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ABSTRACT OF THE THESIS
Gaining insight into thenaturaton of IronSulfur (FeS) clusters iS8taphylococcus aurelny

determining the role of DUF5%otein, SufT

By SHIVEN K BHATT
Thesis Director:

Dr. Jeffrey Boyd

Saphylococcus aureus a serious mammalian pathogen. Staphylococcus auretis

successfully inflict pathogenesis upon a host, it is imperative for it to acquire and effectively
utilize iron (Fe). Once Fe is internalizesl, aureusitilizes the SUF system to assemble small
inorganic cofactors called iresulfur (FeS) clusters. FeS clusters have a wide variety of
functions in cells, thus, defective FeS cluster assembly results in giebatholic defects. In
addition, FeS cluster synthesis and the assembly of FeS proteins is ess8ntialrgusand a
number of alternate bacterial pathogens suggesting that it is a viable antimicrobial target.
Proteins containing DUF59 domains haviesdn FeS cluster assembly and are found throughout
Eukarya, Bacteria and Archaddowever, the functioof DUF59remains unknowim S. aureus

We haveidentified theS. aureusSufT, which is composed solely of the DUF59 domain and

demonstratethat it has a role in the maturation of irsulfur (FeS) proteins.
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PREFACE

The following two publications havesbn previously completed and published. The work and
data presented in this thesis were conducted prior to the publications and were used as a platform
to build and test hypotheses that aided in studies examinirfgnicgon of SufT. The work and

data pesentedherein describes the results of experiments conducted by myself.
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l. Introduction

Staphylococcus aureusthe number one cause of hospéasociated infections
in the United States and recent statistics show that about one in three individugs carry
aureusas a commenddl]. Carriers ofS. aureusre at an increased risk for infection and
are the primary mode for the spreadsofaureustraing2]. S aureusis one of the
leading causs of endocarditis, necrotizing pneumonia and mortality wode and thus,
poses a major health burd@n4]. With an increasingly dominant pressure upon our
healthcare system, it is imperative that we findragterm resolution to control

antibioticresistant forms 06.aureusfrom taking additional lives.

Historically, S. aureusvas naturally susceptible to almost all antibiotics,
however, ncreasedjlobal antibiotic usage has generated increased antibesigtance
in pathogenic organisms such@saureughroughantibiotic selectiof2]. An important
attributeto successful pathogenesig S. aureuss the capability taapidly acquire
resistance tonultiple antimicrobials S. aureuss known to readilyacquire mobile
genetic elements that provide resistance to antobials. This is most evident by the
introduction ofmethicillin in 1961, the firsbf the semisynthetic penicillinagesistant
penicilling which was shortly followed that same year by the first isolateeghicillin-
resistantS. aureugMRSA)[5]. MRSA established worldwide dominance within 40
years of the first documented isolatiand has become a widespread cause of community
infectiong6]. Communityassociated MRSA is known to spread rapidly among healthy
individuals andtis estimated that two out of every one hundred individuals are carriers

of MRSA[1].



We as humansise twowaysto proted ourselvegrom bacterial infectios the use
of antibioticsand ourimmunesystem The innate immune system, which is the first line
of defense against invading bactezraploypolymorphonuclear lekocytes (PMNs) and
macrophagewhich utilizereactive oxygen specieRQS produced by NADPH oxidase
and myeloperoxidag@1PO)in orderto kill invading microbef’]. Macrophagealso
have the ability to produce reactive nitrogen species (RNS) such as nitric oxide through
the inducible nitric oxide synthas@&©S[8, 9]. Nitric oxide has beeshown to have
lethal effects on bacteridHumans and mice that have genetic incapacitiesoduse
either ROS or RN&re more susceptible & aureusnfectiong10, 11] ROSproduced
by phagocytic cellincludessuperoxids, hypochlorous aciHOCI), andhydrogen
peroxide (HO,), which create a difficult environment for bacteria to suryi&. The
body uilizes ROS as part of the immune response becaxxggencan be extremely
dangerous to bacterial organisn@@nce a microbe is ingested by a leukocyte, the
leukocyteproducesa large burst obxygenand rapidly takes up oxyge®xygenis
deadly to microorganisnisecause internal iron catalyzes the reduction of oxygen by a
single electron, resulting in oxidizing radical®xygen radicals then dismtea
spontaneously to produce hydrogen peroxidggHwhich can oxidizeron-sulfur (Fe9
clusters resulting in the liberationiobn (Fe)from FeS clusterandinactivating cellular

processes that require FeS protgiBs14]

Feis an essential nutrient for virtually all life on #aas it is forS. aureufl5,
16]. Feacquisition is crucial fosuccessful colonization and infectiby many bacterial
pathogensuch asS. aureufl7]. Fe" is readilyoxidized by dioxygen resulting an

insoluble F&". Because of this, Fis not readily acessible iroxygenicenvironmens so



bacteridike S. aureusnust use specific uptake systems torimiéize Fe.Fe, although

not freely soluble within the host, cée found on iron binding proteins (IBPs) such as
transferrins, lactoferrins and ferritins in addition to protoporphyrins within haem and
hemoproteind 8]. S. aureusasfew mechanisms to obtain Fe from host heme such as
hemolysindependent lysis of erythrocytes, uptakestaphyloferrin A and B and
catecholamine stress hormofi&s 20] S. aureuss also known to secrete siderophores,
which arehigh Feaffinity chelators that contribute to overall virulence and successful
pathaenesif21]. Oncethe ferric iron has been taken up passed the cetheanbrane
challengestill exist to protect Fe from host peroxides and chedit?]. Ferric ironis
reduced to ferrous irowithin S.aureusand is used to either metallate proteins that
require Fe atoms fouhction or to build Feontaining prosthetic gups such as the
inorganic FeSluster$23]. FeS clusters serve as cofactors of enzymes involved in broad
cellular functions ranging from respiration to DNA replicatiofailure to assembleeS

clusters can lead to metabolic disorders, metabolic paralysisvandell deatlfi24-26].

BacterialFeS cluster assembly is mautessible by three knowsynthetic
systemsthe nitrogen fixation (Nif), irorsulfur cluster (ISC) and the sulftormation
(SUF) system27]. These systems are essential to obtain Fe and S atoms from their
locations within the cell, to assemble them into an actilene form and transfer them
to apoproteins. Only the SUF systerhas beerfound withinS. aureus The SUF system
has been found in many organisms to activate under the presence of oxidative stress or Fe
starvation, as a complement system to the lgsaiations of the ISC system founddn
coli[28]. Without mechanisms in place to effectively build FeS clusters in stressful

environments, such a@ise human body, not only would respiration be impractical, but



pahogenesis would also be negligisiaceFeS t¢ustermetabolism isssentiafor S.

aureusrespiration and pathogend&is].

It is currently known that the SUF system varies between organisms. Briefly, the
key proteins involved in [F8] assimilation and transfer include the followitige
cydeine desulfuras8ufSprovides thesulfuf29]; SufU was found to be a sulfaarrier
protein capable of activating Syg8]. SufB, SufC and sometimes SufD function
together as a scaffold to build Eelusters SufB serves as thaolecularscaffoldand
SufCprovides energy throughTP hydrolysig31, 32] TheA-typetransporter SufA
transfers completed Beclusters from SufBo target apgproteing33]. In S. aureusthe
cluster carrier, Nfu, ialsoinvolved in the transfer of Bxclustersrom scaffold to target

apoproteirg26].

