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CHAPTER |

INTRODUCTION

A portion of the following section was previously publishediands in Biochemical

SciencegJuly 2019) doi: 10.1016/}.tibs.2019.06.010.

The discovery of penicillin in the early 2@entury ushered in a new area of medical
treatments that revolutionized bacterial infection management. Over several decades, a variety of
antibiotics with distinct modes of action were discovered that increased life expectancy
considerably(Adedeji, 2016) As quickly as these therapies became commonplace, so did the
discovery of bacteria resistant to antibiotics. Antibietasistant bacterial infections now represent
a major public health crisis, and estimates project that antisesistant infections will become
the main cause of mortality in the United States withiew decade@'Neill, 2014) Importantly,
the rise of these antibiotiesistant infections hastens the arrival of a jamgibiotic era, where
therapies that were commonplace for half a century will no longer be sufficient to prevent or
eliminate bacteal infections. This Dissertation focuses Aninetobacter baumanniwhich is a
bacterial species that has emerged as a major concern for antiésidiant infections. Mukilrug
and parndrug resistanfA. baumanniinfections have become so difficuti treat that the World
Health Organization has listed. baumanniias its most critical pathogen for which new
therapeutics are needed to treat infectidislO, 2017) It has also been listed by the CDC as an

Aurgent threato to public (B@Ca2019n, whi ch i s i



A. baumanniiis a Gramnegative obligate aerobe and a frequent cause of nosocomial
infections. While the genuscinetobactepossesses many environmental species located globally,
the natural reservoir fok. baumanniis unknown, but it is likely in humaassociatediocations
(Peleg et al., 2008As an opportunistic pathogen, infections resulting fAarbaumanniusually
occur in immunocompromised patients and manifest themselves in several wagsngwiound
and burn infections, urinary tract infections, and segE&$eg et al., 2008Notably,A. baumannii
is one of the most common causes of ventitagsociated pneumonia. Despite talarming
increase in multdrug resistanA. baumannii nf ect i ons, mechani stic st
basic physiology and virulence are limit¢darding et al., 2018)These facts highlight the
importance of understanding hot. baumanniicauses disease to inform new antimicrobial
therapy design.

Like all bacterial pathogen8, baumannimust acquire nutrients from the host to replicate.
Specifically, nutrient metalare required for life and serve in a variety of structural and enzymatic
contexts in all domains of life. In this Dissertation, | present research focused on how the struggle
for nutrients shapes the hestinetobactelinteractions and physiology, whichnaajor focus on
nutrient zinc (Zn). Chapter | (Introduction) summarizes mechanisms used by the vertebrate host
to buffer against changes in Zn availability and provides a literature review of diverse bacterial
pathogen Zn homeostasis systems. | also asldneanswered questions regarding how nutrient
starvation impactA. baumanniiphysiology, especially since key metabolic steps are metal
dependent. Chapter Il presents evidence lbatmediatedmetal starvation stresses the metal
dependent process of aflavin biosynthesis if\. baumanniiand the bacterium responds to this
metal limitation by employing a mulsitep regulatory network to maintain sufficient flavin levels.

This regulatory network provides a new framework for how flavin regulation likeburs



throughout ProteobacteriAdditionally, enzymes involved in bacterial cell envelope biogenesis
are metaldependent, but whether bacteria alter the cell wall in response to nutrient limitation was
unknown. In Chapter Ill, | demonstrate tatbaumanii responds to nutrient Zn starvation by
upregulating a cell walnodifying enzyme that promotes maintenance of an effective cellular
envelope during nutrient starvatibalso found thathis enzyme is crucial for survival within the
hostand synergizesvith a clinicallyrelevant antibiotic to limitA. baumanniipathogenesidn
Chapter 1V, | describe how the amino acid histidseeves aa nutrient source foA. baumannii

This utilizationis critical for the ability ofA. baumanniito cause diseasa a mouse model of
pneumonia, but it may be driven by histidine serving as a nitrogen source instead of a carbon
sourceChapter V focuses instead on how the host respodtmumanniinfection and provides
insight into dynamics of metal withholding fradmacterial pathogens by utilizing a bioluminescent
iron reporter. Together, this Thesis underscores the struggle for nutrients at thathogen
interface and highlights important metabolic requirementsAhatiumanniipossesses to cause

disease.

Zinc is required for life

Transition metalgare essential micronutrients required to carry out biological processes in
all domains of life(Andreini et al., 2006b)Their requirement stems from unique biochemical
properties attributed to lateblock elemets that selected for their incorporation into catalytic and
structural components of proteins during evolution. The essential metal zinc (Zn) is unique among
the first rowd-block elements in that it possesses a fillearbital and does not undergo redox
cycling. Zn is ubiquitous in life and is required for the structure or function of thousands of

metalloproteingAndreini et al., 2006a)Zn is an essential micronutrient for the survival and



proliferation of bacteria, including pathogens thee major causes of morbidity and mortality
worldwide (Hood and Skaar, 2012%iven this essentiality, both vertebrate hosts and pathogens
evolved processes to maintain Zn homeostasis. While menfgofanaintenance and storage of

Zn within vertebrates have been well described in recent de@ldhgset al., 2000)the diverse

array of systems that pathogens possess to compete for this essential nutrient during infections has
only recently been appreciat@idood and Skaar, 2012 this review, we discuss vertebrate Zn
homeostasis and mobilization during infections, followed by a summary of our current

understanding of bacterial Zn uptake and utilization systems.

Vertebrate zinc homeostasis is &ighly regulated anddynamic process

As the second most abundardce metalin humans, around 2 to 4 grams of Zn are
distributed throughout the body in various tissue sfteggleton, 194Q)In vertebrates, the
gastrointestinal tract serves as a major regulator oh@neostasis by tuning absorption and
excretion via metal transporter prote(isng et al., 2000)Figure 1). While the range of total Zn
within the body is relatively stable for most humans, changes in digtargvailability are
associated with poor healfKing et al., 2000)Human genetic deficiencies in Zrtflike Protein
(ZIP) family members, which are the primary Zn importers in eukaryotes, cause severe Zn
deficiency(Kury et al, 2002) Additionally, dietary Zn deficiency is a major public health burden,
with at least 25% of the global population being at risk of inadequate dietafylahet and
Sandstead, 2006; Wessells and Brown, 20C2nsequences of Zn deficiency include impaired
immune function, delayed wound healing, diarrhea, and increased susceptibility to infection
(Hambidge, 2000)Conversely, Zn toxicity occurs in acute and chronic formsisrthked to

several sources, including Zn supplements and parenteral nutrition, among(Btbarset al.,



1990; Potter, 1981) Acute symptoms of Zn intoxication include symptoms like nausea and
vomiting (McKinney et al., 1994)while chronic intoxication may result in reduced immune
function and altered copper (Cu) and iron (Fe) levels, demonstrating the interconnectedness
between nutrient metals within the ba@yumbo et al., 2001)

Host tissues and circulating cells evolved mechanisms to control Zn levels to mitigate
against the adverse effects of Zn deficiencytargtity on human health. In circulation, serum Zn
is mostly bound by albumin, transferrin, amd-macroglobulin but remains accessible to
transporters to balance Zn levels within c@Rnk and Haase, 2007 he primary regulatsrof
mammalian Zn transport are the ZIP Zn importers and thegafisport (ZNT) exporterd={gure
1). There are 14 isoforms of mammalian ZIP transporters that share many structural and functional
properties, where they facilitate the import of Zn, aathetimes other cations, into the cytoplasm
from the extracellular space or from intracellular vesicles and orgariKlil@sira and Kambe,
2016). However, aside from ZIP1 which is found on all cells, expression of the other ZIPs varies
depending on the cell typ@onaventura et al., 2015)ikewise, the ZNT family includes 10
isoforms, some of which are expressed ubiquitously, while others ar¢ypelispecific
(Bonaventura et al., 2015%¥NTs generally function in reverse of ZIPs, where they export Zn out
of the cytoplasm into circulation or cellular vesicles and organelles. Expression of a subset of ZIPs
and ZNTs is controlled by the Metal response elerbenting Transcription Factet (MTF1)
(Giedroc et al., 2001)MTF-1 is a cytoplasmic transcription factor that undergoes nuclear
translocation following Zn binding, where it regulates certain ZIPs atifisZzo maintain Zn
homeostasigKimura and Kambe, 2016However, not all Zn transporters are MTHegulated,
and the diversity of expression and localization of ZIPs and ZNTs highlights the importance of

fine-tuning Zn levels depending on the tissue and cell type.



Aside from direct import and export of Zimtracellular Zn sequestration also must occur
to prevent toxicity. A major component of Zn chelation within eukaryotic cells occurs through the
action ofmetallothionein and glutathionkletallothionein and glutathione are cystegmntaining
molecules tiat link reversible Zn binding with the cellular redox sidiang et al., 1998; Maret,
2000) This reversible Zn binding allows these molecules to serve as a component of the
intracellular Zn buffering system that includes the potential delivery of Zn to apoforms of
metalloenzymegJacob et al., 1998Metallothionien is synthesized in several organs, including
the liver and kidneys, andao be found in circulatiofRahman et al., 2017)n vitro estimates
demonstrate that sulfmontaining molecules like metallothionein control approximately 30% of
a cell 6s Zn KKeetefeedl. i200gHowevqr,dhe exacydynamics of Zn buffering
are likely dependent on cell type and environmental conditions.

