e 4.2). HD + SA media have a
mode of ~11, that decreases to 8.5 with 0.2 uM heme treatment, 4.5 with 0.5 uM heme,
and sit at a mode of ~3.0 with 1 uM heme treatment. Regular media cells hade aim
~ 5.5, and then decrease to ~%izh 0.2 uM, ~2.8with 0.5 uM, and ~2.lwith 1 uM
heme treatmentWWhen comparing regular media to HD +SA grown cells at any given
heme dose, the sensor fluorescence ratialways lower in the regular media cells.
However,gap between the ratios in regular vs HD + SA grown cells is much smaller at
thel uM exogenous heme treatment ddsigire4.2). Based off the biting affinities of
hHS1, these dose dependent responses from these logsuppementof exogenous

heme correspond tmuch smaller changes in intracellulabile heme Figure4.2).
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Sample Hame
Regular Media + 300 uM ALA
Regular Media + 50 yM Heme
Regular Media + 25 yM Heme
Regular Media + 10 uM Heme

Regular Media
HD + SA Media
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Figure 4.1 7 Hemedependent responses heme sensor fluorescenteHEK293 cells.

Flow cytometic analysis of HEK293 cells transiently transfected wa) hHS1 or(B)
hHS1-M7A sensorsand culturedin hemedeficient (HD) succinylacetone (SA) treated
media (HD + SA) oin regular media (heme replet@ediaexhibit differential responses

to hemeIn eat panel heme replete cells were treated with 0, 10, 25, or 50 uM heme or
with 350 uM G-aminolevulinicacid (ALA), a heme synthesis intermediate, for 24 hours.

In B dotted lines were drawn to depict a hedependent change ithe HD + SA
histogram mode (red dotted line) to the high heme treatment histogram mode (blue dotted
lines).



Sample Hame

Regular media +1 uM Hemin

Regular media + 0.5 yM Hemin

Regular media + 0.2 pM Hemin

Regular media alone

HD + SA media+ 1 uM Hemin

HD + SA media+ 0.5 yM Hemin

HD + SA media+ 0.2 uM Hemin

O[010[0)|8(0|8|8

HD + SA media alone

by Equatior4!'

X

A

\
.
0 5.0 10 15

hHS1 eGFP:mKATEZ2 Ratio

Figure 4.2 - Cytosolic expressethHS1 heme sensor responds to low pM doses of
exogenous heme. stbgrams of the heme sensor of cells grown in regular media (shaded
histograms) and heme depleted media HD + SA media (unshaded histogyephsited.

Both regula and HD + SA media cells were grown in the presence of 0 (red), 0.2
(orange), 0.5 (blue),rd. uM (purple)hemin chloride

For quantitative measuring of labile heme availability in these cells, an in situ

calibration method was developed, where the [heme] accessible to the sensor is governed
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mMaQ L Y
aQ o v . (4)

In Equation4, K4 is the hemesensor dissociation constafgxpt is the eGFP/MKATE?2
fluorescence ratio under any given conditi®n is the eGFP/mMKATE2 fluorescence
ratio when 0% of the sensor is bound to heme, assumed tthebdistogram
eGFP:mKATE ratiomode ofHD + SA media grown cells, an, . is the histogram

mode eGFP/mKATE?2 fluorescence ratio when 100% of the sensor is bound to heme. To
acquireRay digitonin permeabilizedells were treated with excess heme in the presence
of ascorbateGiven the broad ratio distributions in the histograms from flow cytometri
analysis, the ratio for each condition is derived from the mode of each histoGaen.
Appendixfor more details regarding in situ calibratid®ensorfractional saturation can

be calculated using Equatién

B T Y
YQe "B I0wodd & gﬁ (5)

The developed calibration method was applied to the hHS1 sensor, the-weaker
affinity hHS1-M7A sensor, and a henriesensitive mutanthHS1:M7A, H102A (Figure
4.3). Only the hHS1 sensdras hers-dependent changes between HD + SA and regular
mediaand is the only sensdnat respodsto thein situ saturation protocolHigure4.3).
The results demonstrate the efficacy of this procedure for calibrating the $e#Sar,

and indicate thatdth hHS1:-M7A and hHSIM7A, H102A are unbound to henasmddo
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not respondwell to heme in these cel(igure4.3). Further,whencomparing the mode
of each relevant histogram to acquR&pt(~2), Rmin (~5), andRmax(~1) valuesfor use in
Equation 4, the mode hHS1 ratio represent% bound heme sensoFigure 4.3),
indicating that LH is bufferetb as low as 7.5 pM ferrous heme or 2.2 nM ferric heme.
Using Equation4, and reported volumes for the HEK293 cytoplasir0.8 pl??°, we
calculatethat there are & 4 moleculesassuming all LH is reduced or a maximum of
~1350ferric cytoplasmic LH molecules assuming all LH is oxidZ&dMoving forward,
given that the weaker affinity sensors do not resposmdl to heme and hHS1 is easily

calibrated all further studies focused on the use of hHS1.
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Figure 4.37 In situ calibration of hHS1 heme seng@Y) Tight binding hHS1 sensor, but

not weaker affinity sensdiB) hHS:M7A or heme insensitive mutaf€) hHSI:M7A,
H102A, is heme responsive and can be saturated with hemen digitonin
permeabilied and treat¢d with excess hemin and ascorba@ells from 6well plates

were harvested in media by pipetting, treated with calibration reagents for 30 minutes at
30 °C, pelleted, washed in PBS, then prepped for flow cytometric analysiae
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depleted HD+SA represent cells that center a ratio representing 0% kensat §red
histograms) The in situ saturation treatment, treating cells treated with digitonin,
ascorbate, anti00 UM hemin (black histogramsjepresents 100% bound sensor in these
cells.