We discovered thaa protein encoded bAUSA300_087%sufT) iscomposed
almost entirelyof thedomain of unknown function 59 (DUF59yhich, we also
determined had high degree of identityith MT15130f Mycobacterium tuberculosis
H37Rv Interestingly MT1513is located at the end of aneypn encodindreS cluster
biosynthetic genesMore specificallythis operon encodes fare SUFsystem. The
function ofMT1513is also unknown ang also composed of the DUF59 domain.
Proteins containing DUF5&eimportantfor FeS cluster assembly eukaryotic cells
Cia2 (alsoidentified as Fam96a/b or AEZpntains @&UF59andis involved in cytosolic

FeS clusteassembl}d4, 35]

FeScluster synthesis and FeS protein assemblgssential ir5. aureus The

mechanisms by whic8. aureusnaturates FeS proteins is biochemically digtirom the



mechanisms by which humans maturate FeS proseiggesting that these processes are
excellent antnicrobialtarges. Our research focuses on further understanding
mechanisms for Fe@otein maturationandFeS clustetransferin S. aures. The

immune mechanisnaf PMNs and macrophagest to disrupt cell growth and
respiration, fowhich FeS clusterareessentialand thus, ardirecttargets of the

immune responseA better understanding of hdBv aureusnaintainsFeS méuration

under stresmay lead toeffective medical therapiesd antimicrobialsised to combés.

aureusand possibly other deadly pathogens

We propose here thdte unknown SAUSB00 0875 isSufT and that ithas a role
in FeS clustematuration In sugort of this hypothesjsve applied a reverse genetic
approach and conductedzymatic analyses of several FeS cluster requiring enzymes and
determined the effecesultingfrom a AsufTstrain We show herghat SufT maydirectly
or indirectlyaffectthe FeS cluster availability by supplementing growth with TCA cycle
byproducts that are produced by the enzymes requiring FeS clusters, thus, cirmgnvent
the effects thathe AsufTstrainhad on FeS cluster maturitye showthat ina sufT
strainthere arecompromised-e pools when comparedttee wild type (WT) strain
which may be causing the defect in FeS cluster maturation. We also show that the
growth defects of &sufTstraincanbe corrected by the addition of exogenous Hee
AsufTstraindisplayedenhanced susceptibility to oxidative and nitrosative stress
suggesting that the absence af Smay be making it more difficult for the mutant strain
to build andor transfe FeS clustersWe constructeds. aureusnutantsthat lack multiple
FeS cluster maturation and transport proteins to assess growth and enzymatidactivity

proposea possible role for SufTWe lastly conducted dacterial2-hybrid assay to se



possible proteiprotein interactioawith otherFeS cluster maturation proteins and
determined a mild level of interaction with key proteins involved in FeS cluster

maturation.



[l . Materials and Methods

Bacterial Strains and Growth Conditions

All experiments were performed in a commuprdtysociate®. aureus
USA300_LAC (JMB1100), which was cured of its native plasmid that possessed
resistance to erythromycin and utilized as\Wi€ strain. Unless otherwise indicatesl,
aureuswas cultured in Tryptic SoBroth (TSB) at 37°C by shaking at 200 rpm.
Overnight cultures were allowed to grow for 16 to 18 hours, beforeagationto ~0.1
OD (Asgs) for further experimental analyses. Plasmid selection was done with antibiotics
at the following concentrans: 150y g/ mL ampug/i mll i ah |l @8Mampheni c
Mg/ mL er ytihg/omly ctient;r @3g ¥ mL i hanaulge/dbmin,; 150
anhydrotetracycline. For plasmid maintenance, growth media was supplemented with 5

Mg/ mL erythpommci of ochllér ampheni col

For growth inStaphylococcabDefined Media and Fémited conditions, we
prepared 100mL dip© containing 1g (NB>SQ4, 4.5g KHPOy, 10.5g KHPQO,, 110mM
NaCl, 3anM KCI, 50ug nicotinic acid, 5Qg thiamine, 5Qg pantothenic acid, 0.@
biotin and 2.8ng ofindividual amino acidsFe supplementation was then donethmsy

addition of 12(¢ M o f 3inFLBOM L ofStaphylococcatlefined media.

Anaerobic growth was conducted in 5mL aliquots of TSB media. Oxygen in the
media was reduced by bubbling with nitroges.galiquots were made in 18 x 150mm
Hungate tubes containing a butyl rubber stopper with a clamped aluminum seal. Where
mentioned, media was supplemented with 2mM Nitrate. Reingmgafor growth were
then donausing a syringe to inoculate mediumatatarting optal density of~1.0 OD

(Asgs). Cultures were then grawat 37°C with 200 rpm shaking.



E. colistrains were cultured in Luria Broth (LB) medium at 37°C and shaking at
200 rpm. For plasmid maintenance, media was supplemente8 With y g/ mL ampi c i

or 100 pg/ mL spectinomycin.

Materials

Restriction enzymes, quick DNA ligase kit, deoxynucleotide triphosphates and
Phusion DNA polymerase were purchased through New England Biolabs. DNase | was
purchased through Ambion and Lysostaplias purchased from Ambi products.

Plasmid miniprep kit and gel extraction kit were purchased from Qiagen.
Oligonucleotides were purchased from Integrated DNA Technologies. Tryptic Soy broth
(TSB) was purchased from MP biomedical and was added agL(Bfor liquid and solid
medium. Agar was purchased from Fisher Scientific and was added as 1% (w/v) for solid
medium. All other chemicals were purchased from Sigwaaich and were of high

purity, unless specified. Acetic Acid quantification kit wasghased from R

BioPharma.

Strain and Plasmid Construction

EscherichihcoDH5 a was wused as a host fAlr cl oni
clones were shuttled through RN4226}, f ol | owed by transducti ol
appropriateS. aureustraing37]. All S. aureusnutant strains and plasmids were verified
using PCR or by sequencing PCR products or plasmids. All DNA sequencing was

performed byGenewiz, South Plainfield, NJ.

Creaion of plasmids and mutant straindpproximately 500 base pairs upstream
and downstream afufTgene SAUSA300_0875vere PCR amplified with

oligonucleotide pairs 0875up5EcoRI and 0875up3Nhel (upstream) and 0875dwn6Mlul



and 0875dwn3BamHI (downstreaming JMB1100 as template. Amplicons were then
gel purified and joined together using PCR and primers 0875up5EcoRI and
0875dwn3BamHI. The PCR product was then gel purified and digested with BamHI and
Sall, followed by a ligation into similarly digestedB8B yieldingpJB38 AsufT. The

plasmid was then transformed irfocoliDH 5 a . Transformed col oni
ampicillin, for pJB38,and were screened by PCR for correct plasmids. The plasmid

pJB38 AsufTwas isolated and subsequently transfornméal RN4220selecting with
chloramphenicdCm) for pJB38at 30°C. Correctly verified colonies of plasmid

pJB38 AsufTwere then transduced into JMB1100 and inoculated into 5mL of TSB

containing Cm, which were then allowed to grow at 42°C overnight fonmeic@nt

selection. Single colonies were then inoculated into 5mL of TSB medium and grown
overnight, foll owed by a dilution of 1: 25,
anhydrotetracycline (Atet) for loss of plasmid screening. PCR was then ceddaoict

screen for double recombination events, as well as screening for chloramphenicol

sensitivity for loss of plasmid. ThesufT::tetMstrain was created by digesting the

pJB38 AsufTplasmid with Mlul and Nhel and insertingetM cassette between the

upsteam and downstream regionsAsiufT. The resulting plasmidpgB38 sufT::tetM)

was transformed int&.coli, the plasmid was electroporated into RN4220thednutant
wasconstructed as described above. Bdth:tetM andsufA::tetMwerecreated as

previowsly describefP6, 38] TheAsufT_nfu::tetMandAsufT_sufA::tetMvere created

by transducing strain JIMB114AgufT) with thenfu::tetM allele andsufA::tetMallele,
respectively, by a8 @cygidedTgteresastande. Buehereoreé,i ng f

strains showing resistance for Tet, but sensitive to Cm were verified for deletiofT.of
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Complementing plasmids were constructed by subcloning digested PCR products
into respective and similarly digested vectordy using yeast homologous recamiyg
cloning(YRC) agpreviouslydescribef39]. The genes cloned into pCM28 or pLL39
contained native promoters. Genes which were cloned into pEPSAS5 contained an

engineeredodMribosomalbinding site apreviouslydescribefB9].

The plasmid pCM11 was used to make transcriptional reporter pld46iids
acnAtranscriptional fusion plasmid was created by amplifying 500bp upstream of the
ribosomal binding site (RBS) aicnA and PCR products were digested. The digested
PCR products were then ligated into a similarly digested pCahH transformed into a

chemically competeri. coliDH 5 a .

Affinity tagged strains were created by fusing the genetic seq@scoeling the
FLAG affinity tag sequence to ti@ or N- terminus of thegene of interest on a plasmid.

Plasmids were then traduced into parent strains.