Alterations in nutrient Zn availability affect many biological processes, and mechanistic
studies have identified how immune system function changes in response to Zn fluc{&atikns
and Haase, 2007 he impact of Zn deficiency ammune system function has been reviewed in
depth previously(Bonaventura et al., 2015; Rink and Haase, 200#portantly, altered Zn
concentrations féect both innate and adaptive branches of the immune system. Within innate
immunity, excess Zn can induce chemotaxis of neutrophils, which are one of the primary cell types
responsible for innate immuseediated pathogen clearar{etujanen et al., 1995¥n deficiency
impedes the antimicrobial activity neutrophils and macrophages by altering the oxidative burst
and inhibiting phagocytositHasegawa et al., 2000; Sheikh et al., 2000)e maturation of
dendritic cells (DG), which connect the innate and adaptive immune system through antigen
presentation, is also modulated by Zn availability. DCs experiencing Zn deficiency increase

expression of major histocompatibility complexes and costimulatory molecules, while Zs exces



inhibits this upregulatiorfKitamura et al., 2006)In the adaptive immune system, T cells and
various T cells subsets are susceptible to alterations in Znlalijansufficient Zn decreases T

cell maturation while increasing apoptod{sng et al., 2005)Changes in Zn homeostasis alter the
balance of 1, Tv2 and |17 subsets, and Zn supplementation promotes regulatory T cell
induction and #9 differentiation(Kitabayashiet al., 2010; Maywald et al., 2018; Prasad, 2000;
Rosenkranz et al., 2016)B cells appear to be impacted less by Zn deprivation, but they too
experience a reductioin total cell numbers as well as alterations in development and antibody
production(DePasqualdardieu and Fraker, 1984; Stefanidou et al., 2006}lectively, these
studies establish Zn homeostasis as a critical determinant of vertebrate survival and immune cell

function.
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Figure 1. Vertebrate Zn homeostasis systems. Changes in dietary Zn (grey) can be associated with
adverse clinical outcomes and diarrheal disease. Zn buffering is regulated by changes in epithelial
cell (ET) Zn uptake/efflux associated with the gastrointestingltf@tt primarily by the action of

ZIP Zn importers and ZNT Zn exporters. ZIP activity results in Zn uptake from the intestinal lumen
into ETs, and ZNT activity results in efflux of Zn from the ETs via the lamina propria into
circulation and the extracelar space. Small molecule Zn chelators such as metallothioneins
(MTs) that are produced in high abundance by the liver and kidneys also contribute to Zn buffering
(King et al., 2000) Immune cells such as dendritic cells (DCs) may respond differentially
depending on nutrient Zn availability.



Zinc is mobilized during microbial infections

In addition to altered immurfanction in response to changes in dietary Zn, Zn availability
can also modulate the response of the vertebrate host to infection and inflammation. During the
acute phase of inflammation, serum Zn drops substantially due to proinflammatory cytokines
altering Zn transporter expression, which results in the accumulatiorloddimd metallothioneins
by hepatocytes that capture incoming @&ydemir et al., 2012)Figure 2). This decrease in
bioavailable Zn is part of an immune response knownuastional immunity which was first
described for sequestration of Fe from invading microfWeinberg, 1974) However, our
understanding of nutritional immunity has exgad in recent years to include other nutrients, such
as manganese (Mn) and ZRalmer and Skaar, 2016Ylutritional immunity is implicated as a
critical host defense mechanism for many types of pathogens, and the role of nutrient metal
withholding during fugal infections has been reviewed previoy§lyawford and Wilson, 2015)
Host strategies to limit Zn availability from bacterial pathogens include botimegliated Zn
restriction and extracellular Zn sequestration. Geddiated Zn restriction occurs mainly through
the activityof Zn transporters. For example, the ZIP8 Zn transporter is expressed by immune cells,
where it associates with the lysosomal transmembrane glycoprotein Lampl and decreases
lysosomal Zn levelgPyle et al., 2017]Figure 2). These findings suggest that Zn is actively
removed from the lysosome as a strategy to limit nutrient Zn from pathogens trapped within this
cellular compartment.

Extracellular Zn sequestration mechanisms implicate members of the S100 protein family
as being critical for Zn limitation during infectiorfSigure 2). S100 proteins are Efand calcium
binding proteins found in vertebrates thatveemportant functions in basic physiology and in the

host inflammatory respong2ackular et al., 2015A unifying feature among S100 proteins is that



they form dimers and may form transition metal binding sites at the dimer int€&Zfadeaular et

al., 2015) S100A8 and S100A9 are unique among S100 proteins in that they preferentially form

heterodimergHunter and Chazin, 1998yhe heterodimeric S100A8/S100A9 protein complex is

called calprotetin (also known as calgranulin A/B or myelaielated protein 8/14). Calprotectin
(Vokaty et al.)s involved in many biological processes, including servingdesyaageassociated
molecular pattern (DAMPRaNd as ligands for Tollke receptor 4 (TLR4), the receptor for
advanced glycation end produ¢Ealagas et al.Jand CD33Eksioglu et al., 2017; Leclerc et al.,
2009; Vogl et al., 2007)CP is readily detected at infectious foci during infecti@wrbin et al.,
2008)and accounts for more than 40% of the cytoplasmic protein content of neutfdfjuiniet
al.,2003) underscoring CPO6s importance during
Part of CPO6s immunological i mportance
metals. At the dimer interface between S100A8 and S100/A®rtetal binding sites are formed
that are termed Site | and Site Il. Site | possess broad-hiathhg capabilities, including ability
to bind Zn, manganese (Mn), Fe, Cu, and nickel (Bgsold et al., 2017; Corbin et al., 2008;

Damo et al., 2013; Kelfie et al., 2011; Nakashige et al., 2015; Nakashige et al., 281@)II

only coordinates Zn with high affinitfBrophy et al., 2012; Damo et al., 2013; Korndorfer et al.,

an

S

d

2007) The two met al binding sites are i mportant

by numerous microbial pathogens displaying growth inhibitiowitro in the presence of CP

(Besold et al., 2017; Clark et al., 2016; Clohessy and Golden, 1995; Corbin et al., 2008; Gaddy et

al., 2014; Hood etla 2012; Zygiel et al., 2019)mportantly, addition of exogenous Zn and Mn is
generally sufficient to reverse @Rediated growth inhibition, which demonstrates that metal

binding by CP is adequate to limit microbial growackular et al., 2015)However, other

nutrient metals have been itigated in binding by CP, including Ni and Fe, among others. While
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the relative contribution of CP to Ni withholding is not yet known, Fe is increasingly recognized
as a metal restricted by GWang et al., 2019; Zygiel etl., 2019) Further, mice deficient in
producing the CP heterodim&¥00AY) have altered infection susceptibility, demonstrating that
CP is critical to infection outcom@chouiti et al., 2012; Corbin et al., 2008; Gaddy et al., 2014;
Hood et al., 2012; KeHfFie et al., 2011; Urban et al., 2009; Wakeman et al., 2016; Zackular et al.,
2016)

Other S100 proteins are also implicated in Zn withholding at thegadsbgen interface,
including S100A7 and S100A1ZFifure 2). S100A7, also called psoriasin, fuiocts as a
homodimer and is constitutively expressed in the skin and at mucosal surfaces. S100A7 binds two
Zn ions across the dimer interfaf@rodersen et al., 1999%imilar to CP, Zn withholding by
S100A7 may contribute to limiting metal akedaility from bacterigGlaser et al., 20055100A12,
also known as calgranulin C, also functions as a homodimer and binds Zruatdt€ dimer
interface(Moroz et al., 2003)Recombinant S100A12 can inhibit microbial growth through Zn
chelation(Haley et al., 2015; Shank et al., 20,1B)t its broader contribution to immunity has been
difficult to define due to its absence in m{@ackular et al., 2015Additionally, the contribution
of S100A12 to Cu withholding during bacterial infections is largely unexplored.