Having determined the efficacy of using hHS1 in these ,caells ught to
monitor the kinetics of LH replenishment after heme starviefjs Additionally,
comparing LH versus total heme replenishment may vyield information regarding how
much total heme must build up before LH pools may be replenished. Understanding thes
factors maydesignate the rate at whidew heme dependent processes may be activated
from endogenously synthesized heidence to test the dynamics of heme replenishment
and cytosolic heme acquisitioiotal and LH heme were monitored over 24 hours in cells
grown inHD or regular mediafter depleting their cellular heme by HD + SA growth
(Figure 4.4). Surprisingly, total heme pools are replenishdgthin the first 2 hoursof
recovey in each medigFigure4.4B), butLH stores replenish much more slowhidure
4.4A). Additionally, there is morédheme loading incells replenised with HD media
compared taegular mediabutthere waso difference in total hemigetween the media
conditions(Figure4.4A,B). Cells replenished in HD media have a me@-P:mKATE2
ratio of ~5.2 at time 0, ~4.7 at 2 hours, ~4.2 at 6 hours, ~4.0 at 8 hours3.2nat 24
hours. Similarly, cells replenished in régumedia, have modeeGFP:mKATEZ2ratio of
~5.2 attime 0, ~5 at 2 hours, ~4.5 at 4 hours, ~4.0 at 6 hours, ~3.8 at 8 hours, and ~3.8 at
24 hours(Figure4.4). The differences between cytosolic LH and total hémeasured
by the porphyrin fluorescence assagplenishing kinetics between HD and regular

media seem to be negligible.
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Figure 4.4 1 Heme repletion kinetics of cytosolic LH and intracellular total herg. (
Heme repletion kinetics of cells starved of heme for 48 hours in HD+SA media, switched
to either heme deficient medigistograms on the leftjo allow cells to synthesis
endogenous heme, or regular mehastograms on the rightjo allow cells to both
synthesis and uptake any exogenous heme from the serum. The dotted red line in each
histogram represents the mode of heme starved HD+SA, 0 hr reptenglle while the

dotted black line representse mode ratio pos24 hoursof heme replenishmentBj

Total heme repletion kinetics of biological duplicates utilized for labile heme
measurements.

4.3 Cellular Heme Imaging: Cytosol, Nucleus, and Mitochondria
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Hememonitoringwith hHS1 and hHSM7A was extendedo mitochondria and
the nucleusand the subcellular targeg of each sensor waslidatedby microscopy
(Figure4.5). To confirm hemealependent changes in mitochondrial and nuclear localized
sensors, the in situ calibration protocol developed for the cytosolically expressed sensor
was applied tocells expressingytosolic, mitochondrial, and nucledéocalized hHS1
(Figure4.6A-C). hHS1 is well poised to sense labile heme in each of these compartments
as basal conditions exhibit ratios in between heme starved and the heme treated cells
(Figure 4.6A-C); however the in situ saturation protocalid not seem to saturate
mitochondrially localized hHS1F{gure 4.6A-C). Given this small decrease in the
mitochondrial hHS1 eGFP:mKATE2 ratiand since digitonin treatment only
permeabilizes the outer membrane of the cell, it was assumed the mitaghsedsor

was not saturated with heme.

Cytosol Nucleus Mitochondria
mKate2 EGFP mKate2 EGFP mKate2 EGFP

WT
HD+SA Basal

M7A

®
@
o
1]
<
w
+
]
=

Figure 4.5 - Localization of targeted hHS1. HEK293 cells were transfected with WT and
M7A sensor constructs made for targeting to the cytosol, nucleusmaadhondria.

Cells imaged 42 hours pesansfection using a Leica DM IRE2 fluorescence microscope
under 63x oil immersion objective. Scale bar = 10 um. Images were taken and provided
by Xiaojing Yuan.
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Figure 4.6 7 In situ saturation protocol optimized for cytosolic hHS1 applied to cells
expressing sensor ifA) cytosol, (B) nucleus, and in th€C) mitochrondria.Regular
media cells (blue) areompared tcheme starved HD + SA&ells (ed) andcells treated
with digitonin, ascorbate, hente saturate the sensors (black).

Since the cell permeabilizing saturation protocol does not workifimchondrial
hHS1 sensorRigure 4.6C), a new protocol was adaptadd compared to the previous

method to in situ saturateHS1 Simply, cells were treated withlarge overnight dose of



heme biosynthetic intermediate AL Awhich dastically increases the endogenous
synthesis of heme inside HEK293 cellkhis method of upregulating heme synthesis
supplied each compartment with enough heme to satilmatsensoto equal degrees as

the in situ saturation protocol in the cytosol anatlaus Figure 4.7A,B), or more
efficiently in the case of mitochondrial hH$Rigure 4.7C). The saturation of the heme
sensor in each compartment reveals that regular media treated cellE#rdoound in

the cytosol(Rexpt(~1.7) Rmin (~2.8) and Rmax(~0.4)), ~53% bound in th@ucleus Rexpt

(~1.4) Rnin(~2.6) andRmax(~0.25)),and ~71% bound in mitochondr{Rexpt(~0.7), Rmin

(~1.8), andRmax(~0.25)) Using Equatiort and reported HEK293 cytoplasmiolume of

0.80 pl??5 nuclear volume of 1.0 plL??5 and that mitochondrial volumesare
approximately 10% of the totalettular volume, 0.2pL?%%, we can calculatethe
concentration of LH in each compar bbheent . I
completely reduced;ytosolc LH would be ~7.8 pM or <4 moleculesof free heme, the
nuclear LH would be-5.3 pM or~3 moleculesof heme andthe mitochondrid LH would

be ~7.1 pMor ~1 moleculeof heme If all LH is assumed to beompletelyferric, which
would only be the <case if LH6s redox st a
glutathione redox systemve calculateahat cytosolicLH would be~2.3 nM or ~ 1100
molecules of hemenuclear LH would be ~1.6 nM or < 960 molecules of heamd the
mitochondrid LH would be ~2.1 nM or ~ 250 molecules of herfi@e contribution of
ferrous and ferric heme in each compartmienhot discernable with the hHS1 heme
sensomwithout knowing what dictates e m eddation state within the cellf heme &
largely ferrous in these cells, the data suggests that LH is very tightly buffered in these

cells.
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Figure 4.7 In situ saturation ofA) cytosolic,(B) nuclear, andC) mitochondrial hHS1
by prolonged exposure ta-aminolevulinic acid (ALA). Permeabilizing cells with
digitonin in the presence of heme and reducing agent ascorbate (black histagrams



compared to a20 hour supplementation of growth media wiB00 uM ( U
aminolevulinic acid) ALA, which saturateshHS1 in each compartment (blue
histograms).