Phenotypic analyses

Auxotrophic analyses, stress assaysl complementation data was generated in a
96-well plate using a BioTek 808E visible absorption spectrophotometer at 37°C with
medium shake speed. For inoculation,unds were first grown overnight in TSB (>18
hour9. Cultures were then resuspended inddilution of overnight culture to stile
phosphate buffer solution. These weubsequentlynoculatednto 96-well platesto a
approximate optical densitf 0.10D (Asgs), in freshStaphylococcathemically defined
media, or TSB, with respective supplementations or restricéiods final volume of

2 0 0.uTb reduce the amount of Fe and other nutrients being carried over from
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overnight cultures grown in rich mexdlicells were washed two times using four times the
volume of sterile PBS to the original overnight taken. Concentration for stressors used in
phenotypic assays aas follows: 4Qu M ,2Dipyridyl, 62y M H Caad1.2mM

Sodium Nitroprusside.

Top-agar overlays were created by inoculatingl4 of molten 0.5% TSEagar
with 100pL of a 1:100 dilution of overnight culture and poured on top of 1% TSA.
Plates were then allowed to cool for 30 minuteallow for solidification of bp-agar
Zone of irhibition assays were conducted by spottingr8@ methyl viologerto the
center of topagar overlays. Plates were allowed to dry for 15 minutes and subggquen

placed at 37°C for 16 houbefore measuring the area of #ene of inhibited graith.

Transcriptional reporter fusion assays

Transcriptional reporter plasmids were constructed and assayed using the pCM11
or pXEN-1 plasmid{40]. Strains containing pCM1dt pXEN-1 were allowed to grow
overnight in TSB supplemented with erythromyci@ultures were then diluted (1:100)
into fresh TSB to a fial volume of 5mL. 200p L o f c el | culture were
assayed at different time intervals to assayxDx fluorescence and luminescence using
a Perkin Elmer Spectrometer HTS 7000 fdisassay plate reader. GFP excitation and
emission were set to 4861 and 51Am respectively with a gain of 60. Data was then

normalized with resgctive OD

Enzyme Assays and Immunoblot Analyses

Cell extracts were prepared by growing up to desbBdefore resuspension in

buffer (25 mM Triscitrate, 150 mM NaCl, pH 7)4 Cells were then lysed as previously
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describefP6]. Lysates were obtained and storeeBaf C proten concentration was
guantifiedby Western Blot analyses.

Protein Concentration DeterminatiorRrotein concentration was determined
using a copper/bicinichonic acid based colorimetric assay that was modified foved 96
platg41]. Bovine serum albumin (&g/mL) was used as a standard.

WesterrBlot Analyses 60y g oupg 8df t ot al protein was |
pPEPSAS5plasmids, respectivelyProtein separation was conducted on a 12%-BBGE
gel. Proteins were then transferred to a PVDF membrane and probed with mouse anti
FLAG primary antibody (SigmaAldrich) (1:2000dilution) and subsequently HRP
conjugated secondary antibody (BRad) (1:12000 dilution). The blots were developed
using chemiluminescent detection (ECL kit, Pierce). The blots were then scanned as high
quality TIFF images and analyzed usingageJ softwaifd?2].

Cell free extract enzymatic assaysconitase (AcnA) assays were conducted as
previousy describef6, 431 3 mL offresh TSB was subcultured @1 OD (Asgs) from
cultures grown overnight for 188 hours in TSB Thestrains withacnAunder the
transcriptional control of the native proreotvere tlien grown for 8 hours ~8.0 OD
(Ases) and the strain witacnAunder the transcriptional control xylO were grown to an
approximately2.0 OD (Asgs), prior to supplementation with 1% xylose. These cells were
then allowed to continue growing up8® OD (Asgs). Both sets were then harvested by
centrifugation and cellular pellets were then allowed to equilibrate for 10 minutes in an
anaerobic chamber before resuspension in4Q0 o f an ae reo(®5mM Trissy si s b
citrate, 150mM NacCl, pH 7.4). Cells we then lysed with a combination ofu4g

Lysostaphinandf g DNAse, incubating at 37°C until
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(approximately 30 minutes). Cellular lysates were then obtained after 2 minutes-of high
speed centrifugation for both activity apeé¢s and prein abundance. 20L of | ysat e
wasaddedto680 L of | ysi s b m¥M Dleisocit@ate. nPAcnd activitynmgs 2 0
then determined by monitoring the static conversion of isocitrate-acoisitateby using
a Beckman Coulter DU530V-Vis absorption spectrophotometerfeisc oni t at e € 2 40C
= 3.6mM* cm™)[43].

Isopropylmalate isomerase (LeuCD) assays were conducted as previously
describe{P6]: 3 mL of TSB was subcultured 1 OD (Asgs) from overnight cultures
grown for 1618 hours in TSB. Cells @re allowed to grow t8.00D (Asgs). Cultures
were then supplemented with the addition of 1% xylose, and allowed to subsequently
grow for another 3 hours before harvesting. Cell pelletesimilarly obtained as
previously mentioned for AcnA assays. LeuCD activity was determined by the addition
of20pL of | yphatef t oM« pH 80bcOntaining 1hM MgCl,,
and 10mM DL-Threc3-isopropylmalic acid. LeuCD activity was assayed as a
functional ability to convert-8sopropylmalate to dimethylcitraconate acid
spectrophotometrically (di mem)aslprevoustyat econ
describeff4, 45]

Dihydroxy-acid dehydratase (llvDgssays were conducted as previously
describefP6]: Cultures were grown, harvested and lysed using the same method as
LeuCD activty assay. IlvD activity was determined by the additionofi20 of cel | f |
extract to a buffer containing 50 mM 3$rjpH 8.0) supplemented with @M MgCl, and

10mM D,L-2,3-dihydroxy-isovalerate. Keto acid formation from B2,3-dihydroxy
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isovalerate \asmonitored spectrophotometria | | y ( k e hno= Oal@miMd am')e 2 4 0

to determine the activity of llvD as previously descridéql

pH and Acetic Acid Quantification

pH was quantified using a calibrated Fisher Scientific Accumet AB15 pH mV
Meter. 5 mL samples were collected every two hours and analyze&dDorSamples
were then spun down to remove cells from trelimm. The celfree medium was then
analyzed for pH Acetic acid concentration was determined using the Boehringer
Manheim / RBiopharma Enzymatic BioAnalysis / Food Analysis kit for acetic acid
guantification (Catalog Number: 10 148 261 03bhe manufacturemstructions were

followed for acetic aciduantificaton.

Bacterial-2-hybrid
Bacterial2-hybrid wasconducted as previously descripgdl. TheBioTek 808E
was used to obtain kinetic plots of the ONPG hydrolysis vs. &in3&°Cand medium
shake speenh a 96well plate. Plates were continually readiuall ONPG hydrolysis
was completed The slope of the ONPG hydrolystetermineds OD (A2o) over time,
was used to determine the level of interaction. Negatwrols,Alpha and € encoded
genes in pBR and pAC plasmjaespectivelywere used taletermine ifa positive
interaction existedWT interaction was determined as a benchmark for strong interaction

(++4).



15

lll. Results and Discussion
The discovery of SufT.

Thecommunityassociate®. aureusdJSA300_LAC genome differs fromme
annotated gnome olUSA300_FPR3757 only by a few single nucleotide
polymorphismp48]. All experiments were performed WSA300_LAC, however,
USA300_FPR3757 genonusedwas analyzed for the presence of additional FeS cluster
assembly componentsGenes encoding SufBCDS and Nfu were identified
previously26]. We identified an open reading frame (ORR}ttis often associated with
thesufoperon inall three kingdomsA high-degree of identityn genes composed of
DUF59 was found between the organidd®A300_FPR375&ndMycobacterium

Tuberculosis H37R(EAUSA300 _087:ndMT1513 respectively).