Zn mobilization occurs during infections not only to sequester the metal from invading
pathogens, but perhaps to be trafficked within immueiks ¢o impart toxicity Figure 2). While
Zn is redoxinactive, thelrving-Williams seriespredicts that the high affinity of Zn for metal
binding sites promotes aberrant loading of Zn to-Aorproteins, which leads to toxic effects
throughmismetallatioror other indirect mechanisniBraymer and Giedroc, 2014Ylacrophages
infected withMycobacterium tuberculoseccumulat&n within the cell that is sufficient to induce

bacterial Zn intoxicationBotella et al., 2011)Additionally, internalization ofStreptococcus
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pyogenedy human neutrophils results in Zn mobilization that may induce bacterial Zn poisoning
(Ong et al., 2014)Conversely, macrophages infected with the fungal pathétistoplasna
capsulatunmalso accumulate Zn, but this Zn is shuttled from the phagosome to the Golgi apparatus
in a granulocyte macrophagelony stimulating factor (GMCSF)dependent manner
(Subramanian Vignesh et al.,, 201.3Bwnstream consequences of this Zn shuttling include
generation of reactive oxygen species (ROS) to intibitapsulatumgrowth, presumably by
preventing appropriate metalation of Zn/Cu superoxide dismutase en@uaeamanian Vignesh

et al., 2013h) These results imply that Zn accumulation within immune cells, mediated by
shuttling of Zn out of the phagosome, indirectly diminishes pathogen viafflitpramanian
Vignesh et al., 2013b)hese findings suggest that both Zn starvatiod toxicity are employed

by the host to limit microbial survival, but precise situations in which starvation or toxicity may

be utilized is not weldefined.
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Figure 2. Zn is mobilizedn hosts during microbial infections and inflammation. In response to
microbial challenge, serum Zn drops through increased expression of zinc transporters (not
depicted) and mobilization and uptake of-Einding metallothioneins (MTs). Immune cells
contiibute to changes in Zn availability, where expression of ZIP Zn importers drives accumulation
of Zn within these cells. Zn is also mobilized within immune céllgcobacterium tuberculosis
(orange ovals) experiences Zn intoxication within macrophages in a-dfdndent manner, and
Streptococcupyogenegpink spheres) is poisoned by Zn within the neutrophil lysos@autdla

et al., 2011; Ong et al., 2014)onversely, the fungal pathogklistoplasma capsulatutfyellow
ovals)has been shown to be -Atarved within the macrophage lysosofBebramanian Vignesh

et al.,, 2013a) These two mechanisms withinetlysosome are denoted by a dashed line.
Additionally, metalchelating proteins are produced as part of the inflammatory response to further
reduce Zn availability for pathogens, including those within the S100 protein family. S100A7
binds Zn and is proded in high abundance by keratinocytes, and S100A12 binds both Zn and
Cu. The heterodimer of S100A8/S100A9, known as calproté¢oikaty et al.) binds Zn with

high affinity, as well as other divalent cations. CP is a major component of the neutrophil
cytoplasmic protein content and is abundant at sites of infection and inflammation within

vertebrates.
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Metalloregulators control bacterial zinc homeostasis

In response to metal restriction by the host, microbes have evolved mechanisms to subvert
nutritional immunity during infections. The bacterial response to changes in metal availability is
primarily mediated bymetalloregulatory proteinsalthough metabolitesensing and riboswiteh
mediated sensing systems are also descr{i@thndrangsu et al.,, 2017%enerally, these
metalloregulators sense changes in cellular metal concentrations and alter gene expression of metal
homeostatic systems. These metalloregulators are widely distributed in bacteria, and they respond
to metal limitation, metal intacation, or both conditions. The diversity in bacterial
metalloregulators has been reviewed previo(Shpdevila et al., 201 /)herefore will focus here
specifically on mechanisms of bacterial Zn homeostasis.

As a bacterial cell experiences Zn starvation, tnaponal changes must occur to
counterbalance these conditions. Many diverseedponsive transcriptional regulators have been
identified and reviewed previous§Choi ard Bird, 2014) In many bacterial pathogens, the
primary regulator for Zn homeostasis is the Zn uptake regulator (Bat)alla and Helmann,

1998; Patzer and Hantke, 199&ur is a member of the ferric uptake regulator (Fur) family of
metallosensing DNAinding proteins. Metasensing by Fur family members is directly mediated

by metal binding to the mdtaregulator, which induces conformational changes and alters the
regul ator 6s alfeé and iHelngannf 2007ZubD il Axquisitely sensitive to Zn
fluctuations and senses changes to Zn concentrations fartibemolar (13°) range to regulate
transcription(Outten and O'Halloran, 20010 Zn-replete conditions, the metal binding sites of

Zur are predicted to be occupiethe increased affinity of Zbhound Zur for DNA permits the
metalloregulator to recognize and bind to conserved palindromic inverted repeat regions, termed

Zur boxes, in the DNA promoter region of its regultvee am Helmann, 2007)The Zur box
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location generally overlaps with motifs required for effective RNA polymerase recruitment,
thereby inhibiting gene transcription. Upon Zn starvation, an increasing proportion of Zur is no
longer bound by Zn, which diminiskethe affinity of Zur binding to DNA and results in
derepression of the Zuegulon(Gilston et al., 2014)Derepression of the Zur regulon induces
several physiological changes, and general themes will be explored forp@sitiie and Gram

negative bacteria.

Zinc sensing in Gram-positive bacteria

Mechanistic studies into the response of Gyaositive bacteria to Zn starvation have been
conducted in several organisif@@handrangsu et al., 2017 Bacillus subtilis Zn starvation is
sensed by the metalloregulator Z@aballa and Helmann, 1998&)owever, nor~ur family Zn
metalloregulairs have been identified as well; for exam@&eptomyces pneumoniaentrols
Zn uptake through the MarR family member Ad¢ReyesCaballero et al., 2010)Precise
investigations into Zn sensing By subtilisZur revealed that the regulator possesses differential
activity, corresponding to varyingNA affinity, depending on the number of Zxinding sites
occupiedMa et al., 2011(Figure 3). This differential activity permits a fireined response to Zn
starvation that occurs in a stefise fashion with three distinct stag&hin and Helmann, 2016)
First, nonZn utilizing ribosomal proteins L31* and L33* are exmed, which replace Zn
requiring isoforms to effectively decrease the total cellular requirement of Zn and promote Zn
mobilization. Second, the high affinity Zn uptake ABC transport system genedBC are
derepressed to promote Zn acquisition. The ZnuAB§&tem is widely conserved across many
species and therefore represents a major metal acquisition system, although other transporters also

promote Zn uptakel@ble 1). Along withznuABGC the predicted Zn metallochaperone geagA
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(formerlyyciC) is alsoderepresse@Chandrangsu et al., 2019; Gabriel et al., 20BBially, further
Zn starvation leds to induction of an additional alternative ribosomal protein S14* to sustain
protein synthesis and the Zmdependent GTP cyclohydrolase | FolE2, which permits the
continuation ofde novofolate biosynthesis, which is a critical metabolite for kfhin and
Helmann, 2016)While the extent to which this graded response occurs in otheriadsteot
well-defined, the Grarmegative pathogeS8almonella entericaerovar Typhimurium has some
features of a graded transcriptional respd@senan et al., 2019)dditionally, these same general
transcriptimal changes occur in other Grgnositive organisms during Zn limitation. These
responses include expression of the-#gulated Zn uptake systemsLiisteria monocytogenes,
Bacillus anthracisStaphylococcus aureuandStreptococcus pyogen@3alet et al., 1999; Grim
et al., 2017; Kandari et al., 2018; Makthal et 20]17)and Zn mobilization via induction of nen
Zn requiring ribosomal proteins Btreptomyces coelicol¢&hin et al., 2007)

Bacteria also respond to Zn toxicity through meghsing transcriptional regulators.
While some metalloregulators can function as both repressors and asiiMatang et al., 2017)
others are functionally divided. IB. subtilis excess Zn is sensed by the ArsR family of
metalloregulators, CzrfMoore et al., 2005)which effectively functions in reverse of Zigure
3). When CzrA is not metallated, the protein represses its regulon. Upon metalation, CzrA
undergoes a conformational changat flowers its DNA binding affinity and leads to derepression
of metal efflux genes that encode -#yBe ATPase named CadA and a cation diffusion facilitator
type transporter named Czc[Moore et al.,, 2005) Analogous proteins are involved in
detoxification of other divalent catiorilies, 2003)demonstrating that metal efflux is a broadly

conserved bacterial strategy to overcome metal intoxication.
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Figure 3. Zn sensing in Graositive bacteria. In response to Zn starvationBhellus subtilis

Zur regulon experiences derepression in three distinct waydfie nonZn binding ribosomal
proteins L31* and L33* are synthesized to displace thdidding L31/L33 ribosomal proteins,
followed by 2) upregulation of the ZnuABC high affinity Zn transpaslystem and the putative
metallochaperone ZagAChandrangsu et al.,, 2019).astly, 3) the Znrindependent GTP
cyclohydrolase | enzyme K2 and the noizinc requiring S14* ribosomal protein are expressed.
Some Granpositive organisms also produce meialding small molecules to capture Zn from
the extracellular space. For exampg#aphylococcus aureysoduces the metddinding small
molecule staphylopine that aids in Zn acquisiti@hssein et al., 2016; Grim et al., 2017)
Staphylopine is secreted via CntE, captured by CntA, and imported by the CntBCDF system.
Grampositive bacteria also experience transcriptional changes in response to Zn exBess; in
subtilis CzrA-regulated genes are expressed during Zn intoxicationirmsiudes the Rype
ATPase CadA and the cation diffusion family (CDF) transporter C@dbore et al., 2005)
Expression of these proteins results in Zn efflux from the bacterial cell.
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Zinc sensing in Gram-negativebacteria

Consistent with findings in Graimositive bacteria, Gramegative organisms primarily
sense Zn tarvation through the metalloregulator Zufigure 4). Structural insights into
Escherichia coli Zur-DNA interactions have provided important details about protein
conformational changes that occur during Zn binding by Zur. High sequence similarity aorong Z
homologs from different species suggests these mechanisms are cofGésted et al., 2014)
As is the case with Graipositive Zur homologs, Zenmegulated derepression in Graragative
organisms includes induction of genes encoding the high affinity ZnuABC Zsptgers, and
these transporters are important for virulence of important human pathétdset al., 2012;
Liu et al., 2012)(Table 1). Additionally, the Zur regulon has been defined for several Gram
negative bacteria, includingersinia pestigLi et al., 2009) Neisseria meningitidi§Pawlik et al.,
2012) andAcinetobacter baumanniMortensen et al., 2014in addition to the highly conserved
ZnuABC transporters, non Amnding ribosomal proteins are also typically increased in
expression in response to Zn limitati@@apdevila et al., 2017}urther, Zn starvation induces
expression of an outer membrane Tespendent Zn transporter named ZnuDlirmeningitidis
(Stork et al., 2010)Figure 4). Structural studies intd. meningitidisZnuD demonstrate that large
extracellular loops directly interact with Zn ions and suggest active uptake afrfrflem the
extracellular space. Interestingly, ZnuD possesses structural homology to bacterial heme
transporters but does not bind hef@almettes et al., 2015hese findings demonstrate that ZnuD
is capable of binding free Zn but does not exeltlte possibility that ZnuD may bind Zn in some
chelated formA. baumanniialso encodes ZnuD homologues that are directly regulated by Zur
(Mortensen et al., 2014)n addition to the ZnuD with high homology to themeningitidisZnuD,

certainA. baumannistrains encode an additional candidateD, denotedznuD2(Mortensen et
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al., 2014) However the relative contribution of each of these ZnuD transporteks baumannii
Zn homeostasis is unknown.

