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ABSTRACT

The speed thdiacterial pathogens gaiesistance tantibioticsis alarming. Designingew
antibacterial gentsis urgent,but it requiresunderstanding thelvacterialtargets at the
molecularevel to achieve high specificity apatency. Irthis thesis, Hiscusghe
structural andbiochemicalinvestigation®f threepotential proteirtargets forantibiotics.
Thefirst is aUDP-GIlc/GIcNAc 4epimerase;alledGne,from the human pathogen
Campylobactejejuni. Thisenzymes the sole source df-acetylgalactosaming@alNAc)
in C. jejuni, which is a commoromponenin three majoglycoconjugates decoratirige
cell surfaceandis critical for pathogenesi3he secondarget proteins an integral
membrane protein, called Mra¥hich catalyzeghe transferof phospheN-acetylmuramyl
(MurNACc) pentapeptide to a lipidarrier,undecaprenyl phosphatest&), producingLipid
| in the peptidoglycan biosynthesis pathwaythie following step,a peripheral protein
calledMurG catalyzes transferring-acetylglucosaminéGIcNACc) to Lipid | andproduces
Lipid 11, which providesthe first buildingblock of the peptidogycanlayer.Peptidoglycan
is uniquelybacterialwith MraY and MurG both beingssentiafor cell viability;
therefore, they arattractive targets fahe development adntibacterial agents amebrk
towardtheir structuress presentedrinally, MraY from Escherichia colis thetargetfor
thelysis proteinE from phagell X 1 7Efartstowardelucidatinghe EcMraY-E complex
structurearedemonstratetiere.In total, this thesis providesnportantdatatowarda full

mechanistic understandind thesemportant antibacteriahrgets.
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Chapter 1

Introduction

Discoveryof penicillinin 1928by Dr. AlexanderFlemingsaveda largenumberof patients
sufferingfrom avarietyof infectiousdiseasesausedy bacterialpathogenandopenedhe

world to theantibioticage.Sincethen, a variety o&ntibioticswerediscovered andsed in
clinics, butthepathogens thateretargetedyjuickly developedesistancéCDC, 2013).For

example, streptomyciwasdiscoveredn 1944to treat tuberculosidyut aMycobacterium
tuberculosisstrainthatis resistanto theantibioticappeare@lreadyduringpatienttreatment
(Davies& Davies,2010).Emergence and subsequsptead of antibioticesistanceccurs
sorapidthatasasocietywe arerunningout of effectiveantibioticsto treatpatientsesulting

in theincreasegrevalence of mukdrugresistanstrains.

Antibiotic resistancés considerec pandemicAt leasttwo million peopleareinfectedwith
antibioticresistanspeciesesultingin 23,000deathseachyearin the United StateqFrieden,
2013). The result of h u ma averése andmisuse of antibiotics for therapeutic and
prophylactiqpurposesandtheunregulatedlisposato theenvironmentbacterialspeciedace
constant selectiopressureandthey are winning theace against antibiotic development. If
urgentactionis nottaken,suchastightly regulatingthe useof antibioticsglobally, returning

to thepre-antibioticerawill beinevitable Extendedoeriodsof hospitalizatiordueto longer
treatmentof infections will be an enormous financial burdean healthcare systems

worldwideandwe will loselivesto infectiousdiseasethatwereoncetreatable.
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What is clear ishatthere should beonstant and increased effarighesearchfor new

antibiotic target&nd newantibacterial agentsith completeunderstanding of their modes
of actionandmolecularmechanism®uring myPh.D. training) focusedon the structural

and biochemical investigatiaf promisingantibiotic proteintargets in human pathogens.
Thegoalis thatthiswork canleadto developmenof specificandpotentantibacteriahgents.

| have primarily focused on the three human patho@amspylobactejejuni, Escherichia

coli, andMycobacteriumuberculosisIn these organisms, ngoalwas tounderstand

enzymes centrab bacterialglycobiology.



Chapte 2

The structure of the UDBIc/GIcNAc 4-epimerase from the human pathogen

Campylobacter jejuni

ABSTRACT

Worldwide, the fooeborn pathogelampylobacter jejunis the leading bacterial

source of human gastroenteritix. jejuniproduces a variety of diversell-surface
carbohydrates that are essential for pathogenicity. A critical component obtlyEse

and polysaccharides is the sufjgacetylgalactosamine (GalNAc). The sole source of
this sugar is the epimerization of UBDNRacetylglucosamine (GIcNAc), a reaction
catalyzedoy the enzyme UDR5ICNAC 4-epimerase (Gne). This enzyme is unique
among known baderial epimerases in that it also catalyzesdaheivalentreaction with

the nonN-acetylated sugars. Understanding Hopane catalyzes these various
interconversions is critical to designing novel inhibitors of this enzyme. Here, to further
the mechanisti understanding we present a 2.0A structur@jGie with its NAD co-

factor bound. Based on novel features found in the structure we perform a variety of
biochemical studies to probe the mechanism and compare these results to another
structurally charaetrized bifunctional epimerase from humans GalE. We also show that
ebselen, previously identified for inhibition B8GalE, is active again§tjGne,

suggesting a route for antibiotitevelopment.



INTRODUCTION

Campylobactejejuni, a microaerophilicpathogen, is @ommensabf chickens andather
avians andhe mostprevalentmemberof the Campylobactespp, which are the leading
causesof bacterialgastroenteritisvorldwide (Kaakoush, CastafARodriguez, Mitchell&
Man, 2015;World Health Organization(WHO), 2017). It canbe associatedvith post
infectious sequelae include GuillaiBarre syndromgNachamkin,Allos & Ho, 1998),
bacteremia (Fernand€xruz et al., 2010), andreactive arthritis (Pope, Krizovasarg,
ThiessenPhilbrook& Ouimet,2007).TheC. jejuni glycomecontainsa numberof surface
accessible carbohydrate structures requfmedinteractions with the variouboststhat
include capsular polysaccharid€PS), lipooligosaccharide (LOS), and- and Olinked
glycans(Abdi etal., 2012; Bacon eal., 2001; DaySemchenkd& Korolik, 2012;BenN.
Fry et al., 1998BenjaminN. Fry etal., 2000;Guerry etal., 2002; Linton et al., 2005a)
Variability in the nature of thesurfaceglycans challengesthe development of anti

Campylobactetherapies (Parkhiktal.,2000;Szymansket al.,2003).

All of the exposedcurrently identifiedglycansin C. jejuni containa GalNAc residue
(Bernatchezt al., 2005;Mahdaviet al., 2014; Szymanslkit al., 2003; N. M. Young et al.,
2002),which is onlyproducedby theepimerizatiorof GICNAc by the enzymencodedy
thegenegne(UDP-GIcNAC 4-epimerase)lt wasrecentlyreannotateérom galE (UDP-Gal
4-epimeraseflueto thediscoveryof theUDP-GICNAc epimerizatioractivity (Bernatchezt
al., 2005) Fig. 2.1.A). In theC. jejuni genome (strain NCTC11168)is geneis located
betweenthe geneclusters of the Ninked glycosylationand LOS biosynthesis pathways

(Karlyshev, Ketley& Wren,2005). Thegenein C. jejuniwasfirst believed to bénvolved
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in theLPS biosynthesipathway(BenN. Fry et al., 1998), but laterfanctional rolein N-

linked glycosylatiorwasalsodeterminedLinton etal., 2005b;SzymanskiRuijin, Ewing,
Trust& Guerry,1999).Furthermoregexperiments with amsertional mutandf gne
indicated thait is responsible foproviding GalNAcresiduego the three majocell-surface
glycoconjugates (Bernatchetal., 2005). Theifunctional proteirCjGnerepreserga
potentialtherapeutic target as masigosaccharidem C. jejuni whichcontaina GalNAc
residuearerequired for pathogenesis (K. Young, Davis& DiRita, 2007). Amechanistic

understandings key to developingherapeuticshattargetthis unusual epimerase.

UDP-hexose 4epimerasesincluding CjGne, belong to grotein family of shortchain
dehydrogenases/reductases (SDRs) (Kavan#iyimvall, Persson& Oppermann,2008).
SDRenzymes possess diveméstrate specificitfPerssor& Kallberg,2013), as seen in
the UDP-hexose 4epimeraseghat haveundergone detailed characterization (Beerens,
Soetaer& Desmet, 2015)Structuresof UDP-hexosed-epimerasesare availablefrom alll
threedomainsof life: GalEfrom Escherichiecoli (EcGalE) (ThodenFrey& Holden,1996,
2002; Thoder& Holden, 1998),GalE from Trypanosoma brucgiTbGalE) (Shaw etl.,
2003), GalE fromPyrobaculum calidifontis (PcGalE) (SakurabaKawai, Yoneda&
Ohshima2011), GalE fromHomosapiengHsGalE) (Thoden, Wohlers, FridovieKeil &
Holden,2000,2001),GalEfrom Thermotogamaritima(TmGalE) (Shinetal.,2015),WbpP
from Pseudomonas aeruginog@aWbpP) (Ishiyama, Creuzenet, La&nBerghuis,2004),
andWbgU from Plesiomonas shigelloidd®s/VbgU) (Bhattet al., 2011). Aclassification
schemehas beenproposedfor substratepreferenceof the UDRhexose4-epimerases

(Ishiyamaet al., 2004). The schemecategorizeghe epimerase threedifferent groups
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dependingn the side chain size of six key active sggiduesGroup lepimerasesuch

asEcGalEandTbGalE,interconverbnly thenonacetylated moietie&)DP-Glc andUDP-
Gal.Group3 enzymegpreferepimerizingacetylatednoietiesandtheexamplesarePawbpP
and PsWbgU. Group 2nemberswhich includeCjGne andHsGalE, catalyze
interconversiorof both thenonacetylated and acetylated UbiéxosesAll of the UDP-
hexose 4epimerasestructurallycharacterizedofar arefunctionaleither in theLeloir
pathwayfor galactosenetabolisnorthe LPSO-antigerbiosynthesipathwayNo epimerase
knownto acton multiple pathwayshasyetbeena subjectof structuralstudies.

Towarda mechanistic understanding of thisunctional multi-pathwayenzyme here we
providea 2.0A crystalstructure oNAD*-boundCjGne.Structural characteristiest CjGne
thatarecommonor distinct to its homologs adiscussed. Baseath the structural features
andthe epimerization resultsf the wild type and its mutants, we propose some critical
residuef CjGnethatare catalytically or structurallynportant forshaping its substrate

binding site andletermining substrate specificity.
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RESULTS

The overall architecture d€jGne bound with NAD

The gene forCjGne wasclonedinto an expressiomector,induced inE. coli, purified by

chromatographyandcrystallizedvia conditionsinitially obtainedhroughstandardcreens.
Crystalsdiffractedto 2.0A anda completedatasetwascollected Datawereprocessedsing

standardools andthe structure wasolvedby molecularreplacementisingBaGalE (PDB

entry:2C20).Thefully refinedmodelcontainedadimerof CjGnewith anR-factorof 19.5%
andan RreeOf 22.5%.A complete atomic modebntainingresiduei 328 was attainedor

eachwith anRMSD of 0.38A betweerthetwo copies Crystallographistatisticsarefound

in Table 2.1 Thetwo copiesin theasymmetrianit arerelatedby a two-fold rotationalaxis

(Fig. 2.1.B). Consistentvith this as a dimeinterface,in solutionthe enzymepurified as a
dimer as detectedoy SEGMALLS (Fig. 2.1.0). For clarity, subuniA (indicatedin Fig.

2.1.B) will be usedin figures when onlgne ispresent.

The generalstructure ofCjGne isconsistenwith that seenfor relatedepimerasesvith a
Glycosyltransferas@ fold. Each subunit o€jGne containstwo domains andne NAD
cofactor(Fig. 2.1.D). ThedomainthatcontaingheN-terminugM1-Y174,1230-H260,1295
D312 is composedf a central,twisted, parallel, severs t r a nsheetflankedboneach
si de b-lyelicesoThislomdin resemblesé R 0 s s-fma Imdtibwhere NAD binds
thatis commonlypresentn SDRenzymegLesk,1995)andwill bereferredto astheNAD-
bindingdomain(NBD). Thesubstratebindingdomain(SBD) containingmostlyC-terminal

residuegF175F229,G2611L294, D313C328)is composeaf threea-helices andwo
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parallelb-strands. Previous structural studies of rela@idherases demonstrate that the

UDP-hexose substrate resides in the cleft between the two domains with the UDP moiety

primarily contacting SBD (Thoden, Frey, et al., 2002).

The conserved NADinding domain (NBD)

Both NAD™ and NADH have been previouslyesolvedin crystal structure®f related
epimeraseéThodenetal., 1996).Theonly structuraldifferencebetweerNAD* andNADH

is in thenicotinamidering (Fig. 2.2.A) and NAD would have the nicotinamide rinthatis
planar.At this resolution, analyzinghe 2F-F. map aroundthe nicotinamidering did not
conclusivelydemonstrate whether or not the ring is plan&ig.(2.2.B. We instead
compared kFc mapsatfterrefining the data with the model of NARndNADH. When
NADH was usedn refinementan additionalpositive density in the #~ mapappearedn

the nicotinamide ring;no density was seefior NAD™ (Fig. 2.2.B). The unaccountedor

electrondensity with NADH is consistentwith the additional electrons founth the
nicotinamidering of NAD", which we conclude is the major state in orystalform. The
nicotinamidering adoptsthe synconformatiorwith respecto theriboseasseenn some of
theEcGalE(PDBID: 1NAI, 1XEL, 1LRL) andall of theHsGalEstructuregPDBID: 1EKS5,

1EK®6,1HZJ).

Theinteractionwith NAD* seerhereis characteristiof relatedNAD-bindingdomainsThe
detailswerefirst describedn thestructureof GalE fromE. coli whereaseriesof conserved

residuedine thebindingpocket(PDB ID: 1NAI) (Bauer,RaymentFrey& Holden,1992).
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In CjGne,Ser34 andLys35 formsone more and orless hydrogebondthanthe

corresponding residu@s EcGalE, respectivelyfig. 2.2.Q. In EcGalE, anadditional
residue Lys84 stabilize¢be pyrophosphate groupf NAD™ via two hydrogen bondsyhile
the correspondingesiduelle82in CjGne makes nongig. 2.2.Q. Overall,seven residues
(Asp31,Asn21,Ser34]ys35,Asp56,Leus57,Asn97)arein hydrogenbondingdistancewith
theadenosinef NAD*. TworesiduegTyrl1, lle12) and fouresidues (Phe78, Tyr146,
Lys150,Tyrl74)areinteractingthroughhydrogerbondswith thepyrophosphate grougnd

nicotinamide/ribosef NAD*, respectively.

Apo-substratebinding pocket is expanded

In acomparisorio theotherbifunctionalepimeraséisGalE,our apeCjGnestructurealigns
bestwith the onlyavailableapcGal E 6r est i ng enzylBelBKS)f r om h
(Thoderetal.,2000)with anRMSD of 1.292A. Whenthe SBDsof CjGneandHsGalEare
alignedtheRMSDvalueis 1.224A, closeto theoverallRMSD. In orderto find differences
in the substratebinding sites,CjGnewas alignednly with the SBD ofHsGalE boundto
UDP-GIcNAc (PDB ID: 1HZJ) Fig. 2.3.A). A careful look at thesuperpositiorrevealed
thatwhile R300andD303of HsGalE stabilizeUDP-GIcNAc throughsomehydrogerbonds
(Fig. 2.3.B), the corresponding residues (R287 and D280LjGne make na@ontactwith
UDP-GIcNAc (Fig. 2.3.0. Instead, D29@orms ahydrogen bonavith R287,whichinturn
interactswith the backbone 0f190 andP191 Fig. 2.3.CD). Interestingly, Y190 anB191

arepartof theshiftedloopin CjGnethatwill bedescribedn thenextsection.

A shifted loop in the CjGne structure
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Our crystalstructure ofCjGnerevealeda surprising featur@ot found in any other

structures of its related enzymes. In CjGne, one loop region (174
YENAGACMDYTLGQRYPKATL-195)is shifted towardhe NBD obstructinghe
substratebindingpocket(Fig. 2.4.A). In the crystal, thishiftis supportedy thepresence
of a disulfidebondbetween C181 and thet€rminalresidueC328(Fig. 2.4.A). Bothof
thesecysteineresiduesare notfoundin related epimerasesxcept for closely related
Campylobacter sppyetnotably theyalwaysoccur asa pair Fig. 2.4.BC). We presume
disulfide bond formation resulis stabilizationof theshiftedloop. CjGnelocalizesin the
cytoplasmand, undetypical mediaconditions this would be areducing environment
incompatiblewith adisulfidebond. During purificatiorireshDTT wasadded taall buffers
(pH 7.5) to maintain aeducing environment. Howevehe presence of thdisulfide
suggestethiswasinsufficient.DTT is reportedo bereadilyoxidizedabovepH 7.5(Han&
Han,1994)andin the presenc®f metalionslike Ni?* contaminantérom Ni column(Getz,
Xiao, ChakrabartyCooke& Selvin,1999). TCERvasadded as aalternativeto the final
proteinsolutionand incubated overnighefore setting uprystal trays. livasalso addedo
cryo-protectingconditions when harvestirgystals Although TCEP is known to [stable
at both acidi@andbasicconditions(Han & Han, 1994andactivewith some metal
contaminantsthe crystals acquired alwaysd the disulfide bond. This suggetsigt the

formationof thedisulfideis favoredby theprotein.

The internal cysteine forming the disulfide bond is important for activity
Wefirst examinedheCjGnecatalyzegercentonversiorof thefour substrateUDP-Glc,

UDP-Gal, UDRGIcNAc, andUDP-GalNAc) at equilibrium using capillastectrophoresis
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(CE). After 24 hours,when the sampleeactionstartedirom eitherUDP-Glc or UDRGal,

theratiofor theintegralareaseache@®3:75(UDP-Glc:UDP-Gal)atequilibriumirrespective
of the starting substrat&ig. 2.5.ABandTable 2.2. Similarly, in the presence d@ither

UDP-GIcNAc or UDP-GalNAc asasubstratethereactiongeachedasimilarratio of 28:71
(UDP-GIcNAc:UDP-GalNAc) atequilibrium §Fig. 2.5.ABandTable 2.2. With thisassay,
we confirmedthe bifunctionalactivity of CjGne ininterconvertingsimilar amounts of non

acetylated and acetylated substrates.

The unexpecteddisulfide bond brings into question whether there maybiodogical
importanceto theseresiduesTo examine the roles of C181 and C328, expressed and
purified variouscysteinemutant§ C181A,C181S,C328SpC 3 AC181S/pC 3 2a8d)
analyzedheir percentonversiorafter24 hours(Fig. 2.5.CandTable 2.2). All of theC181
mutant§C181A,C181SandC 1 8 1 S/ qeESWBt&B sjgnificantlossof activity, lessthan
20% of wild type conversiongrespectiveof the startingUDP-hexose. For th€-terminal
cysteinetheC328Smutantiostmorethan50%of thewild-typeconversionYetsurprisingly,
thedeletionof C-terminal C32&etainecthefull activity of the wild type regardless of the

substrate added.

The similar HsGalE cysteine is not required for activity

In the multiple sequencalignmentof CjGne and its homolog&-ig. 2.4.E), there is no
epimerase that has cysteine residuat the corresponding positioto C181 of CjGne.
Insteadthe humarepimeras@mong thehomologss the only example thdiasa cysteine

residug(C196)within thecorrespondindpop region(Hs Y185-N207) to the previoug
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mentionedoop (Cj Y174-L195) inCjGne. Weexpressed anpurified theC196A and

C196S mutantef HsGalE andinvestigated theiepimerizatioractivity atequilibriumin the
reactionwith eachof the sugasubstratesAgain, weconfirmedthe bifunctionalnature of
theenzyme. Irthis casepothmutantshad naosignificantloss in activity relative to the wild

type Fig. 2.5.CandTable 2.2.

The CjGne internal cysteine affects the thermal stability of the enzyme

Thermal denaturationf the wildtype CjGne and itscysteinemutantswas monitored
throughmeltingcurvesandcalculatedneltingtemperatur€Tm) (Fig. 2.5.DandTable 2.3).
The Tmvalues acrosthefour UDP-hexose substrates within anzymestayed the sanue
hadadifferenceessthan2°C.All thecysteinemutantsof CjGnehadtheTr valuesthatare
lowerthanthewild typeby 2°C or more.ThesingleanddoublemutantscontainingC181A
decreasedhe Tn valuesthe most by 8°CProtein unfolding was also monitored fibre
HsGalE C196 mutantsKig. 2.5.DandTable 2.3. Unlike those of theCjGne mutants, the

Tmvalueswereretained regardless thesubstrates.

Critical residues of CjGne for substrate binding and specificity

We performedastructuralalignmentbetweerCjGneandHsGalE boundwith UDP-GICNAc

(PDBID: 1HZJ)(Fig. 2.6.A). Fromthealignmentweidentifiedfive residue®f CjGnethat

likely make polar contacts with the UBBICNAc (T122, N176,P185, K192andT194).

Among them, botA'122, eithera serineor threonineandN176 areconservecamong the

homologous sequenc@sg. 2.4.E). In order to examingheir functionafoles within the



16
predictedactivesite, weintroducedmutationghatretainthe size, but lose polarity of the

sidechain:T122V and N176LFKig. 2.6.A).

Basedntheclassificatiorschemdor UDP-hexosel-epimerasefishiyamaetal.,2004),the
T122 andN176 residues aréwo of the six keyesiduedn CjGne,determining substrate
specificity. Another keyresidue, L294was also subjecto mutation varying the size of
hydrophobicsidechains(valine, methionine andtyrosine)to investigatets role in substrate
specificity (Fig. 2.6.A). Thecorrespondingesidue ofL294 in EcGalE(Y299)was thefirst
examplethat showed aingleresidue mutatiomt thispositionto cysteinealteredsubstrate

specificity (Thoden, Henderson, Fridovileil & Holden,2002).

Theequilibriumassayvasperformedvith eachof themutantsForT122VandN176L,there
was nearly acompleteloss of conversionfor all of the four UDPsugarsubstratesHig.
2.6.B). This supportsthat T122 andN176 havecatalyticroles that areessentiafor the
epimerizatiomactivity of CjGne. T122of CjGne is structurallyalignedto S124 EcGalE),
which is suggestedo mediatecatalysisby being hydrogetvonded toY149 (EcGalE),an
activesite base, ando the4 -dydroxyl groupof theglucosylring of UDP-Glc (Yijeng Liu
etal., 1997).Also, in HsGalE, the corresponding residu§132interactswi t h -®OH e
groupof the hexoseHig. 2.6.A). In CjGne, T122 andY146 (Y149 inEcGalE) are not in

hydrogerbondingdistance.

N1790of EcGalE(N176in CjGne)hasbeensuggestedsoneof theaminoacidresidueghat

contacthehexoseortionof UDP-Glc/Galwithin ahydrogenbondingdistanceandthereby

406
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importantfor binding of the substrate in tl&e coli (Thodenetal., 1996).Similarly, N176

(CjGalE)formsahydrogerbondwith 6 -tiydroxylgroupof UDP-GIcNAc boundto HsGalE,
butthroughtheamino group. Alternativelfthe aminagroupof N187 HsGalE)interacts
directly with the twaphosphoryl oxygen atonts f  tphosphdtgroupof thenucleotide
(Fig. 2.6.A). With substratéoound, N176 maye-orientin CjGne to make this same

interaction.