Although many of the surrounding genes of the operon wBbSA300 0875
exists are unknown, we found thatM. tuberculosiH37Rv MT1513vas located on an
operon encoding the SUF machinery. In addition, DUF5®asouslybeen implicated
as Cia2 in eukaryoticetls involved in cytosolic FeS cluster assembly as mentioned
above however, the function dhe DUF59hadyet to be determined. The
SAUSA300_0875 was denotedsdThecause it was often found in operons witfSas
subsequently analyzed in other origams. The comparisons of the twgenomic
locations encodin®@UF59 (sufT) within USA300_LACandM. tuberculosis H37Rare
depicted inFigure 1 FeS clusters are commonly coordinated to-pimteins by cysteine
residuept9]. The DUF59was found to contaia single strictly conservexysteine.
Thesefindings led us to teshe hypothesis th&ufT functions in Feroteinmaturation

in S. aureus
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A gsufT strain hasdiminished activity of FeS clusterrequiring enzyme AcnA

AcnA is a TCA cycle protein that requiras FeS clusteas a cofactoto
function43]. AcnA is required for the isomerization of citrate to isocitreteich isthe
first committedstep of the TCA cycld3]. AnS. aureustrain lackingnfu, a gene
encoding an FeS clustearrier,was found to havB0%AcnA activity of the WT
straif26]. The d e f e ;mfustraindireetiplinkAthe diminishedactivity of AcnAto
the inability for effective FeS cluster transfesm the SufBCD scaffoldto the AcnA apc
enzymg26]. Thesefindingsareconsistentvith thefactthat strainglefective in FeS

cluste maturation and transpdrave reduced activity of AcnA

We hypothesized thaéite AsufTstrain would display a similar phenotype to the
Anfu strain if SufT was involved in the maturation or transfer of FeS clusters. JMB3953
(parent) mutant IMB4374AsufT) andcomplementiMB4373(Asufl psufl) strains were
grown in rich media AcnA adivity within AsufTstrainwas ~60% the activity of W.T
Furthermore, @turning thesufTgeneon a plasmido theAsufT strain restored AcnA
activity (Figure 2A). Decreased AcnA activity could be attributed to a number of
physiological effects, includinglecreasedcnAtranscription, decreased protein
abundance, or defective FeS cluster msyg upon AcnA To aldresghesescenarios,
AcnA abundance wa#st examined.The strains listed above wesgamined for AcnA
protein abundance utilizing at@rmimal FLAG taggedaicnA FLAGas previously
describefP6]. The protein abundance was determined by Western Blot anahdes
AcnA protan was found to accumulate in all stramgen thougAsufTwas ~40% of the
abundancéFigure 2B) To compensate for the decrease in protein abundance, the AcnA

activity was normalized for the abundance fo@iRigure2C). The data presented



17

suggest thatlecreased protein abundance was not a factor in the diminished enzymatic
activity of AcnA. This further confirmed that the lower AcnA enzymatic activity is

caused by a defect in the maturation of FeS clusters.

In vivostudies irE. colihave shown that énA activity is decreased during
oxidative stress, the stability of AcnA increases, and thus, inactivation &#apb,
mediates a podtanscriptional positive autoregulatory switch leading to a more stable

acnAtranscriptiofi50]. Although no oxidative stressors were added to this experiment,

this potentially could have resul tsf@ in

strain. In order to examine icnAtranscriptional activity was the root cause of
diminished AcnA activityacnAactivity was examined using a fluorescent reporter
plasmid pCM11 with a genetic sequence encodmegn fliorescenprotein (GFP)under
the transcriptional control dheacnApromoter. Fluorescendgdirectly correlated to
acnApromoter activity, and thysepresents thacnAtranscriptional activity.The
fluorescence and absorbance of the strains WT (JMB2414)sarfdl (JMB2416) were
monitored. Thé\sufTstraindisplayedan increasedcnApromoter activity when
compared to the WT stra(frigure 2D) Together, these resuligereindicative that
AcnA existedin apaform within the AsufT strainand thus, AcnA isffeded because of

the reduced availability of FeS clusters iAsufT strain

The gsufT strain has a general defect in enzymes requiringeSclusters.

SufT mayhave been participatingore broadly in FeS cluster metabolism, not
just specifically to AcnAactivity. Wethereforedecided to test other enzymes which

require F& cluster cofactorsuchasisopropylmalate isomerase (LeuCD) and dihydroxy
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acid dehydratase (llvD)Branched chain amino acids (BCAA) biosynthesis requires
enzymed.euCDandllvD. LeuCDand IlvD both require FeS clusters agactors for
enzymatic functiof88]. Their products lead to downstream formation of branched chain
amino acids Isoleucen(lle) and Leucine (Leu), respectively. Activity of either of the
enzymes directly correlatevith the quantity ofBCAA producedthus, thedecreased

activity of either enzyme would result defective growth in the absence of BC&AA

We examined the growth of WT (JMB188@&sufT strain(JMB4258) and
complement straidsufT psufT(JMB4265) in chemically defined media with 19 of the
20 canonical amino acidd.he AsufT strainwasunable to grow in chemically defined
medium in the absence of either L&liglre 3) or lle (Figure 3B). In order to verify
that strains are properly growing in chemically defined media, strains were also grown
alongside the test strains in 20 amino acid media for comparative an#&ligaee ).
T h esufDstrain showedimilar growth in 20 AA medim when compared to WT
These results confirm thte sufTmutant strain oS. aureuss auxotrophic for both Leu
and lle. These findingsuggestdthat thediminished enzymatic activities ¢iyD and

LeuCDwere caused by the role of SufT in FeS metabolism.

In order to confirm whether the auxotrophies observed were a result of defective
llvD and LeuCD enzymes, we conducted enzymatic assagsrains grown in rich
medium Similarly to AcnA activity, we saw a decrease in the functional activities of
bothllvD with a decrease in ~50% activiffyigure 4A) and LeuCDwith a decrease in
~70% activity(Figure 8) in aAsufTstrain when compared to both WT and

complemented straindn order for us t@onfirm that the decrease activity of these

enzymeswerent a direct cause of decreased prote
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proteins a Western Blot analyses for LeuCD was conduateduplicate (Figure 4B top)
WT levels were assumed as 100% and activity levedsofT strainand complement

were plotted relatie to WT activity Figure 4G. Normalized data obtained show large
defects in LeuCD activit{~60% of WT)and suggests that tiAsufT strain defects in

llvD and LeuCD are not a result décreaseg@rotein abundance, but suggestikat the
defect is causkby the lack of FeS cluster related enzymatic function. These data also
conferred with the AcnA activity presentedrlier andboth AcnA and LeuCDQlisplayed

~40%decreased c t i v i swfystrainn  a A

A gsufT strain is defective in intracellular Fehomeosasis

The results obtained previouslyggesting SufT has a role in FeS cluster
metabolism warranted further investigation on determining how SufT alters FeS cluster
availability. Previous studies have shown tBatureustrainslackingFeS maturatin
proteins have altered Fe pools, and that the Fe availability directly infpegtsluster
requiring enzymd&6, 38] The Fe and electron donors for the Suf system are currently
unknown. The decrease in FeS starrequired enzymatic activity could be attributed to

decreased Suf availabfe pools

Since Fe availability is cruciah the maturation of FeS clusterge decided to
test if FeS cluster maturation was impacted bynainished availability of Suicessible
Fepoolsi n safTsthain. In order to test this, wirst attempted to correct the amino
acid auxotrophies exhibited in Figure 3. The lle auxotrophy was chosen as a
representative to testWe hypothesized that if SufT altered Fe availability, exogenous Fe

supp | e me nt asufTist@in in & anemically defined media, without lle, would
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circumvent the defects observed earl&T ( J MB 1 1 6ufrjtraia (AMB1146)
were grown irchemically defined media without lle (19AA)ith or withoutFeCh
supplementatio. As pr e v i osufBstrayn wasantapatble of graweh insthe
absence ofie, however, with the supplementation of Fe@rowth was restoret near

WT levels (Figure 5A).These data suggest tlthere are two possible scenariofin
AsufTstrain: either there is a diminished level imtracellularFei n safTstfainor that
SufT may play a role in Fe binding, uptake presentation to Suf machinery. The
overabundance die availabilitypresented in this experiment may be circumventing the

neda for SufT in the mutant strain.

The cell permeable divalent metal chelator;@@yridyl (DIP) has specificity for
Fd51]. If aasufTstrainhasdiminished Fepoolsor plays a role in Fe binding, uptake or
presentation to Suf machinetiien theAsufT strainwas hypothesized t&how
exasperated growth defeghenDIP is introduced to thgrowth media We found that
thegrowth rateof AsufT strain(JMB4258)was greatly diminished BuiTestraihalso
displayed dower final OD n comparison tdboth WT(JMB1886)andcomplemented
(JMB4265)strains Figure B). These resultsoincidel with our previous findinga
Figure 5Aproviding futher proof that 8fT must have a role in FeS maturation, and

further, that itmight have a role in Suf Fe availability.