Similar toB. subtilisCzrA, E. coli possesses a separate metalloregulator named ZntR to
respond to Zn exce¢Brocklehurst et al., 1999Figure 4). ZntR is a member of the MerR family
of transcriptional regulators. ZntR recognizes conserved inverted repeat sequences in the promoter
region of the gene encoding aype ATPase named Znt@rocklehurst et al., 1999Apo-ZntR
binds this inverted repeat and causes DNA distortions that prevent gene trans@@ptien et
al., 1999) Following Zn binding, ZrZntR induces DNA untwisting and unkinking that promotes
efficient RNA polymerase recruitment amdtAexpressior{Outten et al., 1999)Induction of P
type ATPases and cation diffusion family (CDF) transporters during Zn intoxication have been
shown in other Gramegative organisms as well. . baumannij Zn intoxication leads to
significant induction of a wide array oftiype ATPases and CDF transporters that also deplete
cellular copper levelgHassan et al., 2017While the transcriptional regulator responsible for
these changes is undefined, An baumanniistrain lacking Zur has increased expression of
predicted cation efflux systems and other transporters, which suggesting Zur playtatomngg

role in Zn efflux(Mortensen et al., 2014)

Bacterial zinc homeostasideyondtransporters

More recently, our understanding of bacterial Zn uptake has been expanded to include
additional systems other than the ABCD transporters. One strategy that has become
increasingly appreciated for Zn acquisition is the production and secretiontmhding small
molecules Figures 3 & 4). This strategy is welllefined for Fe, where Heinding molecules

termed siderophoresre produced that facilitate Fe acquisition in diverse environn8htddon
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et al., 2016)However, some siderophores are capable of binding other nutrient metals, including
Zn. The Gramnegdive bacteriumPseudomonas putidaroduces the siderophore pyricHag-
bis(thiocarboxylic acid) (PDTC) that is capable of binding both ferric Fe angdrese et al.,
2002; Leach et al., 200.ther siderophores including pyochelingatocidin, and yersiniabactin
have been shown to bind Fe, Zn, and potentially other m@edsid et al., 2010; Braud et al.,
2009; Chaturvedi et al., 2012; Kobayashi et al., 1998; Kreutzer et al.,. A0&dhanistic studies
into the role of yersiniabactin in Zn uptakevealed that the Gramegative pathogelersinia
pestisuses a dedicated Arersiniabactin importer named YbtX to acquire Zn from the molecule;
further, genetic inactivation of thenusystem and yersiniabactin biosynthetic genes redvices
pestisvirulencein a septicemic plague mod@obrov etal., 2014) Zn-binding metallophores
have also been implicated in Granusitive Zn acquisition. For examplgtreptomyces coelicolor
produces a small molecule termed coelibactin which may bir{dlzao et al., 2012RndS. aureus
produces the metallophore staphylopine with broastakchelating abilities that affect Zn
homeostasi§Ghssein et al., 2016; Grim et al., 2017)

Type VI secretion systems (T6SSs) are multiprotein machines used by many Gram
negative bacterial species to translocate effectors into neighboring cells and have been implicated
in Zn acquisition Figure 4). Burkholderia thailandensiproduces a Z4scavenging molecule
named TseZ that is secreted through a specific T6SS, termed T6SBdunth TseZ is then
imported into the bacterial cell using the heme transporter HmuR specifically during conditions of
oxidative stress, where Zn may bsed to populate Cu/Zn superoxide dismutase enzymes and
ameliorate potential damage from reactive oxygen spéSiext al., 2017)A similar model also
occurs inY. pseudotuberculosighere the oxidative stress régior OxyR induces expression of

T6SS4(Wang et al., 2015Additionally, ZntR was recently identified as a transcriptional activator
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of theY. pseudotuberculosig®eSS4(Wang et al., 2017)which is consistent with the observation
that Zn deficiency promotes increased oxidative dar(faigie, 2011) This T6SS4 can translocate

a Znbinding moleculenamed YezP that aids in Zn uptake. While a dedicated importer for YezP
is not known, there likely exists an enefmgpendent transporter that facilitates YezP uptake, as
is the case for other methinding small moleculeéSheldon et al., 2016; Wang et al., 2015)

Cell wall modifications are necessary to construct complex secretion systems and other
macromolecular structures. Given the induction of T6SSs and Zn uptake machinery during Zn
limitation, there may be changes to the bacterial cell envelope that occur specifically during
nutrient starvation. Indeed, members of the gekeisetobacteare morphologicalhconstricted
to shortened, rounded cells during nutrient limitation and segmifly alter the abundance of major
peptidoglycan muropeptidédames et al., 1995; Lonergan et al., 20E9yther, the M15 family
Zn-binding peptidase ZrlA contributes to these muropeptide changes and promotes efficient Zn
uptake and cell envelope barrier functiwonergan et al., 2019)n Vibrio choleraethe M23
family Zn-binding endopeptidasén®B is implicated in cell wall maintenance during Zn limitation
(Murphy et al.,, 2019)Importantly, both ZrlA and ShyB are directly regulated by Zur and
collectively demonstrate that bacterial pathogens encode peptidoghardifying enzymes that
are important for surviving Zn limitatiori-{gure 4).

In addition to the production of metahelating molecules by bacterial pathogens, some
bacteria can utilize hosterived molecules as a metal source. For exanfpl@aureuscan use
human hemoglobin as its sole Fe source through deployment of theegudated surface
determinant (Isd) systeffMazmanian etlg 2003) As the second most abundant trace metal in
humans, Zn scavenging within thertebrate host may be an effective strategy to subvert

nutritional immunity. Consistent with this prediction, tRe meningitidisTonB-dependent outer
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membrane receptor protein CpbA is expressed during Zn stary&tiork et al., 2010jFigure

4). CpbA is capable of binding human CP, and the presence of CpbA plrmisningitidiso

use CP as its sole Zn source. Additionally, the CpbA homoldigiaseria gonorrhoeasamed

TdfH also binds CP and permits Zn acquisition from the prdteanet al., 2016) These @A Zn
piracyo nStakheaal.j20lBjepresent an exciting new area of future investigation

towards understanding bacterial Zn acquisition during vertebrate colonization.
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Figure 4. Zn sensing in Gramegative bacteria. Zn starvation in Graegative bacteria leads to

a number of physiological changé&3 Zur-derepression leads to expression of genes encoding the
Zn uptake ZnuABCD system, as well as the predicted Zn roeleperone ZigA idcinetobacter
baumannii(Nairn et al., 2016)2) Zn-binding molecules are produced such as YezP and TseZ,
which are secreted by T6SS4, and yersiniabactin, which is captured byBdiirov et al., 2014;

Si et al., 2017; Wang et al., 2018) Enzymes implicated in cell wall homeostasis are induced,
including Vibrio choleraeShyB (Murphy et al., 2019andA. baumanniiZrlA (Lonergan et al.,
2019) 4) TonB-dependent transporters aid in the uptake ebdund moleculesBurkholderia
thailandensisHmMuR captures the TSS&écreted TseZSi et al., 2017), and Neisseria
meningititisandNeisseriagonorrhoeaaise CpbA/TdfH to bind calprotect{iWokaty et al.)for Zn
acquisition as a form of Zn piragyean et al., 2016; Stork et al., 201Buring Zn intoxication,
Escherichia colZn-ZntR causes DNA confmational changes leading to expression of ttgoe
ATPase ZntA to alleviate the metal toxiciiBrocklehurst et al., 1999Many Grarmnegative
organisms also encode cation diffusion family (CDF) transporters that contribute to overcoming
Zn intoxication.
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Bacterial zinc buffering and allocation

Metal availability varies widely across environments and niches. Therefore, bacterial
survival is largely dependent on systems to maintain cellular metabolism despite fluctuations in
available nutrients. Considering there is essentially no free Zn with@cterial cell despite the
relatively high total Zn level, Zn must exist in chelated forms that is accessible during Zn starvation
(Outten and O'Halloran, 20Q1n B. subtilis Zn limitation induces expression of r@n binding
ribosomal proteins and the Zndependent folate biosynthesis enzyme FqlE2namiya et al.,

2004; Shin and Helmann, 20{Bigure 5). In a system analogous to eukaryotic metallothionein,
B. subtilisuses the lownolecular weight molecule bacillithiol to maintain an intracellular labile
Zn pool(Ma et al., 2014)Similarly, E. coliuses glutathione to buffer Zn and other divalent cations
(Helbig et al., 2008) A. baumanniutilizes the amino acid-histidine as a component of its labile
pool(Nairn et al., 2016)during conditions of Zn starvatioA, baumanniupregulates the histidine
utilization (Hut) system, thereby catabolizing cellular-fistidine complexes and increasing
levels of bioavailable ZifNairn et al., 2016)Figure 5). However, the @mplete inventory of
molecules capable of aiding in Zn buffering is not vagfined and warrants further investigation.