Theepimerizatiorassaywas also performefr theL294V, L294M,andL294Y mutantgo
investigatef thesizeof theL294 sidechainalterssubstratspecificityof CjGne(Fig. 2.6.B).
Noneof themutants retained activitieg acomparabldevel to those of the wild type with
all four substrateddowever interconversiormf nonacetylatedgubstratesvasleastdisrupted
with L294V among thanutants, whereas L294Mas mostavorablefor activity thanthe

othertwo mutants withacetylatecdubstrates.

Ebselen inhibiting HsGalE is a potential inhibitor of CjGne

Few studies have reportathibitors of GalE,andnone of them are promising for further
drug developmentOne literature reporteebselenan organoselenium compound, inhibits
HsGalEwith nanomolar 16 (0.014nM) (Urbaniak et al., 2006). Sin€gjGnepossesses
bifunctional activity just like HsGalE, wepredictedthat theinhibitors that arepotentto
HsGalE would also exeihhibitory effed on CjGne. Aninhibition assay ofCjGne using
capillary electrophoresis was performadthe presenceof ebselen(Fig. 2.7). Indeed,the

inhibition wasalmostcompletewhen ebselen wascubatedwvith theenzyme aneither
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UDP-Gal or UDP-GalNAc, while theresultswere slightly less dramatic in theactions

with eitherUDP-Glc or UDP-GIcNAc (13%and22%of thewild-typeactivity wasretained,

respectively).
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DISCUSSION

In this study,we providethe first structurabnd bochemical characterizatiat CjGne, the
bifunctional UDP-GIc/GIcNAc 4epimerase whicleatalyzeghe productionof GalNAc, a
critical componentof the major surfacepolysaccharidesn C. jejuni. This functionally
separate$sne from other UDR5Ic/GICNAC 4-epimerases thatitherwork in the Leloir

pathwayfor galactosenetabolism or are part of thé&Sbiosynthesis pathway.

A surprising resultis the presenceof a structuraldisulfide bond in CjGne. Expressed
heterologously in thé&. coli system, oneexpects cysteinet® bereducedin the cytosol

(Hatahet, Boy& Beckwith, 2014). Other exceptions have besported wherastructural
disulfides in cytosolic proteinsof thermophilic archaeakpecies protecthem from

denaturatiomthightemperatur¢Jorda& Yeates2011).C. jejuniisamoderatehermophilic
specieghriving at 3742°C (Hofreuter,2014) with a T for CjGne at 57°CKig. 2.5.D
and Table 2.3). The presence of atructuraldisulfide bond might help CjGne tolerate

growingat hightemperature.

The cysteineat position181 is notconservedFig. 2.4.6), yet replacingC181 with either
alanineor serineledto alossof activity. In thestructure awatermediatechetworkconnects
thephosphatgroupsof thesubstratéo thebackbonef theC181residueTheseareunlikely
to bedisruptedby the simplemutations Whenthe otherhalf of thedisulfide pair, C328,was
replacedwith a serine, less than 50%ild-type conversiorwas retained. Surprisingly,
deletionof the C-terminalcysteingC328)wasfully active.ln total, we canconcludethatthe

disulfide bondis not requiredfor catalysis.However,the cysteinesare importantfor full
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activity. Cysteineften makehydrophobic contacts and te#ectsfrom the loss of the

spatial hydrophobic environmemiay providerationale forthe reductionin activity upon
mutationto serine. Supporting thiall the cysteinanutantsof CjGnereducedhe overall
stability of theprotein(Fig. 2.5.DandTable 2.3. This suggests general structuralesthat

could affect catalysis.

A major feature of ou€jGne structure is the shifted loop regidfi74-L195) toward the
activesite. The presence of the disulfideggestshat this mayfix the conformationof the
loop. The sequence of this regionasnservedcross othe€Campylobactespecies anthe
electrondensity shows theonformationis well orderedIn this conformationthe protein
would be expectedto be inhibited, perhaps responsdo the complicated evironments

experiencedby C. jejuni

While thecysteinesplay afunctional rolein C. jejuni a related cysteine in thHenctional
homologHsGalEwasnotrequiredfor full activity. In thestructureof thehumanthereis no
shift of thecorrespondingjGne loop(Y174-L195). This lendscredenceo the importance

of theseresiduesn theC. jejunienzyme.

The mechanism of this class gpimerasetas beerelucidatedover time;howeverthere
remainsome details to beesolved.We chosecandidate residuebat are predictedto be
critical in substratdinding or specificity from thetructural and sequenaégnments with
thehuman epimerasa complexwith NADH andUDP-GIcNAc (PDBentry: 1HZJ).Both

of theT122VandN176L mutantskilled almostall of theactivity irrespectiveof thesubstrate
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testedThis resultis indicativeof catalyticimportance of the residues. The highly

conserved serine residugfsthe otheihomologs alignegvith T122of CjGne have been
shownto play a role in mediating thedectrontransfer during theatalytic mechanisnThe
asparagineesiduecorrespondingo N176 inCjGne isalsohighly conserved across species.
TheN195residue in thésWbgU (N176;CjGne), forexample formstwo hydrogen bnds
via thecarbonyloxygenandtheaminegroup with the NHgroup and thexy bridgeof the
diphosphamoiety of UDRGIcNAC, respectivelyBased on the higbonservation and
previous functional characterizationotherhomologs, T122 and N14§ CjGne are likely

to require polar sidehainsto beeitherdirectly or indirectlyinvolvedin catalysisand to

interactwith thesubstrate bound, respectively.

Along with T122V and N176L, L294of CjGne was subjectedor mutagenesistudies
becausehere wee cases where mutation of the single residue in the pasitonin its
homologsalteredsubstratespecificity. PreviousstudiesdemonstratethatY299Cof EcGalE
(Thoden, Henderson, Fridovidteil & Holden, 2002) allowedbut C307Y of HsGalE
(Schulzetal.,2004)andS306Yof EcGalEoss:s7(Guo,Li & Wang,2006)losttheconversion
activity of acetylated substrates, respectively. In contrastation of thecorresponding
residug(S317)from PaWbpPto tyrosineresultedn completdossof activity, sono further
insightsregarding side chain size of this residoe substrate specificityvas available
(Ishiyamaet al., 2004). Wenutatedthe residue in the same positi&x294, of CjGne into
valine,methionine andtyrosineto seeif varioussizesof hydrophobicsidechainscanaffect
the activitiesof anyUDP-hexose substrat®/e predicted_294M retainsbifunctionality of

CjGne, whereas L294V and L294¥eferentiallyconvert acetylated ambn-acetylated
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sugar substrates, respectivelprgof the three mutants a294 retainedhefull activity

of thewild type,butshowedsimilarlevelsof reductionbetweerd DP-Glc andUDP-Galand
generallymore reduction with UD/alNAc. Approximately 50%eductionin L294V
activity with non-acetylated substratean beexplainedoy the smallehydrophobicside
chainof valine increases theectivesite volumeyenderinghe binding tanonacetylated
and/or acetylated substrates less speéifsn, thehydrophobic interactiobetweereucine
andthe methylgroupof theN-acetylatednoiety on C2 on UDR5ICNAc from the human
enzymeseemgo bedisruptedn CjGnebythereplacementvith valine,therebyresultingin
alargerreductionin conversioractivity of theacetylategubstratedMethionineis in similar
size as leucine in L294Nhutantandactivities forbothnonacetylated and acetylated
substratesvereall atsimilar levelsexceptfor UDP-GIcNAc, buttheepimerizations much
less efficienthanthat catalyzedby the wild typewhichis probablybecaus®f different
chemical propertiesf sulfur replaced from carband/orthe differentposition of anethyl
group. In L294Y mutanthe bulky sidechainof tyrosine seemed teducethe active site
volume thusleadingto thehighestossof epimerizatiorwith UDP-GalNAc. Takentogether,
we demonstratéhe variants of the active site residue (L294) can alter subspatdicity,

althoughthe previouslypredicted patterdid notfit here.

Lastly, the inhibition ofCjGne by ebseleprovides evidence for this as a small molecule
target, but ebselen itself is not a likely route as it has been reported to target myriads of
biological pathways (Azad & Tomar, 2014). It will be important to find inhibitors that are

specific toCjGne. The sarch for such inhibitors is ongoing.
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In conclusion, based on a higbsolutionCjGne/NAD' crystal structure and biochemical

data from mutants, we proposed some critical residu€gGrie that are catalytically or
structurally important. Thesfindings along with its observed susceptibility tds&alE

inhibitor, suggest a route for antibiotic development.
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Figure 2.3. Substrate-binding domain (SBD) of CjGne. A CjGnemonomelis shown in complex with NADandUDP-
GIcNAc from HsGalE (PDB ID: 1HZJ). A, Aligned CjGne(slate)andthe HsGalE SBD (green cyahin the box region.
Y190, P191R287,andD2900f CjGneandR300andD303of HsGalE areshownin stickrepresentatiorB, Sameregionas
A, but onlyHsGalEis shownalongwith thepolarcontactsn blackdashedines.C, SameaegionasA, butCjiGneandUDP-
GlcNAc from HsGalE areshownwith polarcontactsn blackdashedines.D, SameregionasA, butonly CjGneis shown

with polar contacts betweeR287/D290 and¥190/P191.
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Figure 2.5. Epimerization assays of the wildype and cysteine mutants ofCjGne andHsGalE. A, An example of

the % conversion of UD®Ic to UDRGal by CjGne measured in capillary electrophoresis. €heation used to
calculate% conversions provided inthebox. B, Theresultsof % conversiorof each offour substrateby CjGne.Each
reactionwasrepeatedor threetimesandtheerrorbarsindicatethe standardieviations.C, Normalized% conversiorof
UDP-GIcNAc by the wild type and cysteine mutantsQjGne (slate) andHsGalE @reen cyah Each reaction was
repeatedor threetimesandtheerrorbarsarebasednthecalculationprovidedin MaterialsandMethods D, Themelting
temperaturevalues () of the wild type and cysteine mutants ©fGne (slate) anddsGalE @reen cyaj in the
presenceof UDP-Glc. Each measurement was repeated for three times and the error bars indicate the standard
deviations.
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Figure 2.6. Predicted active site of theCjGne/NAD* complex. A, On the left, structural alignment between
CjGne/NAD" and UDRGIcNAc from theHsGalE/NADH/UDP-GIcNAc (PDB ID: 1HZJ). In the center, the putative
active site ofCjGne is magnified with T122, N&7 and L294 labeled. On the right, the catalytic sit¢sBalE is
magnified to the same extent as that v@jBne with S132, N187, and C307 labeled. Hydrogen bonds are indicated as
black dashes. B, Normalized % conversion of UBIE, UDP-Gal, UDRGIcNAc, and UDRGalNAc by the wild type
andcatalyticmutantsof CjGne.Eachreactionwasrepeatedor five timesexceptfor N176L only for once.Theerrorbars

are based on the calculation provided in MaterialsMethods.
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Figure 2.7. Inhibition of CjGne by ebselenChemical structure of ebselen is shown in the top right corner. Each
inhibition reactionwasrepeatedor threetimesexceptfor theonewith UDP-GalNAc. Theerrorbarsarecalculatecbased
on the equation provetl in Materials anlethods.



31

Data collection

Space group P4:2,2
Cell dimensions
a/b/c (A) 87.7/ 87.7/ 261.66
a/Bly (°) 90/ 90/ 90
Resolution (A) 65.42-2.04 (2.09-2.04)*
Rmerge 0.052 (0.677)
1/o (1) 18.0(24)
Completeness (%) 99.9 (100)
Redundancy 6.6 (6.8)
Refinement
Resolution (A) 62.0-20
No. reflections 65,906
Rwork/ Riree 19.5/22.5
No. atoms 5,463
Protein 5,290
Ligand/ion 6
Water 167
Mean B-factor 38.1
RMS deviations
Bond lengths (A) 0.008
Bond angles (°) 121

Table 2.1. Statistics of Xray data collection and refinement.Values in parentheses are from the highest resolution
shell. RMS, root mean square.
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Enzymes UDP-Glc UDP-Gal UDP-GIcNAC UDP-GalNAc
raw normalized raw normalized raw normalized raw normalized
CjGne (WT) 23.2+0.2 100.0 +1.2 75.3+1.0 100.0 +1.9 27.7%0.2 100.0 = 1.1 71.4%+0.7 100.0+1.4
C181A 1.7+05 75+2.1 0.6+0.3 0.7+04 58+0.2 20.8+0.7 14+£1.2 20+£1.7
C181S 1.2%£0.1 53+0.5 1.0+04 1.4+05 6.1 +0.5 221+1.9 09+08 13+ 1.1
(C328S 88+3.2 379+138 106+ 3.9 140+5.2 94+04 340%15 144+33 20.1+4.6
AC328 23.6+0.2 101.9:% 1.2 76.0+0.3 1009 + 1.4 27.5+0.1 99.3+0.9 721:%0.7 1009+ 14
C181S/AC328 11 £0.5 48+23 0.6+0.3 0.8+04 59+0.2 21409 0.7+0.6 09+0.8
T122V° 0+0 0+0 0+0 0+0 45+29 16.3+10.3 0+0 0+0
N176L* 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0
1294V 11.4+52 494 +225 40.7+11.9 54.0+15.8 10.8+2.0 39.0+7.2 10.5+6.9 147+£9.7
L294M" 27£23 11.8+9.7 121 £58 161 &77. 120+:24 438+7.5 12.5+85 174+ 11.9
L294Y" 24+35 104+£153 106+7.4 14.1+£9.9 58+0.7 20825 04+1.0 06+14
WT + ebselen 29+18 126+7.8 1.5+21 20+27 6.1+0.1 22.0+0.5 0+08 0+0
HsGalE (WT) 25.2+1.0 100.0 5.7 72.6 £0.6 100.0 +1.2 23.3+1.4 100.0 + 8.5 56.3+5.9 100.0 + 14.9
C196A 25.1:%1.1 99.8+5.9 62.8+4.0 86.5+5.6 189+3.0 81.3+139 479+3.1 85.1+10.5
C196S 25.7:4:1.2 102.2+64 684+14 942 +2.1 19.7'41.1 848+6.9 520+4.7 924+128

Table 2.2. Average percent conversion values and their standard deviations of the substrates @sne and
HsGalE. The protein samples include the wild type and mutants. Ebselen, an inhibitor, was added>@hetoThe
normalized average percent conversivalues and standard deviations of Ul#Xose substrates are written
(Calculations are reported in Materials and Methods).”Theand marks refer to a single, duplicate, and quintuplicate
measurement, respectively. The rest of the values are frolindtes.
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Enzymes Melting Temperature (°C)
UDP-Glc UDP-Gal UDP-GIcNAC UDP-GalNAc
CjGne (WT) 57.0 57.2+0.3 58.5 58.0
C181A 493+0.3 49.5 513+0.3 50.5
C181S 50.8+0.3 50.7+0.3 53.0+£0.5 51.5
C328S 54.5 54.2+0.3 55.5 55.0
AC328 525 52.0 53.8+0.6 525
C181S/AC328 493+03 49.5 502+03 50.2+03
HsGalE (WT) 59.0 59.0* 59.0 59.0
C196A 59.0 59.0 59.0 59.0
C196S 59.0+0.2 59.0 59.0 NA

Table 2.3.Average melting temperatures(°C) and their standard deviationsof the wild -type and mutants of CjGne
and HsGalE. A * mark refers to a single measurement. The rest of the values are from at least duplicates. Standard
deviations with zero are nefritten.
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MATERIALS AND METHODS

Materials and chemicals

Genomic DNA of C. jejuni NCTC11168 (#7008195) was purchased from ATCC
(ManassasyA). Two constructf HsGalE with eitherN-terminal (pET28a vector) or €
terminal (pET31B vector)hexahistidingHiss) tags were kindly provided by thHdolden
Group at the University ofWisconsin, Madison. Theformer was usedfor capillary
electrophoresis anthe latter was usefibr stability assays, eactiescribedbelow. E. coli
NiCo021(DE3) competentells wereobtainedfrom New EnglandBiolabs Inc. (Ipswich,
MA). UDP-Glucose, UDFRGalactose, UDR5IcNAc, UDRGalNAc, NAD™Y), dithiothreitol
(DTT), tris (2-carboxyethyl) phosphine (TCEP3nd bovine serumalbumin (BSA) were
from SigmaAldrich (St. Louis, MO). Ebselen(2-phenyt 1,2-benzisoselenaz@(2H)-one)

wasfrom CaymanChemical (Ann ArboriMI).

Cloning of gne

The plasmidencodinggne (cj11319 of C. jejuniwas constructedby onestepenzymatic
DNA assembly througksibsoncloning (Gibsonetal., 2009).Briefly, thegnegeneand the
plasmid for insertiorwere amplified frorgenomicDNA of C. jejuniNCTC11168 anc
pPET33bderivedvector, respectivelyusing primers withca. 40 bp of homabgy to each
other.5 nL. of DNA sample(0.7 L of theamplifiedgnegene(10ng/ii) plus4.3ni of the
amplified vector (10 ngirL )) wasaddedto 15ni of a master mixsolution includingT5
exonuclease, PhusiddNA polymerasgandTaq DNA ligase,thenincubatedat 50°C for
60 min. To avoid self-coloniesfrom the templatevector,the PCR productamplified from

the
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vectorwas treated witlDpnl. The finalconstruct contained N-terminalhiss-tagfollowed

by a thrombircleavagesite (N-M GGSHHHHHH GLVPRGS-gneC). All DNA constructs

wereconfirmedby sequencing.

Generation of point mutations

All mutations, including T122V, N176L, L294V, L294M, L294Y, C181A, C181S, C328S,
PC 3 BBLSxp C 3 LRIGA(HSGalE),andC196S(HsGalE)werepreparedn amixture
solution containing PhusidhHigh-Fidelity PCRMasterMix with HF Buffer from New
England Biolabs Inc. (IpswiciMA), the DNA template of the QK45AA mutafthasedn

the surfaceentropy reductiomrediction (Coopeetal., 2007)), angrimerswith or without

5% DMSO (Chester &8arshak,1993). TherecommendedPCR protocolfor using the

Phusio® HF PCR MM from NEBInc. wasused.

Expression and purification of CjGne

Constructsveretransformedandexpresseth E. coli NiCo21(DE3)strainthatareoriginally
derivedfrom BL21(DE3).Cellsweregrownin culturesof 2xYT with kanamycin35ng/mL)
to an optical density of Odp 0.5 0.7, then induced with 0.4 mMsopropyl b-D-
thiogalactoside (IPTG, Anatracklaumee, OH) aB7°Cfor 6 h. Cells werdharvestedy
centrifugation (4000 rpn20 min, 4C), resuspendeih lysis buffer (20 mM Tris-HCI, pH
7.5,100 mM NaCl, 1 mM DTT)andlysed by thregpasseshrough amicrofluidizer (18
kpsi), and centrifugedt 12,000 rpmfor 20 min at 4C. Proteinswere prified from the

supernatany nickelaffinity chromatographyollowed by sizeexclusionchromatography.
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Briefly, the cell lysate wasnodifiedto 10 mMimidazolethenpassedhrough a 1 mL pre

equilibratedNi-NTA agaroseesin(Qiagen,Germantown, MD)washedvith 30x column
volumesof 20 mM imidazolecontainingbuffer, therelutedwith 20 mL of 250 mM
imidazolecontainingbuffer. Theelutionwasconcentratedising a 16kD cutoff Amicon®
Ultra-4 Centrifugal Filter (Millipore) andurther purified byeithera Superdex20016/600r
Superdex20010/300getchromatographgolumn(GE Healthcarelittle Chalfont,UK).
Thefractionatedprotein was concentrated againg the Amicofi Centrifugal Filterflash

frozen,andstoredat -80°C.

Sizeexclusion chromatography and medingle light scattering (SEMALS)

Purified proteinwas analyzedy SEGMALLS (Wyatt Technology,SantaBarbara,CA).
Briefly, a ShodexKW-804 column (ShowaDenko America, Inc.,New York, NY) was
equilibratedin runningbuffer (20 mM HEPES,pH 7.5, 100 mMNacCl, 10% glycerol, 10
mM bME). 100ny of eitherBSA asastandarar CjGnewereinjectedandrunat0.5mL/min
for 30 min. Dataanalysiswas performedusing Astro 5.3.4oftware. Fothe sampleun,
peaksfrom LS, dRI, andUV (280 nm)detectorswvere alignedby defining baselinend

applyingband broadeningaluesfrom theBSArun.

Crystallization of CjGne an¥-ray diffraction
Forcrystallizationthe purified QK45AA optimizedvariantof CjGnewaspre-incubatedvith
5 mM UDRGIcNACc at 4°Covernight. Crystallizatioscreening waperformedby sitting

drop vapoddiffusionwith commercially availablscreengHamptonResearchQiagen,
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Emerald BioSystemgndthen incubatedt roomtempeature Initial conditionswere

refinedby additivescreeningusing the Additive ScreéM (HamptonResearch)Thefinal
drop consistedf 0.2nL of mother liquor (1.3 Msodiumacetate trihydrate (pH 7.0) with
50 mM sodiummalonateland0.2nL of protein(16i 20 mg/mL). Crystalsgrewto full - size
afterseveral days. Faryo-protectioncrystals werdransferredo a drop containing 70%
reservoir solutiorand 30%glycerolfor 5 sec then flash frozen in liquidtrogen.
Diffraction data werecollected froma single crystal at beamlineil2at the Stanford

SynchrotrorRadiationLightsourcg SSRL).

Structural determination and refinement

Imageswere collectedon a DectrisPilatus 6M pixel detector.Diffraction data were
integratedvith XDS (Kabsch,2010) andscaledwith SCALA in CCP4(Winn etal.,2011).