TheisdBgeneencodes a protein involved in iron acquisition ikatnder
transcriptimal control of the ferric uptake regulator (H68]. Fur alters and inhibits
gene transcription aédBwhen bound to H83-55]. Upon treatment of DIRsdB
promoter activity habeen shown to incred&®]. We nextanalyzel the promoter

activity ofisdBin the AsufTand WT strains using the plasngdEN-1_isdBp. In this
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constructtheluxABCDEgenes, encoding for luciferasereunder the transcriptional
control ofisdB. This construct allows u® quantify Fur activity by monitoring
luminescencas an invers functionof Fur activity Wefirst found thatuminescence
was increased ia Afur strain, consistent with the concepatFuris acting as a
transcriptional repressor ofdB (data not shown). We hypothesizéat if AsufT strain
hasoveralldiminished levels of intracellular Feools then Fur will be unable to alter or
inhibit gene transcription aédB. We found that thé&sufTstrain (JMB4458has greater
isdBtranscriptional activitghan the WT (JMB4457) and complemeti{JMB4459)
strains (Figur&C). These data suggested that ShéBa role inFe homeostasidt is
possible that the absence of SufT results in either the decrease in ot &&the cell
or it may reslt in a decrease of Faccessible and Saiccessiblé-e pools with the tal
Feload of the cell remainingnchanged This would suggest role for SufT as an Fe
trafficker. Unfortunately, the total Feadb e t we e n 3MTwaa notdquatified

and thus, conclusions &kload and accessibilityould not directly benade.

It has been shown that &mfu strainhas similar intracellular Headto the WT,
but, therelativeisdBtranscriptionahctivity levels werdower than WT suggesting
increased Fuaccessible Fe pod&6]. The transcriptional activity asdBwas monitored
in the WT (JMB4457) Anfu (JMB3949)andAsufT (JMB4458)strainsas a comparative
analysig(Figure 5D) BuiTstraiddid behave oppositely #infu strainin terms of
isdB promoter activityreplicating previous findings that tlnfu strain has an over
abwndance of Fur acssible Feascompared to WT and also thasufT strain had
diminished level of Fur accessilfte Both are shown to a#tt FeS cluster maturation

possiblybecause ithe Anfu strainthere is a defédén FeS maturation, making greater
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availability of unincorporated intracellular Fe for Faccessible pools greatéowever
I n safTstain, Fe availability is diminished, not only affecting the-&ocessible pools

but also the Suéccessible pools.

The gsufT strain is sensitive to nitrosaive stress and oxidative stress.

An important asset to host innate immunity is the capability for the production of
a nitrogen monoxide radical known as nitric oxide. Nibxe is a causative agent of
nitrosative stre¢57]. Common genes with altered expression following nitric oxide
exposure often include iremomeostasis genes under the contrdeafic uptake
regulator (Fur), hypoxic or fermentative metabolism, and genes undeorttiel of
Staphylococcal respiratory regulator AB (SrrAB)]. Oxidative and nitrosative stress
have previously been shown as potent inhibitors of stoEmeid of FeS cluster
machinery58-60]. Notably, the presence of oxidative or nitrosative stress can lead to
intracellular ROS and RNS, causialfered or damaged FeS clusf2ds 61] Sodium
nitroprusside is known to induce masative stress by production of nitric oxide, and thus,
would result in growth inhibition in a strain withdefect in FeS maturatiorStrains WT
(JMB1886) AsufT(JMB4258)andcomplement (JMB4265)ere cultured with 1.2 mM
sodium nitroprussideThe AsufT strainwas found to have diminished growth in the
presence of sodium nitroprusside when compared to WT@ng@lemenstrains (Figure
6A). These resultst®w that aAsufTstrainhas defects in growth rate and final OD when
grown in the presence of nitric oxide stress thefalthersuggesting that SufT is

involved in the maturation of FeS clusters.
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We hypothesized that ROS woulthibit the growth of a\sufT strain
Neutrophilsare known to undergo respiratory burst in the face of invading organisms.
They discharge a large quantity of superoxide ag@,HMyeloperoxidase catalyzes the
conversion of HO, and C} to hypochlorous acid (HOG§2]. HOCI was used to test
wh et hsufTstrain wdbuld exhibit diminished physiological growth defectthe
presence of ROSThe growth of th&VT (JMB1886) AsufT(JMB4258)and complement
(JMB4265)strans were examined after challenging therth HOCI. The AsufTstrain
haddiminished growtlrateafter challengevith HOCI in comparison to the WT and
complement straing-igure 6B), further suggesting that SufT must have a role in

maturation of FeS clusters.

A third method for testing the function of SufT within the maturatioref®
Clustersvmas empl oyed by examining the eduffect
strain. Superoxiddas known to oxidize FeS cluster§Ve examined the potent molecule
known to generate intracellular superoxides via redox cyclinthyheologeri63].

Methyl viologensensitivitywasexaminedutilizing top-agar spotting analyses to view

zone of inhibition. We hypothesized tiegufT strainwould be inhibited in growth
morethan WTbecause th defects in FeSaturationwould be unable to circumvent the
effects of superoxide exposur®ur resultsKigure &) showedthatthe AsufT strainwas
moresendive to methyl viologen stress. These results suggested that in the absence of
SufT, superoxidexposure has more pronounced effects on FeS maturation leading to
diminished growth. These resultsther providedoroof of the involvement of SufT in

FeS cluster maturation.

of
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SufT interacts with other proteins involved in FeS clusterassembly

To further provide proof that SufT has involvement in FeS maturatien,
hypothesized that SufWould interact with other known proteins involved with cluster
biogenesior transfer. Bacteriat2-hybrid analyses erecorducted to determine if there
areany identifable proteirprotein interactiosas previously describf@¥]. The 96
well plate Miller method was employéd screen a library of various strains with a
combination of FeS matation machinery in orddp determinanteractions Data
suggested a milohteraction of SufT with SufA, SufU and SufB (Figufe These data
are suggestive of an interaction betwéwsFeS maturation proteins and SufT, and
supportthe hypohesisthat SufT plays a role in Fg8oteinmaturation. It is possible that
since SufT is shown here to interact with SufA cluster carrier, Suflur carrier and
SufB scaffold that SufT may also be playing the role afaarieror activator although
what capacity seems unclear.

SufA and Nfu havdéeen found to have functional redundancy and betie as
FeS cluster carrief26]. Double mutants were created witkufT, additionally devoid of
eitherAsufA or Anfu, and testedhe strains foAcnA and LeuCD activityevels The
Anfu AsufT double mutanand theAsufAAsufTdouble mutant strainsere created with
an achAFLAG affinity taggedon a plasmid under the regtibn of a promoter inducible
by 1% volume of exogenous xylos€he nativeacnAgene was knocked out using
transposon insertiom all strains and a nemduced parent strain was included as a
control. Likewise, the nativéeuCDwas also knocked out mertain strains with
transposon insertionWe conducted enzymatic assaystoth AcnA (Figure &\) and

LeuCD (Figure 8). Dat a nfuandAsufAsingle and double mutant pairs coincided
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with previous work26], acknowledging that the effects on FeS tdusequiring enzymes
aren’t amplified in the doubl e gmergigiant, and
role, butare notredundanto one anotherin bothAsufTdouble mutanstrains, however

the reduction in observed AcnA activityas exacerbatedhen compared to the single
mutantstrains (Figure 8A) In the LeuCDenzymaticactivity test howevert h sufAA
AsufTdouble mutant showeshly marginal decrease in activity when compared to the
AsufTsingle mutant counterpaw h e r e a sfy AsufTHoeiblenutanstrainactivity

was nearly undetectab{Eigure 8B) Protein abundance was accounted for, as displayed,
suggestive that AcnA protein abundance accumulation was not the root cause for reduced
AcnA activity. These data indicate th&ufT musteither be directly or indirectly

interacting and impacting the function of Nfu and SufA as implied by the amplified

effects ofthedouble mutantsFurthermore, the phenotypes observed Amfu AsufT

double mutanstrain suggest that Nfu and SufT display synergistic activities.

T h enfuagsufT strain phenocopies a AcnA strain.

Only partial interruption of FeS cluster metabolism has been observed in single
mut ant snfuaralAsof§ hood v eAr nfuAsufTeloulde mutanstrain displays
a phenotype that suggests complete indgtof FeS cluster metabolisninterestingly,
the Anfu AsufTdouble mutanstraindisplayed characteristics closely resembling an
AacnAstrain We noticed thaevenwhen theAnfu AsufTdouble mutanstrain was
grown in rich TSB media it showed major growth defect and amassed to a similar final
OD as theAacnAstrain  An AacnrA strainhas previouslypeen shown to have an inaetiv
TCA cycle thus, inhibiting the pst-exponential growth phase catabolism of acetate and

resulting in premature entry into the stationary pfése We hypothesized thaha
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inability to matwate FeS clusters would yield to the inactive-&ponitase resulting in

the abolishment of th€CA cycle inthe Anfu AsufTdouble mutanstrain.