The requirement of Zn for many cellular processes suggests that a mechanism exists to
ensure appropriate metalation of cognate rogiedteins, particularly during times of Zn
starvation. For metalloregulators, differences in standard free energies for metal complex
formation compared to relative metahding affinities dictates regulatonetal specificity
(Osman et al., 2019However, the process of appropriate metallation is likely more complex for
diverse metalloenzymes. To aid in proper metal allocation, members of the G3E GTPase
superfamily have been identified metallochaperones and/or metal insert@gsaas et al., 2009)

Four subfamilies exist within the G3E superfamily. Two of the subfamilies, represented by the
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metallochaperones UreG ahgpB, are involved in Ni incorporation into the Ni metalloenzymes
urease and hydrogenase, respectiyBlgier et al., 1995; Mehta et al., 2003) third family is
represented by MeaB, which is involved in methylmaleDglA mutase actation(Hubbard et al.,

2007) The fourth subfamily, denoted the COG0523 subfamily, is less defined but is conserved in
all domains of life(Haas et al., 2009)Genomic analyses suggest that a subset of COG0523
members are Zuregulated and may therefore serve as Zn metallochapegtdaas et al., 2009)
Representative members incluglecoli YjiA and YeiR,B. subtilisZagA, andA. baumanniZigA.

Each of these proteins bind Zn and possess GTPase a(filby-Haas et al., 2012; Khil et al.,
2004; Nairn et al., 2016; Sydor et al., 20{Bigure 5). Since Zn is required for many essential
cellular processes, COG0523 members may aid in the prioritization of Zn to core metabol
processes when the metal is limi{®dang et al., 2019)Consistent with this prediction, analyses

of the response @. subtilisandA. baumannito Zn starvation revealed that folate and riboflavin
biosynthesis are hindered, respecti@gandrangsu et al., 2019; Wang et al., 2088. subtilis,

ZagA interacts with the Zdependent FolE enzyme and aids in folate biosynthesis during Zn
starvaton, and this interaction is dependent on the Z nucleotide(ZhB&ndrangsu et al., 2019)

In A. baumannii severe Zn restriction hindede novoflavin biosynthesigWang et al., 2019)

This flavin deficiency is exacerbated in a strain lackiiggh (Wang et al., 2019)which suggests

that ZigA impacts flavin biosynthesis. These studies position Zn metallochaperomesdant
metabolic hubs, and uncovering other processes altered by COG0523 members represents an

exciting area of future research.
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Figure 5. Bacterial systems for Zn buffering. In order to buffer cellular changes to Zn availability,
bacteria employ small molecules to bind excess Zn that can be accessed during zinc limitation.
Bacillithiol (BSH) in Bacillus subtilis glutathione (GSH) ifEscheichia coli, and L-histidine in
Acinetobacter baumannsierve as components of the labile Zn gét#lbig et al., 2008; Ma et al.,
2014; Nairn et al., 2016)n A. baumanniithe histidine transporter HutT captureslziis, and

its subsequent Hutithediated degradation is hypothesized to liberatéNairn et al., 2016)The
delivery of Zn to metalloenzymes remains an area of active investigation, but the mobilization of
enzymes involved in essential cofactor biosyrnithé@splicates these pathways targets for Zn
metallochaperone activity. Consistent with this predict®nsubtilisfolate biosynthesis and.
baumannii riboflavin biosynthesis are stressed during Zn limitation. Bn subtilis the
metallochaperone ZagAsponds to Zn limitation and the purine alarmone ZTP to interact with,
and possibly metallate, the Zlependent folate biosynthetic enzyme F@Eandrangsu et al.,
2019) In A. baumannii the predicted metallochaperone ZigA contributes to maintenance of
cellular flavin levels during Zn limitation through an undefined mechaiiang et al., 2019)
Possible metallochaperone interactions are denoted with arrows in the figure.
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Conclusions

Zn is required for life, which necessitates that both bacterial pathogens and vertebrate hosts
have evolved strategies to acquire and maintain appropriate Zn levels. Members of the S100
protein family such as CP are capable of withholding Zn from invauliigogens; however, the
extent to which Zn starvation occurs in diverse sites within the host is unexplored, but it is likely
niche and pathogespecific. For examples. aureusnicrocolonies experience heterogeneous Fe
starvation even within a single sise(Cassat et al., 2018\hich suggests a complex interplay in
metallostasis between host and pathogentkizd has yet to be defined.

Within a bacterial cell, Zn starvation upregulates Zn uptake machinery, but it also has
major consequences for Liependent metabolic processes. Zn starvation has been shown to
change ribosome composition, alter bacteridieall dynamics, and impact labile Zn pools within
the cell. Additionally, representative COG0523 members ZigA and ZagA have been implicated in
Zn allocation to metalloenzymes but further exploration is required to determine their precise
mechanisms of aicin as well as the identity of their client proteins. Interestingly, COG0523
members are also present in humétaas et al., 2009hich suggests that understanding their
functionality within bacteria may inform metal homeostasis more broadly. Interrogating systems
used by both vertebrates and microbes to balance nutrient metals has the potential to improve

human health while simultaneously broadening our understanding of metal biology
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Table 1.Bacterial pathogen zinc uptake systems.

Transporter Pathogen Role in Pathogenesig Reference
ZnuABC Acinetobacter Lung colonization (Hood et al., 2012)
baumannii
Brucella abortus Macrophage survivall (Yang et al., 2006)
and systemic
infection
Campylobacter jejunj Cecal colonization | (Davis et al., 2009)
Escherichia coli Epithelial cell (Gabbianelli et al.,
interactions and 2011; Patzer and
urinary tract Hantke, 1998; Sabri
infections et al., 2009)
Francisella tularensi§ Macrophage survival| (Moreau et al., 2018)
Moraxella Intracellular invasion| (Murphy et al., 2013)
catarrhalis and lung colonization
Neisseria Not defined (Chen and Morse,
gonorrhoeae 2001)
Pasturella multocida | Systemic infection | (Garrido et al., 2003)
Proteus mirabilis Urinary tract (Nielubowicz et al.,
infections 2010)
Pseudomonas Not defired (Pederick et al.,
aeruginosa 2015)
Salmonella enterica | Systemic infection | (Ammendola et al.,
serovar Typhimurium and cecal 2007; Campoy et al.,
inflammation 2002; Liu et al.,
2012)
Treponema pallidum| Not defined (Desrosiers et al.,
2007)
Vibrio cholerae Gut colonization (Sheng et al., 2015)
Vibrio Systemic infection | (Liu et al., 2013)
parahaemolyticus
Yersinia pestis Systemic infection | (Bobrov et al., 2014)
when yersiniabactin
production is
inactivated
ZnuD Neisseria meningitis | Complement (Hubert et al., 2013;
resistance Stork et al., 2013)
AdcABC Streptococcus Survival in human (Moulin et al., 2016)
agalactiae biological fluids
Streptococcus Survival in biological | (Bayle et al., 2011)
pneumoniae fluids
Streptococcus Systemic infection | (Makthal et al., 2017
pyogenes
ZupT Escherichia coli Urinary tract (Sabri et al., 2009)
infection
Franciselb tularensis| Macrophage survivall (Moreau et al., 2018)

28



Salmonella enterica
serovar Typhimurium

Systemic infection

(Cerasi et al., 2014)

ZinT Escherichia coli Epithelial cell (Gabbianelli et al.,
adherence 2011)
Salmonella enterica | Systemic infection | (Petrarca et al., 2010
serovar Typhimurium whenznuAis
inactivated
ZinABC/ZurA Listeria Lethality following (Corbett et al., 2012)
monocytogenes oral infection
ZevAB Haemophilus Lung colonization (Rosadini et al.,
influenzae 2011)
TroABCD Treponema pallidum| Not defined (Desrosiers et al.,

2007)

29



References

Achouiti, A., Vogl, T., Urban, C.F., Rohm, M., Hommes, T.J., van Zoelen, M.A., Florquin, S.,
Roth, J., van 'Weer, C., de Vos, A.Fet al.(2012). Myeloidrelated proteisi4 contributes to
protective immunity in grarmegative pneumonia derived sep8ikoS pathogen8, e1002987.

Adedeji, W.A. (2016). The Treasure Called Antibiotidsn Ib Postgrad Med4, 56-57.

Ammendola, S., Pasquali, P., Pistoia, C., Petrucci, P., Petrarca, P., Rotilio, G., and Battistoni, A.
(2007). Highaffinity Zn2+ uptake system ZnuABC is required for bacterial zinc homeostasis in
intracellular environments and contributes to the viradeof Salmonella entericlfection and
immunity75, 586#5876.