Crystalswere in the spacgroupP4:2:2 with unitcell dimensiong=b=87.7 c=261.66and

a completedatasetwas collectedo 2.0 A. Theasymmetricunit containedtwo copiesof

CjGne(residue<2i 328), two NAD', two acetate, seven glycerol, ahi7 watemolecules.
Phasesvereobtainedoy moleculareplacementisingthestructureof UDP-Glc 4-epimerase
from Bacillus Anthracisas asearchmodel (PDBentry: 2C20; 42%identity) in Phaselas

implementedin Phenix (Adams, Afonine,et al., 2010; McCoy, 2006). Manual model

buildingwasperformedusingCoot(Emsley,Lohkamp,Scott& Cowtan,2010).CjGnewas

refinedin Phenix with final Rfactor of 19.5% (Ree= 22.5%). Statistics fadatacollection

and structureetermination aréoundin Table2.1
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Epimerization assay using capillary electrophoresis

Enzyme reactionwereperformed n 1 0 Oreactidnmixdufre containing 50 mM Tris
HCI (pH 8.0), 1 mM ofUDP-sugar,1 mM of NAD™, and50 ng ofCjGne at 37°C. The
reactionwas stopped after 24 hours by boiling for 5 ranmd thercentrifuged(12,000pm,
20 min) toremoveprotein aggregates. Ithe case of the inhibition assay wihselen,
enzyme reactionsereprepared n 2 ddntagning 50 mMrris-HCI (pH 8.0), a 1 mM of
UDP-sugarl mM of NAD™, 50ngof CjGne,and100nM ebselerat37°Cfor 24 hours.The
reactionswere thenstoppedby boiling for 5 min andcentrifuged.The sampleswere
monitoredoy HP 3DCE capillaryelectrophoresimistrumeniequippedvith aUV-VIS DAD
(Agilent Technologies, San@ara, CA,USA). The 50 cmlong capillarywaspackedwith
fusedsilica andthe running buffewvas20 mM sodium tetraboratgecahydratepH 9 (J.T.
Baker®, Avantor Performaec Materials, Center Valley, PA). The capillary was
preconditionedor eachrun by washingwith therunningbufferfor 2 min. Eachsamplewas
injectedby pressuredf 50 mbarfor 10 secandthe separatiorwas performed at 30 kend
detectect260nm(330nmasbackground)T heaverageetentiontimesfor UDP-Glc, UDP-
Gal, UDRGIcNAc, and UDRGalNAc were 8.7 min, 8.9 min, 8.3 miand 8.5 min,
respectively. The peakareawas estimated(Fig. 2.5.A) and integrated using3D-CE
Chemstation Re\A.09.03.

A fluorescencébasedthermalshift assay

The thermal shift assay was based on Nietext (Niesen, Berglund. Vedadi, 2007). A
reattime PCR device (CFX96 from BiRad, Hercules, CA) was used to monitor protein

unfolding through fluorescence by SYBFROrange (Sigm&ldrich, St. Louis, MO) at 2x
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concentration (1:2500ilution of 5000xstock). Fluorescence waseasured using the

FRET configurationT his configuration exciteand detects iall six channelghat the
instrumenthas. This setting is usé@caus&o singlechannel containthat appropriate
excitationandemissiorfilter. Proteinsamplef 2 ¢ M) i n bufé(phnMb) Tr i s
containing 100 mM NaCl, 1 mM NAD 1mM DTT, 1mM of a UDPsugarsubstratén a
reactionvolumeof 50¢ Lweremixedin 96-well PCRplates(Bio-Rad,HerculesCA). The
plateswere brieflyspun dowrat 1000 rpmand placed in the device. Melticgrveswere
measuredtartingwith al15-minutepre-chilling at15°Cthenincreasedh 0.5°Cstepd095°C
with 30 secondncubation.Thefluorescencéntensityat the endof eachstepis plottedasa
functionof temperatureT heresultingsigmoidalcurvewasbestfit to atwo-statetransition.
Theinflectionpointof themeltingcurve meltingtemperaturéTm), wascalculatedisingthe

internalPCRsoftware.
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Chapter3

Towardstructural andhechanistic understandofgkey membranieound
enzymesylraY andMurG, in thepeptidoglycan biosynthgsshway

ABSTRACT

Antimicrobial resistanc&om bacterial infections has become one of the biggest threats
to human health. One popular biological pathway to target for development of
antibacterial agents has been peptidoglycan (PG) biogenesis. Because the PG layer is
uniquely present in bacteriacdisruption of its biosynthesis causes cell lysis, designing
inhibitor compounds that are specific to an enzyme in the pathway has been a promising
route. The focus of this study has been on an integral membrane protein, MraY, and a
peripheral protein, MrG, which together synthesize the Iihicked PG building blocks

at the cytoplasmic side of the membrane. The goal here is to obtandimeesional
molecular pictures of MraY and MurG in the presence of their substrate(s) or inhibitors.
More specificlly, how the two proteins were purified and used in structural studies using
X-ray crystallography will be discussed. The availability of structural details of these
enzymes will provide mechanistic insights, as well as contribute to designing and

developnent of selective and potent antimicrobial drugs.
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INTRODUCTION

The rapidly growing number of antibiotresistant and multidrugesistant bacterial
pathogens pose a great threat to human health (Brown & Wright, 2016; WHO, 2017). A
large numbeof attractive protein targets for antibiotics have been identified from
bacterial pathogens. However, their structural and mechanistic details are often missing,
slowing design of antibacterial agents that are selective and potent toward each target.
Thus, the main goal of this study will be elucidating the catalytic mechanism of selected
protein targets by providing its structural details to help the development of novel

antibiotics.

Most bacteria possess the peptidoglycan (PG) layer as a majorwgamtsiit their cell

wall, which protects the cells from the internal turgor pressure and helps them to maintain
their cell shape (Lovering, SafafliStrynadka, 2012). In addition, a functional
peptidoglycan layer is required for effective cell divisidolfmer, Blanot& De Pedro,

2008). Grarmpositive bacteria have a thick peptidoglycan layer outside their single cell
membrane, whereas Gramegative bacteria have a relatively thinner one in the

periplasmic space between the two membranes (Silhavy g&&hvalker, 2010). Even
theMycobacteriaceaewhich has its own unique cell envelope architecture, possess the
peptidoglycan layer and its presence is critical in their cell viability (Jankute, Cox,
Harrison& Besra, 2015). Because the peptidoglyleger is unique to bacteria and there

is no peptidoglycan in human, many enzymes involved in this pathway have been the site

of action of antibacteri al alartam dantgbiotics nc | udi

(e.g, penicillin) (Bugg, 1999).
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The peptidoglycan biosynthesis pathwaig( 3.1) starts with UDPN-

acetylglucosamine (UDBICNAC) in the cytoplasm, converting into uridine diphosphate
N-acetylmuramydpentapeptide (UDRMurNAc-pentapeptide) by a series of enzymes
MurA-F (Barreteau et al., 2008). UBRurNAc-pentapeptide then is the donor for the
transfer of phosphurNAc-pentapeptide to a lipid carrier, undecaprgghpsphate
(Css-P), to form undecaprenyl pyrophosphoryl MurNpentapeptide or Lipid | at the
cytoplasmic sid of the membrane. This reaction is catalyzed by the key integral
membrane protein, MraY (phosphElurNAc-pentapeptide translocase). Another
glycosyltransferase, MurG, attaches a GIcNAc residue to Lipid I, producing Lipid I,
which is the building block ahe peptidoglycan layer (Bouhss, Trunkfield, Bufg
MenginLecreulx, 2008; van Heijenoort, 2007). Subsequently, Lipid Il flips across the
membrane to the other side by an integral membrane protein, flippase (MurJ), and
undergoes polymerization formiram alternating MurNAc and GIcNAc chain and
crosslinking between pentapeptides (typicalliy43peptide crosslink) to complete the
peptidoglycan layer (Mattel, Nev@sDessen, 2010; Sauvage, Kerff, Terrak, Ay&la
Charlier, 2008). Over time, a myriad of natural product inhibitors targeting this pathway
have been identified and used in clinics, but development of antibacterial resistance

toward them is problematic (Silver, 2013).

All of the enzymes in thpeptidoglycan biosynthesis pathway have been structurally
characterized in one species or another. However, mechanistic understanding of some of
them lags behind largely due to the absence of sub$tvated structures. This is

especially true for the enmes in the pathway that have hydrophobic substratgs (
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MraY, MurG, MurJd). It has been a challenge to determine theirtagblution

structures with the lipid substrate bound. In addition, selective inhibition of specific
pathogens requas speciespecific structural and functional characterization of these
enzymes. For example, in order to treat human tuberculosis, you would want to have an
antibiotic that targets enzymes onlyNtycobacterium tuberculosigather than those

from all bacerial species residing in human body, some of which are beneficial to human

health.

Here, | will present the purification of MraY from the thermophHglrogenivirga sp.

(Hy) andMycobacterium thermoresistibi{®1th) and the effortsowarddeternining a
structure of the MraY protein bound to a substrate or novel inhibitors. Also, MurG from
Hydrogenivirga sphas been successfully purified and a subject of structural

characterization using-Xay crystallography technique.
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RESULTS

MraY from Hydrogenivirga sp. (HyMraY) was prepared in high purity and yield.

MraY belongs to the polypremylhosphate Macetyl hexosamine-fgthosphate transferase
(PNPT) superfamily that includes other members like WecA. The first structure
determined in thisuperfamily was a crystal structure of an apo form of MraY from the
thermophile Aquifex aeolicu¢Chung et al., 2013). At the same time, our lab was also
actively purifying and crystallizing MraY frorlydrogenivirga sp.selected from an
expression test of MraY from many species (data not shown here). The initial purification
protocol of the HisMraY construct was handed over to me and | modified some of the
steps Fig. 3.2. | ended up acquiring protein that is pured anore homogeneouBig.

3.2.0) than before by introducing 20 mM imidazole wash steps in a rafkelty

column, concentrating before dialysis of the sample for a cattchange column, and
extending the first gradient step in the ion exchange copnatiocol to better separate
contaminants. The yield éfyMraY from 24L culture varies in each batch, but
approximately 2 mg is obtained on average. This amount of protein is enough to set up

crystallization trays.

Purification of HyMraY without a Hitag.

Literature suggests a Hiag on either Nor Cterminus of a protein can perturb folding,
solubility, crystal packing, and native conformation of the protein. However, there are 52
separate pairs of protein structures in the PDB where the pstteature was solved

with or without the Higag and analysis suggests no statistically significant differences

(Carson, Johnson, McDonald, Brouille&eDeLucas, 2007). In order to test if the His
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tag affected crystallization, a HISC-GS -HyMraY construct was generated that

contained a protease site and a linker between thtagliand thestartof the protein.

This was expressed, treated watHRYV 3C protease, and purifie#ig. 3.3& 3.4).

After complete digestion with therotease in 23 days, the sample was run through
either an anion (Uno Q6JFig. 3.3 or cation (Uno S6)Kig. 3.4 exchange column, each
followed by a geffiltration column. Most of the cleaved protein from both columns were
pulled out of the purificatio columns with other contaminants. The purest protein
without a

His-tag was obtained from a small peak that came off from the -&xicmangeolumn at

a low concentration of salt. There is still some room to optimize the purification protocol:
(a) perform an expression test varying competent cells and expression condiipns (
growth temperature, duration, amount of an inducer, amountiofmnose for pLEMO
containing cells), (b) wash the protdiound NiNTA resin with a larger volume of

buffer containing lowconcentration imidazole, (c) try a gradient of imidazole
concentration to wash and elute the protein, (d) use a eaffialty column because its
binding is known to be more specific toward a-kig than NiINTA, and (e) after trying

all the above, run the sample through both cation and -@xomangeolumns again and

compare the chromatograms and SEXSGE gels.

Co-crystallized of HyMraY with the inhibitor UT7460.
Our collaborator, Michio Kurosu and his group at the University of Tennessee Health
Science Center has focused on development of novel nptadhlctbasednhibitors of

MraY. Recently, they developed a novel nucleoside analogl 1460, thatnhibits the
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outgrowth ofClostridium difficilespores by targeting MraY with andgvalue of 0.08

° 4.33nM (Mitachi et al., 2018)Kig. 3.5. A low ICsovalue may indicate high binding
affinity of the compound télyMraY, so purified pragin was cecrystallized with UF
17460 via a standard vapdiffusion method as well as lipidic cubic phase (LCP). For
the sittingdrop vapoxdiffusion method, initial screening of crystallization conditiorss
performed using commercially available sgansatrices, including MemGold,
MemGold2, Morpheus, Index, and Crystal Screens. Previous efforts of crystallizing
HyMraY with substrates such as UBDMurNAc-pentapeptide and/ori&P, a soluble
variant of the native lipid substrate, were not successful. Mene the presence of UT
17460, crystal formation was robust throughout MemGold and Index in the-sitbpg
vapordiffusion method. Some initial crystal hits were mostly-sb@ped in different
sizes and most of them were in clustétig)(3.6. The cystals were confirmed to have
UV fluorescence which suggests that, even though both the protein and the inhibitor will

fluoresce, they are not salt and likely contain minimidiivray.

To optimize the crystallization hits, several modifications were introducegneral,

initial hits were converted to a grid screen where the pH increases horizontally across a
24-well tray and precipitant concentration increases vertically athessay. The design
goal is to center the original condition in the grid screen and give a wide range of both
buffer pH and precipitant concentration. At this point, typical optimization utilized the
hangingdrop vapoxdiffusion method with bigger drop& (i or more) for ease and
typically it would lead to increases in the size and changes in the shapemykthts.

Also, with hangingiropscrystals can be formed at the drop edge and charvested
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more easily from precipitate. Fexample, for the condition that originally contained

0.1 M Tris pH 8.5, 0.1 M potassium chloride, and 39 % PEG 400 (MemGolHi@7,

3.6.B), a grid screen wgweparedvith the pH range 718.9 and PEG 400 concentration

35i 43 %. Much biggerod-shaped crystals were formed throughout the grid screen, but
they were formed in clusters, which was not ideal for collectirrgy<data onKig.

3.7.B). In order to obtain single crystals, one condition was selected from the grid screen
(0.2 M Tris H 8.5, 0.1 M potassium chloride, and 35% PEG 400) and 96 different
reagents from Additive screen (Hampton Research) were added. At the same time, the
volumeto-volume ratio of the protein to reservoir condition in the drop was varied. The

ratio changeeduced the clustering of crystals, but some split crystals were still observed

(Fig. 3.7.0.

In the meantime, over 200 crystals were flash frozen in liquid nitrogen, most of them
without any additional cryoprotectants and shipped to tBRLSBL12 2. The crystals
diffracted only out to approximately 9 A in the best caség. (3.9. More efforts are

needed to make single crystals.

Expression and purification of MraY from Mycobacterium thermoresistibiteNIvaY).
Edwardset al suggests Mth can be a usdflycobacteriunmodel organism to study.
tuberculosigMtb) because of following reasons: Mth (a) is thermostable, (b) has
generally more soluble orthologs, (c) has a similar genome size as that aiblifal)
can cause granuloma formation in the lung, which is a hallmark of Mtb infection.

(Edwards, Liao, Phan, Myl& Grundner, 2012). The sequence alignment between
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MthMraY andMtbMraY (also called MurX) resulted in 85% identity and 92%

similarity (Altschul, Gish, Miller, Myer® Lipman, 1990). TogethelMthMraY is an
attractive ortholog to study from the structural perspective Mth&lraY construct

initially used for smatscale expression test contained atdg, SUMO and a linker
(Hise-SUMO-GSs-MthMraY (51.2 kDa). In Nico21(DE3) pLEMO cellsjthMraY was
significantly expressed at two different induction temperature and with three different
concentrations of rthamnose addedFig. 3.9. The highest levels of expression were
when thecells were induced at 22°C in the presence of 0.4 miiamnose. Using these
conditions, theMthMraY expression was repeated in a larger scale, théalgis/as
removed by cleavage with the Ulpl protease, and further purifigd3.10. MthMraY
eluted fom a nickelaffinity column with 110 mM imidazole, 150 mM imidazole, and
200 mM EDTA. Cleavage with Ulp1 was efficient and purification via a cagiarhange
column and gefiltration column went well. However, the yield obtained at the end was
too low tobe used for crystallization trials. The obtained protein was used for negative

staining and imaged sample using a transmission electron microscope (TEM).

MthMraY aggregated in negatigtain.

PurifiedMthMraY (0.014 mg/ml) was applied on a carboratel 400mesh carbon grid
followed by 2% uranyl acetate. Two different areas of the grid were imaged using a
Tecnai T12 (120 keVa TEM) at 26,50Y,000x magnificationKig. 3.11). Some
aggregation of particles was observed possibly due to the presenazs$ decyl

maltoside (DM) micelles.
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Crystallization of MurG from Hydrogenivirga sp. (Hy) with UEBcNAC.

A construct of MurG fronHydrogenivirga sp. 12&-R1i 1 (HyMray) was generated

with a Histag followed by a thrombin cleavage diefore the start of the protein. The
construct, HisthrombinHyMurG, was expressed . colicells and purified in two

steps by a cobalffinity column and a gédiiltration column from either the cytosolic
fraction or that obtained by extraction fronetmembrane pelleE(g. 3.12. The

HyMurG extracted from th&. colimembrane pellet resulted in pure and homogeneous
protein and confirms the expectation thigtMurG is strongly associated with the
membrane. Purified protein was incubated with UBIENAC, the soluble substrate, and
screened for crystallization conditions. Four commercial screens were initially tried and

among them, four conditions produced initial crystal Hig.(3.13.

Grid screens with varying buffer pH and precipitant concentratiere set up for all of

the initial four conditions. One condition, MemGold F12, reproduced crystals with

improved size and shape in hangoh@p vapordiffusion method. Furthermore,

microseeds were prepared from older crystal trays and used for settiiegviirays with

fresh protein/substrate solution. Several hundreds eslhaged crystals were shipped to

the SSRL BL122. Four data sets that are worth reporting here have resolutiaff ait

3.28 A, 2.81 A, 2.78 A, and 2.60 A based on threshdldiowed with overall

compl eteness higher than 99 % (over 70 % i
close to or bigger than 1, and correlation coefficient value from randorddtalets

(CCup) over 40 %. The first data set cut off at 3.28ds solved using a molecular

replacement with a search model of MurG frBseudomonas aerugino§aDB ID:
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3S2U), followed by three rounds of refinement, resultingvsid® 0.3837 and Re=

0.4494. Although seeing a positive e map in the region UDISICNAC is likely to fit

based on the secondary structure alignment RaiiurG bound to UDFGICNAC is

exciting, there were other problems including high clash score and high number of
outliers of the Ramachandran plot. Based on theesaiteria mentioned above, the next
three data sets were cut off at resolution of 2.8Fi8.(3.14.AB), 2.78 A Fig. 3.14.CD

and 2.60 A Fig. 3.14.EP. Phases of the 2.60 A data set were solved by the same search

model mentioned above and currently raldslilding and refinement are in progress

(Fig. 3.15.
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DISCUSSION

For peptidoglycan biosynthesis, one of the remaining questions that are challenging to
address is how undecaprenyl phosphate-EJ is incorporated into the active site of

MraY at the cytoplasmic side and how it interacts with LNMRNAc-pentapeptide to
produce Lipid I. In addition, how Lipid I, that is hydrophobic in nature, is transfesred
the MurG active site and transfers a GIcCNAc to produce Lipid Il. In order to staddr

the occupancy of the lipid substrates and products in the active sites, structure

determination of the enzymes in complex with both of the substrateguised.

Structures of MraY in complex with any of the substrates have not been determined. In
collaboration with the Kurosu laboratory, MraY from the thermopHligdrogenivirga

sp., was cecrystallized with a substrate analdgd. 3.16.A. However, the crystals
obtained had low diffraction quality (data not shown here). One of the inhibitor
compounds the Kurosu laboratory developed,-UM60 Fig. 3.5, was also used to €0
crystallize withHyMraY. UT-17460 is expected to bind to MraY in a similar way as
UDP-MurNAc-pentapeptide does via the uridine. The presence ef 1460 enhanced
crystallizaton of HyMraY, but the highest resolution obtained the diffraction dataBvas
A. Previously, solubility of UT17460 in solution was low, but it was improved by
preparing it in a salt form by the Kurosu laboratory and renamamiasuridyl
phenoxyiperidinbenzylbutanamide (APPB)Hig. 3.16.8. Co-crystallization with APPB

produced similar crystals as before, but the diffraction quality stayed the same.
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Unlike MraY, crystal structures of MurG frof coliandPseudomonas aeruginosa

complex with its soluble substrate, UEBcNAC, are available. Lipid-lor Lipid II-
bound structures of MurG, however, has not been determined. MurGHfyaygenivirga
sp. was expressed and purified in high yield and homogeneity froi. tbali membrane
pellet. Cacrystallization and higinesolution diffraction data collection fyMurG with
UDP-GIcNACc has been successful. The next goal isrgstallizing MurG with a soluble

analog, Go-P, or MraY with its substrates.
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Figure 3.1. Summary of the peptidoglycan biosynthesis pathwalPeptidoglycan biogenesis starts with uridine
diphosphatéN-acetylglucosamine (UD&IcNAC), which is converted to UDR-acetylmuramyl pentapeptide (UBP
MurNAc-pentapeptide) by a series of enasnMurAF. MraY catalyzes the transfer of phosglarNAc-

pentapeptide to undecaprenyl phosphats-Eg, forming Lipid I. MurG adds a GIcNAc to produce Lipid II, which is
then flipped to the periplasmic side and undergoes polymerization andiokisg to synthesize the peptidoglycan
layer. Inhibitors and phage proteins that target specific enzymes in the pathway are shown in orange and green,
respectively. PEP, phosphoenolpyruvate; NADPH, nicotinamide adenine dinucleotide phd3aesl by Prof. Bil
Clemons.
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Figure 3.2. Optimized purification of HyMraY. A, anSDSPAGE gel from a nickeaffinity column run with
HyMraY. HyMraY came off in W4, E1, and E2 fractions. FE2condlow-through; W1 2, wash with 20 mM
imidazole and 10 mL each; W38, wash with 20 mM EDTA and 10 mL each;i#] elute with 20 mM BTA and 5
mL each; the last lane is Broad Range protein marker in kDa frorR&B, purification ofHyMraY using a cation
exchange column. Left, a cati@xchange (Uno S6) chromatogram shalyMraY (peak at ~55 mL) is separated
from othercontaminants based on charge difference. Right, frax®4imO were run oman SDSPAGE gel and
HyMraY is almost pure; C, purification éfyMraY using a gefiltration column. Left, a gefiltration (Superdex 200
16/600) chromatogram shows a symmetrjdk ofHyMraY. Right,fractions16i 27 were run oran SDSPAGE gel
andHyMraY is pure.
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Figure 3.3. Cleavage of the Higag from HyMraY and purification via an anion-exchange columnA, anSDS

PAGE gel from a nickeaffinity column run withHyMraY. HyMraY came off in W3W4 and E1E2 fractions. FT2,
secondlow-through; HS, higksalt wash with 1 M NaCl and 5 mM imidazole and 50 mL;i\&/Wwash with 20 mM

EDTA and 10 mL each; BB, elue with 200 mM EDTA and 5 mL each; the first lane is Broad Range protein marker
in kDa from BioRad B, a SDSPAGE gel after 3C proteolysis. Before, before adding HRV 3C protease to the protein
sample; 1 day, cleavage for 1 day; 2 days, cleavage fay &€, purification oHyMraY without the Histag using an
anion exchange column. Left, an aniemchange (Uno Q6) chromatogram shd¥yd/raY came off pure in the first
smaller peak. Righfractions19i 26 were run oranSDSPAGE gel andHyMraY is pure infractions19i 21; D,

purification ofHyMraY without the Histag using a géliltration column. Left, a gefiltration (Superdex 200 10/300)
chromatogram shows an almost symmetrical peak of the protein. The red circle indichteitres from the first

peak in C. Rightfractions12i 19 were run oran SDSPAGE gel andHyMraY without the Histag is pure. Before, the
sample before adding HRV 3C protease was run to confirm cleavage again. E, Lefiitmti@h (Superdz 200

10/300) chromatogram shows a peak with a left shoulder. Rightions11i 20 were run oran SDSPAGE gel and
HyMraY without the Histag is pure. The blue circle indicates the fractions from the second peak in C.
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Figure 3.4. Cleavage of the Higag from HyMraY and purification via a cation -exchange columnA, anSDS
PAGE gel from a nickeaffinity column run withHyMraY. HyMraY came off mostly in W2. FTZecondlow-
through; HS, higksalt wash with 1 M NaClrad 5 mM imidazole and 50 mL; W4, wash with 20 mM EDTA and 10
mL each; E14, elute with 200 mM EDTA and 5 mL each; the first lane is Broad Range protein marker in kDa from
Bio-Rad B, a SDSPAGE gel after 3C proteolysis. Before, before adding HR\p®tease to the protein sample; 3
days, cleavage for 3 days. C, purificatiorHyMraY without the Histag using a caticexchange column. A catien
exchange (Uno S6) chromatogram shawydraY came off fairly pure irfractions24i 34. D, HyMraY without the
His-tag using a geffiltration column. Left, a gefiltration (Superdex 200 10/300) chromatogram shows an almost
symmetrical peak.