Armed with thetools and methods to quantitdtel in these compartmentsje
sought to characterize the contributions from extracellulay derived heme vs
biosynthesizedheme on LH availability in each compartment. We started by
investigating ifendogenous heme synthesissigficient for cells to produceLH by
interrogating the amount of LH in cells grown D versus regular medidhe results
demonstrate thateme syrtiesis in HD media cells isdeed sufficiento fill LH to some
degreein each compartmenbutthere was additional LH availability the cytosol and
nucleuswhen grown irregular medigFigure4.8). We next sought to addres<célls that
could not utilize heme synthesis to fill their LH pools, could fill their LH with
extracellular hemesourced from the serum iregular media cells. Taest this, we
interrogated compartment specific LH availability in cells grown in regular media + SA
media anccomparedhe fraction bound of hHS1 to cells grown in oth&evant growth
conditions Figure 4.8). The resultsshow that cytosolic LH is completely depleted by
inhibition of synthesis alonas the mode ratio between regular media + SAearly
identical to that in HD + SAreated cell{Figure 4.8A). Mitochondrial and nucledrH
pools on the other handyre notcompletelydepletedn regular meia+ SA, and contain
hHS1 that is ~20% bound with heniedlicating that inhibiting synthesthoes noteplete
mitochondrial or nuclealabile heme stores cells grown in media containing serum

(Figure4.8B,C).
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Figure 4.8 1 Measuring differences irA() cytosolic, 8) mitochondrial, and) nuclear
labile heme sensed by hHS1 in response to hemeasta. Data is displayed in two
different ways, with overlaid histograms in the left column, halfl offsethistograms in
the right column

131



To further parse out the details underlying compartment spétifimanagement
from exogenous versus endogenous heme soutftasges irtotal andLH availabilities
were analyed for their response to treatment with different sourcesxofjenous and
endognousheme Specifically, cells grown in regular or HD media treated with ALA,
SA, and/or herm were comparedor their relativechanges irfractional saturation of
hHS1from these treatmenis each compartmenfigure 4.9B) and compared to total
cellular heme(Figure 4.9A). The results reveal that total heme and the amouthiHof
accessible to each compartment generally correlatie one another, but there are
differences in labile heme availability in each compartment that is specific to source of
heme made accessible tetbells Figure 4.9A,B). As shown previouslyn Figure 4.8,
cytosolicdly expressed hHSih regular media + S&-4 % bounddetects less heme than
mitochondrial or nucleanHS1in regular media + SA treated ce(lsoth ~20 % bound)
(Figure4.8, Figure4.9B). Under conditions that increase heme availability via treatment
with large anounts of exogenous heme or ALA, each compartment increasdsH
availability, but mitochondrial hHS1 is less sensitive to exogenous hea@mentthan
the cytosolic and nuclear heme sensBexFigure4.9B; mitochondrial hHS1 is closer to
80 % bound, while nuclear and cytosolic hHS1 are closer to 90 % bouncdekoess
exogenous heme treatmetoreover, nitochondrial hHS1 is more saturated with heme
under conditions that facilitate hersgnthesis ands not impacted byneme fromserum
in the mediaTo this point: inHD meda hHS1 is~25% boundn the cytosol and~40%
bound for nucleuswhile the mitochondrial hHS1 is65 % bound Additionally, the
cytosolic and nuclear hHS1 sensaxjuire more heme&hen grown in regular media vs

HD mediathan mitochondria dowhen comparinghe fraction bound of sensor KD
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versusregular mediathere is anll % changen cytosolic hHS1, a 15% change in
nuclear hHS1and only a< 5% change irmitochondrid hHS1 heme loadingFigure
4.9B). In total, mitochondria are much more responsive to endogenously suipgiies
while the cytosol and nucledmave the potential to acquire more extracellular heme than

mitochondria wile synthesis isot inhibited by SAFigure4.9).
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Figure 4.917 Heme dependent changes in total cellular heme_ahslensed by cytosolic,
mitochondrial, and nuclear hHSJA)( Total heme values for each media condition were
taken in triplicates. Regular media grown cells were supplemented with or without 500
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MM SA, 5 uM hemin, 100 uM or 300 uM ALA, and HD media grown cells were grown
with or without 500 pM SA £ 5 pM hemin.B) The corresponding cells for the total
heme measurements were used to talayzethe fraction of hHS1 bound with heme in

the cytosol (orange), mitochondria (blue), and nucleus (purple), which are indicative of
the LH availability sensed by hHS1 targeténl these locals. These % hHS1 fraction
bound was calculatedsing eGFP:mKATEZistograms generated by flow cytometric
analysisof sensor expressing cells

4.4 Heme Oxygenase 2 (HE) Sequesters Cellular Labile Heme Independent of

Catalytic Activity and without Impacting Total Heme Availability

Previous studies found th&eme oxygenase 2HQ2) imparts cytoprotective
effectsto cells under oxidative stressen if catalytically inactivé’. This suggested that
part of the protection affoetl by HO2 was indepetent of heme degradation. Giverat
solubleHO2 has heme binding sites with nM affinities ferric heme, we tested if HO2
and its catalytically inactive mutants were able to perturb asetuester LH3 We first
tested the effects of HORvelson hHS1and its heme insensitive variarits regular
versus HD + SA mediaFgure 4.10). The results clearly show that WT HO2
overexpression depletes LH accessible to hHS@jure 4.10A), and the effects are
visibly hemedependent as there are no HO2 dependent changes in sensor fluorescence
ratio in HD + SA mediar in the ratios ofheme irresponsive mutants, hHBIWA and

hHS:M7A,H102A (Figure4.10B,C).
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Figure 4.10 - Overexpression of HO2 lowers labile heme availability. Overlaid
histograms and half offset histograms &j iHS1, 8) hHHSEM7A, and C) hHSEM7A,

H102A sensor expressing cells with and without HO2 overexpression in regular media
versus HD + SA mediasAj Overexpression of HO2 in regular media lowers labile heme
to the same degree as heme depleted media (HD)+T8Are is no effect in seen by HO

2 in HD + SA media, indicating that the change in ratio in regular media is heme
dependent.B-C) There is no change in sensor fluorescence ratio in the heme insensitive
sensors, indicating that H® changes in sensomfirescence ratio seen with hHSH) (

are not heme independent changes to the sensor.