To show thathe Anfu AsufTdouble mutanstrain has an inactive TCA cycle, we
determind if therewasbuild-up of acetic acid, as acetic acid catabolism would be
rendered null if a mutant strain had an inactive TCA cy@e hypothesized that if we
monitored relative pH within thAnfu AsufTdouble mutant strajrthat we would see a
decrease in overall pH followed by an inability teatkalinizethe mediumsimilar to the
expected physiological observation of tke&cnstrain. In comparison, we hypothesized
that we would see a drastic decrease in pH in the WT and single mutant strains, followed
by an increase in pH or alkalization at the culmination of the TCA cycle. All mutant
strains were compared, relative to theiticgd densities and pH of the cell cultures, as it
would relate to the acetic acid production and catabolism as the cell enters the TCA cycle
(Figure 9A). Consistent with our hypothesithe WT and single mutants were all capable
of re-alkalization, whera s  infb &sufxlouble mutanandAacnstrairs remained at a

pH of ~6.2 suggesting an inactive TCA cycle.

Secondly, acetic acid was quamidandf i ed t o
AsufTdouble mutanandAacnA strairs were in fact due to an inaet TCA cycle and not
because of any other outlying source of lowered pH. Strains were grown in rich media
for the duration displayed and acetic acid was quantified. tAethnfu AsufTdouble
mutantandAacnstrairs remained steadily similaroducing 9.8g/L acetic acid with no
evident of acetic acid catabolism (Figure 9B). The WT and single mutant strains both
exhibited a production of ~0.8g/L acetic acid with a sharp catabolism of acetic acid down

to negligible levels suggesting that the TCA cyclgaeat ~6 hours, coinciding with the
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decrease in acetic acid. These data once again sugtiestdteAnfu AsufTdouble

mutanthas adefect in TCA cycle function.

Fur positively regulateacnAexpression under conditions of limited Fe
availability{66]. | n n#ustrain there is diminisheacnApromoter activitypecause of
thedecreased flux through the TCA cycle and because of the elevated Fur accessible Fe
poold26]. To study transcriptio of acnA we assessed the promoter activitaohA
utilizing transcriptional reporter plasmCM11_acnAcontaininggfp under the
transcriptional control of thacnApromoter. In the AacnAstrain with diminished CA
cycle functionthere was nacnApr omot er act i vi suAsiigeandur e 9C)
doubl e mutant strains ex hislfTisttamdisplagedn i mal ¢ h
elevatedacnApromoter activitypresumably because thfe diminished Fur accessible Fe
pools. We observedhe most pronounced effdctthe promoter activity ocAicnAin a
Anfu AsufT double mutanstrain Un |l ackAs t t fa e nfuX\sufif double mutant
strainwasstill capable of producing AcnA with anactive TCA cycle, even though it
waslow in quantity J u s rfustaam digplayed Idver flux through the TCA cycle
and therefore displayed lowacnAp r o mot e r antutAsuffdodble mutanth e A
strain also had lower flux through the TCA cyclé.n | i k afustrdinchowsever, the
Anfu AsufTdouble mutanstrain had an incredibly high relatiaenApromoter activity.
This suggests h a t nfuABuéTdofible mutanstrainmaybe extremely starved for Fe,

and that Fur is positively influencing A& activity.

T h enfuapsufT double mutant strain grows similar to WT anaerobically.
Growth in an aerobic environmemmfu resul t ¢

AsufTdouble mutant straiand suggested that these defects were resultant of the
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inactivaton of the TCA cycle. We hypothesized thatvé inactivated WT TCA cyclat
would grow similar to thénfu AsufTdouble mutant strainSinceS. aureuss a

facultative anaerobe, we decided to examine hovattie AsufTdouble mutanstrain
would grow aaerobically, with and without an exogenous terminal electron acceptor
forcing the cell to fermentin Figure DA, we demonstrate the pronounced defect of the
Anfu AsufT double mutanstrainwhen compared to the Wil the aerobic environment
However, he Anfu AsufTdouble mutant straigrew similarly to WT anaerobically

without the presence o&n electron acceptor (Figut€C). When the strains were grown
in ananaerobic rich mediuwith nitrate,an alternate terminal electron acceptbeAnfu
AsufTdouble mutanstraingrew slightly better than the WT straifigure10B). There

are two possibilities for these results, eitherAh& AsufTdouble mutanstrain is

strictly resulting in an inactivation of the TCA cydig the inability to form FeS clusts

or, in aerobicconditions, theAnfu andAsufTdouble mutanstrainis unable taonfer
protecton from the deleterious effects of oxygessulting in the inability to maturation
FeS clusters In anoxic conditions, FeS cluster cofactors are able totana cluster
formation for utilization, and in presence of nitrate,ritrate reductiorj67]. These
findings require further study to determine why nitrate addition allowed for more optimal

gr owt h nfuksuffdbuble Mutanstrain in comparison to WT.

The gnfu gsufT double mutant strain is partially corrected by exogenous addition of

lipoic acid and short-chain fatty acids

Lipoic acid synthase (LipA) is a member of the SAddlical family of enzymes
which requires FeS clusters as cofactors for enzymatic activity, theygithesizing

lipoic acid (LA)68]. LA is necessary for pyruvate dehydrogenase activity, which is
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necessary for carbon entry into the TCA cydlur data above suggestit theAnfu
AsufTdouble mutanstrainhas serious defects in FeS clusteturation and thuswe
hypothesized that the organism may havdigide levels of LA production. We also
hypothesized thagrowth limitation due to LA availability could be circumventag
exogaous addition of LA.T h e  WT nfaAsufiTdable mutanstrain were growth in
chemically defined media containing 20AA with and without LAs previously

0 b s er v enfd AsufTdbuble rdutanstrain was unable to grow in chemically defined
meda containing 20AA. LA supplementation supported growth to a lower final OD than

WT s u g g e srfuAsuff dotble antitangrain has a decreased production of LA.

The branched chain keticid dehydrogenase (Bis essential for the synthesis
of shortchain fatty acids (SFAs) and defects in Bck activity result in growth defects
within media lackingSCFAs[69]. Bck activity is dependent upon the BCAA catabolism
of lle, Leu and Valinend requires LA for functidi@0]. We hypothesizethat SCFA
supplementation could remediatepai a | gr owt h ofpAsuTddubleni ty i n
mut ant strain in c¢hemical nfuAsuffdoliblenrmetant me di a
strain was unable to grow in chemically defined media with 20AA, however, with the
supplementation of 100mM SCFAs, growthsipartially corrected. This suggested that
i n nfuAsAfTdouble mutant strain, Bck was not active and furthermore that this defect
could be bypassed by adding Bck product (SCFASs) into the chemically defined growth

media.
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IV. Conclusion

The underlyinggoal of this work was to investigate additional mechanisms
involved in FeS cluster metabolism$taphylococcus auretisat aid the pathogen in
surviving oxidative and nitrosative stress at the {pashogen interfaceHeran, we first
describe and hona on the potential role for SAUSA300_08%&x{T), and to an
extension, the DUF5% FeSprotein maturation its. aureus This particular gee is
located on an ORF that had known function prior to this workConserved domain
analyses shosithat SAUSA®0_0875 is closely related to PaaD family member of genes
that encodes putative FeS cluster transfer and biogenesis genes. Additionally, the DUF59
domain has been linked as a requirement for the maturation of FeS cluster proteins in the
cytosol and chlorplast of yeast Cia2A and Cia2B proteins arahpHCF101 protein
respectivelid4, 71] Thus, based on theformationavailable we felt that the DUF59 in
S. aureugplayed a role in FeS protein maturation. Funtihere, we felt thagven though
this was not the case for SAUSA3®@sed on the fact that DUF59 was often localized
on an operomearsufS that we could call thBUF59 of SAUSA300SufT henceforth.
Since the work presented in this thesis, anysmalvasconducted and determined that
SufT was recruited and retained in the operon multiple times throughout evolutionary

history and only less than 9% of the genomes with sufT lacked scaffiB€Cgene§r2].