Before, the sample before adding HRV 3C protease was run to confirm cleavage again. Fra@twas7iun on
anSDSPAGE gel.
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Figure 3.5. The development of UT17460.The existing antibiotic, FR®00493 fromBacillus cereugleft), was
chemically modified and became 17460 (right) that has improved inhibitory activity agaidgMraY (ICso= 0.08
° 4.33nM). This figure is adapted from the published work in collaboration with the Kurosu lab (Mitachi et al., 2018).



59

Figure 3.6. Initial crystal hits of HyMraY with UT -17460 from commercial screensA, 0.2 M sodium acetate
trihydrate, 0.2 M potassiuchloride 0.1 M HEPES pH 7.0, 22% PEG 3000; B, 0.1 M Tris pH 8.5, 0.1 M giotas
chloride, 39% PEG 400; C, 0.2 M sodium chloride, 0.1 MBis pH 5.5, 25% PEG 3350; D, 0.05 M ammonium
sulfate, 0.05 M Bigris pH 6.5, 30% Pentaerythritethoxylate(15/4 EO/OH). A&B from MemGold (Molecular
Dimensions). C&D from Index (Hapton Research).Each tick of the ruler in the imagesmis 4ong.
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Figure 3.7. Optimization of a crystal condition ofHyMraY with UT -17460.A, an initial crystal hit from MemGold
in 0.1 M Tris pH 8.5, 0.1 M potassium chloride, and 39% PEG 400 via the sitiipgvapordiffusion methodwith a
0.4nL drops. B, pH was optimized to 8.9 in the hangilngp vapordiffusion method with 2ri drops. C, the PEG
400 concentration was optimized to 35% in the handimg vapordiffusion method with 2rL of the sample and 4L
of the well solutiorin each drop. An additive, 0.03 M glyeglycyl-glycine was also added to the well anddiap.
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Figure 3.8. X-ray diffraction screeningof HyMraY co-crystallized with UT-17460from the grid screenat the
SSRL BL12-2. A&B, The final concentratiorof the protein and UT-17460in the drop was5 mg/ml and 500 uM,
respectively. Therystallizationconditionwas0.1M Tris pH8.7,0.1M potassiunthloride,and43%PEG400.Note, X -
rayscreening omov. 8, 2018;the cassettemumberwas333; the port numberwasES5. C&D, Thefinal concentratiorof
theproteinand UT17460in thedropwas2.6 mg/mland500 uM, respectivelyThecrystallizationconditionwas0.1M
Tris pH 8.3,0.1 M potassium chloride, and 43% PEG 400. Notea) screeningon Nov. 19, 2018; the cassette
number was 210; the patumberwasE6. E&F, Thefinal concentratiorof the proteinandUT-17460in thedrop was
2.6 mg/ml and 500 uM, respectively. The crystallization condition was 0.1 M Tris pH 8.3, 0.1 M potassiumdghlori
and 39% PEG 400. Note,-pay screening on Nov. 19, 2018; the cassette number was 210; the port number was D6.
The crystals harvested are show\, C, andE atthetop left corner.A and B/C andD/ E andF arepairsof diffraction
imagesthatwereacquired from exposing the crystals 90° apart. The resolution rings were drawn iAdsing
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Figure 3.9. Expression test oMthMraY. A, the His-SUMO-GSs-MthMraY construct was expressed in
Nico21(DE3) pLEMO cells in the presence of 0.2, 0.4, or 0.6 mi¥dmnose and they were induced at eitherGor
22°C. The Hig-HyMraY was expresseds a control. U, uninduced; |, induced.ah SDSPAGE gel shows both
HyMraY andMthMraY were expressed in all conditions. B, a Western blot agaifss antibody showdithMraY is
clearly expressed in all of the induced fractions. The reason MraYndbeppear in the Western blot is due to

inaccessibility of the Hisag in thisconstruct.
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Figuré 3.10. CleaVvage of the Hisag and purification of MthMraY. A, anSDSPAGE gel from a nickeaffinity
column run withMthMraY. MthMraY came off in W46 and E14 fractions. FT, flowthrough; W1, wash with 20 mM
imidazole and 10 mL each; W2, wash with 30 mM imidazole and 10 mL each; W3, wash with 50 mM imidazole and
10 mL each; W4, wash with 80 mM imidazole and 10 mL each; W5, wash with 110 mM imidazole and 46himL e
W6, wash with 150 mM imidazole and 10 mL eachi & lute with 200 mM EDTA and 5 mL each; the first lane is
Broad Range protein marker in kDa from BRad B, cleavage of the Hitag offMthMraY using Ulp1 and a reverse
nickelaffinity column. G Left, a catiorexchange (Uno S6) chromatogram shows multiple peaks. Rigttipns26i

34 run onan SDSPAGE gel confirmMthMraY was present; D, purification dthMraY using a gefiltration

(Superdex 200 10/300) chromatogram shows mulfipbks An SDSPAGE gel was run and faint bands at the right

size ofMthMraY appeared in fraction 134 (not shown here).
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Figure 3.11. Micrographs of negativestainedMthMraY on a carbon-coated copper grid.MthMraY purified in
DM on a carborcoated 408mesh copper grid is stained with 2% uranyl acetate. A, the scale bar is 50 nm lomyg; B, th
scale bar is 100 nm long. A Tecnai T12 was used to image the grid.
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Figure 3.12. Purification of MurG from Hydrogenivirga spA, An SDSPAGE gel from a cobatffinity column.

Most HyMurG came off in EL6 fractions. FT2secondlow-through; HS, higksalt wash, wash with 1 M NaCl and 50
mL; W1i 5, wash with 30 mMmidazole and 10 mL each; E§, elute with 200 mM imidazole and 5 mL each; the first
lane is Broad Range protein marker in kDa from-Bed B, purification ofHyMurG using a gefiltration column.

Left, a geffiltration (Superdex 200 10/300) chromgtam shows a symmetrical peakrbfMurG. Right,fractions13i

16 were run oran SDSPAGE gel andHyMurG was pure.
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Figure 3.13. Initial crystal hits of HyMurG co-crystallized with UDP-GIcNAc. A, 0.2 M sodium malonate, 20 %
PEG 3350 pH 7.4 (Index H3); B, 1.2 M sodium citrate tribasic dehydrate, 0.01 M Tris pH 8.0 (MemGold A2)MC, 0.1
ADA pH 7.0, 31 % PEG 600 (MemGold2 H3); D, 0.07 M sodium chloride, 0.05 M sodium citrate pH 4.5, 22 % PEG

400 (MemGold F12).
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Figure 3.14.2.81A, 2.78A, and 2.60A X-ray diffraction imagesof HyMurG co-crystallized with UDP-GIcNAc at

the SSRL BL12-2. The final concentration of the protein and HIRNAC in the drop was 5.5 mg/ml and 5.0 mM,
respectivelyThe crystallizationconditionfor A-D was0.05M sodium citratepH 5.3,0.07 M sodiumchloride,and22

% PEG 400. The crystallizatiazondition for E and F was 0.05 M sodium citrate pH 5.5, 0.07 M sodium chloride, and
21 % PEG 400. The crystals that were harvested without additional cryoprotectant and exposgy deeXshown in

the top left corner of A, C, and E. A and B/ C and D/né & are pairs of diffraction images that were acquired from
exposing the crystal 90° apart. The data set collected from A and B diffracted to 2.81 A, that from C and D to 2.78 A,
and that from E and F to 2.60 A. The resolution rings were drawn in using Mtte. Xray screening for A on

March26,2019;the cassettemumbernwas379;theportnumbemwasA2 andA3. X-rayscreenindor E-F on May 3, 2019;

the cassette number was 203; the port numbeBW®as
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T 2 % » A
Figure 3.15. Partially refined 2.60 A Xray diffraction data of HyMurG reveals some electron density for UDP
GIcNAc. Thesearchmodelusedto solvephase®f thediffraction datawasMurG from Pseudomonasaeruginosabound

to UDP-GIcNAc (PDB ID: 3S2U). RefinetHyMurG structure reveals a positive-Fc map (green) in the center of the
image, which is likely to be where UBBICNACc binds.
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Figure 3.16. Chemical structures of the &nalog of UDRMurNAc -pentapeptide in a diastereomer mixture and
APPB-HCI salt. A, The Kurosu laboratory synthesized thar&log and purified using a HPLC HYPERSIL GOIMD
column with the solvent ratio of MeCN : &M NHsHCOs (ag) = 5 : 95 and 2.0 mL/min flow rate. The product was
detected at 254 nm. B, UT7460 was renamed with aminouridyhenoxyiperidinbenzylbutanamide (APPB) and

solubility was improved.
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Data collection

Synchrotron
Beamline
Space group
Cell dimensions
a/blc (A)
By (°)

Wavelength (A)
Resolution (A)
Rmerge (%)

Rmeas (%)

Rypim (%)

CCiz

<I/o(I)>
Completeness (%)
No. of observations
No. of unique
Multiplicity

Average mosaicity

SSRL
BL12-2
P6:122

197.65/197.65/52.74
90/90/120

1.0000
39.27 - 2.60
11.6 (420.1)
11.7 (425.4)

1.9 (66.3)

100 (65.4)
23.9(1.7)

100 (100)
753478 (92092)
19219 (2283)
39.2 (40.3)

0.10

Table 3.1. Statisticsof X-ray data collectionof HyMurG co-crystallized with UDP-GIcNAc at 2.60 A.Valuesin

parenthesis afeom thehighestresolutionshell.



71
MATERIALS AND METHODS

Expression and purification of HyMraY

The pET22kHiss-HyMraY plasmid was transformed into M21(DE3) pLEMO cells the
night before expression. In the morning of the expression day, all the colonies from a
plate were scraped off and added to a small culture flask with 200 b8 6135 pg/ml
carbenicillin for a few hours. Thef,L 2x yeast tryptone (YT) (16 g/L tryptone, 10 g/L
yeast extract, and 5 g/L NaCl) media and 35 pg/ml carbenicillin was inoculated with
approximately 10 mL of the starter culture in the presence of 0.4 atkieinnose. The
cells grew at 37TC and when optidalensity at 600 nm (Ogo) reaches 0.4, the
temperature was decreased to@G0WVhen ORgbecomes 0.7, the cells were

induced with 0.4 mM isopropyd-1-thiogalactopyranoside (IPTG) and grown for four

more hours. The culture was harvested usidbA&8.1 rotor at 4,000 rpm for 15 min.

Cell pellets were resuspended and homogenized into 20 mM Tris pH 7.5, 300 mM NacCl,
10% glycerol, 5 mM b Md&g, PMSh denzamidine)eToescell i nhi b
resuspension underwent four passesrmaofluidizer. The cell lysate was spun in a

JLA-16.250 rotor at 12,000 rpm for 30 min to pellet unbroken cells and cell debris.
Subsequently, the supernatant was spun in an ultracentrifuferdtor at 45,000 rpm

for 30 min and membrane pellet was per off from the bottom of the tubes. The

membrane pellet was stored-80 C or went forward and was resuspended in 20 mM

HEPES pH 7.5, 300 mM NacCl, 10 % glycerol,

with 1 % DM and 5 mM imidazole. Extraction was asted for two hours, rocking at
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4 C. The sample was spun in an ultracentrifugéd.2 rotor at 45,000 rpm for 30 min,

from which the supernatant was saved and incubated wiiTiresin (1 mL resin was

used for the sample from 6 L cultureyernight, rocking at 4C.

The sample bound to theNIiTA resin was first washed with 20 CV of 20 mM HEPES

pH 7.5, 300 mM NacCl, 10 % glycerol, 5 mM D
which was followed by another 20 CV wash with the same buffer, el@mepd mM

EDTA instead of 20 mM imidazole. Then, proteins were eluted in Sradtions of 20

CV with 20 mM HEPES pH 7.5, 100 mM NacCl, 1
and 200 mM EDTA. All of the fractions from the niclagffinity column were run iran

SDSPAGE gel. The fractions with proteins were concentrated using an Amicon 50 kDa

cut-off concentrator (Millipore) until the volume reached about 5 mL. Then, the sample

was added to a 10 kDa eoff SnakeSkifM dialysis tubing (Thermo Scientific) and

dalyzed in 1 L of 20 mM HEPES pH 7.5, 10 ml

0.15 % DM overnight at €.

On the next day, the dialyzed sample was filtered and injected into a-eatibbange
column (Uno S6 from BidRad connected to a FPLC (BioLogizuoFlow v5.3 from
Bio-Rad. Proteins were released from the column during a gradient from 100 % Buffer
A (same as the dialysis buffer) to 65 % Buffer B (same as Buffer A except for 1 M
NacCl). Fractions in the peak area were ruran8DSPAGE gel. Thdractions with pure
protein was concentrated using a concentrator to be injected ont@quulibrated gel

filtration
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column (Superdex 200 16/600 (GE Healthcare)) in a buffer containing 20 mM HEPES

pH 7.5, 150 mM NacCl, 10 % glycerol, 0.¥6 D M, 5 mM bME, .at®d 10 mN\
mL/min. The protein eluted at approximately 65 mL and fractions were andlyzed

SDSPAGE and Coomassie staining. The final step was pooled fractions that were
concentrated and either used immediately for structacabéochemical studies or flash

frozen in liquid N and stored a80 C.

Purification of HyMraY without a Hitag

The construct HKSC-HyMraY (pET22bHiss-3C (Leu-Glu-Val-Leu-PheGIn Z Gly-Pro)
GS-HyMraY (42.6 kDa)) was expressed as described aboudyidraY. Ni-NTA resin

(1 mL resin for 6 L culture) was incubated with the extracted sample overnigi@,at 4

rocking. The bound sample was washed with 50 CV of 20 MM HEPES pH 7.5, 1 M
NaCl, 10 % glycergl 0. 15 % DM, 5 mM bME, 5 mM i midaz
followed by 50 CV of the same buffer, except for 300 mM NacCl, and 20 mM EDTA.

Then, the proteins were eluted in three fractions of 5 mL each with the buffer containing

150 mM NaCl and 200 mMIETA. W3i 4 and E12 were collected and dialyzed into 50

mM Tris pH 7.5, 150 mM NaCcCl , 10 %Cét ycer ol
one day. HRV 3C protease (2 units/L; ThermoFisher Scientific) was added to the

dialyzed sample and rocked atAfor ebout two days with the ratio of the protease (60

ML) : protein (9 mg) = 1: 150. A reverse nickadfinity column was run after incubating

the digested sample with NITA resin at 4C, overnight. The floathrough was taken

from the reverse nickelffinity column and dialyzed to run on an aniexchangeolumn
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(Uno Q6) with Buffer A (20 mM HEPES pH 7.5

% DM) and Buffer B, containingl M NaCl. Lastly, selected fractions from the anion
exchangeolumn were run on a géltration column (Superdex 200 10/300) with the

buffer containing 150 mM NaCl and 10 mM MgCl

For subsequent expression, the same plasmid was expressed again aridgsvidss
cleaved using the ratio of HRV 3C protease |{28: protein (2.8 mg) = 100 :1. Then, the
sample was purified in the same process as above, except for using a cation (Uno S6)

instead of aniorexchangeolumn. All the buffer compositions stayed the same.

Co-crystallization of HyMraY with UTL7460 using vapediffusion method and lipidic
cubic phase (LCP)

For initial crystallization screening, 1 mM UII7460 was added to 5 mg/ml purified
HyMraY. Aggregates were removed from the mixture on Amicon Gr@Zilter by

spinning at 8,000 rpm fori 85 min at 4 C. For the standard sittirdyop vapor

diffusion method, the sample (012) was dispensed into individual wells on Swissci
96-well MRC plates (Molecular Dimensions), followed by well solution (@2,

which was drawn from the 5L reservoir, sing Mosquito (TTP Labtech). Some
commercial sparse matrices used were MemGold (Molecular Dimensions), MemGold2
(Molecular Dimensions), Morpheus (Molecular Dimensions), Index (Hampton

Research), and Crystal Screens (Hampton Research).
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Crystallization conditions that gave initial crystal hits were usually categorized as a

buffer with specific pH, salt, and a precipitant reagent. A grid screen was designed by
varying pH and precipitant concentration around the condition in which crysteds
observed, as salt concentration was kept constant. For grid screens, kiangsgere

used and the volume increased in the drop by adding 1 pL of protein samplentiaats
UT-17460 and 1 pL of well solution. As optimization continues, a finegeaof pH and
precipitant concentration were used, the volume ratio of protein sample to condition that
go into drop varied, and the whole drop size was varied. Alsovefig\dditive screen
(Hampton Research) was used to see if any of the additivesvefire size and change

the shape ofrystals.

The initial crystallization screening for th€ P method started with mixing 8 mg/mi

purified HyMraY in addition of 1 mM UF17460 and monoolein (sigma) to 1:2, 2:3, 4:5
volumeto-volume ratio using a syringe lipid mixer. The protein/lipid mixture was
dispensed on a glass plate using a Gryphon (Art Robbins Instruments). The volume ratios
of the sample to crystallization condition used were 0.05 pL to 0.8 pL,

0.05puLtol |, 0.1 pLto 1 pL, 0.15puL to 1 pL, and 0.2 pL to 1 pL. Two commercial
sparse matrices, MemMeso (Molecular Dimensions) and MemGoldMeso (Molecular

Dimensions), were used. The plates were stored at room temperature.

Expression and purification of MthMraY
The pET22kHise-SUMO-GSs-MthMraY plasmid was transformed into the Nico21(DES3)

pPLEMO competent cells. The colonies were grown at 37°C untibéd&aches 0.4 and
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the flasks were transferred to 22°C. Whens@Braches 0i@.8, the cells were

induced with 0.4 mM IPTG and grown overnight. The cells were harvested using a JLA

8.1 rotor at 4,000 rpm for 15 min and resuspended in lysis buffer (20 mM Tris pH 7.5,

300 mM NacCl, 10 % glycerol, 5 mM bMH, and
by flowing through a microfluidizer for four times. The lysate was spun down in a JLA
16.250 rotor at 12,000 rpm for 30 min. Pellets were discarded and the supernatant was

spun down in a F45 rotor at 45,000 rpm for 30 min.

The membrane pellets weegher stored ai80°C or resuspended in an extraction buffer
(20 mM HEPES pH 7.5, 300 mM NacCl, 10 % gly
1 % DM, and protease inhibitors). Solubilized membrane fraction was incubated for 2
hours at 4°C and spun down in a50.2 rotor at 45,000 rpm for 30 min. Pellets were
discarded and the supernatant was incubated with 2.5 ANTNiresin (for 6L culture)
overnight at 4°C. The sample was applied to a gravity column, washed with an imidazole
gradient covering 20 mM, 30 mN80 mM, 80 mM, 110 mM, and 150 mivhidazole
containing buffer (20 mM HEPES pH 7.5, 300 mM NacCl, 10 % glycerol, SomMIE ,

0.15 % DM) and eluted with the similar buffer that contained 100 mM NaCl and 200 mM
EDTA. The fractions were run on a SIPAGE gel, ctlected and dialyzed into 1 L of 20

mM Tris pH 7.5, 100 mM NacCl, 10 % glycerol, 1 mM DTT, and 0.15 % DM overnight at
4°C. Ulpl (expressed and purified in the lab) was added to the dialyzed sample and
incubated for one day at 4°C. Then, the sample was atedhbvith the 2.5 mL NNTA

resin overnight at 4°C. A reverse nicladfinity column was performed by collecting the

flow-through that contained the protein without a tag and washing the sample with 20
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mM HEPES pH 7.5, 300 mM NacCl, 10 % glycero

mM imidazole. The rest of the sample was eluted with the sample buffer containing 200
mM EDTA. An SDSPAGE gel was run to make sure the sample with no tag came off

in the flowthrough.

The tagfree protein was dialyzed into Buffer A (20 mM HEPES pH 7.5, 10 mM NacCl,

10 % glycerol, 5 mM bME, and O0.15- % DM) ov
exchange column (Uno S6) with a gradient of 100 % Buffer A to 100 % Buffer B,

containing IM NaCl. AfteranSDSPAGE gel was run, the sample was run on a gel

filtration column (Superdex 200 10/300) with a running buffer, 20 mM HEPES pH 7.5,

150 mM NacCl , 10 % glycerol, 0. 4dPBractonsDM, 5 m
were analyzed by SDBAGE am Coomassie staining and the fractions with pure protein

were collected and concentrated.

Preparmation of negativestained grids of MthMraY

2 pL of purifiedMthMraY (0.014 mg/ml) was added to a 406@sh copper grid that was
carbon coated usingG@ressington 208carbon and glow discharged using an Emitech
K100X (15 mA, 1 min). After 50 seconds, the excess protein sample on the grid was
removed using Whatman No. 1 filter paper. Then, 2 pL of 2 % uranyl acetate was added
on top. After 50 seconds, tle&cess was again blotted away at the edge of the filter

paper.

Imaging a negativstained grid of MthMraY using a 120 keV TEM
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A Tecnai T12 equipped with an electron gun, kaihd Gatan Ultrascan 2k x 2k CCD

was used to image the negatstained grid oMthMraY. The 26,50052,000

magnification was used to visualize particles.

Expression and purification of HyMurG

The pET33bHiss-thrombin (LeuVal-Pro-Arg Z Gly-SeryHyMurG plasmid was
transformednto theNico21(DE3) competertells. Thecellsweregrownat 37°C, shaking
andinducedwith 0.4mM IPTGwhenODeooreached.6 0.8. After growingfor four more
hrs,cellswereharvestedising a JLA8.1 rotor at 4,000pm for 20 minand resuspended
lysis buffer (20 mM Tris pH 8.0, 150 mMacCl, 10 %glycerol,5 mM fard Brotease
inhibitors). The cellswerelysedby flowing through amicrofluidizerfor threetimes.The
lysate was spun down aJLA-16.250 rotomt 12,000pmfor 30 min. Pellets were
discadedandthesupernatanvasspundownin a Ti-45rotorat45,000rpm for30 min.