Having discoveredhat WT HO2 lowersLH availability, we tested the roles the

catalytically inactive mutantH45A, andH O 2 Besne regulatory motif (HRMjnutants,
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C265A andC282A, for their role in LH depletioNone of these mutants effected the
lowering of labile heme Higure 4.11A) and there were no henriledependent
perturbations in sensor fluorescence when any of these mutants were expressed in HD +
SA media(Figure4.11B). Giventhese resultswe tested if the loweng of LH by HO2
required heme binding at the catalytical $itetesting mutants thahclude the H45W
and G159W point mutations, whidompletely blockH O 2 abdity to bind hemaeat its
catalytic coreln addition to the heme binding mutawe examined anoreexpansive list

of catalytic and HRM mutant® probe any potential catalytic or HRM dependence of
this LH phenotype In regular media, the heme binding mutants containing the H45W,
G159W mutations do natffectlabile heme at allAdditionally, everyothertestedmutant
lowers LH tothe same degree as WT HOZ2 in regular mefigufe4.12B). All mutants
were expressed well in regular medkiglre 4.12F), and these changes wereme
dependent as there was no changehm eGFP:mKATEZ2ratio of cells due toHO2
overexpressioin HD+SA grown cells (Figure4.12A). To definitely rule out the roles of
the HRM and catalytic mutants in sequestering LH teged their effects on LHunder
high heme conilons with either 5 puM exogenous heme or 300 puM ALA
supplementatiofFigure 4.12C,D). Each mutant was able to reduce LH under these high
heme conditions Wt not quite asmuch as in regular media(Figure 4.12B-D).
Additionally, under excess heme availabilihetcatalytically incompetent mutants with
H45A mutations seem to have a very modest defect in its ability to loveelative to

the othemutants, but this resulvasonly reproducible in 2 of 4 triald={gure4.12C,D,

additional trials not shown).
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hHS1 only - HD + SA Media
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hHS1 + HO2, H45A - HD + SA Media
hHS1 + HO2, C282A - HD + SA Media
hHS1 + HO2, C285A - HD + SA Media
hHS1+ WT HO2 - HD + SA Media
0 hHS1 only - HD + SA Media
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Figure 4.11 7 Overexpression of HO2 lowers labile heme availability regardless of
catalytic function or either of its HRMsAJ Overexpression of WT HO2 compared to
H45A catalytic mutant, and two HRM mutants, C265A and C282A are identical in
regularmedia. Cells expressing hHS1 in regular media, regular media + 300 uM ALA
(saturated), and heme depleted HD + SA were analyzed as controls. See legend on the
left for the identity of each histogramB)(Overexpression of WT HO2, catalytic mutant,

45A, and the two HRM mutants C265A and C282A do affect sensor fluorescence

when compared in HD + SA media. See legend on the right for the identity of each
histogram.

Given that exogenous heme treatment resulted in the same depletldh of
regardless of most HO2 mutatign&e next sought to test ithe inducible heme
oxygenase 1 isoformHO-1) was compensating for any loss of function within these
mutants, masking any contribution they play in effecting LH availakiftgure4.12E).
Indeed, exogenous heme treatment induces expression-af H@ theresultsindicate

that HO1 is not expressed higher in any of the mutants thdaH®1 only orWT HO2



expressing cellgFigure 4.12E). In fact, thereappeas to be lowerHO-1 expression in

cells expressing HO2 mutar(tsigure4.12E).

13¢



Sample Name

[w] hHS1 only

3] hHS1 +WT HO2

IE hHS1 + HO2 C285A

@] hHS1+ HO2 282 A

Ii hHS1 + HO2 H45A

] hHS1 + HO2 C285A, C282A

[¥] hHS1 + HO2 H45A, C265A, C282A

0 hHS1 + HO2 H45W, G150W

(] hHS1 + HO2 H45W, G158W, C265A, C282A

A B € D
+ + +

HD + SA Media Regular Media H':::'l)‘le nSn:dia :&9 lthI::ﬁa

Ak, |
A
0 60 12 0 60 12 0 9.0 0 9.0
eGFP:MKATE2 eGFP:MKATE2 eGFPMKATE2  eGFP:mKATE2
E hHS1 hHS1
hHS1 hHS1 hHS1 +HO2 H45A, hHS1 +HO2 H45W,
hHS1 + hHS1 +WTHO2 +HO2C265A, +HO2H45A C265A, C282A +HO2 H45W, G159W, C265A,
hHS1 only Heme +WT HO2 +Heme C282A+Heme  +Heme +Heme  G159W + Heme C282A+ Heme
HO2 —— — — —

HO1

GAPDH n—— L e — —— L — -
| —
HO2 H45W,
HO2 C265A, HO2 H45A, HO2 H45W, G159W, C265A,
WT HO2 HO2C265A  HO2C282A  C285A HO2H45A  C265A,C285A  G150W C285A

—————— —

Figure 4.127 Overexpression of a panel of HO2 mutants for their ability to effect LH
availability in (A) HD + SA, @) regular, C) HD + SA + 5 uM heme, and) Regular +
300 puM ALA media, with corresponding western blots ford#mdd HG1 in HD + SA £
heme with a GAPDH loading controlEY and a western blot confirming HO2
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To further solidify that HOZ2 is truly acting on LH I®gquestering it, we checked
that HO2 was not lowering LH via decreasing total heme stores. The results confirm that
WT HOZ2, catalytical deficient H45A, and heme binding HO2 mutant have no impact on

total heme availability when overexpresseaj(re4.13).
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o

Figure 41371 Total heme availability in response to HO2 overexpression in HEK293
cells. Total hemeper cell was measured using the porphyrin fluorescence assay to
quantify total cellular heme (n =%6}.

Lastly, we sought to test if the sequestering of LH by HO2 was unique to the
cytosol or ifit also affected mitochondrial and nuclear stores of 1Adlditionally, we
wished to interrogate if any HO2 sequestration of LH depended on origin of the heme,
either from heme biosynthesis or from an extracellular source. @se tlends, we
interrogatel HO2 specifc changes in LHn each compartmeninder regular media
conditions containing excess endogenous or exogenously suppliecahdraadeHD +
SA mediagrowth with and without excess exogenous hdffigure 4.14A-C). The

results indicate that the overexpression of Hf2cts the nuclear and cytosolic LH heme
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pools equally(Figure 4.14A,C); however, the mitochondrial pool of heme is mostly
unaffected FFigure 4.14B). Mitochondrial LH under regular media conditiomsth and
without ALA supplementation are completely unaltered by HO2, but heme starved HD +
SA cellsoverexpressing HDfed exogenous hemare completely depleted relative the
nontoverexpressinglO2 cells in this conditionHigure4.14B, black histograms).
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Figure 4.147 Subcellular LH monitoring in cells with and without theeoexpression of
HO2. (A) Cytosolic (B) mitochondrial, and §) nuclear hHSl1expressing cells were
grown in the regular vs HD + SA media with ALA or heme supplementation to determine
the effects of HO2 in sequestering exogenous vs endogenously produceth teank
compartment.