Andreini, C., Banci, L., Bertini, I., and Rosato, A. (2006a). Counting theioieins encoded in
the human genomd@ournal of proteome researéh 196201.

Andreini, C., Banci, L., Benti, I., and Rosato, A. (2006b). Zinc through the three domains of life.
Journal of proteome researd) 31733178.

Aydemir, T.B., Chang, S.M., Guthrie, G.J., Maki, A.B., Ryu, M.S., Karabiyik, A., and Cousins,
R.J. (2012). Zinc transporter ZIP14 function$epatic zinc, iron and glucose homeostasis during
the innate immune response (endotoxeni&)S one7, e48679.

Bayle, L., Chimalapati, S., Schoehn, G., Brown, J., Vernet, T., and Durmort, C. (2011). Zinc
uptake byStreptococcus pneumoniaepends orboth AdcA and AdcAll and is essential for
normal bacterial morphology and virulené&olecular microbiology82, 904916.

Besold, A.N., Gilston, B.A., Radin, J.N., Ramsoomair, C., Culbertson, E.M., Li, C.X., Cormack,
B.P., Chazin, W.J., Kek#ie, T.E., andCulotta, V.C. (2017). The role of calprotectin in
withholding zinc and copper fro@andida albicansinfection and immunity

Blaby-Haas, C.E., Flood, J.A., Cretygard, V., and Zamble, D.B. (2012). YeiR: a médtiading
GTPase fronEscherichia colinvolved in metal homeostasisletallomics : integrated biometal
scienced, 488497.

Bobrov, A.G., Kirillina, O., Fetherston, J.D., Miller, M.C., Burlison, J.A., and Perry, R.D. (2014).
The Yersinia pestisiderophore, yersiniabactin, and the ZnuABC systeth bontribute to zinc
acquisition and the development of lethal septicaemic plague inMadecular microbiology93,
759-775.

Bonaventura, P., Benedetti, G., Albarede, F., and Miossec, P. (2015). Zinc and its role in immunity
and inflammationAutoimmurRev14, 277-285.

Botella, H., Peyron, P., Levillain, F., Poincloux, R., Poquet, Y., Brandli, I., Wang, C., Tailleux, L.,

Tilleul, S., Charriere, G.Met al.(2011). Mycobacterial p(iype ATPases mediate resistance to
zinc poisoning in human macrophag€ell Host Microbel 0, 248259.

30



Braud, A., Geoffroy, V., Hoegy, F., Mislin, G.L., and Schalk, I.J. (2010). Presence of the
siderophores pyoverdine and pyochelin in the extracellular medium reduces toxic metal
accumulation inPseudomonas aeruginosand ncreases bacterial metal toleran&viron
Microbiol Rep2, 419425.

Braud, A., Hoegy, F., Jezequel, K., Lebeau, T., and Schalk, I.J. (2009). New insights into the metal
specificity of thePseudomonas aeruginogayoverdineiron uptake pathwayEnvironmental
microbiologyl1, 10791091.

Braymer, J.J., and Giedroc, D.P. (2014). Recent developments in copper and zinc homeostasis in
bacterial pathogen§urr Opin Chem Bioll9, 59-66.

Brocklehurst, K.R., Hobman, J.L., Lawley, B., Blank, L., Marshall, S.J., Brown, N.L., and Morby,
A.P. (1999). ZntR is a Zn(Hjesponsive MerRike transcriptional regulator of zntA in
Escherichia coliMolecular microbiology31, 893902.

Brodersen, D.E.Nyborg, J., and Kjeldgaard, M. (1999). Zibiding site of an S100 protein
revealed. Two crystal structures of Ca2sund human psoriasin (S100A7) in the Zd@aded
and Zn2+free statesBiochemistry38, 16951704.

Brophy, M.B., Hayden, J.A., and NolaB.M. (2012). Calcium ion gradients modulate the zinc
affinity and antibacterial activity of human calprotecfiournal of the American Chemical Society
134, 1808918100.

Broun, E.R., Greist, A., Tricot, G., and Hoffman, R. (1990). Excessive zincimgeAtreversible
cause of sideroblastic anemia and bone marrow depredsibiA 264, 14411443.

Calmettes, C., Ing, C., Buckwalter, C.M., El Bakkouri, M., CHighLai, C., Pogoutse, A., Gray
Owen, S.D., Pomes, R., and Moraes, T.F. (2015). The moleuelenanism of Zinc acquisition
by the neisserial outenembrane transporter ZnuNature communications, 7996.

Campoy, S., Jara, M., Busquets, N., Perez De Rozas, A.M., Badiola, |., and Barbe, J. (2002). Role
of the highaffinity zinc uptake znuABC sysin in Salmonella entericaerovarTyphimurium
virulence.Infection and immunity0, 47214725.

Capdevila, D.A., Edmonds, K.A., and Giedroc, D.P. (2017). Metallochaperones and
metalloregulation in bacteria. Essays Bioch&mn177200.

Cassat, J.E., Moord,L., Wilson, K.J., Stark, Z., Prentice, B.M., Van de Plas, R., Perry, W.J.,
Zhang, Y., Virostko, J., Colvin, D.Cet al.(2018). Integrated molecular imaging reveals tissue
heterogeneity driving hogtathogen interactions. Sci Transl ME@

CDC (2019) Antibiotic resistance threats in the United States.

31



Cerasi, M., Liu, J.Z., Ammendola, S., Poe, A.J., Petrarca, P., Pesciaroli, M., Pasquali, P.,
Raffatellu, M., and Battistoni, A. (2014). The ZupT transporter plays an important role in zinc
homeostasiand contributes t&almonella entericairulence.Metallomics : integrated biometal
sciences, 845853.

Chandrangsu, P., Huang, X., Gaballa, A., and Helmann, J.D. (2Ba8)lus subtilisFolE is
sustained by the ZagA zinc metallochaperone and the ata@rd®P under conditions of zinc
deficiency.Molecular microbiology

Chandrangsu, P., Rensing, C., and Helmann, J.D. (2017). Metal homeostasis and resistance in
bacteriaNat Rev Microbioll5, 338 350.

Chaturvedi, K.S., Hung, C.S., Crowley, J.R., Stapletd.E., and Henderson, J.P. (2012). The
siderophore yersiniabactin binds copper to protect pathogens during infétiome chemical
biology8, 731736.

Chen, C.Y., and Morse, S.A. (2001). Identification and characterization of aaffigity zinc
uptake system iNeisseria gonorrhoea&EMS Microbiol Let202 67-71.

Choi, S., and Bird, A.J. (2014). Zinc'ing sensibly: controlling zinc homeostasis at the
transcriptional levelMetallomics : integrated biometal sciengel1981215.

Clark, H.L., Jhingran, A., Sun, Y., Vareechon, C., de Jesus Carrion, S., Skaar, E.P., Chazin, W.J.,
Calera, J.A., Hohl, T.M., and Pearlman, E. (2016). Zinc and Manganes&i@hblaNeutrophil
S100A8/A9 (Calprotectin) Limits Extracellular Aspergillus fumigatus Hyphal Growth and
Corneal InfectionJournal of immunolog{96, 336-344.

Clohessy, P.A., and Golden, B.E. (1995). Calprotetiguiated zinc chelation as a biostatic
mechanism in host defenc8cand J Immunal2, 551-556.

Corbett, D., Wang, J., Schuler, S., Logeastejon, G., Glenn, S., Brough, D., Andrew, P.W.,
Cavet, J.S., and Roberts, I.S. (2012). Two zinc uptake systems contribute to the full virulence of
Listeriamonocytogeneduring growth in vitro and in vivdnfection and immunit$0, 14-21.

Corbin, B.D., Seeley, E.H., Raab, A., Feldmann, J., Miller, M.R., Torres, V.J., Anderson, K.L.,
Dattilo, B.M., Dunman, P.M., Gerads,,Rt al.(2008). Metal chelation andhibition of bacterial
growth in tissue abscessé&xience819 962965.

Cortese, M.S., Paszczynski, A., Lewis, T.A., Sebat, J.L., Borek, V., and Crawford, R.L. (2002).
Metal chelating properties of pyridir6-bis(thiocarboxylic acid) produced Bsewomonaspp.
and the biological activities of the formed compleX@smetalsl5, 103120.

Crawford, A., and Wilson, D. (2015). Essential metals at theatsiogen interface: nutritional
immunity and micronutrient assimilation by human fungal pathoddfislS Yeast Rekb.

32



Dalet, K., Gouin, E., Cenatiempo, Y., Cossart, P., and Hechard, Y. (1999). Characterisation of a
new operon encoding a Zlike protein and an associated ABC zinc permeaseisteria
monocytogene$EMS Microbiol Lettl74, 111-116.

Damo, S.M., KehFie, T.E., Sugitani, N., Holt, M.E., Rathi, S., Murphy, W.J., Zhang, Y., Betz,
C., Hench, L., Fritz, Get al.(2013). Molecular basis for manganese sequestration by calprotectin
and roles in the innate immune response to invading bdcpatlaogensProceedings of the
National Academy of Sciences of the United States of Anidii-88413846.