We found hat anS. aureughsufTstrain has deficiency in AcnA, L&D and
llvD. These enzymes arespectivelycrucial forthe TCA cycle and are involved in
formation ofessentiahmino acids.Furthermore, these enzymes all require an FeS
clustercofacor for function and prewus studies showing a deficiency in these three

enzymes have linked their deficiency to inability for effective FeS claséduratiofi26,
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38]. These results were consistent with the hypothesis that SufT jpatetscin FeS

cluster metabolism.

Weut i | i zsefistratndme apglied a reverse genetic approach to determine
phenotypic disabilities. Our findings discovered amino acid auxotrophies, specifically
those produced by FeS clustequiringenzymes.Once again, confirming our
hypothesis tht SufTparticipates in FeS cluster metabolisihalsoseems [ausible,
from this datathat SufT hasadundant or conditional protein counterpaintst
compensate for the absence of SufT arld | o sufTstrairMo grow under favorable
conditions, but rake SufT essential under nutrient limited conditiolislso seems
plausible that SufT is dispensable during favorable nutrient rich conditions, and essential
during nutrient limited conditias After work presented here was concluded, the SufT
was fourl to be conditionally requireduring high demantbr FeS clusters, and not

required when demand was Ipi&].

To understand reasoning behind the pronounced growth defectsafTstfain,
we attempted to determine the reason for why FeS cluster biogenesis was defective in the
AsufTstrain FeS cluster biogenesis can be linked to either an inability to assikalate
the lack of Fe or S availabilitpr the inability totransferFeS clusters to target proteins
as seein carrier proteins such as NA6]. We discovered that phenotypic growth
defectsin the absence of lle could be corrected with the addition of;le@besting that
Suf-available Fe pools were diminished in the absef SufT. This led us to comm
our f i ndi n gssfTskram inghe presencegof FA chelator, DIP, suggesting a
heightened sensitivity to chelator, and thus, a lower availability of Fe pools. Fur

accessible Fe pool s suVstraieandressls wate comfemed s h e d
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with those seen previously in N6]. It is possible that SufT directly impacts Fur

accessibe Fe pools, thus, it wouldn’t be exclu
note also that an Fe donor has not yet been determined for the Suf system. Data

presented herein suggests that SufT imparts some effect on the Fe pools, however, more
studies would have to be conducted to determine the mechaAithoaugh we did not

determine the overall load of Fea\sufT strain in comparison to WThiswould have

helpedus to determing iSufT is involved in either uptake or trafficking of Fié.the

overall load was determined to be less, SufT may have a role in total Fe load of the cell.

Defects in FeS cluster maturation have previously been linked to pronounced
phenotypic effects ithe presence of oxidative and nitrosative stre§26is Defects in
growth of AsufTstrain were observed in the presence of oxidative and nitrosative
stressorsZone of inhibition analysis was utilized to display greater inhibitory effects on
a sufTstrainto superoxidevhen compared to WT and complemstnains It is
importantto note that not all oxidative and nitrosative stressors displayed phenotypic
effects (data not shown). This suggekts further analyses must be condudtedee
what classes of strafStrannndawhechabé ghowth
an effectand to elucidate the cdiionality of the role of SufT.

Our Bacteriat2-Hybrid assessment allowed us to screen and see if there were any
proteinprotein interactions with SufT and other proteins involved in FeS matur§tien
determined thatieremay bea mild interaction with SufA-eS carrier, &U sulfur
carrierand SufB scaffold Interestingly, it was found after the work in this study was
completed that of the organisms found that encodesufét <99% were recruited to the

Suf operon wh sufUandsufg72]. Further work needs to be conducted to determine
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exactly how SufT interacts with SufA, SufU and SufBlthough it is not conclusivet i

is possible that Fe plays a role in the interactio8udfl with SufA, SufU and SufB,
however, biochemical analysis would have to be conducted to determine if Fe is being
transferred between proteinélso assays pulldown and biochemical assays could be
conducted to determineSufT is interacting with Suflo increase oretrease sulfur
transfer to SufB or interacting and imparting effects vice versa.

Genes which encode proteins that have functional overlap are known to display
synergistic phenotypic effd@]. An unamplified loss in AcnA enzymatic activity was
previausly seen in th&nfu AsufAdouble mutanstrain, suggesting that they may be
acting as redundant carrier prot¢t@. We analyze AcnA and LeuCheymatic
activitiesin both theAsufAAsufTdouble mutant andnfu AsufTdouble mutant stram
based on the interaction data seen through BactHiglrid assessment and determined
that there exhibited marginally amplified loss of enzymatic activithe\sufAAsSufT
double mutanstrainbut acomplete loss in thAnfu AsufTdouble mutanstrain. We
determined that the synergistic effectwifu AsufTdouble mutanstrain suggested
possible functionally overlapping roles for SufT and Hifd a requirenré for one
another.Considering Nfu has been proven to be an FeS cluster carrier between complex

and apeproteir[26], it seems urlear from the data available, h&wfT and Nfu are

interacting and why t buBjsufadowle mdastestrainisal t og

not possible because of the essentiality of sufB, however, it would also be interesting to
see how a\sufUAsufTdouble mutant strain is characterizgtenotypically A
phenotypic analysis ofAsufU AsufTdouble mutant strain could suggest vd89% of

the organismsbserved witlsufT on the Suf Operon also hasefUandbecause
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bacteriat2-hybrid data suggests a mild interaction.

T h esufDstrain gew similar toWT in rich mediahowevert h afu ASufT
double mutant strain had astounding growth defects, and it was noted to grow similar to
t hacnAs t r ai nacnAstrdinnissknotvn to have an inactive TCA cyaled we
conf i r med nfuhsafAdouble mutaht straid TCA cycle was also impajeei
determined by acetic acid catabolism. Interestingly however, we founalctinvat
promoter activity was highly actiwghich may be caused Byur since it positively
regulates AcnA when Fraccesdlle Fepoolsarelow. In order to determine if this is
true, further investigation involving growth of tafu AsufAdouble mutant straim an
Fe excess medium is monitored &mnApromoter activity.

Wh e n nfudsufTdouble mutant strain was grown in chemically defined
media, the growth defects were partially corredtgdhe addition of LA and shert
chaned fatty acids(SCFAs)As mentioned previously, Bck is required for the production
of SCFAs, however it requires the catabolism of lle, Leu and Valine as well as LA
availability. Further studies should include additional Brane@@ein Fatty acids
(BCFAS) to determine if the phenotypes exhibited are only corrected by exogenous
addition of SCFAs.Studies conductedtar the work presented in this paper showed that
Bck activity wifaAsuffidouble mupantstrdjid]. mhisdindiag
suggests that thénfu AsufTdouble mutant strain is defective in providing ais FEtuster
to apoLipA making either or both Nfu and SufT essential for LipA functidbwould
also benteresting to see in a future study if TCA cycle caryfol repaired by addition

of otherFeS cluster requiring TCA cycle byproducts.
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The charactezation of SUfT suggests the complexity redundancy and conditional
relevance of proteins withi. aureud-eS cluster maturationThese findings give
appreciation to the complex mechanisms that pathogens engage when encountering
oxidative stress broughtdoy host immune respons&lucidation otthe function of
SufT and other proteiriavolved in FeS clusteanaturationmayhelp us understaritbw
pathogens persist through oommune systemand give insighinto potentia

antimicrobial targets

In summay, we have established the identitiya previously undescribegrotein
SufT. We determined that SufT was involved in FeSteinmaturation andur data
suggest that tnaya role in Fe uptake or trafficking Suffor FeS clustemetabolism
Future sudiesbeyond these dathould attempt to determine exactly how SufT is
involved in FeS cluster maturation and whether SufT is involved in Fe uptake or

trafficking.
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V. Figures
Figure 1: sufT operon figure in Mycobacterium tuberculosis H37Rand