45 Discussion

Until recently, there was no precise way to quantify or interrogate the nature of
LH. The development of novel heme sensors like HS1 have provided concentrations of
LH that may be dependent on the prdbability to access particular heme pools.

Additionally, the amount of LH available between cell types is quite vafigblé': 222
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224, 228230 Therefore, in order to understand the factors that control LH, it is instrumental

to develop several different hemensmg technologies that can together more
comprehensively assess the nature of LH of which so little is known. Indeed, the factors
that affect LH dynamics, oxidation state, speciation, heme availability, and the
differences in these factors amongst différerganisms warrants investigation. The
knowledge of these factors is imperative to understanding the basis for how new heme
dependent processes and signaling are activated as well as understanding how cells must
properly manage LH to avoid the deletesoeffects of misregulated heme. To these
points, in this study, we characterized the use of genetically encoded hHS1 in HEK293
cellsto interrogate howthey manage LHand toreveal a novel role for the constitutive

heme degradation enzyme HO2 in sequasgdrH independent of its catalytic function.

Ouir first results indicate that HEK293 cells tightly regulate their heme pools and
will not hyperaccumulate LH as sensed by hHS1 and RM®BA (Figure4.1). Given the
binding affinities of our sensors, we cannot distinguish between ferrous or ferric heme
pools in these cellhHS1 has alynamic rangdor ferrous hera spanning betweenrl
and~100 pM anda dynamic range for ferric heme spannbeween ~0.2nd 30nM,
while hHHS1-M7A sensorhas a dynamic range for ferrous heme spanning betw2én
and ~250nM and a dynamic range for ferric heme spannirigt6.100 nM at pH 72,
Given the binding affinity of hHS1, the data kigure 4.1 entails thatthe hHS1 heme
dependent fluorescenclanges ircellstreatedexcess 140 uM exogenous henfer 24
hoursresults inpM ferrousor very low nMferric changes irthe buffered concentration
of LH. On the other handyHS1:M7A cells are unaffected bj0 uM exogenousheme

treatmentbut thissensor doesespond td®25 and50 uM exogenous hemieeatment. The
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responses from hHS#7A at thesehigh doses suggedtsat there ieither more than 2.5
nM ferrous heme omore thanl00nM ferric heme at thespathophysiological doses of
heme treatmenteither of which would aturate hHS1However, the fact that 1AM
exogenous heme saturates hHS1 but leaves & at 0% boundmay suggest that
some amount of the LH pool exists irfearic state.The details regarding the oxidation
state of heme remain uncle&ven so, one ight predict that LH is largely ferrous if it
were to equilibrate with the cellular redox buffer, glutathjomigich poises the Y0~
-320 mV vs.NHE8, If free heme, which has redox potentials that can $han-50 mV
to -220mV vs NHE reacts with the glutathione redox buffé,(= -250 mV vs NHE),
ferric heme should onlgonstitute 0.03 % (using-50 mV vs NHE) to2.05 % (using-
220 mV vs NHE) of LH at equilibrium. Even so, the speciatod redox potentialef
buffered LH as well as the degree to whidh assessible to hHSHquilibrateswith the

glutathione redox buffesireunknown.

Even so, a considable fraction of buffered LH may beferric as previous
reporters with activithased heme reporters report ferric heme on the order of 100s of
nM in HEK293 cells.Perhaps these previous values with subcellular localizeattess
may be largely ferric dubeme oxidation that may result from cell lysis implored with
this heme detection method. Even #te regulatory heme pool is typically thought to
comprise of 10% of the total heme quotdich equates to-2 uM heme in tiese cells
(Figure4.4). If cells truly buffer LH topM levels which equates to almost no free heme
what can buffer heme to these low levetlnd be used toregulate heme dependent
proceses? To better address the specific concentrations and oxidation stdtés afd

its buffer depthmore sensors with different dynamic randes ferric and ferrous
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affinities need to be utilizedand the degree to which heneguilibrates with the

glutathione redox buffer warrants investigation.

Interestingly, theconditions under which hHSM7A detecs LH were also found
to induce the increased formation of heme granules in HEK293 cells as detected by the
labelree transientbsorption microscopy technique by Chen ét*aPerhaps, hHS1
M7A interacts with heme that may accumulate in these enlargedrextehondrial
heme granules &t abundantly increase under heme stress conditfofibis explanation
is consistent with the fact that hH®87A cells do not respond to a dose of ALA that
saturdaes hHS1 but do respond to excess exogenous heme tregFigeme 4.1). The
nature of these heme granules and their involvement in controlling LH availability merits

further investigation.

All consideredthe datain Figure4.1 clearly demonstrated that hHS1 was much
better suited for sensing due to its heme responsiveness, so all further studies were
addressed using this sensdo further assess the sensitivitg hHS1, we subjected
hemestarved HD + SA vs regular media cells to IpM doses of exogenous heme
These results indicate that prolonged treatment withpudi2heme are sufficient to
considerably alter LHavailability in both heme starved and regular naegliown cells
(Figure4.2). Additionally, excess of UM exogenous heme treatment is required to make
up for the gap between LH availability between HD + SA and regular media cells. This
observatiorbetween heme starved and regular media cells fed exogenoupherad
us to later investigate what componentldt exists in regular media cells frothe