The membrane pellets weséherstoredat-80°C orresuspendeith anextractionbuffer
(20mM HEPESpH 7.5,300 mM NacCl, 10 %glycerol,5 mM b ME ,imidazdle,InM
% DM, and protease inhibitors). It was incubated for 2 hours at 4°C and spun down in a Ti
50.2rotor at 45,000pmfor 30 min. Pellets were discarded and$hpernatant was
incubatedvith 1 mL cobaltresin(for 6L culture)for 2 hrsat4°C, rocking. Thesamplewvas
flown through a gravity columandwashed with 50 CV of 20 mMMEPESpH 7.5,1 M
NaCl, 10 %glycerol,10 mMimidazole, 0.1% D M, 5 mM préteddenhibitars, d
50 CV of the same buffer with 300 mNBaCI and30 mMimidazole ancelutedwith 150
mM NaCland200mM imidazole After thesamplevascheckedor purity by SDSPAGE

and Coomassistaining, the samphas injectesbnto agekiltration column(either
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Superdex 200 10/300 or 16/600) with 20 mM Tris pH 7.5, 150 mM NaCl, glyéérol,

0.15% DM, and5 mM frsidionsrom the peak weranalyzedoy SDSPAGE, and
someof thefractionswereselectedasedn the purity for concentratiorusingan Amicon

50kDacut-off concentratoandusedfor structuralstudiesight awayor storedat-80°C.

Co-crystallization of HyMurG with UDFGICNACc by sittingdrop vapordiffusion method

6.74 mg/mHyMurG and 10 mM UDRGIcNAc were incubated on ice for 30 min,

filtered, and set up with crystallization conditions in a ratio oftmrene (0.2 pl + 0.2 pul)

with a 50pL reservoir on a 98vell MRC plate using Mosquito. Thus, the final

concentration oHyMurG and UDPGIcNAc in the drop was 3.37 mg/ml and 5 mM,
respectively. Three commercial screens used were Index (Hampton Research), MemGold
(Molecular Dimensions), and MemGold2 (Molecular Dimensions). The plates were

stored at roontemperature.

Optimizing o-crystallization of HyMurG with UDFGICNAC using hanginglrop vapor
diffusion method

Initial crystals hits were observed in MemGold F12, MemGold A2, MemGold2 H3, and
Index H3. Among them, MemGold F12, MemGold A2, and Index H3 conditions were
used to degin 24well grid screens by varying buffer pH and precipitant concentration.
5.5 11mg/mIHyMurG and 10 mM UDRGIcNAc were incubated on ice for 30 min,
filtered, and set up with crystallization conditions in a ratio oftmrene (1 pl + 1 pl)

with a 300uL reservoir on a 24vell VDX Plate with sealant (Hampton Research). For

several trays, 0.5 pl microseeds were introduced into each drop. Thus, the final
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concentration oHyMurG and UDPGIcNAc in the drop was 2i6.5 mg/ml and 3.6

5.0 mM, respectively.
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Chapter4

Structuratlucidatiorof MraY incomplex withp h a g e pro¥ibE, dnovel
inhibitor tocombat antibioticesistanEschericlualinfection

ABSTRACT

Antibiotic- and multidrugresistant pathogens pose a great threat to public health
worldwide. Even thougkscherichia colis one of the most studied microorganisms,
resistance mechanisms of its pathogenic strains are not fully understood. As one way of
tackling antibioticresistant pathogente. colistrains, a key integral membrane protein
called MraY, which is involved in peptidoglycan (PG) biogenesis, has been an attractive
target for developing antibacterial drugs. Unfortunately, none of the inhdaitopounds
targeting Mray is in clinical use due to their low cell permeability and cellular
concentration. MraY is also the targetEncolifor the lysis protein E from a small
singlestranded bacteriophage 0X174. vimtwe ver
been structurally elucidated. Here, | describe Eowoli MraY in complex with protein

E was purified, reconstituted in naletergent systems, and was subject of structural
studies using Xay crystallography and electron cryomicroscopy (€dejd) single

particle analysis. The goal of this study is to determine at@gblution structure of the
EcMraY-protein E complex and this will pave a way to developing a novel type ef anti

bacterial drugs.

t
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INTRODUCTION

Escherichia colis a comnensal organism in the human gut and uropathodencoli
(UPEC) is the most common cause of urinary tract infection with emerging antibiotic
resistance (FloreMlireles, Walker, Caparo& Hultgren, 2015). A common strategy for
developing antibacterial drugs is to target the peptidoglycan (PG) that forms a major
component of the bacterial cell wall. However, UPEC has already shown resistance to
S 0 m+actdm antibiotics (Blango & Mulvey, 20) that inhibit penicillirbinding

proteins (PBPs) preventing crelgsking of the GIcNAeMurNAc polymer in the

periplasm €.g, penicillin, nafcillin, cefadroxil). Blocking enzymes involved in earlier
steps of the PG synthesis is one way to design nélaaterial agents. A promising
candidate is MraY, a key integral membrane protein that is essential for cell viability and
catalyzes the transfer of phospllarNAc-pentapeptide from a nucleotidetivated

form, UDPRMurNAc-pentapeptide, to the lipid camrjeCss-P.

Bernhardtet al.provided genetic evidence showing tBatcoli MraY is the cellular

target of protein E, encoded from a single lysis gene in the small-singteled
bacteri ophage E.icoligells4(T. G.lBarnhardlt,)\Red Young, 2000). E
mediated lysis requires the ha$tD gene, which encodes an FK506 binding protein
(FKBP)-type peptidyprolyl cistrans isomerase (PPlase). SlyD is thought to stabilize
protein E, which allows it to be accumulated in the membrane apsd ihéb lyseE. coli
cells (Thomas G. Bernhardt, Ra®fYoung, 2002). Rodolist al.constructed a helical
wheel model and proposed the possible interaction site between the transmembrane

domain of protein E and transmembrane helix B.afoliMraY (Rodolis et al., 2014)n
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order to confirm the site of action of protein EEeMraY, determining a high

resolution structure of thecMraY in complex with protein E anBcSlyD is necessary.
Details of their molecular interactions in the sture will shed light on developing

protein E as a therapeutic agaiBstoli.

This study discusses our success in expressing and purifying the protein complex that
contains three protein componeriEgNiraY, protein EEcSIyD), followed by how the

purified protein complex was used for structural characterization usnag X

crystallography and cry&M single particle analysis. Two constructs that were used are
bicistronic vector containing protei+n E fr
tag d the Gterminus andc. coliMraY and the other vector that contains the first 154

residues oE. coli SlyD. Protein E from ID21 was chosen as it is shorteir€sidues)
comparedtothe9d esi due protein E from X174, whil
conserved. Also, ID21 protein E in the complex contains the mutation, L19F, which was
reported to bypass the SlyD requirement fan&diated lysis (T G Bernhardt, Ro%f

Young, 2000) and also recover the dgdlis activity that was lost in a truncatechetruct

of O0X174 protein E, -proteknentenactidny(Tapakao&nmot i ng pr
Clemons, 2012). Together, this protein complex will be called EM3®F (proteink,

EcMraY, EcSyD; protein E is from I21 with L19F mutation).
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RESULTS

Expression and purification of the EYS219F complex.

Two plasmids that contain three components of the EMS®F complex EcMraY,

protein E from ID21, an&cSlyD1i 154) were cetransformed and expressedancoli

cells. Following cell lysis, membramellet was obtained and the protein was solubilized
with 1% DM (weightto-volume) containing buffer. The protein complex was purified
via a nickelaffinity, anionexchange, and gditration columns Fig. 4.1). A shoulder on
the right side of the peah the geffiltration chromatogram was observed for some cases
(Fig. 4.1.0 while the peak was perfectly symmetrical in other caSigs 4.1.D). Note

that some contaminants that were larger teeviraY were carried over from the nickel

affinity column togeHfiltration column fig. 4.1).

Co-crystallization of EYS2L19F with the Sanalog of UDRPMurNAGpentapeptide.

We were provided with an-&alog of UDPMurNAc-pentapeptide, one of tloxygens

i n tphosphaik group is replaced by a sulftig(4.2), by the Kurosu laboratory at
the University of Tennessee Health Science Center. EX39E was cecrystallized
with this analog with the rationale that it would behave as a substrate without being
catalyzed. Based on the preliminary testing, wimeme than 100 uM of the analog was
added to the reaction of MraY froRydrogenivirga sp.approximately 10 % inhibition

was observed (Kurosu laboratory).

While the substrate analog was not tested directliy.aoli MraY, we predicted UDP

MurNAc-pentapeptide would bind t6cMraY similar toHyMraY. In the presence of 100
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MM of the analog, crystal formation was readily obtained int two commercial screens,

MemGold2 and Morpheus. There were three diffeceydtal morphologies during the
initial screening with the sparse matrices: cubes, pyramids, anedinreasional
trapezoidsKig. 4.3.AC). The conditions that produced crystals were varied. During
diffraction screening, two diffraction images were ottibel 90° apart on several of the
crystals with a cubdooking crystal diffracting to 7.4 ARjg. 4.4.A) and trapezoid

looking crystals to 6.3 AHig. 4.4.B) and 6.6 A. Xray diffraction data were remotely
collected at the SRLBL12 2 and data processing was performed using XDS

(Kabsch, 2010). With all three data sets, XDS suggested the space group number 155
(H32) with a thredold symmetry operator.

Attempts to solve the phases using molecular replacemeetnot successful using

Phenix (Adams, Pavel, et al., 2010).

Initial crystallization conditions were further optimized by designing and setting up grid
screens varying buffer pH and precipitant concentration. Switching from siitopgto
hangingdropvapordiffusion method with larger drop size also increased the crystal size
(Fig. 4.3.D:G). Some of the crystals from hangidgop trays were screened at the3\
23-ID-B (Fig. 4.9. Unfortunately, most of the crystals appeaietave been kept in the
trays too long and welikely dehydrated, causing streaky spots on the diffraction
images or no diffraction at all. After this trip, the EYS219F crystals were not able to

be reproduced in the presence of the substrate analog for some time.
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EYS21L19F in amphipols imged in negative stain.

Amphipathic polymers (amphipols or Apols) were developed (Tribet, Aud&beadpot,

1996) as solubilizing agents to replace detergents and stabilize membrane proteins with
the most popular being Amphipol A&S. Amphipols wrap @und a membrane protein
stabilizing them in buffer without requiring any detergent. | previously observed that the
EYS21L19F sample purified in dodecyl maltoside (DDM) aggregated when it was
negativestained and imaged using a TEM, Tecnai T12 operatiag@keV. Ispeculated

that aggregation was possibly coming from excess detergent micelles, | mixed the
detergent solubilized protein with amphipols and were removed the detergent by using
beads. The amphipol stabilized protein was injected onto-fd yation column

(Superdex 200 10/300) was run with buffer without any detergent resulting in a nearly
symmetrical peakHig. 4.6.A). The fractions in the peak area were concentrated,
incubated with the substrate analog, and added to a copper grid, fobgwleel addition

of 2 % uranyl acetate. The grid was imaged using a Tecnai T12 and the particles looked
homogeneous and no other contaminants were detéatedt(6.BO. The same protein
sample with the substrate analog was used to prepare-&khgid and a data set was
collected from a Talos Arctica operating at 200 keV. Data processing on the collected
micrographs was initiated with Religh(Kimanius, Forsberg, Scher&sLindahl, 2016;
Scheres, 2012), but it was difficult to pick out individualtigées and 2D classes were

not obtained (data not showere).

DDM was selected from a detergent screening for extracting EYB2HA.
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In order to select a detergent that can extract the EX32E complex as native form

as possibledetergent screening was performed during the extraction step of purification.
1 % weightto-volumea mount of each of six d@G s gent s,
choline12, and Cymab, was added to the buffer that was used to resuspend the
membrae pellet and rocked for two hours at 4 °C. The samples were span in
ultracentrifuge rotor and the supernatant from each deteegémicted sample was saved

to incubate with 250 pL of NNTA resin. Six nickelaffinity columns were run in

parallel andhe purity of the fractions were checked by SBSGE Fig. 4.7.A). The

amount ofEcMraY extracted was similar among DBDMDM-, and Cymab-extracted
samples, whereas the other three detergeinacted samples showed thin double bands

at the size, in whickcMraY is supposed to appear as a smeared band. Elution fractions
were collected from each nickel column, concentrated, and run orfiirggébn column

(Fig. 4.7.BD. The obvious differences were the height of the main peaks, indicating the
amount of he protein complex extracted, and the size of the shoulders. DDM was the
best among them because the main peak is the highest, almost symmetrical, and had a
shoulder only on one side of the peak. Purity of all of the detergent samples from the
columns waghecked by SD®AGE with the DDM fractions shown hereig. 4.7.0.

After this screening, DDM instead of DM was used to extract the EX39E complex

in the subsequent purification preparations.

Optimization of purification of the EYS219F complex.
Previous purification protocol of the EYS21.9F provided high yield of almost pure

protein sample, but contaminants that are bigger HudMraY always appeared on a
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SDSPAGE gel after every step of purificatiofig. 4.1). This problem was sslved

by using a cobalaffinity instead of nickehffinity column at the expense of sogield

(Fig. 4.8.A). The protein complex looks pure anSDSPAGE gel after gekHfiltration
column, but there were two small shoulders on the left side of theipdadating purity
can be improved furtheFig. 4.8.0. Running an anicexchangeolumn Fig. 4.8.B) in
between a metadffinity and geffiltration chromatography helped reduce the size of the

shoulders.

Purification of three membrane scafigbrotein (MSP) variants.

It has been shown that interactions between membrane proteins and its surriqudding
are important to maintain protein function (Phillips, Ursell, WigdinSens, 2009;

Saliba, Vonkova Gavin, 2015; Zhou & Cross, 2013). The nanodisc technology was
developed to provide a lipid bilayer environment to membrane proteins and has been
widely used for structural and functional studies of proteins (Denisov & Sligar, 2016,
2017). Nanodiscs refeéo the diseshape formed when the amphipathic helicesMS®
(Bayburt, Grinkova& Sligar, 2002) wrap around phospholipids like a belt. Depending on
the number of transmembrane helices in a protein of interest and sghphpids used,
MSP variants of different lengths are selected and that are compatible with the expected
diameter of nanodiscs that will solubilize the protein in lipids. Here, three MSP
containingplasmids, pMSP1D1, pMSP1E3D1, and pMSP2N2, weszexpressed iB.

coli cells and purified using a nickaffinity column Fig. 4.9.ACE) and geffiltration

column (data not shown). In the purification process, ad#tjsvas cleaved off by

digesting the samples withT&V
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protease and theemoved via a reverse nickaffinity column Fig. 4.9.BDB.

Purified MSPs were stored -@0°C until they were used for nanodisc assembly.
Phospholipids selected were DMPC, DMPG, POPC, and POPG because their phase
transition temperatures are close tomoemperature or 4°C, which can be controlled

easily during assembly. Either single or a pair of phospholipids were usessémbly.

Reconstitution and imaging of EYSR19F into nanodisc composed of MSP1E3D1 and
DMPC.

Reconstitution of EYS2119F intonanodiscs was performed by incubating purified
protein, purified MSP1E3D1, and DMPC in the presence of detergent, sodium cholate, at
room temperature for an hour. Detergent was removed using polystyrene beads. The
sample containing proteins reconstituteshanodiscs were incubated with-NiT'A resin
overnight at 4°C. On the next day, a nieké#finity column was run and what newly
appeared oanSDSPAGE gel in addition to the EYSA119F complex was MSP1E3D1

(Fig. 4.10.A). The main purpose of running theoteinrnanodisc assembly via a nickel
affinity column was to remove all the empty nanodiscs as theagisn the EYS21

L19F complex would only bind to the resin. Subsequently, the eluates were run through a
geHiltration (Superdex 200 10/300) columndhthe fractions with all components were
collected for concentratiorrig. 4.10.BQ. The peak from the gdiltration

chromatogram had two large shoulders that came off after the main peak indicating the
sample was not completely homogeneous. The pulié821-L19F assembled in

nanodiscs with MSP1E3D1 and DMPC was added to a-dieeharged copper grid and

negativestained with 2 % uranyl acetate. The images collected from a Tecnai T12
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operating at 120 keV showed homogenous parti€les 4.11). The same sample was

used to prepare cry@M grids.

Cryo-EM sample preparation and data collection of EY-822Fnanodisc assembly.
TheEYS2XL19Fnanodissamplewas addedo aglow-dischargedQuantifoil R2/2grid
using aVitrobot by varying blot timg2, 4, 6, 8 sec) and keeping 100 % humidihd-5
blot force with twodifferent concentrationsf theproteinsample (4 mg/ml or 0.4 mg/ml).
Gridswere subsequentiylunge frozernnto liquid ethane that waoledby liquid
nitrogen.All of thegridswerescreenedh a TalosArcticaoperatingat200keV andin only
onegrid (0.4 mg/ml, 100%umidity, -5 blotforce,2 sec blot time) werparticles present
in theholesof thegrid. Theselectedtryo-EM grid wasusedto collecttwo-daymoviesata

165,000x magnificatioon a Titan Kriosoperatingat 30keV.

Themicrographs collecteimh this data set was moti@orrectedusingMotionCor2(S. Q.
Zheng etl.,2017) implemented iRelion3 andCTF estimatedThen, 1,08%articles
were maually pickedfrom 89selectednicrographgFig. 4.12.A. Micrographswith no
particleswere manually omitted from the whole da&t andD classification was
performedwith the manuallyicked particlegFig. 4.12.B. Six 2D classesvere selected
and averagetb be used as a templateatatopick the rest of thgarticles(Fig. 4.12.0.
Initial 3D initial modelswere derivedrom the picked particlesKig. 4.12.0. The 3D class
averages fromane or more classes warngualizedusing ChimergPettesenet al., 2004)
(Fig. 4.13. The resolution of thdensitiesvas too low tdit known structuraComponents

of theproteincomplex. The expectation is that some of the solptdteindomains would
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be sticking out of theanodiscs; yahis density wasnconsistenthroughout thenitial

models suggestinghis partmaybeflexible. Forfuturedatacollection,moreparticlesfor

each orientation woulde agoal.

Other nanodisc assemblies with different combinations of MSP and phosphaieid
imaged in negative stain.

After the cryeEM dataanalysis fronthefirst EYS2EL19Fnanodis@assemblywas
assessed, nanodisegh different combinationsf MSPsand phospholipide/ereprepared.
EYS21L19F reconstituteth nanodiscsvith MSP1D1 and DN?Cwas addedo a 200
meshcoppergrid along with 2 % uranyl acetate. Timagescollectedin aTecnaiT12
showed heterogeneous populatiohparticles, especiallgarticlesthat look smaller than

the expected size of 105 nm (data not shown).

Next, nanodisc prepared anpurified with EYS21L19F consistedof MSP2N2 and
DMPC/DMPG.Imaging on al'ecnaiT12 afternegative staininghowedhatparticles tend

to clumptogether with smallgparticlesstill preseni{datanot shown).

The nextnanodisc preparegind purified with EYS24.19F consistecdof MSP1E3D1 and
POPC/POP@Fig. 4.14). ImagingonaTecnaiT 12 afternegativestainingshowedagainthat

particlestendto clumptogetherandsmallcircular particlesverestill presen(Fig. 4.15.

In an attempt to improve heterogeneity, the nanodisc (POPC/POPG, MSP1E3D1)

assembly of EYS2L19F was run on an anieexchangeolumn (Uno Q6). Three
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different fractions from the column were individually added to-A@®%h copper gis

with a carbon layer, stained with 2 % uranyl acetate and they were imaged on a Tecnai
T12. However, heterogeneity that is seefion 4.15did not improve (data not shown

here). This indicates that the sample was likely heterogeneous in the assemblyds

could not be purified further by size or charge in nanodisc. Heterogeneity could be due to
partially pure MSPs and/or mixing two different phospholipids for nanodisc assembly.
For the former case, | previously combined MSP2N2 purified from sofutalensoluble
fractions and used it for nanodisc assembly above, while MSP1E3D1 used above was
purified only from cell debris pellet. However, | obtained mixed results in terms of
heterogeneity from the nanodiscs with MSP2N2 and MSP1E3DL1. For the latet ca
started with DMPC to prepare nanodisc assembly, but later | used DMPC/DMPG and
POPC/POPG. Using two different phospholipids could have caused heterogeneity in the

samples.

Further purification of MSP2N2 for the nanodisc assembly.

The next stepakento achieve homogeneity ohnodiscs watakingindividual 1-mL
fractionsof MSP2N2 from ayeHiltration columnandusing each fraction argitherPOPC
or POPG alone to assemble WENS21L19F (Fig. 4.19§. Thecompositionof nanodiscs
tried here wee (a) MSP2N2jeHfiltration fraction 11 with POPQb) MSP2N2get
filtration fraction 11 with POPG, (c) MSP2NgHiltration fraction12 with POPC(d)
MSP2N2 geffiltration fraction12 with POPG, (eMSP2N2 geffiltration fraction13 with

POPC and(f) MSP2N2 geffiltration fraction 13 with POPG. For this preparation, the
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nanodisc assembli@gere notrunthroughanother gefiltration column toremoveempty

nanodiscsFrom negativestainimaging of thes@ssembliesn aTecnaiT12 (Fig. 4.17)
there was more clumping pérticles whetMSP2N2gelHiltration fraction11 wasused,
whereasmallerparticlesvereclearlyobservedvhenfraction13wasused.Thedifference
in thesamples preparddom eitherPOPC or POPG was not very obvious and
inconclusive This couldbe due tanconsistent coveragd carboncoating that was
manuallyintroducedo thegrids. Neverthelesthe best gridamong them wafsom the

nanodisc assemblyith MSP2N2 geffiltration fraction12 andPOPC Fig. 4.17.0.

Further optimization of crystals of EYSR19F with the Sanalog.

In effortsto reproducecrystals previoushacquired Fig. 4.3, grid screenwvith abroad
rangeof pH and precipitantoncentrationsvereattemptedising the prioconditions that
gave crgtalsfor theEYS21L19F complex incubatedith theanalog. However, crystals
with sharp edgewere noonger observed. Ithe meantime, thpurification protocobf the
EYS21L19F complexvasoptimizedasdescribedabove. Thefinal buffer salt
concentrabnwas alsaconsideredy lowering NaClconcentratior{25, 50, 75 mMfor the
gekHiltration column.In comparisorto 100 mM NaGicontaining buffethathadinitially
beenused, as NaQioncentration decreas#éise sample comes off the column slightly
faster Fig. 4.18. The mainproteinpeak ispresent acrogkie variousNaCl concentration,

whereaghe peak is missing when iNaClis usedFig. 4.18.

SubsequentlynoreEYS2L:L19F was purifiedn the final buffer with 25 mMNaCl,

incubatedvith the analogfor 30 min on iceand traysveresetup usingseveral



95
commerciallyavailablesparse matriscreendy thesitting-drop vapordiffusion method.