Davis, L.M., Kakuda, T., and DiRita, V.J. (2009).@ampylobacter jejunznuA orthologue is
essential for growth in lovzinc environments and clkicolonizationJournal of bacteriologyt91,
1631-1640.

DePasqualdardieu, P., and Fraker, P.J. (1984). Interference in the development of a secondary
immune response in mice by zinc deprivation: persistence of effé&tslournal of nutritiori14,
17621769.

Desrosiers, D.C., Sun, Y.C., Zaidi, A.A., Eggers, C.H., Cox, D.L., and Radolf, J.D. (2007). The
general transition metal (Tro) and Zr(Znu) transporters ifreponema pallidumanalysis of
metal specificities and expression profilsklecular micobiology 65, 137152.

Eggleton, W.G. (1940). The zinc and copper contents of the organs and tissues of Chinese subjects.
Biochem B4, 991-:997.

Eide, D.J. (2011). The oxidative stress of zinc deficieMdgtallomics : integrated biometal
sciences3, 11241129.

Eksioglu, E.A., Chen, X., Heider, K.H., Rueter, B., McGraw, K.L., Basiorka, A.A., Wei, M.,
Burnette, A., Cheng, P., Lancet, &t al. (2017). Novel therapeutic approach to improve
hematopoiesis in low risk MDS by targeting MDSCs with theeRgineered CD33 antibody BI
836858 .Leukemia3l, 21722180.

Falagas, M.E., Roussos, N., Gkegkes, I.D., Rafailidis, P.l., and Karageorgopoulos, D.E. (2009).
Fosfomycin for the treatment of infections caused by (Gpasitive cocci with advanced
antimicrobialdrug resistance: a review of microbiological, animal and clinical studies. Expert
Opin Investig Drug4.8, 921-944.

Gaballa, A., and Helmann, J.D. (1998). Identification of a-specific metalloregulatory protein,
Zur, controlling zinc transport operomns Bacillus subtilis.Journal of bacteriologyl80, 5815
5821.

Gabbianelli, R., Scotti, R., Ammendola, S., Petrarca, P., Nicolini, L., and Battistoni, A. (2011).

Role of ZnuABC and ZinT irEscherichia coliO157:H7 zinc acquisition and interaction with
epithelial cells.BMC microbiologyll, 36.

33



Gabriel, S.E., Miyagi, F., Gaballa, A., and Helmann, J.D. (2008). Regulation dattius
subtilis yciC gene and insights into the DN#nding specificity of the zinsensing
metalloregulator ZurJournal of bactdology, pp. 34823488.

Gaddy, J.A., Radin, J.N., Loh, J.T., Piazuelo, M.B., K&kl T.E., Delgado, A.G., lica, F.T., Peek,
R.M., Cover, T.L., Chazin, W.Jet al. (2014). The host protein calprotectin modulates the
Helicobacter pyloricag type IV sectén system via zinc sequestratiddLoS pathogengO,
€1004450.

Garrido, M.E., Bosch, M., Medina, R., Llagostera, M., Perez de Rozas, A.M., Badiola, I., and
Barbe, J. (2003). The higdffinity zinc-uptake system znuACB is under control of the {omtake
regulator (fur) gene in the animal pathodasteurella multocidaFEMS Microbiol Lett221, 31-

37.

Ghssein, G., Brutesco, C., Ouerdane, L., Fojcik, C., 1zaute, A., Wang, S., Hajjar, C., Lobinski, R.,
Lemaire, D., Richaud, Pet al. (2016). Biosynthesi®f a broadspectrum nicotianamirkke
metallophore irStaphylococcus aureuScience352, 11051109.

Giedroc, D.P., Chen, X., and Apuy, J.L. (2001). Metal response element {MiRiNg
transcription factel (MTF-1): structure, function, and regulatigimtioxidants & redox signaling
3, 577-596.

Gilston, B.A., Wang, S., Marcus, M.D., CanaliBernandez, M.A., Swindell, E.P., Xue, Y.,
Mondragon, A., and O'Halloran, T.V. (2014). Structural and mechanistic basis of zinc regulation
across thé. coli Zur regulon.PLoS biologyl2, €1001987.

Glaser, R., Harder, J., Lange, H., Bartels, J., Christophers, E., and Schroder, J.M. (2005).
Antimicrobial psoriasin (S100A7) protects human skin fr&scherichia coliinfection. Nat
Immunol6, 57-64.

Grim, K.P., San Francisco, B., Radin, J.N., Brazel, E.B., Kelliher, J.L., Parraga Solorzano, P.K.,
Kim, P.C., McDevitt, C.A., and KekHtie, T.E. (2017). The Metallophore Staphylopine Enables
Staphylococcus aured® Compete with the Host for Zinc and Ovemge Nutritional Immunity.
mBio8.

Haas, C.E., Rodionov, D.A., Kropat, J., Malasarn, D., Merchant, S.S., and del@g=oy, V.
(2009). A subset of the diverse COGO0523 family of putative metal chaperones is linked to zinc
homeostasis in all kingdoms ofdi BMC genomic40, 470.

Haley, K.P., Delgado, A.G., Piazuelo, M.B., Mortensen, B.L., Correa, P., Damo, S.M., Chazin,
W.J., Skaar, E.P., and Gaddy, J.A. (2015). The Human Antimicrobial Protein Calgranulin C
Participates in Control dfielicobacter pyloriGrowth and Regulation of Virulencmfection and
immunity83, 29442956.

Hambidge, M. (2000). Human zinc deficiendye Journal of nutritiori30, 134451349S.

34



Harding, C.M., Hennon, S.W., and Feldman, M.F. (2018). Uncovering the mechanisms of
Acinetolacter baumannivirulence.Nat Rev Microbioll6, 91-102.

Hasegawa, H., Suzuki, K., Suzuki, K., Nakaji, S., and Sugawara, K. (2000). Effects of zinc on the
reactive oxygen species generating capacity of human neutrophils and on the serum opsonic
activity in vitro. Luminescencé5, 321-327.

Hassan, K.A., Pederick, V.G., Elbourne, L.D., Paulsen, I.T., Paton, J.C., McDevitt, C.A., and
Eijkelkamp, B.A. (2017). Zinc stress induces copper depletidwcinetobacter baumanniBMC
microbiologyl7, 59.

Helbig, K, Bleuel, C., Krauss, G.J., and Nies, D.H. (2008). Glutathione and transi&itad
homeostasis ikscherichia coliJournal of bacteriology90, 54315438.

Hood, M.1., Mortensen, B.L., Moore, J.L., Zhang, Y., k&, T.E., Sugitani, N., Chazin, W.J.,
Caprioli, R.M., and Skaar, E.P. (2012). Ildentification of Acinetobacter baumannizinc
acquisition system that facilitates resistance to calprotentitiated zinc sequestratioRLoS
pathogens, e1003068.

Hood, M.I., and Skaar, E.P. (2012). Nutritibimamunity: transition metals at the pathogeost
interface Nat Rev Microbioll0, 525537.

Huang, X., Shin, J.H., PinochBarros, A., Su, T.T., and Helmann, J.D. (20B&cillus subtilis
MntR coordinates the transcriptional regulation of manganesakeipand efflux systems.
Molecular microbiologyl03 253268.

Hubbard, P.A., Padovani, D., Labunska, T., Mahlstedt, S.A., Banerjee, R., and Drennan, C.L.
(2007). Crystal structure and mutagenesis of the metallochaperone MeaB: insight into the causes
of metylmalonic aciduriaThe Journal of biological chemistB82 3130831316.

Hubert, K., Devos, N., Mordhorst, I., Tans, C., Baudoux, G., Feron, C., Goraj, K., Tommassen, J.,
Vogel, U., Poolman, J.Tet al. (2013). ZnuD, a potential candidate for a simghal universal
Neisseria meningitidigaccine.Infection and immunitg1, 19151927.

Hujanen, E.S., Seppa, S.T., and Virtanen, K. (1995). Polymorphonuclear leukocyte chemotaxis
induced by zinc, copper and nickel in vitBiochim Biophys Acta245 145152.

Hunter, M.J., and Chazin, W.J. (1998). High level expression and dimer characterization of the
S100 EFhand proteins, migration inhibitory factoglated proteins 8 and 1Z4he Journal of
biological chemistry273 1242712435.

Jacob, C., MaretW., and Vallee, B.L. (1998). Control of zinc transfer between thionein,

metallothionein, and zinc proteirf@toceedings of the National Academy of Sciences of the United
States of Americ@5, 34893494.

35



James, G.A., Korber, D.R., Caldwell, D.E., and CasterJ.W. (1995). Digital image analysis of
growth and starvation responses of a surfaaenizingAcinetobactesp.Journal of bacteriology
177, 907915.

Jean, S., Juneau, R.A., Criss, A.K., and Cornelissen, C.N. (20d4i8keria gonorrhoeaEvades
CalprotectinMediated Nutritional Immunity and Survives Neutrophil Extracellular Traps by
Production of TdfHInfection and immunitg4, 29822994.

Jiang, L.J., Maret, W., and Vallee, B.L. (1998). The glutathione redox couple modulates zinc
transker from metallothionein to zindepleted sorbitol dehydrogenaderoceedings of the
National Academy of Sciences of the United States of An®&;iG4833488.