import of extracellular heme versus endogenously synthesized heme
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Having optimized the use of cytosoldiS1, wenext investigatedhe repletion
kinetics of cytosolic LH versus total heme. Surprisingly, toghl pools were refilled
within two hours, while cytosolic LH was replenished slowly over 24 hours post heme
starvation Figure4.4). Other studies in yeaoking at LH versus total henrepletion
kinetics have indicated that LH is restored concurrently with TH, but this is not the case
here in HEK293 celfS. The nature of how this total heme and hemoproteins are
replenishedn HEK293 cellswhile bypassing the sidey-side refilling of cytosolic LH
seen in yeagds of interest. When cells are replenishing LH through synthesis, is there not
a pool of LH thats responsible for refilling hemoprotejr is this hemepool buffered
to undetectable levels until other heme proteins are fill€dese resultmight indicate
that heme transport to client hemoproteins from the site of synthesis in the mitochondria
may rely on some uncharacterized method that may utilize direct ppotdgin heme
transfer mechanisms circumventing the use mfgulatoryLH pool until these prteins
acquire hemeThe evidence for a heme metabolon with structural components that may
facilitate its coordination with different organelles that may integrate scaffolds with
signaling proteing, in addition to mitochondrial dynamieffecting heme delivery rates
to subcellular locaf8!, and our data in HEK293 cells, are all consistent with the potential
for a novel mechanism of heme delivery thahbypass thé.H pool. Complimentary to
this theory is the potential for the newly synthesized heme to first be portioned to the ER
by translocation through mitochondrial associated membranes (MAMS). Indeed, several
factors key in the regulation of heme homeostasis, including coproporphyrinogen Il
oxidase, ferrochelatase, HBP and HO2, have been found to associate with M#%&Ms

Even so, these results still warrant the question, what is the role of cytosolic LH in
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HEK293 cells?And, is there a pool of LH being used under these heme repletion

conditions but i®itherinaccessibl®r below the detection limit dfHS1?

Regardng the importance of developing several different heme sensors, previous
reports of labile heme in cancer cell lines report subcellular labile heme levels of between
20-40 nM in cytosolic, nuclear, mitochondrial, and ER subcellular compartments,
indicatingroughly equal distribution of LH throughout these cells. Contrary to this, our
previous results irBaccharomyces cerevisiagicate that these cells have much lower
LH availability in their nuclear and mitochondrial fractions (<€M), but between 2@0
nM labile heme in the cytosol. The differences in thieldemeasurements could reflect
organism to organism differences but may also arise ttempotential ofeach heme
sensotto havedifferential capacities to equilibrate with peats that buffer LH. Twards
this point, in the current work in HEK293 cells we reppk ferrous or nM ferric
cytosolic, nuclear, and mitochondrial Lhnhder basal condition§-igure 4.7), while
previous work with activitypased reporters indicate that LH in HEK293 is buffered to
100s of nMferric heme Taken together, there may be several different factors that buffer
LH inside these cells, which may seras regulatory reservoirs for different heme
dependent processes. Ultimately these results highlight the importance of the continued
development of heme sensors with a variety of binding affinities and heme binding

scaffolds to better understand the natfreH.

Utilizing our calibration methods to assess hHS1 fractional saturation in cells, we
were ableto give estimates for the maximum amount of ferrous and ferric heme in each
compartment, assuming only one oxidation state of heme existed in each tooempar

(Figure 4.7). When reporting molecules of heme per each compartment, the number of
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molecules changedf less than Smolecules of ferrouhiemein each compartmerb
~250-1,100 molecules of ferric heme depending on pheticular organelle and the
oxidation stateof heme being sensedemonstrating the importance of developing more

oxidation state specific sensors for heme.

Interestingly, our resultsnterrogating the compartment specific response to
endogenous versus exogenous heme sources indicate that nuclear and mitochondrial LH
is affected differently than cytosolic LH under heme starvatiigure 4.8). Indeed,
heme starvation by inhibiting synthesis in heme replete nadhastcompletely depletes
cytosolic LH (<5 % hHS1 loadingyhile mitochondrial and nucledtHS1 sensarare
around 20% boundith heme(Figure4.9). These results indicate that cells undergoing
heme starvation by inhibition of synthesis either hold on to LH in these compartorents,
the cell recognizes a need for heme, and uptake it from the extracellular Figdia (

4.9). This same study clearly indicatiat mitochondrial LH pools are more sensitive to
endogenous heme supply than the cytosolic and nuclear compartments. AsFgerein

4.9B, mitochondral LH is almost completely replenished by synthesis alone, where there
is very marginalimpacton mitochondrial LH incells being grown in HD versus regular
media. Cytosolic and nuclear heme on the other hand, seem to equilibrate more with
extracellular hmethan the mitochondrial LH pool dadadicated by the increase in their

LH availability in response to growth in HD versus regular media. Further, under high
heme conditions, the fraction of hHS1 bound to heme in mitochoimdfieate that the
mitochondia equilibrate with extracellular heme less than cytosol and nucleus in
HEK293 cells Given that total heme is roughly the same between the compared

conditions (i.e. regular media¥D vsregular + SA media, and regular media + heme vs



+ ALA), the changs in fraction bound in each compartment are from compartment
specific preferences for heme source more softieam changedn total heme availability

(Figure4.9A,B).

Our observations that HO2 lowek$l independent of its catalytic function, but
solely by its potential to bind heme in its catalytic core were quite surpiiBiggre
4.11). Further evincing thiflemesequesteringole of HOZ2is the factthat HQ® does not
impact total heme stores when overexprességlufe 4.13) and acts indegndently of
HO-1 induction Figure 4.12E). Given that mitochondrial LH is unaffected by HO2 in
regular media + ALA, mitochondria seem to maintain a LH poolithabt im@acted by
overexpressed HO2, unlike the cytosolic and nuclear LH pdeigure 4.14A-C).
Additionally, as mitochondria are only affected when cbhlisebeen heme starveahd
then fed exogenous hemeyerexpressedHO2 likely prevents the translocation of
exogenous heme to the mitochondiég(ire4.14B). HO2is canonically thought of as a
heme degrading enzymand not necessarily a heme buffering or trafficking factor as
theseresuls mandate How HO2 functions and its physiological roles for binding LH
without degradingt are still unknown, but this newlgéntified heme buffering role may
explainwhy the catalytic mutant of HOBenefit cryoprotectiorto cellsconfronted with
oxidative stres@ previous reporfg’. Although we were not able to ascribe a role to the
HRMs, which have been thought to tune #ffinity of HO2 for heme depending on their
redox statE® 233 we hypothesize that these HRMmdulate the activity of HO2 to
switch from heme buffering to heme catabolic roles. The identification of conditions that
may satisfy this switch wthey impécated| reldsnn - mo r e

cryoprotectionin inflammatory and neurogenerative disorders. Indeed, as HO2 seems
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have sme preference for exogenously supplied herfguie 4.14B) it may act to
sequester this heme under conditions like hemolytic stress to prevedeléterious

effects of excess free or mishandled heme

Altogether we have demonstrated the utility of hHS1 in heme sensing in
mammalian cells and have employius sensorin HEK293 cells to both interrogate
compartment specific preferences for heme antléntify anew LH sequestering role
for HO2.The continued development of sensors with differently tuned affinities for heme
are required to establish the specific quantities of LH in these cells, but for now, hHS1 is
a sensitre tool that can be utiliz in detecting compartment specific fluxes in LH
availability and should be used to interrogate the nature of LH in other more relevant

mammalian cell lines.