Among themgrystalswere finallyreproducedn eitherpyramid or cubeshape, although
theyappearednuch smaller than before. Thenditions that crystallizetthe protein
complexwere MemGold2 D5F3,F7, G1, H2 andindexH2, H3, H10.Forsome of

these, grid screemdgth a range of buffer ptdndprecipitantconcentratiorwere designed
andset up using the hangirdyop vapordiffusionmethod. Among them, we were able to
consistentlyeproduce crystais thegrid screensf MemGoldF7 (0.1M MES pH 6.5,
0.37M potassium nitrat2 % PEG 400andG1 (0.05 M HEPES pi8.5,0.5 M
potassiunchloride, 20 % PEG400).Severahundred®f crystalswerefrozenandshipped
totheSSRLBL12-2 andsomeX-raydiffraction datasetswerecollected. Thebestdataset

diffractedto 4.20A (Fig. 4.19andTable4.1).
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DISCUSSION

Determining a highresolution structure of the EYS219F complex had been a

challenge, and this could be due to many reasons. This study discussed some
modifications introduced to the purification process and new approaches to overcome
various issues. Ft, some high molecular weight impurities that were present in the
protein sample after purification could have disrupted crystal packing. By switching from
a nickelaffinity to cobaltaffinity column, binding specificity toward the Hiag was
increased rad those contaminants were removed. Second, the addition ot &) to

the protein sample greatly enhanced crystallization. This indicates thaatie@dg may

be binding to the active site in a similar way as the native substrate MUENPAC-
pentagptide, which may lead to stabilizing certain conformatioris. afoli MraY. Third,
replacing all the detergent molecules with amphipathic polymers to stabilize the integral
membrane protein MraY prevented aggregation of particles when imaged afteraegativ
staining. We collected and processed movies from a Talos Arctica operating at 200 keV,
but the cryeEM map we obtained was at a low resolution and we were unable to improve

the resolution (data not shown here).

Amphipols surrounding the protein complgx not add much size or have unique
structural features and the overall complex size is challenging for the software to align
and sort out particles in different orientations. This led to a switch to the nanodisc
reconstitution system, which has potemyiahany benefits over the use of detergent and
amphipols. One advantage of using nanodiscs over amphipols for tREMrgmgle

particle analysis was its distaped feature helped to pick out particles and easily
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recognize their differentr@ntations on the micrographs. Nevertheless, the-Eio

data set collected from the fist nanodisc assembly with EX39F did not significantly
improve the resolution. A possible explanation could be the flexible cytoplasmic side of
the complex, wherthe soluble domain of protein E and SlyD interact. Determining a
structure only of this region would help us to understand how protein E and SlyD interact
and we could then, for example, introduce cilodss to stabilize this region. Increasing

the numbenpf particles and homogeneity could also improve theresolution EM

maps.

More efforts toward improving heterogeneity of the EY&29Fnanodisc assembly
sample and varying conditions for vitrification of c¥d grids are needed. The EYS21
L19F compex is estimated to be slightly larger than 100 kDa, from which long has been
impossible to solve highesolution cryeEM structures. Recently, technical
advancements with cryBM enabled obtaining cry&M maps for alcohol

dehydrogenase (82 kDa) at 2.9 Adamethemoglobin (64 kDa) at 2.8 A (Herzik, \&u
Lander, 2019). Along with traditional-¥ay crystallography, cry&M is a powerful
technique to solve structures of protein complexes and, for us,-adsiglution structure

of EcMraY-protein E complex vit contribute to development of novel antibacterial

drugs in the time of antibiotic resistangsis.
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Figure 4.1. Purification of EYS2XL19F. A, an SDSPAGE gel from a nickeaffinity column run with EYS24.19F.
The protein complex came off in the V&8 fractions. FT2secondlow-through; W1 2, wash with 20 mM imidazole
and 10 mL each; Wi&, wash with 20 mM EDTA and 10 mL each;#] elutewith 200 mM EDTA and 5 mL each;
the first lane is Broad Range protein marker in kDa frommaal B, purification of EYS24L19F using an anion
exchangesolumn. Left, an anioexchangdUno Q6) chromatogram shows a single peak. Righttions 15 21 were
run onan SDSPAGE gel and there are high MW contaminants abov&tivraY bands; C, purification of EYS21
L19F using a gefiltration column. Left, a gefiltration (Superdex 200 10/300) chromatogram shows a peak with a
right shoulder.

Right, fractiors 9i 13 were run oran SDSPAGE gel and high MW contaminants are still there; D, in another
purification batch, a gédiltration column also gave a symmetrical peak without any shoulder.
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Figure 4.2. Chemical structure of the Sanalog of UDRMurNAc -pentapeptide in a diastereomer mixture.The
Kurosu laboratory synthesized this analog and purified using a HPLC HYPERSIL BQblimn with the solvent
ratio of MeCN : 0.05 M NEHCOz(aq) =5 : ® and 2.0 mL/min flow rate. The product was detected at 254 nm.
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Figure 4.3. Initial and optimized crystal hits of EYS21L19F co-crystallized with the S-analog.6 mg/ ml of
EYS21:L19F and 100 uM analog formed crystals via the sittingp (A-C) or hanginedrop (D-G) vapordiffusion
method. AC, three forms of crystals observed in the commercial screens (MemGold2 and Morpheus). D&E, 0.1 M
MOPS pH 7.5, 0.2 M NaCl, and 38 % PEG 400 (MemGold2 E7). F&G, 0.05 M Tris pH 9.0, 0.3 M ammonium

formate and 33 % PEG 500 MME (MemGold2 F2).
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Figure 4.4. 7.4 A and 6.3 A Xay diffraction data collected on EYS21L19F co-crystallized with the S-analog at
the SSRL BL122. 6 mg/ml of EYS21L19F and 100 pM analog formed crystals via the sittingp vapordiffusion
method. A, 0.01 M MES pH 6.5, 0.1 M sodium chloride, 0.15 M ammonium sulfate, and 19 ¥0P&@emGold2
B1). B, 0.1 M Carboxylic Acids, 0.1 M Buffer System 2, pH 7.5, and 50 % Precipitant Mix 3 (Morpheus G7).
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Figure 4.5. Crystals of EYS21L19F with the S-analog screened at the APS 2®-B. Two X-ray diffraction images
werecollected 90° apart from each crystal. The drops where individual crystals were harvested are shownléftthe top
corner of the first diffraction images. A, 0.1 M HEPES pH 7.5, 0.04 M Mg@id 32 % PEG 400 (MemGold2 F9). B,
same drop fronfrig. 4.3.G C, same drop frorfig. 4.3.D.
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Figure 4.6 Reconstitution of EYS24L19F in amphipols and negativestained images of the complex with the-S
analog. A, a geffiltration (Superdex 200 10/300) chromatogram amdSDSPAGE gel with the geliltration
fractions show the EYS2l19F complex is stable in Apols. B&C, a negatstained grid with 1.14 mg/ml protein
and 210 pM analog was imaged using a Tecnhai T12. The scale bar is 100 nm in B and 50 nm in C.
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Figure 4.7. Detergent screening for extraction of EYS2L19F. A, anSDSPAGE gel of individual nickeaffinity
columnsruns withthe EYS211 9 F compl ex extracted by six ®OGfFéser ent det e
choline12, and Cymab). Each detemnt added is written on the top of the gels. Supernat, supernatant of the last

ultracentrifuge run that contains solubilized protein; FSEgondlow-through; W12, 5 mL each; E1E5, 1 mL each;

E6, 5 mL. B, a gefiltration (Superdex 200 10/30@hromatogram with overlaid peaks from DBNDM-, and Cymal

5- containing running buffers. The black bar on the top indicates which area of the peak or fractions from the DDM run

were used on a SBBAGE gel in C. D, a gdiltration (Superdex 200 10/300) @matogram with overlaid peaks from

DM-, LDAO-, Foscholine12-, a-O@-coffitaining running buffers.
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Figure 4.8. Optimized purification of EYS21-L19F. A, an SDSPAGE gel from a cobaltaffinity column run with
EYS21 L19F. The proteiromplexcameoff in the E1 3 fractions.FT2, secondlow-through; W1 3, wash with20 mM
imidazoleand 10 mL each;E1i 4, elutewith 200 MM imidazoleand5 mL each;the first laneis Broad Rangeprotein
markerin kDa from Bio-Rad B, purification of EYS2L:L19F usingan aniorrexchangecolumn. Left, an anionexchange
(Uno Q6) chromatogram showa single peak.Right, fractiors 13i 25 wererun on an SDSPAGE gel and the protein
complexlooks pure; C, purification of EYS21L19F using a gefiltration column. Left,a geHiltration (Superdex200
10/300) chromatograishows a peafrecedingwith two little shoulders. Right, fractia®i 13 wererun onan SDSPAGE
gelandtheprotein complexs pure.



10¢€

PR GRS

MSP1D1
<

(24.9kDa)
— & uncleaved
" Rcleaved MSP1D1
(22.2kDa)
]
; -
C D 6@,09‘7'
& @
CLILL o0 @ @ @ N
116.3 116.3
974~ 97.4
<« MSP1E3D1
(35.8kDa) — € uncleaved
- £&cleaved MSP1E3D1
(33.0kDa)
-
E F

&
CLILLLEL o @ @ & & ®

116.3
97.4>

%_uncleaved
cleaved MSP2N2
(43.0kDa)

MSP2N2
é(45.8|<Da)

- &
¥ Ay 3
- -]

Figure 4.9. Purification of membrane scaffold proteins (MSPsjrom E. coli cell debris. A, anSDSPAGE gel of a
nickelaffinity column from a 3L culture of MSP1D1 cell debris pellet. The fractions collected are enclosed in a red

box. FT2,secondlow-through; W1 6, please see the Materials and Methods section for the buffer composition, 10 mL
each; E16, elute with 200 mM imidazole and 2 mL each; the first lane is Broad Range protein marker in kDa from
Bio-Rad B, a SDSPAGE gel after TEV cleavage and a reverse nielihity column. The fractions collected are

enclosed in a red box. TEV protease, alone; before, the sample before TEV protease was added; 4 hr, 4 hours after the
addition of TEV protease; FT2gondflow-through containing proteins without a Hag; W1 4, wash with 10 mM

imidazole, 5 mL each; B2, elute with 200 mM imidazole, 10 mL each; C&E, MSP1E381dMSP2N2,

respectively, in the same nickaffinity purification conditions asiA; D&F, MSP1E3D1 andMSP2N2, respectively,

in the same cleavage and reverse niglffity purification as in B.
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Figure 4.10. Reconstitution of EYS24.19F into nanodiscs composed of MSP1E3D1 and DMP@, an SDS

PAGE gel of a nicke&ffinity column after the nanodisc assembly of EY$2DF in MSP1E3D1 and DMPC (DMPC :
MSP1E3D1 : EYS21.19F = 40 : 2 : 1). After the assembly, Bieads (BieRad were added to remove any
detergent. Beads were filtered out from the sample and it was incubated sNANiEsin for a nickebffinity column
(fractions collected enclosed in red boxes). Then, beads were washed with MSP buffer and the remainimgasample
incubated with NiINTA resin separately for another nickadfinity column (fractions collected enclosed in blue boxes).
FT2, secondlow-through;W1i 2, washwith 20 mM imidazole,E1i 8, elutewith 200mM imidazole;B, a geHfiltration
(Superdex200 10/300) chromatogram showing a peak with two left shoulders. C, fra8tibh from the geffiltration
columnwererun onan SDSPAGE gel. All three components of the protein complex as well as MSP1E3D1 appeared.
Fractions in a red box were cetted anadtoncentrated.
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Figure 4.11. Negativestained images of the EYS21.19F-nanodisc (DMPC, MSP1E3D1) assemblythe EYS21
L19Fnanodisc assembly was added to a-2@3h copper grid covered with formvar/carbon film (#01801, Ted Pella,
Inc.) followed by 2 % uranyl acetate. The scale bar is 100 nm in A and 50 nm in B.



Figure 4 12 Data analysis of cry¢dEM images of the EYS21L19F-nanodisc assmbly using Relion-3. A, an

example of a cry&M micrograph at a 19,965 A defocus with particles manually picked (green circles) to make a
template for 2D classification. B, 2D classification based on the template created from 1,089 particles in 89 selected
micrograms. Six classes were selected (red boxes) for the next steps of data processing. C, based on the 2D average,
particles from all of the micrograms were apioked (green circles). D, 3D classification from the apittked

particles.



11C

-

Figure 4.13. A 3D initial model of the EYS24L 19F-nanodisc assembly using Relie8. This model was generated
from thefourthclass (24,323 particles) Fig. 4.12.Dand visualized with volume level 0.0741 in Chimera. A, a view
from the periplasmiside. B, a view from the cytoplasmic sideECside views.



111

N
A &
&SI @ e e @ T OESIIe g @& @

116.3 : r

—-—— & EcMraY
i — € MSP1E3D1
—— & SlyD1-154

€ E(ID21)L19F

8910111213
b

UV absorbance, 280nm

o Milers

Figure 4.14. Reconstitution of EYS21-L19F into nanodiscscomposedof MSP1E3D1 and POPC/POPG. A, an

SDS PAGE gel of a nickehffinity column after the nanodisc assembly of EYS2BF along with MSP1E3D1 and
POPC/POPG (POPC/POPG : MSP1E3D1 : EY-529F = 80 : 2 : 1). After the assembly, BBeads (BieRad were

added taemove any detergent. Beads were filtered out from the sample and it was incubatedNith iéisin for a
nickelaffinity column (fractions collected enclosed in red boxes). Then, beads were washed with MSP buffer and the
remaining sample was incubatedhwNi-NTA resin separately for another niclkadfinity column (fractions collected
enclosedin blue boxes).FT2, secondflow-through; W1i 2, washwith 20 mM imidazole, E1i 6, elute with 200 mM
imidazole; B, a gefiltration (Superdex 200 10/300) chromatogram showing a peak with a shoulder on the right side,
followed by another small peak. €actions8i 12 from the gefiltration column was run oan SDSPAGE gel. All

three components of the protein complex as well as MSP1E3D1 appeared. Fractions in a red box were collected and
concentrated.
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Figure 4.15.Negativestainedimagesof the EYS21-L19F-nanodisc (POPC/POPGMSP1E3D1)assemblyThe
EYS21L19Fnanodisc assembly was added300-mesh coppegrid (#2130GXA, SPISupplieswith acarbon layer,
followed by 2 % uranykcetateThe scalebaris 100 nm in Aand50 nm in B.
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Figure 4.16. Another purification batch of MSP2N2 fromE. coli cell debris. A, anSDSPAGE gel from a nickel
affinity column for a 6L culture of MSP2N2 from cell debris pellet. The fractions collected are enclosed in a red box
FT2,secondlow-through; W1 6, please see the Materials and Methods section for the buffer composition, 50 mL
each; E16, elute with 200 mM imidazole and 10 mL each; the first lane is Broad Range protein marker in kDa from
Bio-Rad

B, anSDSPAGE gel after TEV cleavage and a reverse niefhity column. The fraction collected is enclosed in a
red box. before, the sample before TEV protease was added; 4 days, 4 days after the addition of TEV protease; FT2,
sanflow-through contaiimg cleaved proteins; W2, wash with 20 mM imidazole, 10 mL each;iR1elute with 200

mM imidazole, 10 mL each. C, left, a gétration (Superdex 200 10/300) chromatogram with red bars indicating
which area of the peaks correspondfdotions11, 12, and 13. The delay volume was 0.845Right,anSDS

PAGE gel withfractions9i 15 from the gefiltration chromatogram. Individual fractions of 11, 12, and 13 were
proceeded to the nanodisc assensidyp.
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Figure 4.17. Negativestained images of EYS21.19F reconstituted in a variety of nanodiscsThe EYS21L19F
nanodisc assembly was added to a-B@&h copper grid (#2136XA, SPI Supplies) with a carbon layer, followed by
2 % uranyl acetate. Nanodiscs weomposed of: (A) MSP2N2 géiltration fraction 11 and POPC, (B) MSP2N2 gel
filtration fraction 11 and POPG, (C) MSP2N2 ittration fraction 12 and POPC, (D) MSP2N2 ditration fraction

12 and POPG (Note that this image is hard to interpret. THauged with this sample did not have enough area
covered with the carbon layer.), (E) MSP2N2-fjglation fraction 13 and POPC, (F) MSP2N2 tration fraction

13 and POPG. Scale bars are 50 nm long for all panels, except for D with 100 nm.
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Figure 4.18. Overlay of geffiltration chromatograms of EYS21-L19F purified at different NaCl concentrations.
Proteinsampleranwith 0, 25,50,75 mM NaClcontainingbuffer wasfrom 3 L cell cultureasopposed to thenewith

100 mMNacClI from 12 L cell culture. Superdex 200 10/300 wsed.
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Figure 4.19. The 4.20 A Xray diffraction data collected on EYS21L19F co-crystallized with the S-analog at the

SSRL BL12-2. The final concentration of the protein and the analdaye drop was 4 mg/ml and 500 pM,

respectively. The crystallization condition was 0.1 M MES pH 6.6, 0.37 M potassium nitrate, and 21.5% PEG 400. A
crystal was harvested from the drop that is shown in the top left corner of A. A and B are diffractjes iha were
acquired from exposing the crystal 90° apart. The resolution rings were drawn in using Adxv.-Kptesckeening on

May 3rd, 2019; the cassette number was 203; the port number was G6.
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Data collection

Synchrotron

Beamline

Space group

Cell dimensions
a/ble (A)
/By °)

Wavelength (A)
Resolution (A)
Rmerge (%)

Rmeas (%)

Rpim (%)

CCir

<Vo()>
Completeness (%)
No. of observations
No. of unique
Multiplicity

Average mosaicity

SSRL
BL12-2
€l21

247.79/143.54/188.83
90/116.07/90

1.0000
39.45-4.20
10.4 (73.3

12.4 (86.3)

6.6 (45.0)

95 (78.8)

6.9 (1.9)

98.8 (99.5)
151168 (16202)
42915 (4487)
3.5 (3.6)

0.09

Table 4.1. Statisticsof X-ray data collectionof EYS21-L19F co-crystallized with the S-analogat 4.20 A.Valuesin

parenthesis afeom thehighestresolutionshell.
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MATERIALS AND METHODS

Expression and purification of the EYS219F complex

Two plasmids that were used @RSFDuetE(ID21)(L19F)Hise-EcMraY (kanamycir)

and pET22kS5lyD1-154 (carbenicilliff). They were cdransformed into the

BL21( DE3) Sl yD competent cells. The col oni
lysogeny brothmedia with kanamycin (35 pg/ml) and carbenicillin (35 pg/ml) and

shaken for a few hours at 37°C. Each 1 LYAZxmedia (16 g/L tryptone,

10 g/L yeast extract, and 5 g/L NaCl) was inoculated with ~10 mL of the starter culture

and the cefl grew at 37°C, shaking until optical density at 600 nmegg)Peaches 0:6

0.7. The culture flasks were transferred to 22°C and induced with 1 mM isofr@p{t
thiogalactopyranoside (IPTG) when @breaches 0191.0 (to prevent lysis effect of E
expression). The cells were grown overnighti(2® hrs) and harvested using a JBAL

rotor at 4,000 rpm for 10 min. Cell pellet was resuspended in lysis buffer (20 mM Tris

pH 7.5, 300 mM NacCl, 10 % gl yceergoPMSF, 5 mM b
benzamidine)) and homogenized using a douncer. The cells were lysed by flowing

through a microfluidizer four times. The lysate was spun down in al8.250 rotor at

12,000 rpm for 30 min. Pellets were discarded and the supernatant was spun aown in
Ti-45rotor at 45,000 rpm for 30 min or 30,000 rpm for 1 hr. The membrane pellet was

either stored ai80°C or resuspended in extraction buffer (10 mM HEPES pH 7.5, 300

mM NacCl, 5 % glycerol, 5 mM BME, 10 mM i mi
inhibitors). It was ircubated for 2 hours at 4°C and spun down in-80I2 rotor at

45,000 rpm for 30 min. The pellet was discarded and the supernatant was inauthated

2.5 mL NiNTA resin (for 6L culture) overnight at 4°C. The sample was flown thraugh
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gravity column twice and washed with 10 CV of a buffer (10 mM HEPES pH 7.5, 150

mM NacCl, 5 % glycerol, 0.03 % DDM, 5 mM bBbM
CV of the same buffer with 20 mM EDTA, and eluted with the buffer containing 200

mM EDTA. SDSPAGEgel was used to validate the eluted sample. The eluate was

dialyzed into Buffer A (10 mM HEPES pH 7.5, 100 mM NacCl, 5 % glycerol, 5 mM

bME, 0.03 % DDM) over ni gexahangeolunhfUdo Gopid r an

a gradient from 100 % Buffer o 100 % Buffer B containing 500 mM NacCl. Purity of

the sample was checked by SPAGE and Coomassie staining and the fractions were

run on a gefiltration column (Superdex 200 16/600) with 10 mM HEPES pH 7.5, 100

mM NacCl, 5 % gl yc e r3% DDM. Bhe puMy abdvhEmogeaeaityd 0. O
werechecked again by SBBAGE and the corresponding fractions were collected and

used for structural studies right away or frozer8atC.

Co-crystallization of EYS2L19F with the Sanalog.

Initial crystallization screening started with adding 200 uM substrate analog to 12 mg/ml
purified EYS21L19F. The mixture was then filtered using an Amicon Gr@2filter by
spinning at 8,000 rpm for 5 min at@. For a standard sittindrop vapordiffusion

method, the sampl@®.2nl) was dispensed into individual wells on Swisscivéél

MRC plates (Molecular Dimensions), followed by well solution (@2, which was

drawn from a 50rL reservoir, using a Mosquito (TTP Labtech). Some of the commercial
sparse matrices used wé&lemGold (Molecular Dimensions), MemGold2 (Molecular

Dimensions), and Morpheus (Molecular Dimensions).
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The crystallization conditions that gave initial crystal hits were categorized by the buffer,
pH, salt, and a precipitant reagent. A ggaleen was designed by varying pH and
precipitant concentration around the condition in which crystals were observed, as salt
concentration was kept constant. For setting up grid screens, | switched from the sitting
drop to the hangindrop method and imeased the drop size by adding 1 pL of protein
sample that contains the substrate analog and 1 puL of the well solution. As optimization
continued, the range of pH and precipitant concentration became finer and the volume
ratio of protein sample to conditidhat go into drop varied along with the whole drop

size.

Initial crystallization screening for tHeCP method started with mixing 12 mg/ml or 24

mg/ml purified EYS231L 19F in addition to 200 puM substrate analog and monoolein
(Sigma) at a 2:3 volum®-volume ratio using a syringe lipid mixer. The protein/lipid
mixture was dispensed on a glass plate using a Gryphon robot (Art Robbins Instruments).
The volume ratios of the sample to crystallization condition used were 0.045 | to O

pL, 0.045 pL to 1 pL, 0.2 pL to 0.8 pL, and 0.2 pL to 1 pL. One commercial sparse
matrix, MemMeso (Molecular Dimensions), was used. The plates were stored at room

temperature.