Staphylaoccus aureus USA300

Mycobacterium tuberculosis H37Rv

oy =) s

Staphylococcus aureus FPR3757

ComparativesufT operon figure in Mycobacterium tuberculosis H37Rv and

Staphylococcus aureus USA30® high degree of identity exists between the gene
encodingsufTin M. tuberculosisandS. aureus FPR3757The operon encodirgufTin
M. tuberculosigs presented (top) along with the genes in vicinitgud. The genetic

vicinity of sufTin S. aureus FPR3758 also displayed (bottom).
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Figure 2: Activity levels of AcnA within a gsufT S. aureusstrain.
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the course of 24 hour s. Results are nor ma

densi ty.
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Figure 3: Effect of amino acid deprivation on gsufT S. aureusstrain.
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Figure 4: Diminished enzymatic activity ofadditional FeS cluster requiring enzymes

within a gsufT S. aureusstrain.
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di splayed depicts LeuCD enzymatic activity

accumul ati on.
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Figure 5: Levels of intracellular free iron in a gsufT S. aureusstrain.
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Figure 6: Effect of oxidative and nitrosative stress upon gsufT S. aureusstrain.
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Figure 7: Bacterial-2-hybrid data suggests interactiosof SufT with other proteins

involved in FeS cluster matiration and transfer
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Figure 8: Enzymatic analyses oAcnA and LeuCD suggests potential interaction of

SufT with other Suf maturation proteins
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were assayed. Samples are depicted as the

the parent iIis set to 100% LeuCD activity.
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Figure 9: An S. aureusgsufT gnfu double mutant strain has amplified physiological

defects
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Figure 10: An S. aureusgsufT gnfu double mutant strain grows similar to wildtype

in anoxic conditions

A

(@]

Optical Density (A595)

10 1 20

Time (Hrs)
PanelAnAS. aureus sufT and nfu doubl e mutan
medi 8mrains WT (&@NMBeEHOOY toprMtuddk esfuar eéeese
(JMRO0O8) represented by the white diamonds

in fresh TSB togJanfli adal o@Pdot oOb® @gAown ae



53

points displayed were collected andt averag
one standard deviRaneldrBwbm &hel agsesagk. an
and nfu double mutant Shranagsi dMBéedDAOm( Wl &
and JMBwRIOBe di amond) were subcul tluB ed fr o

greatly reduced or devoid).ofnokhggepr eésenceé

nitrate as an electron accepter. Assay ti
in biological triplicate. Er amavres Rg@ept esen
C:Growth analyses of an S. aureus sufT and

without a termiBdlraelnsctIriMBrL 1ddc € btl marc.k s qua
(white diamond) subcultured fromedvernight

devoid of oxygen _t)o ,a afsi ndeels cOD becefd,0 .wli t(hfd ut

exogenous terminal electron accepter.



54

Figure 11: An S. aureusgsufT gnfu double mutant strain can be partially corrected

by culture supplementationwith lipoic acid and SCFAs
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VI. Tables

Table 1: Staphylococcal Strains
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Strain Genotype/Description Background Source
RN4220 RestrictionnegativeS. aureus RN1 [36]
JMB1100 S. aureudrarent Strain USA300 LAC [75]
JMB1144 AsufA (USA300_0843) LAC [26]
JMB1146 AsufT (USA300_0875) LAC
JMB1163 acnA::tetM(USA300_1246) LAC [26]
JMB1165 Anfu (USA300_0839) LAC [26]
JMB1580 nfu::kanR LAC [26]
JMB1886 attP::pLL39 LAC [26]
JMB2208 AsufT, nfu::teM LAC
JMB2223 sufA::tetM LAC [26]
JMB2224 sufA::tetM AsufT LAC
JMB2316 nfu::tetM LAC [26]
JMB2414 WT, pCM11_acnA LAC
JMB2415 nfu::tetM, pCM11_acnA LAC
JMB2416 AsufT, pCM11_acnA LAC
JMB2417 sufA::tetM, pCM11 _acnA LAC
JMB2418 AsufT, sufA::tetM, pCM11_acnA LAC
JMB2419 nfu:kanR, sufA::itetM, pCM11_acnA LAC
JMB2420 AsufT, nfu::itetM, pCM11_acnA LAC
JMB2425 acnA:tetM, pCM11_acnA LAC
JMB2501 nfu:kanR sufA:tetM LAC [26]
JMB3055 WT,acnA::ermB , attP:pLL39_acnA_FLAG
JMB3949 Anfu, attP::pLL39, pXEN_isdB LAC
JMB3965 WT, attp:: pLL39,leuCD::erm, LAC [26]
JMB3966 attP::pLL39, ilvD::ermB pEPSAS _ilvD_FLAG LAC [26]
AsufT,acnA::ermB attP:pLL39_acnA_FLAG,
IMBA20L PLLo9_achA_ LAC
JMB4202 AsufT,acnA::ermBattP:pLL39 _acnA FLAG, pCM: LAC
JMB4258 AsufT, attP::pLL39 LAC
JMB4265 AsufT, attP::pLL39_sufT LAC
AsufT, attP::pLL39_sufT, ilvD::ermB
JMBA3TS pEPSAS_iIvFI)D_FLA_\G LAC
AsufT, attP:: pLL39, ilvD::ermB
JMB4376 pEPSA_iIvDEFLAG LAC
JMB4382 AsufT, attP::pLL39 sufT, leuCD::erm, LAC
JMB4383 AsufT, attP::pLL39, leuCD::erm, LAC
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JMB4457 WT, attP::pLL39, pXEMN._isdBp LAC

JMB4458 AsufT, attP::pLL39, pXENL_isdBp LAC

JMB4459 AsufT, attP::pLL39_sufT, pXEN._isdBp LAC

JMB3522 WT, pEPSA5_acnA_FLAG LAC [26]
JMB35(0 Anfu, pEPSA5_acnA_FLAG LAC

JMB3507 AsufT, pEPSA5_acnA_FLAG LAC

JMB4261 sufA:tetM, pEPSA5_acnA_FLAG LAC

JMB3634 sufA::tetM, AsufT, pPEPSA5_acnA_FLAG LAC

JMB3636 sufA:tetM, nfu::kanRpEPSA5 acnA_FLAG LAC

JMB3509 nfu::tetM, AsufT, pEPSA5_acn&LAG LAC [26]
JMB3521 WT, pEPSA5 FLAG_leuCD LAC [26]
JMB3506 Anfu, pEPSA5_FLAG_leuCD LAC

JMB3508 AsufT, pEPSA5_FLAG_leuCD LAC

JMB3597 sufA:tetM, pPEPSA _FLAG_leuCD LAC

JMB3599 sufA::tetM,AsufT, pEPSA5_FLAG_leuCD LAC

JMB3601 sufA::tetM, nfu::kanR, pEPSA5_FLAG_leuCD LAC

JMB3510 nfu::tet, AsufT, pPEPSA5_FLAGeuCD LAC

Table 2: Plasmids

Plasmid Name Locus/Function Source
PAC Bacteriat2-Hybrid [47]
pBR Bacteriat2-Hybrid [47]
pJB38 Mutant Construct [76]
pJB38_ 0875 ForChromosomal DeletionsifT)

pCM11 Vector with promoterless gfp transcriptional reporte [40]
pCM11_acnA SAUSA300_1246, transcriptional reporter

pCM28 Genetic complementation vector [77]
pEPSA5 _acnA_Flag SAUSA300_1246 with @erminalFLAG affinity tag
pEPSAS ilvD Flag  SAUSA300_2006

DEPSA5_leuCD_Flag tSaGUSA3OO_201ﬂ3 with Niterminal FLAG affinity
pLL39 Chromosomal genetic complementation [78]
pLL39 0875 SAUSA300_087%ufT)

OXEN-1_isdB Transcriptional fusion of SAUSA300_1028 to (53]

luxABCDE



Table 3: Other Organisms Used

Organism

Description

Source
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Escherichia coliif DH5 U

Table 4: Primers

Cloning Strain

Protein Express

Number Primer Sequence Plasmid
1 08755BamHI1.42873001K CCCGGATCCGCGCCATTAAAATTAAC pLL39
2 08753Sall.42910029K CCCGTCGACGCGGGCCCAAACACAG pLL39
3 875gfpKpnl GGGGGTACCGCACCTAAGATACTATC pCM11
4 875gfpHindlll GGGAAGCTTCGATACTTGATATTGTT pCM11
5 SAUSA300_0875d042567 CCCGGATCCCGAAATCCAATTTGTAA Verify
6 SAUSA300_0875up42567 GGGGAATTCCTTCTGCTATAATATTC Verify
7 875upBamHI GGGGGATCCTTAGGAGGATGATTATT

8 08753Sall.42873016K CCCCAGCTGGCGGGCCCAAACACAG

9 875upNdel.43184010K CCCCATATGGTAATTGACCCTGAATT

10 875dwnXhol.43184009K GGGCTCGAGGCTCACACCAAGTGAA

11 0875up3_Nhel.42591004K ACGCGTGGTACCGCTAGCGCTAGCG
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