4.6 Materials and Methods

4.6.1 Human Embryonic Kidney (HEK293) cells, Media, and Growth Conditions

HEK293 ells were plated and transfected in 60 mm X 15 mm polystyrenecoated
sterile dishes (Corning) for flow cytometry. The cells were plated on day 0 in basal
growth medium (Dul beccobds modified weagl e
bovine serum. On dayl or 2, cells were transfected with heme sensor plasmids
pcDNA3.1:HS1, pcDNA3.1-:HS1-M7A, pcDNA3.EHS1-M7 A, H102A-hbi$1 pEF52
or hHSEM7A expression constructs for cytosolic, nuclear, or mitochondrial targeting of
heme sensor. For HO2 overexpression studi€x? Eixpressed by the CMV promoter of
pcDNA3.1 were cotransfected into cells with hHS1 using Lipofectamine UT&ells

were transfected for longer than 60 hours, media was changed 24 hours before
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harvesting.See Appendix for details concerning each plasarid each of the several

transfection protocols utilized in this study.

4.6.2 Characterization of Heme Sensors in Human Embryonic Kidney (HEK293) cells

Flow cytometric measurements were performed using a BD FACS Aria lll Cell
Sorter, BD LSR Il Flow Cytometer, dD Fortessa Flow Cytometers, both equipped
with an argon laser (ex 488n) and yellowgreen laser (ex 56dm). EGFP was excited
using the argon laser and was measured using a 58@/3@ndpass filter. MKATE2 was
excited using the yellowgreen laser ansvas measured using a 610/86h bandpass
filter. Data evaluation was conducted using FlowJo v10.4.2 software. The number of cells
measured per experiment was set on an experiment by experiment basis, but a set number
of medium fluorescence mMKATE2 positivelks, gated on dot plots while analyzing cells,
were selected and counted for analysis. The typical range was betweeR52000 of

these mMKATE2 positive cells.

4.6.3 Total heme Quantification

Measurements of total heme were accomplished usirlyoaometric assay
designed to measure the fluorescence of protoporphyrin IX upon the release of iron from
heme as previously descril3ét For most total heme measurements, following harvest,
HEK?293 cell counts were assessed using automated TC20 cell counter (BioRad). Cells
pellets were resuspended in @M oxalic acidovernight at 4°C protected from light.
Following the overnight, cell suspensions were treated an equal volume of warm oxalic
acid to give a final [oxalic acid] of M. This suspensi@of samples were split, with

half the cell suspension transferred tdeat block set at 100 °C and heated for 30
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minutes and the other half of the cell suspension kept at room temperature (~25 °C) for
30 minutes. All suspensions were centrifuged for 2 minutes on attgblmicrofuge at

21000 x g and the porphyrin fluoresce (ex: 400 nm, em: 620 nm) of 200 uL of each
sample was recorded on a Synergy Mx ramitidal plate reader using black Greiner-Bio

one flat bottom fluorescence plates. Heme concentrations were calculated from a standard
curve prepared by diluting 5aI00uM hemin chloride stock solutions in 0.1 M NaOH

into blank oxalic acid stocks prepared the same way as for the cell sainpteder to
calculate heme concentrations, the fluorescence of the unboiled sample (taken to be the
background level of protoporptin IX) is subtracted from the fluorescence of the boiled
sample (taken to be the free base porphyrin generated upon the release of heme iron). The
cellular concentration of heme is determined by dividing the moles of heme determined
in this fluorescencassay and dividing by the number of cells analyzed, giving moles of
heme per cell, and then converting to a cellular concentration by dividing by the volume

of aHEK?293 cells approximated to be 1.@32%,

4.6.4 Immunoblotting

Cells were harvested in the same way as describdbbioicytometry as outlined
in the Appendix. Briefly, cells grown in-&ell plates were aspirated of their ned
rinsed with 1 mL DPBS, then harvested by pipetting in 1 mL DPBS. Cells were harvested
into microcentrifuge tubes for freeze thaw lysis or in hefty tubes for lysis by bullet
blending. To pellet, cells were centrifuged at 400 x g for 4 minutes at 4spated,
then resuspended in lysis buffer for 3x freeze thaws or had lysis buffer added for bullet
blending. For freeze thawing, cells were frozen twice at 80 °C for at least 1 hour, then

thawed in a 37 °C water bath, then frozen a third time then thatvedm temperature.
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For bullet blending, lysis was achieved at 4 °C using one pellet volume of zirconium
oxide beads and a bead beater (Bullet Blender, Next Advance) on a setting of 8 for 3
minutes3® 140 Post lysis with either metholysates were centrifuged at max speed for 30
minutes to separate cellular debris from the supernatants. Lysate protein concentrations
were determined by the Bradford method @Bad) and 14% triglycine gels
(Invitrogen) were employed for SBRAGER® 41 Anti-GAPDH polyclonal antibody
(ProScience) and a goat ardbbit £condary antibody conjugated to a 790 nm emitting
fluorophore (Invitrogen) were used to probe GAPDH. A#h®2 (Abcam) and antiO-1

(Enzo Life Scienceg)olyclonal antibodiesvere used in sequence to probe HO2 and HO

1 and were both used in conjunction lwih goat antirabbit secondary antibody
conjugated to a 680 nm emitting fluorophore (BiotiurGAPDH was probed with
primary anttGAPDH at room temperature for 1 hour. Primary antibodies forHOg2

and antHO-1 wereeach individuallyapplied to membraiseovernighttreatmentsat 4

°C. All gels were imaged on a LICOR Odyssey Infrared im&§ef:
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CHAPTER 5. CONCLUSION

The means to elucidate the mechanisms underlying heme trafficking and transport
as well as the tools to quantitate the amount of labile heme inside cells has been a long
soughtafter goal as more roles for thisultifaceted cofactor and signaling molecule are
unveiled. Uncovering these molecular details regarding how cells manage heme, is not
only important to understand its potential uses in the cell, but are moreover highlighted
by the deleterious effects of rhandled heme and the association of aberrant heme
trafficking in many disease states, including hemolytic diseases, cardiovascular disease,

neurodegenerative diseases, infectious diseases, and porphyria.