Detergent screening for extraction of EYS2BF.
The membrane pellet wasepared as above and resuspended into 10 mM HEPES pH

7.5, 300 mM NacCl, 5 % glycerol, 5 mM bME,
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1 % of each of six detergents (DDM, DM, Cyrfal, -OG, LDAO, and Fogholine

12). After 2 hrs of rockig at 4°C, each of the samples were spun in a beach
ultracentrifuge MLASO rotor at 30,000 rpm for 1 hr. Each supernatantim@adated

with 250 pL of NENTA resin rocking overnight at 4°C then passed througtasaity

column. The samples were washethwdO CV of 10 mM HEPES pH 7.5, 300 mM NacCl,

5 % glycerol, 5 mM,abd2k CMQ & a datergentmofichibizezaod e
eluted with 40 CV of the buffer with all the same components, except for 200 mM
imidazole. Purity of the fractions wereattked by SDSAGE and proceeded with a gel
filtration column (Superdex 200 10/300) with 10 mM HEPES pH 7.5, 150Nal,

5 % glycerol, 5 mM bME, and 2.5x CMC of a
peaks were chosen based on their purity by-BB&E and concentrated using an

Amicon 100 kDa MWCO concentrator. Varying amounts of white precipitates were

observed for the DDMa n dOGEsolubilized sample during concentration.

Reconstitution of the protein complex into a u@tergent polymer, amphipols

Purified EYS21L19F was incubated with amphipathic polymers (amphipols or Apols) in
the ratio of 1: 2.9 (3.2 mg of protein and 9.6 mg of Apols) for 4 hours at 4°C. 69 mg of
Bio-Beads (About 500 times excess amount of detergent DDM in the buffer) washed
with 1 mL methanol twice and 1 mL milliQ water five times were added to the sample
and incubated overnight at 4°C. An extra 100 pL of the buffer without DDM was added
to 400 pL of the sample with BiBeads. Beads were removed by filter and the flow
through vas injected into a gdiltration column (Superdex 200 10/300) and run with the

buffer without DDM (10 mM HEPES pH ™ 5, 10
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the presence or absence of 10 mM MgGh the presence of Mgg&h the running

buffer, a shoulder appeared on the left side of the peak in the chromatogram (data not
shown here). The fractions without MgCl.14 mg/ml) were incubated with 210 pM S

analog and used to prepare a negasiagned grid.

Optimized of purification of the\e521L19F complex

The overall purification process was similar to the one above with some modifications.
Extraction was performed with 1 % DDM instead of DM after the detergent screening.

Cobalt resin was used instead ofNIITA and the sample was washedha80 CV of 10

mM HEPES pH 7.5, 300 mM NacCl, 5 % glycerol
mM imidazole andeluted with the buffer containing 100 mM NaCl and 200 mM

imidazole.

Expression and purification of membrane scaffold proteins (MSPs)

pMSP1D1 Addgeneplasmid #20061),pMSP1E3D1(Addgene plasmi¢ 20066), and
pMSP2N2 (Addgenplasmid # 29520) were gifts froBtephersligar. All three plasmids
had a Histag followed by a TEV cleavage site at thegdminus of MSP in pET28a and
they were transformed into Nico21(DE3) cells. The colonies were scraped off, added to
150 mL of LB + kanamycin (35 pg/ml), and shaken at 37°C for a few hours. Culture
flasks with 1 L 2xYT + kanamycin (35 pg/ml) were inoculated with about 10 mL of the
starer culture. The cells were grown in a 225 rpm shaker at 37°C. Whes©&ched

0.6/ 0.8, the cells were induced with 1 mM IPTG and grown for four more hours.
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Cells were resuspended and homogenized in 50 mM Tris pH 8.0, and 500 mM NacCl,

1 % Triton X-100, 1 mM EDTA, and 5 mM MgGUlsing a douncer. Two pills of

protease inhibitor cocktail (cOmpléts Roche) were added and stirred for 30 min at
4°C. The cells were lysed as they ran through the microfluidizer for three passe$gat 15
kpsi. The cell lysate was spun in an ultracentrifugelJirotor at 20,000 rpm for 45 min.
The cell debris pellet was scraped off and set aside for separate purification later. The
supernatant was incubated with-NITA resin (2 2.5 mL resin was used for protesi

from 6 L culture.) for 2 hours, stirring at 4°C. The sample wittNWA resin was run
through a gravity column. The bound proteins were first washed with 10 CV of 1 %
Triton X- 100-containing Buffer A (50 mM Tris pH 8.0 and 500 mM NacCl), followed by
50 mM cholatecontaining Buffer A, 20 mM imidazoleontaining Buffer A, and 50 mM
imidazolecontaining Buffer A. The proteins were eluted with 10 mL of 200 mM
imidazolecontaining Buffer A and collected in 2mL fractions. Purity of all of the
fractions from he nicketaffinity columnwas checked by SDBAGE and Coomassie

stain.

The cell debris pellet was resuspended and homogenized in 6 M Guanidine HCI, 50 mM
Tris pH 8.0, and 500 mM NaCl using a douncer. This resuspension was spun in an
ultracentrifugeri-45 rotor at 20,000 rpm for 45 min. The supernatant was incubated with
Ni-NTA resin (4 2.5 mL resin was used for cell debris from 6L culture.) for 2 hours,

rocking at 4°C. The sample was added to a gravity column. The bound denatured proteins
were fird washed with 10 CV of 6 M GuH&ontaining Buffer A (W1), followed by 10

CV of Buffer A (W2), 1 % Triton X100-containing Buffer A (W3), 50 mM cholate
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containing Buffer A (W4), Buffer A itself (W5), and 20 mM imidazaentaining

Buffer A. The refolded proteins in the column was eluted with 10 mL of 200 mM
imidazolecontaining Buffer A and collected in 2 mL fractions. Purity of all of the
fractions from the nicke&ffinity column were checked by SEFSAGE and Coomassie

staining.

The samplefrom soluble and insoluble portions of lysate were kept separated throughout
the purification process. The fractions with proteins were dialyzed in 50 mM Tris pH 8.0,
20 mM NaCl, and 0.5 mM EDTA overnight at 4°C to remove imidazole for subsequent
TEV clearage. Some of the dialyzed sample was saved forBSGE. 0.5 1 mg of TEV
protease (expressed and purified in the lab) along with 1 mM DTT were added to each of
the dialyzed samples. Some of the sample after 4 hours was saved and TEV cleavage
continued wernight while rocking at 4°C. All DTT was dialyzed out overnight at 4°C in

20 mM Tris pH 8.0 and 500 mM NaCl. Then, the sample was passed overafiokigy

column to remove uncleaved sample and then with feut.swashes with 20 mM Tris

pH 8.0, 100 mMNaCl, and 10 mM imidazole were collected followed by tenl2

elutions with 200 mM imidazole collected as fractions. After SB&E to ensure

cleavage, cleaved MSPs were separated from TEV protease and other contaminants.

Final dialysis was done with 20 miWtis pH 7.5, 100 mM NaCl, and 0.5 mM EDTA.

Reconstitution of the protein complex into nanodiscs.
MSP buffer (20 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM EDTA) and MSP buffer with

100 mM cholate were first prepared. 35.1 mg of DMPC, 18.1 mg/17.2 mg of
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DMPC/DMPG, 21.5 mg/19.3 mg of POPC/POPG were each solubilized in 1 mL of

the cholatecontaining buffer, making 50 mM lipid stocks. Then, all the components were
mixed, so that the ratio of the protein complex : MSP : lipid becomes 80 240 also

tried) and the final concentration of cholate is 20 mM. Incubation of this mixture for an
hour at room temperature for DMPC and DMPC/DM&ghtaining assembly, whereas,
with POPC/POPG, incubation was at 4°C. About 250 mg ofB&iads (BieRad were

added into each nanodisc assembly sample and was incubated at the same temperature at
least for an hour and up to four hours. Bieads were filtered out and the sample was
saved. The BidBeads were washed with extra MSP buffer and the washed saagple

also saved. After incubation with 250 pL-NiTA resin overnight at 4°C, all of the

samples were run on nickaffinity columns, washed with 4 mL 20 mM imidazole
containing MSP buffer and eluted with 6 mL 200 mM imidazmataining MSP buffer.
After checking their purity with SD®AGE, certain fractions were selected for a gel
filtration column (Superdex 200 10/300), with 20 mM Tris pH 7.5, 100 mM NaCl, and

0.5 mM EDTA.

Preparation of negativstained grids of the EYS219F complex

2 uL of purified EYS21L19F (0.4 mg/ml) was pipetted onto either 3@@sh or 400

mesh copper grids that were carbon coated using a Cressington 208carbon and glow
discharged using an Emitech K100X (15 mA, 1 min). After 50 sec, the excess protein
sample on the grid wasigked away using Whatman No. 1 filter paper. Then, 2 pL of 2

% uranyl acetate was pipetted on top of the grid and again, after 50 sec, the excess blotted

away using the edge of the filter paper.
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Imaging a negativstained grid of the EYSA119F complex using a 120 keV
transmission electron microscope (TEM)

A Tecnai T12 equipped with an electron gun, kadhd Gatan Ultrascan 2k x 2k CCD
was used to image the negatstained grid of the protein complex. The SA range

magnification, 26,50052,000x, was used to visualize particles.

Cryo-EM grid preparation, data acquisition, and image processing

A copper Quantifoil R2/2 grid was glow discharged at 15 mA for 1 min using Pelco
easiGlow. Using a FEI Vitrobot (Mark v4), 3 pL of the proteample (0.4 mg/ml)
reconstituted in nanodisc (DMPC/MSP1E3D1) was applied to the grid and blotted with
Whatman No. 1 filter paper with the blot for&efor 2 sec at 4°C and with 100 %

humidity. Immediately after blotting, the grid was plunge frozen indigihane cooled

by liquid nitrogen. The grid was first screened using Talos Arctica equipped with a FEG

operating at 200 keV and the 4k x 4k FEI Falcon Il direct electron detector.

Movies were collected using a Titan Krios that operates at 300 kepeguwith the
Gatan K3 4k x 4k direct electron detector in counting mode (0.834 A/pixel) at a
magnification of 165,000x using a defocus rangedd@ to-2.7 um. Movies were

collected over an 8 second exposure (40 frames) with an exposure rate pi¥efsec,
resulting in total exposure of 1.7&%frame. All image processing was done using
Relion-3 (Scheres, 2012; Zivanov et al., 2018). Motion correction was performed using

the MotionCor2 frame alignment program (Chen et al., 2013). CTF detelonineds
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performed using CTFFIND4 (Cardone, Heyma&hsteven, 2013). A total of 1,089

particles were manually picked for 2D classification. Six 2D classes were selected for a
template for automatic particle picking. Then, all the imageg wemnually inspected to
remove selection on things that were not particles. Using a 2D class average, 3D
classification was performed, and 3D initial models were obtained from 23,121 ~ 45,285

particles/class.
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Chapter5

Insight into the catalytic mechanism ofeterial phosphotransferase MraY

ABSTRACT

Thepeptidoglycans aprotectivelayerconservedn nearlyall bacteriaputit is notpresent

in eukaryotic cells. Enzymes involved in the biosynthesis pathway of peptidoglycan have
been attractive targefer designing antibacterial agents for decades. One of the most
promisingtargetqSilver,2013)is thefirst membraneéboundenzyman thepathway called

MraY. Despite structural and biochemical information available for MraY, more
investigation to elucigte the catalytic mechanism and binding modes of native substrates
awaits. In this study, a dUMP exchange reaction supports the model that MraY from
Hydrogenivirga sp undergoes a ormstep mechanism, in which both of the substrates,
UDP-MurNAc-pentapeptideand Gs-P, are required to form a naovalent ternary
complex to produce Lipid | and UMP. Based on the result of fluoresdsasmd
continuous activity assay of MraY, we suggest MraY undergoes, more specifically, an
orderedBii Bi mechanismFurthermorewe performedextensivenutagenesisninvariant
aspartate, lysine, and histidine residues located in the putative active site of MraY. The
comparisorof activity of mutantgo their bindingto UDP-MurNAc-pentapeptidsuggests

that D117 is impdant in binding and D196 is critical for catalysis. Dependence of MraY
activity on the concentration of Mgand pH were also investigated. In total, this work

provides important insight into the mechanism of an important antitbéoget.
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INTRODUCTION

The majority of bacteria contain the peptidoglycan (PG) layer as a major constituent of
their cell wall, which protects the cells from internal turgor pressure and helps them to
maintain their cell shape (Lovering et al., 2012). In addi@golunctional peptidoglycan

layer is required for effective cell division (Vollmer et al., 20@3cause the

peptidoglycan layer is unique to bacteria, many enzymes involved in this pathway have
been the site of action of antibacterial agents, includingicl c al | y-lactamp or t an't
antibiotics (Bugg, 1999). All of the enzymes in the peptidoglycan biosynthesis pathway
have been structurally characterized in one species or another. However, mechanistic
understanding of some of them lags behind largely dtleetabsence of substrate(s)

bound structures. One of them is MraY, the first integral membrane protein that catalyzes
the reaction of making the first lipidound building block (Lipid I) in the PG

biosynthesis pathway. Apo and inhibHoound MraY crysdl structures are currently
available (Chung et al., 2016, 2013; Hakulinen et al., 2017), but they cannot clearly
resolve the binding mode of the two substrates, WRIPNAc-pentapeptide and

undecaprenyl phosphatesgP).

Decades of efforts by many groups were devoted to elucidating the mechanism of MraY
using biochemical tools. In 1969, Heydaretlal first proposed a twstep mechanism of
MraY, which involves forming a covalent MurNAmentapeptidgghosphoenzyme
intermedate and the subsequent release of the enzyme by a nucleophilic attaglof C
(Heydanek, Struv& Neuhaus, 1969). In 2004, Bouletsal first reported that MraY can

be purified to homogeneity and its catalytic reaction requires Bguhss,
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Crouvoisier, Blano& Mengin-Lecreulx, 2004). With pure MraY in handl-

Dabbagrlet al proposedan alternative onstepmechanismwhich requires the formation
of a ternary complex of the enzyme and two substrates for the reacticcuto(Al-
Dabbagh et al., 2008). More recently, exchange reaction results of Mra\B&oittus
subtilisusing isotopes were in agreement with the-ste@ mechanism (ADabbagh et

al., 2016; Yao Liu et al., 2016).

Here, we propose MraY froydrogenivirga spalso undergoes the ostep

mechanism based on the evidence from a direct exchange reaction. We fit a continuous
activity assay result into bisubstrate reaction models and the dmalgeocal plot

indicates arorderedbisubstrag rather thaping pongbisubstrate mechanisrim

addition, we discuss, via extensive mutagenesis and activity studies, which of the
conserved residues in the active site may have potential roles in catalysis. Lastly, residues

critical to substra binding were determined by fluoresceanesotropy.
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RESULTS

dUMP exchangeeactionindicatesbothsubstratesire requiredconcomitanthfor theMraY
catalyticreaction

As depictedin Figure 5.1.A, bothonestep andwo-stepmechanisméave beerproposed
for the catalytic reactiorof MraY. In a onestepmechanismthe MraY enzyme along with
its two substrates, UDMurNAc-pentapeptidand Gs-P, areall requiredto form a ternary
complexfor catalysisresultingin theformationof thetwo productsLipid | andUMP. More
specifically,it is currentlybelievedhataninvariantactivesiteresidueonMraY deprotonates
a hydroxyl groupof the phosphate groupn Gss-P to makean oxyanion, whichacts as a
nucleophileto attackthe b-phosphate groupf UDP-MurNAc-pentapeptidéo form both of
the products.On the other hand, in a twgiep mechanism/)DP-MurNAc-pentapeptidés
first neededo form acovalentintermediatewith the enzymeandforms UMP as the first
product. This is folloved by thenucleophilic attackof an oxyanion of Css-P on the

intermediatéo produce Lipid.

In orderto provewhich catalyticpathMraY takeswe designe@ndperformedanexperiment
that would prove thesubstrate requirementsr the reaction. Wdirst heterologously
overexpressetiraY from athermophilicspeciesHydrogenivirgasp. in Escherichia coli
and purifiedit with extensivewashingstepsin a cation column to completely remove
endogenou€ss-P. PurifiedHyMraY was thernincubatedvith UDP-MurNAc-pentapeptide,
dUMP,and MgC¢tin thepresence and abserafeCss-P atroomtemperatureThereactions
were stoppedby boiling, butanolwas addedto extract thenydrophobic substrate/product,

andtheaqueou$ayerwasisolatedandsubjectfor LC-MS analysisTherationalebehindthis
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experiments thatwhena reactionhasall substrate(shequired for catalysighereaction

will reachequilibrium,with the reverseeactionincorporatingdUMP into UDP-MurNAc-
pentapeptide. Inther wordg, the UMP leaving group from tifierward reactions replaced
by dUMP in the reverseactionto generate dUDRIurNAc-pentapeptidéNe first
confirmed thadUMP acts as a product inhibitor to a simeatentas UMPsupporting that

it behavesimilarly in the reactionKig. 5.1.B).

At equilibrium, in the presenceof excessdUMP, LC-MS analysisof the aqueoudayer
revealed thaboth substratesvere required fordUMP incorporationinto dUDP-MurNAc-
pentapeptidérig. 5.1.0). In thefirst four reactiond=igure 5.1.C, backgroundncorporation
wasseen suggesting contaminatings®; therefore it was critical to removeendogenous

Css-P by extensivevashing (reactionsoxed inyellow).

HyMraY uses aorderedBii Bi mechanism.

In order to measure the activity bifyMraY, UDP-MurNAc-pentapeptide was firsteated
with dansyichlorideto attacha dansylgroup (DNS) to Rof m-DAP, the thirdaminoacid
of the pentapeptidevhich had been shown to naffect catalysis (Stachyr®ini, Ferari,
Bouhss,Van Heijenoort, et al., 2004). Eachreactionmixture containedHyMraY, UDP-
MurNAc-pentapeptid®NS, Css-P, and MgCt in the buffer with DM. Reactionswere
incubatedat 37°Cfor 30 min,diluted, andhe fluorescence wasieasureccross3g8ad 700
nm (Fig. 5.2.Aleft). Alternatively, butano(BuOH)wasincubatedvith thereactionsample

andthe BUOH layemwas pipettedrom the aqueous layer to obtain only thedrophobic
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product(Fig. 5.2.Aright). In thisreaction asseernpreviouslya simplified substrate&,o-

P couldbe substitutedor Css-P (Fig. 5.2.A) (Y. Zheng, Struck& Young,2009).

A continuoudluorescencédasecassaywasdevelopedo measuregheinitial rateof reaction
in the linearregion of the MichaelisMentencurve. The reaction mixture with purified
HyMraY, dansylated UD®MurNAc-pentapeptide, and s&P was initiated with the
additionof MgCl: in aplatereadelandfluorescencérom dansylatedLipid | wasmonitored
for the first eight min. For one set of experiments, while the concentration of UDP
MurNAc-pentapeptiddNS varied,the concentratiorof Css-P waskeptconstanto be7.5
MM. Two more sets of experiments were performed fop®0and 50uM Css-P. The
concentration®f UDP-MurNAc-pentapeptidd®NS andits correspondingnitial velocity
(vo) weresubsequentlysedo drawadoublereciprocaplot with 1/vo vs.1/[UDP-MurNAc-
pentapeptiddNS]. In the doublereciprocalplot, there is a crossovenintin the second
guadrantmet by three lineseachformed whenconcentratiorof Css-P waskept constant
(Fig. 5.2.B). Accordingto LeskovacthisindicategsheenzymegoingthroughorderedBii Bi

mechanism (Leskova2003)ratherthanping pongBii Bi mechanism.

Mutagenesis studies of HyMraY to identify residues critical for catalysis.
Al-Dabbagkhetal. first proposednestepmechanisnior MraY from B. subtilisalongwith
theinvariantD98 playingarolein deprotonatinghephosphatgroupof Css-P (Al-Dabbagh
etal.,2008).Basednthein vivocomplementatioassaytheyshowedl4 mutantancluding
D98N are essential foractivity (Al-Dabbaghet al., 2008). To confirm this analysis,we

generatednutantof HyMraY thatcorrespondo theresidueof D98 (B. subtilis) in HyMraY
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(D117)to eitheralanine (A), asparagine (N), or glutamé (Fig. 5.3.AB). The level of

expressiomndproteinyield of themutantsafterpurificationwassimilarto thoseof thewild
type.All of themutantsD117A,D117N,andD117Ewerethensubjecto theactivity assay
using thequenched fluorescertrasednethod Fig. 5.2.A). All showedsignificantto
completdoss of activity.Comparedo the controithoutMg?*, D117Eshowedsome
minimal activity (Fig. 5.3.B). Thisindicateshat alongercarboxylic acid side chaicould

support catalysislthoughsignificantly lessfficiently.

In additionto D117, four otherinvariantaspartateesiduesocatedn the putativeactivesite
were mutatedKig. 5.3.A). All four residues (D118, D193, D19&nd D265) wereeach
mutatedo eitherasparagine oglutamateand theyexpresse@andpurified similarly to wild
type.D118N had naactivity, but D118Eretained moréhan half of the wiletype activity
(Fig. 5.3.B. This is similar to thé117mutants, although the activityaslesssensitiveto
thelong Glu sidechain.Neitherthe D265N or D265E mutationsshowedsignificantlossof
activity (Fig. 5.3.B), suggesting that D265 is not as criticalldkl7 andD118. Anerand
Valvano reporte@ potential catalyticole of thecorresponding residues D117 and D118
in HyMraY (D90 and D91) and anothemvariant D156 in EcWecA, a similar
phosphotransferase MraY, due to the failure ifunctional complementation vivoand a
large reductionin transferasectivity in vitro (Amer & Valvano, 2002). Basedon their
multiple sequence alignmeriD156 aswell as D159 ofEcWecA are part of theonserved
region, 150-NAFNMV DGIDGL-161, acrossWecA homologs(Amer & Valvano, 2002).
Thecorrespondingspartateesiduesn HyMraY areD193andD196,whicharecompletely

conserveacrosdMraY homologswereagainmutatedo Asnor Glu (Fig. 5.6). Forthecase
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of the D193 mutants, while the longer side chain of D193Ealcstity, the amide side

chain of D193N retained some activifyi. 5.3.0. Both D196N and D196E were

completely deadFjg. 5.3.0, and thus D196 is critical in activity éfyMray.

We further mutated K12andK133 thatare highlyconserved acrogdraY orthologs and
the sidechainsare facing toward the putative active site in poblishedAaMraY (same
numberingasHyMraY) andCbMraY (K97 andK111) structuresThe initial motivationto
investigate functionaloles of these lysineesiduesvas because Schaefetral proposed
conservedrginineresidueplayarole asgenerabasedo deprotonate phosphatgroupof
the lipid substrate in theCP complex, which is a wall teichoic acecursotransferase
(Schaefer, Owen&ahne& Walker, 2018). Also, lysingesiduesvereproposedo have a
rolein positioningthephosphatgroupof Css-P for its nucleophilicattackon UDP-GICNAc
in a human ortholog dfiraY, DPAGT1, involved in the Ninked glycosylationpathway
(Dong etal., 2018). Both K121A and K133Aetainedmore than half of the wildype

activity, suggestingheyarenotcatalyticallyessentia{Fig. 5.3.D).

Among the members d-acetylhexosaminé-phosphate transferase superfamily, MraY
sequences uniquely haveanserved 13ner, 326MAPIHHH FELKGW-332, in théoop
between TM9 and TM1@Anderson,Eveland& Price, 2000). Since the members are
specificto a variety of solublsubstratevith a nucleotidedonor,this sequence analydisd

us to consider that this loop is potentialhyolved in solublesubstrate recognitionve

mutatedH324, H325, and H326 to alanine.We found that the activity of H326A was
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comparable to that of the wild type and H325A retained aboubhtie wildtype

activity, whereas H324A resulted in a loss of activitg( 5.3.EB.

The activity of HyMraY is dependent ona¥goncentration and pH

The effects of magnesiuamdpH on the activity oHyMraY and mutants werested Al -
Dabbaghet al.reportedthe activity for theBaMraY wild type was optimal aB0i 60 mM
Mg?*, while activity wasabolishedat Mg?* concentrationshigher than 100 mM (A
Dabbaghet al., 2008). Theysuggestedsome mutantsof BaMraY (H45R, D174N and
D177N)becameactiveat 250mM Mg?*, suggestingheseresiduesarepossiblyinvolvedin
the binding of the metal ion. Here wassayedhe wild type, D193N, D193E, D196/&nd
D196Eof HyMraY in the presence of increasiegncentration®f MgCl. (0i 250 mM) to
investigatavhetrerthelackof activity canbeattributedto impairedMg?* binding.However,
no activity could be recovered folD193E, D196N, or D196E mutants and the wijlde
HyMraY activity wasoptimal at 150 mM M§' (Fig. 5.4.A). Furthermorethe effectof pH
wasexaminedn therange6.5 9.8 for thewild type,D117N,andD118N.Al-Dabbagtetal.
reported D98Nhad a distinct pHprofile compared to the wildlype, recovering maximal
activity at pH9.0r 9.4 (Al-Dabbagtetal., 2008).Basedon thisresult,the authors proposed
thatD98 isinvolvedin deprotonatingCss-P, which isessentiafor activity anda onestep
mechanismHowevernorecoveryin enzymatiactivity wasobservedor the mutantsn our

assayfig.5.4.B).

Alteredactivity of HyMraYmutantds correlatedwith changean binding ofUDP-MurNAc

pentapeptide
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To measure substrate bindingHgMraY andvariousmutantsa fluorescencanisotropy

assaywasused takingadvantagef changesn therotationaltumbling of a fluorescently
labeled UDPMurNAc-pentapeptideBinding of UDP-MurNAc-pentapeptid®NS to MraY
leadsto adecreasen rotationalrateandan increase ifluorescence anisotropyhe
fluorescentag of substrate/DP-MurNAc-pentapeptidd®NS does notnterferewith
enzymaitt reactioras previouslydemonstrated (Stachyiini, Ferrari, Bouhssyan
Heijenoort,etal., 2004).Additionally, changes ifluorescencanisotropy have been
successfullyappliedto other membranproteins(Gerber etl., 2013;Rinken,Lavogina&

Kopanchuk, 2018).

The fluorescencenisotropy assayieldeda dissociation constardq of 5.2 MM for UDP-
MurNAc-pentapeptiddNS binding toHyMraY that wasdependenon Mg (Fig. 5.5.A
andwaslostin thepresenc&DTA afterreachingsaturatior(datanotshown).No significant
changen anisotropyis observedn acontrolexperimentvith anunrelatednembrangrotein
(TatC) suggestingthat substrate UDRIUrNAc-pentapeptid®NS binds to HyMraY
specifically (data not shown). Thiesults support tha&ss-P is notrequired forbinding of

UDP-MurNAc-pentapeptiddNS into theactivesite ofHyMray.

Detergentmicellescould complicateanisotropymeasurements; therefoit®, preventthis
HyMraY andthevariantswereexchangedihto amphipathigolymers(amphipls or Apols).
Thisallowsfor solubilizationof the proteinin theabsencef detergent¢Tribetetal., 1996).

Whenassayedising thewatersoluble lipidsubstrate analog, neryl phosph@@eo-P),
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HyMraY in amphipols remained active at levels comparabléytdraY in detergent

(data not shown). This validates further studyglraY in amphipols.

Anisotropyexperimentsvereperformedwith all mutantsdescribedaboveto determinghe
effecton binding ofdansylatedJDP-MurNAc-pentapeptideAs before,HyMraY mutants
in amphipols were titrated into a solution oUDP-MurNAc-pentapeptidd®NS and
fluorescenceanisotropywas measuredt 550 nmemission.The resultsare generally in
agreemento enz/matic activity of the mutantsKig. 5.5. The H326A mutant, which is
enzymatically equipotentto the wild type,also exhibits equivalentbinding of UDR
MurNAc-pentapeptiddNS (Fig. 5.5.B), so, despite itsonservation H326 doe®t play a
direct role in substratebinding or catalysisFor H325A, a slight increase in anisotropy
correlating with proteirconcentrationvas observedFig. 5.5.B) in agreementvith the
reduced enzymatiactivity of this mutant. H324Ahowedno binding ofUDP-MurNAc-
pentapeptidDNS (Fig. 5.5.B. It is likely that H324A playsa direct role insubstrate
recognition.TheenzymaticallyinactivemutantsdD117A,D118AandD265A alsoexhibitan
anisotropy increase ahigher protein concentrationmdicating that UDP-MurNAc-

pentapeptidd®NS weakly bindgFig. 5.5.B).

For the restof the mutantslesignedo removechargeof the residuewith minimal steric
changeyaryingresultswereseenTheD265Nmutationbindingis notdramaticallyreduced
consistentvith its retentionof half wild-typeactivity (Fig. 5.5.C). BothD118NandD196N
resultedn alossof substratéindingin agreemenivith thelossof enzymaticactivity (Fig.

5.5.0). Both D193N andD117Nhada similar reductionin binding. For D193N, this was
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consistentvith the retention of somactivity, while for D117Ndespite the ability to bind

substratehe mutation led to a complete loss of activiig( 5.5.0). All of the conserved
aspartate residu@geremutatedo glutamate antdindingto the dansylatedubstrate was
measuredror all of themutantgD117E, D118EP193E,D196E, D265E), the level of
activity andthe degree of binding wereell correlatedFig. 5.5.D suggesting that a

componenbf thereductionin activity causedy introductionof alargersidechainis dueto

weakerbindingof UDP-MurNAc-pentapeptid®NS to theactivesitein HyMray.
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DISCUSSION

In order to determine whether MraY undergoes asiap or twestep mechanism, we
designed and performetlJMP exchange reaction. In our first trial, in addition to Rx 2
and Rx 4, residual amount of UENturNAc-pentapeptide with dUMP incorporated was
detected from Rx 1 and Rx Bi¢. 5.1.0Q. We speculated that these signals could be
coming from endogenouss&P that was extracted along with MraY from tBecoli
membrane and stayed in detergent micelles during the process of purification. As
predicted, an LEMS analysis of purified protein sample detected sosseP(oresent.
This likely was a problem for previous experiments that had resulted in different
outcomes. For subsequent expression, MraY was extensively washed to ensure removal
of all Css-P, confirmed by LEMS. The dUMP exchange reaction with this sample
showed that dMP incorporation was only detected in Rx 6 and Rkig. 5.1.Q when
both substrates of MraY are present. ThiidyiraY catalyzes its reaction via a esep
mechanism in agreement with results seefdraY (Al-Dabbagh et al., 2016; Yao

Liu et al., 208).

An enzymatic reaction that involves two substrates and two products in steady state can
be first tested whether it undergasleredBii Bi or ping pongBii Bi mechanisms.

Based on our doubleeciprocal plot revealing an intersectipaoint of three straight lines

in the second quadrarfif. 5.2.B), we suggesbrderedBii Bi mechanism and exclude

ping pongBii Bi mechanism since we expect to see parallel lines for the latter. However,
more data analysis is required istohguishorderedirom randomBii Bi mechanism.

Also, it
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is critical to performproductinhibition experimente orderto confirm themechanism

(Leskovac2003).

We performedan extensivenutagenesiscreenindor invariant aspartate, lysine, and
histidine residuethat arepositionedn the putativeactivesite facingtowardthe cytoplasm.
In contrasto previousmutagenesistudies, weestablished baseliney measuring activity
of mutants in the absence of KMgBoth mutationsof D196 toasparagin@ndglutamate
abolishedactivity (Fig. 5.3.Q. Interestinglythe side chain db196faces awayrom the
cavity of MraY in anapoMraY structure (PDB ID4J72)but it is positioned into the
cavity in both of thenhibitor-boundMraY structures (PDBD: 5CKR, 5INQ). This
suggests D196an move to the position to catalytically act onghbstrates ondbey are
bound.Other mutants worth mentioning are the Dabd D118nutants. While activity of
both D117Nand D118Nwvascompletely lost, D117BndD118Eretainedsome of their
activity. This means having @arboxylic acidn the sidechain,even though there is one
extracarbonjs critical for activity. Basedn these findingswe postulate thearboxylic

acid onD117 andD118 may be coordinating Mtthat isrequiredfor catalysis.

In order to identify residues that are important in substrate binding, the-savireY
mutants used to measure activity were subject to binding assays measured by
fluorescence anisotropy. Although lipid substratg;R; was not required to monitor
UDP-MurNAc-pentapeptide binding to the enzyme,¥Agas required for its binding
(Fig. 5.5.A). In general, we observed similar effects of mutations on binding as on

activity. For example, D196N and D196E displayed no activity and no bindowever,
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the D117 mutants (D117A, D117N) that were inactivig(5.3.B retained weak

binding Fig. 5.5.BQ to UDRMurNAc-pentapeptide. This suggests the importance of
D117 in binding of the substrate in the active sidditional polarization experiments at
higher protein concentrations shoblelconductedo establishwhether maximal anisotropy

of the wild typecouldeventually beachievedwvith mutants andKq correctlycalculated.

In order to confirm how catalysis is performed by MraY, determining a structure of

MraY in complex with two substrates is crucial. Molecular details of the active site of

MraY will be compared to the biochemical data and confirm which residreecriticaln

catalysis and substrate binding. Nonetheless, our dUMP exchange reaction results and the
doublereciprocal plot provide new mechanistic insights that MraY from Gnagative

bacteria undergoes a eetep mechanism and, more specificatiyderedBii Bi

mechanism. In addition, extensive mutagenesis studies were performed on activity and
substrate binding in parallel and revealed some residues that need attention for structural

studies and further designinganitibiotics.
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Figure 5.2. Continuous fluorescence activity assay bfyMraY. A left, An example of a fluorescence trace from
reaction mixture containing purifigdyMraY and two substratégither native €-P or Go-P and dansylated UDP
MurNAc-pentapeptide). As compared to traces from inactivieliddraY or the absence of lipid substrate, the peaks

from reaction with lipid substrates shifted from 550 nm to 532 nm. A right, The same reectioA left, but only the
butanol layer was subject to fluorescence measurement. Product (dansylated Lipid I) was extracted into this organic
layer, whereas unreacted soluble UBIBrNAc-pentapeptidd®NS stayed in the aqueous layer. All of the samples
mertioned above were excited at 340 nm and scanned from 380 to 780 nm. B, Ackuijilecal plot oHyMraY.

Using the method shown in A right, activity of reactions in a range of-WIDANAc-pentapeptiddNS concentrations

was measured and reaction rate deermined for each concentration. Repeat this using three different concentrations
of Css-P. Then, a doubieeciprocal plot was drawn and it reveals one intersection point of three lines in the second
quadrantL ada Kl ail, Ph.D. desrimgnised and performed exp
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Figure 5.3.Mutagenesisand fluorescenceactivity assayof HyMraY. A, ChainA of MraY from A. aeolicus(PDB ID:
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The cytoplasm and periplasm were indicated in the bottom and top of the structure, respectively. The inset has the
magnifiedview of thecavity with conservedspartatandlysineresidueghatweremutatedn this study.Thesidechains

of those residueare shown in stick representation and theNtmn in purple sphere. PyMOL was used to visualize the
AaMraY structure. B, Fluorescence activity assay was performed for theypidand mutants of D117, D118, and
D265. Activity of the wild type and all ahe mutants were measured in triplicates, except for D117A, D118A, and
D265A measured only once. B1, Fluorescence measurement of product was performed fortifreeidd 17N, and
D118N in the absence and presence of MyCtonfirm the baseline. Activity of all of the enzymes here was measured
in triplicates. B2, Fluorescence was measured for activity of thetyplel D117E, D118E, and D265E in the absence
and presence of MgglActivity of all the HyMraY enzymes here vsameasured in triplicates. C, Fluorescence was
measuredor activity of thewild type,D193N,D193E,D196N,and D196Ewith or without MgClz. Activity of thewild

type and all of the mutants here were measured in duplicates. D, Activity of K121A and ME33deasured along

with thewild type.Activity of thewild typeandtwo mutantsveremeasuredh triplicates.E, Samecartoonrepresentation

of AaMraY (PDB ID: 4J72) as in A, but tilted to show the HHH motif on loop E. F, Fluorescence of dansyl group on
product was measured for the wilghe, H324A, H325A, and H326A. Activity of the wild type and all three mutants
weremeasuredh duplicatesTheerrorbarsrepresenstandardieviationin all panelsabovelada K | aPhiD,designed

and performed experiments.
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Figure 5.6. Multiple sequence alignment of orthologs of MraYSequences of MraY orthologs were from
Hydrogenivirga sp Aquifexaeolicus Escherichia coliBacillus subtilis Clostridium bolteapandMycobacterium
tuberculosis Multiple sequence alignment was performed using ClustalX. Eacketisecode of amino acids
background colors based on the chemical properties of sidescfiie background colors are following: blue
represents Ala (A), lle (1), Leu (L), Met (M), Phe (F), Trp (W), Val (V), Cys (C) (>60%); red represents Lys (K), Arg
(R); magenta represents Glu (E), Asp (D); green represents Asn (N), GIn (Q), Ser (3); pmk(represents Cys (C)
(>85%); orange represents Gly (G); yellow represents Pro (P); cyan represents His (H), Tyr (Y). The columns with
asterisks on the top indicate full conservation. Hig®iraY invariant residues that were subject to mutagenegigestu
have the asterisks colored red. The residue numbering on the bottom of the alignmenHigMra.
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MATERIALS AND METHODS

Expression and purification of HyMraY

The wildtype and mutantonstructof HyMraY with aN-terminalhexahistidine tag were
preparedn a pET22bvector.The plasmids weré&ransformednto E. coli Nico21 (DE3)
pLemo competent cellNew EnglandBiolabs, IpswichMA). Cells weregrownat 37°Cin
2xXYT mediawith 35 nmg/mL chloramphenicol 50 pg/mL ampicillin, and 0.5 mM L
rhamnosewhile shaking at 225 rpm. At the optimal density at 600 nmetg)Df 0.4,the
cellsweretransferredo 30°C.Proteinexpressiorwasinducedwith 0.5mM isopropylb-D-
thiogalactoside (IPTG, Anatraddaumee, OH) at Okdo= 0.6.After 4 hours of induction,
cellswereharvestedy centrifugationat 4,000 rprrfor 20 min at 4C. The cell pelletvas
resuspendeth 25mM Tris-HCI pH 7.5,1 M NaCl, 10%glycerol,5 mM b-mercaptoethanol
( b M| the presenceof protease inhibitorPMSF, benzamidinepicrate) andysed by
passing through microfluidizerfor four times.Subsequentlythe lysatewas centrifugated
at12,000rpmfor 30min at4 C to removensolublecellularcomponentandunbrokercells.
The supernatant wathen ultracentrifugd at 45,000rpm for 30 min at 4C to isolate

membrandraction.

Themembrangelletwas resuspendaed 10 mM HEPESpH 7.5,1 M NaCl, 10%glycerol,
1% DM, 5 rmai roékddor two hours at 4°C. The solubilized membrane
componentsvere collected as supernatanafter anultracentrifugationat 45,000rpm for
30 min at 4C. Thesupernatanivassupplemente@ith 10 mM imidazole antbadedonto

pre-equilibratedl mL Ni-NTA agarose resin (Qiagen, Germantoii). The resinwas
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incubated overnight at 4°C and then was washed with 50 CV of 10 mM HEPES, pH 7.5,

1 M NacCl, 10%glycerol, 0.15%DM, 5 mM b M EThe proteinwas washed aredutedwith
increasingconcentration®f EDTA (10, 30, and 200 mM), eachwith 20 CV, in 10 mM
HEPESpH 7.5,300mM NacCl, 10%glycerol,0.15%DM, 5mM b M Brractionscontaining
the proteinconfirmedby a SDSPAGE, wergpooled, concentratedith a 50 kDa MWCO
centrifugalfilter (Amicon Ultra-4), andbuffer exchangednto 20 mM HEPES pH.5,50
mM NacCl, 10% glycerol, 0.15% DM, 5 mM b M EThe protein was further purified by
cationexchange chromatograpfiyno S6,Bio-Rad, HerculesCA), elutedin the rangeof
270 - 650 mM NacCl, followed by sizeexclusionchromatographySuperdex200 10/300
GL; GE Healthcare, LittleChalfont,UK), elutedin 20 mMHEPESpH 7.5,100 mMNacl,
10% glycerol, 0.15% DM, 5 mMb M EThe proteincontainingfractions werepooled,
concentratetvith a50kDaMWCO centrifugalfilter, flashfrozenin liquid N2, andstoredat

-80°C for further assays.

Isolation  of UDP-MurNAcL-Ala-gD-Glu-m-DAP-D-Ala-D-Ala (UDP-MurNAcG
pentapeptide)

UDP-MurNAc-pentapeptidewas isolated fromBacillus cereus(strain Frankland and
Frankland ATCC 14579 (Manassa¥,A)) according to therotocolused inKohlrauschet
al., with somemodifications Briefly, B. cereusvasgrownin LB at30°Cto ODsoo= 0.75.
The cells were incubatetbr 15 min after 130 mg/Lchloramphenicolwas added.
Incubationwas continuedfor 60 min following the additionof 15 mg/L vancomycin.The

cellswereharvestedy centrifugationat 4,000rpm for 15 min at4°C. The pelletwas
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resuspendenh distilled water(0.1g wetweight/mL)and stirrednto the same volume of

boiling water. After 15 min oboiling, suspensiowasallowedto coolto 4 °Cand
centrifugatedat 45,000 rpnior 60 min at 4°C. Theupernatanivasflashfrozen, storect -
80°C overnight, antyophilized. Then, théyophilizedsamplewasdissolved in wate¢10
mL/1L culture)adjustedo pH 2 byadditionof 20 % HBPQu. After centrifugation(4,000

rpm, 10 min,4°C), the supernatanivasdialyzed against0 mM TrisHCI pH 8.8,and
separatedia anionexchangehromatographyResource&, Bio-Rad,Hercules, CA)geluted
with a 0- 1M NHsAc gradient. FractionsontainingUDP-MurNAc-pentapeptiden the
rangeof 360- 440 mM NHAc werepooled,lyophilized,and confirmedy high-resolution
MS (ExpectedMH] *= 1426.22Da; 1427.0Daobserved). Its concentration was determined

by spectrophotometrlyy usingezso= 5.8 x 16 Limolfcm™.

Preparation of undecaprenphosphate

Undecaprenyl phosphate was obtained from Larodan Fine Chemicals AB (Malmg, Sweden).

Deoxy UMP exchangeaction and LEMS analysis

HyMraY for exchangeeactionsvaspreparedsabovewith slightmodifications Following
theNi-NTA column,pooledfractionswererunonanUno S6columntwice andwith double
volumeof eluentin orderto washawayall the endogenous undecapremylosphaten the
sampleAfter thegekHiltration column,purified HyMraY (5 ug, 0.6 uM) wasincubatedvith
UDP-MurNAc-pentapeptid¢S uL, 12.5uM;) anddeoxyUMP (5 pL, 25uM) in 178uL 50

mM Tris-HCI pH 8.0,170 mM KCl,and10 mM MgCl». Eitherundecaprenybhosphat€5
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pL, 28.5 uM in 4% DM)was addedo reaction oequal volumef 4% DMwas added

intothreereactionghatwereincubatecat RT for 30min, 4 hours,and21hours respectively,
followed by heat treatment (3 min, 100°C) to stop tb&ctions. Reactiongere extracted
with BUOH (200pL) and water phaseas washegvith EtOAc (200 pL four times) to
removedetergent. Then, treamplewereflashfrozen, lyophilizedand analyzed by LC

MS asdescribedbelow.

Sampleswere analyzedby LC-MS using aWatersUPLC/LCT PremierXE TOF mass
spectrometelny electrosprayonizationin thepositiveion modewith areverseebhaseBEH
C182.1x50mm column.Mobile phasesverewaterandacetonitrilewith 0.1%formic acid.
Chromatographwasperformedataflow rateof 0.33mL/min at40 °C usingamobilephase
gradientfrom 10% acetonitrileto 90% acetonitrilein 8 minutes.The massspectrometer
settingswere:capillaryvoltage= 3kV, conevoltage= 65, sourcegemperature 120°C, and

desolvation temperature350°C.

UMP/dUMP inhibition of MraY enzymatic reaction

DeoxyUMP andUMP werepurchasedrom SigmaAldrich (St. Louis,MO). 5 uM, 50 uM,

and5 mM of UMP or dUMP wasaddedo thereactionmixturein afinal volumeof 200pL,

which contain0 mM HEPES pH 7.5, 100 mM NacCl, 5§#ycerol,40 mMMgCl2,0.15%
DM, 33 pM undecaprenyphosphate, and75 nM purified HyMraY. Reactionswere
initiatedby theadditionof 1 uM of UDP-MurNAc-pentapeptiddNS andincubatecat37°C

for 30 min with gentlemixing. Reactionsvereterminatedy heattreatmen{3 min, 100°C).
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Fluorescence was measured (excitation 340 nm, emissié7BBAmM) using a 96

well plate reader (TECAN).

Synthesis of UDP-MurNAcL-Ala-gD-Glu-m-DAP(Nedansyl}D-Ala-D-Ala  (UDP-
MurNAcpentapeptiddDNS)

UDP-MurNAc-pentapeptiddONS was synthesizedby the reaction of UDP-MurNAc-
pentapeptidevith dansyichloride as described(Weppner &Neuhaus1977) with some
modifications Briefly, UDP-MurNAc-pentapeptide (14g, 0.012 mmol) wadissolvedin
4 mL of 1:1(volumeto-volume) mixture of 0.25 M NaHC®and acetoneand dansyt
chloride (72mg, 0.24mmol) wasadded.The solution wastirredfor 12 hours in the dark.
Acetonewasevaporatedandthe precipitatevasremovedoy filtration. Filtratewasdialyzed
againstlO0 mM Tris-HCI pH 8.8and purifiedvia anionrexchangehromatographyelutedin
the range of @ 1M NHsAc gradient. FractionsontainingUDP-MurNAc-pentapgtide-
DNS were flash frozen, lyophilized, and confirmedby high-resolution MS (Expected

[MH] "= 1426.22 Da; 1427.Daobserved).

Synthesis of phytd? (Co-P)

Toastirredsolutionof phytol(77.1mg,0.26mmol) andtetran-butylammoniundihydrogen
phosphaté441mg,1.3mmol)in dry chloroform(1.5ml) wasaddedn oneportionasolution
of trichloroacetonitrile (0.153nl, 1.53 mmol) in drychloroform (1.5 ml). Thereaction
mixture wasstirred at roontemperature fotwo and a halhours.After evaprationof the

solventthe residue wasxtractedvith upper phase aquilibrium1-butanol/watemixture
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