To increase the capacity to address the multitddenknowns pertaining to the
nature and dynamics of labile heme, including its concentration, oxidation state,
speciation, distribution and dynamics, we generated genetically encoded sensors for
heme. Using these sensors in both microbial and mammali) welhave divulged
methods to quantitate changes in subcellular LH availability, ascribed a functional role
for LH in regulating metabolism, andncovered novel roles for proteins involved in
regulating LH availabilityjncluding previous suggested fartdike theproteasome and
the signaling molecule nitric oxide. Further, we distinguished a condition under which
LH is uncoupled due to stress imparted by*Poisoning, where ironically, total cellular

heme is depleted while labile heme has been preddov signaling.

Having identified several conditions that effected labile heme availability, we
sought to develop a method for the quantitation of proteins that bind or release heme in

response to stress. The application of this approach?opBlsoned cells should reveal
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novel heme signaling networks employed by cells to manage stress and may have
implications in understanding the pathogenesis of heavy metal toxicity, which has
become a real concern in certain communities. Validating thecaiph of our approach

to identifying heme signaling networks may poise its use to investigate what proteins are
involved in signalingandin several other identified conditions that alter protein heme

speciation in response to either chemical or gengsses imparted to cells.

With the continued use of the developed heme sensors in ongoing genetic screens
and investigations for hemedbds role in Al z
require heme for virulence, othesse uncovemg more factos that are involved in
regulating heme availability and are ascribing functional roles for LH in the pathogenesis
of these diseases. With the continued development and use of more heme sensors along
with cleverly devised biochemical and genetic strategvbs, knows, someone may even

uncover the mechanism underlying how hemoglobin acquires its heme.
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APPENDIX A. SUPPLEMENTARY LIST O F METHODS,
OPTIMIZATIONS, ANNEC ODTAL RESULTS SUPPLEMENTARY
TO THE DISSERTATION, AND CATALOGUE OF HEME SENSOR

REAGENTS AND STRAIN GENERATION

A.1 Introduction

This appendix is to serve as a supplementary section that includes momddetalil
methods and explanations of the technical details behind each procedure and the
optimization of protocols utilized in the main body of work. Additionally, this appendix
is a source for any unpublished data that did not fit with Chaptérs-ihally, heein is a
catalogue of how | generated all of the yeast strains and plasmids that were relevant to

this work.

A.2 Chapter 2 Supplementary Methods

A.2.1 Cellular Heme Imagin§ylethods: Cytosol Optimization of the In Situ

Calibration of HSIM7A by Flow Cytmetry

Optimization of these calibration procedures witle m tedjs expressing HSM7A by

flow cytometry demonstrates that in situ calibration reagents added in parts or without
heme have negligible effects on the heme sensor fluorescenceEratid Reference s

ource not found). Additionally, the EGFP:mKATE ratio of cells treated with heme are
only lowered significantly when cotreated with digitonifigure A.1). When testing the

effects of two different reductants, ascorbate and DTT, ascorbate was found better suited
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in equipping ferrous binding HIW7A with enough redced heme to saturate its
EGFP:mKATE ratio Error! Reference source not found). Finally, when testing the u
se of both DTT and ascorbate consequentlyeth@pear to be heme independent effects

on the HSIM7A sensor ratioKigure A.1).

Sample Name

hem1A HS1-M7A + heme, digitonin,
ascorbate

hem1A HS1-M7A + heme, digitonin,
ascorbate, DTT

hem1A HS1-M7A + heme, digitonin, DTT

e e

hem1A HS1-M7A + heme, digitonin

hem1A HS1-M7A + heme

P/\J D hem1A HS1-M7A + digitonin, ascorbate,
DTT

Vs hem1A H51-M7A + digitonin, DTT

hem1A HS1-M7A digitonin, ascorbate

hem1A HS1-M7A + digitonin

hem1A H51-M7A PBS

hem1A HS1-M7A untreated

D WT HS1-M7Auntreated

0 0600
EGFP:mKATE

Figure A. 1 - Flow cytometric analysis of the optimization of heme sensor in situ
calibration protocolThe effects of the in situ calibration reagents with aithout heme
and with two different reducing agents were testeallowing the same protocol as in
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Figure2.7, cells were treated with and without 50 pivnies 200 pg/mLdigitonin, 1mM
ascorbat e, and/ or 1mM DTT.-MATAeuntnit & &tae ¢ a
fihe mHgIM7 A wuntreatedo were analyzed whil e
calibration optimization were in PBS undergoing different treatmenditons for 30

minutes at 30 °CHigure2.7).

A.2.1.2 Cellular Heme Imaging Methods: Cytoddtlow Cytometry Gating

Yeast Dot Plots to Generate Rakitcstograms

Single cell analysis of EGFP:mKATE2 expressing gives the power to see
heterogeneity in cell populations, evincing thentodal distribution in labile heme
availability in yeast Figure 2.8) and to see secondary cell populations that arise by
treated with excess reductants but are only a subpopulation of Egligte( A.1). To
properly analye these samplestepsmustbe taken to remove populations that are too
much like untransfected or EV fluorescence levelsrangtmove events that haheme
independent changes in fluorescence ratio. Herein, are the steps to propeylgagate

cell populations expressing H347A sensor (Se€igure A.2):



Above EV autofluoresence outlier cells - high or low auto fluor
0.088 : 835
Cells by size}
81.3

GFP:mKATE2, PE-Texas Red-A subset
97.7

EGFP:mKATEZ2, PE-Texas Red-A subsg
884

Figure A. 2 - Steps to follow to gate yeast cells expressii§l-M7A for flow
cytometric analyses of heme dependent changes in sensor fluorescence ratio. The steps
will ensure that the removal of cells that have heme independent changes in sensor
fluorescence ratio and the removal of low fluorescing cells thanfiteenced too much

by EV autofluorescence (Step 5).

1. Use EV cells to create a gate to apply to all cells populations to only accept cells
with fluorescence levels above EV autofluorescefitigure A.2Figure A.2 -
Steps to follow to gate yeast cells expressiigl-M7A for flow cytometric
analyses of heme dependent changes in sensor fluorescence ratio. The steps will

ensure that the removal of cells that have heme independent changes in sensor
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