Kandari, D., Gopalani, M., Gupta, M., Joshi, H., Bhatnhagar, S., and Bhatnagar, R. (2018).
Identfication, Functional Characterization, and Regulon Prediction of the Zinc Uptake Regulator
(zur) of Bacillus anthracis- An Insight Into the Zinc Homeostasis of the Pathodemnt
Microbiol 9, 3314.

Kehl-Fie, T.E., Chitayat, S., Hood, M.Il., Damo, S.sRepo, N., Garcia, C., Munro, K.A., Chazin,
W.J., and Skaar, E.P. (2011). Nutrient metal sequestration by calprotectin inhibits bacterial
superoxide defense, enhancing neutrophil killin§tafphylococcus aureuSell Host Microbel0,
158164.

Khil, P.P, Obmolova, G., Teplyakov, A., Howard, A.J., Gilliland, G.L., and Cam@&itero, R.D.
(2004). Crystal structure of tiiescherichia coliYjiA protein suggests a GFBependent regulatory
function.Proteins54, 371-374.

Kimura, T., and Kambe, T. (2016). THeunctions of Metallothionein and ZIP and ZnT
Transporters: An Overview and Perspectine.J Mol Scil7, 336.

King, J.C., Shames, D.M., and Woodhouse, L.R. (2000). Zinc homeostasis in hhedsurnal
of nutrition 130, 1360S1366S.

King, L.E., Frentel, J.W., Mann, J.J., and Fraker, P.J. (2005). Chronic zinc deficiency in mice
disrupted T cell lymphopoiesis and erythropoiesis while B cell lymphopoiesis and myelopoiesis
were maintained] Am Coll Nutr24, 494502.

Kitabayashi, C., Fukada, T., KanammpM., Ohashi, W., Hojyo, S., Atsumi, T., Ueda, N., Azuma,
l., Hirota, H., Murakami, M. et al.(2010). Zinc suppresses Th17 development via inhibition of
STATS3 activationInt Immunol22, 375386.

Kitamura, H., Morikawa, H., Kamon, H., Iguchi, M., Hojy®.,, Fukada, T., Yamashita, S., Kaisho,

T., Akira, S., Murakami, M. et al. (2006). Toltlike receptormediated regulation of zinc
homeostasis influences dendritic cell functiNiat Immunol7, 971977.

36



Kobayashi, S., Nakai, H., lkenishi, Y., Sun, W.YzaRi, M., Hayase, Y., and Takeda, R. (1998).
Micacocidin A, B and C, novel antimycoplasma agents fiéseudomonasp. Il. Structure
elucidation.J Antibiot(Tokyo) 51, 328332.

Korndorfer, I.P., Brueckner, F., and Skerra, A. (2007). The crystal struofutke human
(S100A8/S100A9)2 heterotetramer, calprotectin, illustrates how conformational changes of
interacting alphdnelices can determine specific association of tweh&ikd proteinsJ Mol Biol

370, 887-898.

Kreutzer, M.F., Kage, H., Gebhardt, P., tker, B., Saluz, H.P., Hoffmeister, D., and Nett, M.
(2011). Biosynthesis of a complex yersiniabaditie natural product via the mic locus in
phytopathogeiRRalstonia solanacearumpplied and environmental microbiolo@y, 61176124.

Krezel, A., Hao, Q and Maret, W. (2007). The zinc/thiolate redox biochemistry of
metallothionein and the control of zinc ion fluctuations in cell signalwgh Biochem Biophys
463 188200.

Kury, S., Dreno, B., Bezieau, S., Giraudet, S., Kharfi, M., Kamoun, R., and Moisan, J.P. (2002).
Identification of SLC39A4, a gene involved in acrodermatitis enteropatNataGenet3l, 239
240.

Leach, L.H., Morris, J.C., and Lewis, T.A. (2007). The role¢he siderophore pyridia2,6-bis
(thiocarboxylic acid) (PDTC) in zinc utilization by Pseudomonas putida DSM Bothetals20,
117-726.

Leclerc, E., Fritz, G., Vetter, S.W., and Heizmann, C.W. (2009). Binding of S100 proteins to
RAGE: an updateBiochim Biophys Acta793 9931007.

Lee, JW., and Helmann, J.D. (2007). Functional specialization within the Fur family of
metalloregulatorsBiometals20, 485499.

Li, Y., Qiu, Y., Gao, H., Guo, Z., Han, Y., Song, Y., Du, Z., Wang, X., Zhou, D., ajYR.
(2009). Characterization of Zalependent genes and direct Zur targetgearsinia pestisBMC
microbiology9, 128.

Liu, J.Z., Jellbauer, S., Poe, A.J., Ton, V., Pesciaroli, M., ¥&h| T.E., Restrepo, N.A., Hosking,
M.P., Edwards, R.A., Battishi, A., et al. (2012). Zinc sequestration by the neutrophil protein
calprotectin enhance&salmonellagrowth in the inflamed guCell Host Microbell, 227239.

Liu, M., Yan, M., Liu, L., and Chen, S. (2013). Characterization of a novel zinc transpoudr Z
acquired byibrio parahaemolyticuthrough horizontal gene transféront Cell Infect Microbiol
3, 61.

Lonergan, Z.R., Nairn, B.L., Wang, J., Hsu, Y.P., Hesse, L.E., Beavers, W.N., Chazin, W.J.,
Trinidad, J.C., VanNieuwenhze, M.S., Giedroc, Dd®al. (2019). AnAcinetobacter baumannii

37



Zinc-Regulated Peptidase Maintains Cell Wall Integrity during ImmMeeiated Nutrient
SequestratiorCell Rep26, 20092018 e2006.

Ma, Z., Chandrangsu, P., Helmann, T.C., Romsang, A., Gaballa, A., and Helman(20l14).
Bacillithiol is a major buffer of the labile zinc pool Bacillus subtilis Molecular microbiology
94, 756770.

Ma, Z., Gabriel, S.E., and Helmann, J.D. (2011). Sequential binding and sensing of Zn(ll) by
Bacillus subtilisZur. Nucleic acids reearch39, 91339138.

Maier, T., Lottspeich, F., and Bock, A. (1995). GTP hydrolysis by HypB is essential for nickel
insertion into hydrogenases B$cherichia coliEur J Biochen230, 133138.

Makthal, N., Nguyen, K., Do, H., Gavagan, M., ChandrangsiH&mann, J.D., Olsen, R.J., and
Kumaraswami, M. (2017). A Critical Role of Zinc Importer AdcABC in Groufteptococcus
Host Interactions During Infection and Its Implications for Vaccine Developra@&iMedicine
21, 131141.

Maret, W. (2000). The fuction of zinc metallothionein: a link between cellular zinc and redox
state.The Journal of nutritior130, 145551458S.

Maret, W., and Sandstead, H.H. (2006). Zinc requirements and the risks and benefits of zinc
supplementation] Trace Elem Med Bid0, 3-18.

Maywald, M., Wang, F., and Rink, L. (2018). Zinc supplementation plays a crucial role in T helper
9 differentiation in allogeneic immune reactions and-activated T cells] Trace Elem Med Biol
50, 482488.

Mazmanian, S.K., Skaar, E.P., Gaspar, A.H., Humayun, M., Gornicki, P., Jelenska, J., Joachmiak,
A., Missiakas, D.M., and Schneewind, O. (2003). Passage of-inemacross the envelope of
Staphylococcus aureuScience299, 906-909.

McKinney, P.E., Brent, J., and Kulig, K. (1994). Acute zinc chloride ingestion in a child: local and
systemic effectsAnn Emerg Me@3, 13831387.

Mehta, N., Benoit, S., and Maier, R.J. (2003). Roles of conserved nuclbotiiag domains in
accessory teins, HypB and UreG, in the maturation of niekakzymes required for efficient
Helicobacter pyloricolonization.Microb Pathog35, 229234.

Moore, C.M., Gaballa, A., Hui, M., Ye, R.W., and Helmann, J.D. (2005). Genetic and
physiological responses B&cillus subtilisto metal ion stres$4olecular microbiologyb7, 27-40.

Moreau, G.B., Qin, A., and Mann, B.J. (2018). Zinc Acquisition Mechanisms Differ between
Environmental and VirulerfrancisellaSpeciesJournal of bacteriolog200.

38



Moroz, O.V., Anson, A.A., Grist, S.J., Maitland, N.J., Dodson, G.G., Wilson, K.S., Lukanidin,
E., and Bronstein, I.B. (2003). Structure of the human S10@apper complex: implications for
hostparasite defencécta Crystallogr D Biol Crystallogb9, 859867.

Mortens@, B.L., Rathi, S., Chazin, W.J., and Skaar, E.P. (20Ad)netobacter baumannii
response to hoshediated zinc limitation requires the transcriptional regulator Zaurnal of
bacteriologyl96, 26162626.

Moulin, P., Patron, K., Cano, C., Zorgani, M.&Zamiade, E., Borezdaurant, E., Rosenau, A.,
Mereghetti, L., and Hiron, A. (2016). The Adc/Lmb System Mediates Zinc Acquisition in
Streptococcus agalactiaand Contributes to Bacterial Growth and Survivadburnal of
bacteriologyl98, 32653277.

Murphy, S.G., Alvarez, L., Adams, M.C., Liu, S., Chappie, J.S., Cava, F., and Dorr, T. (2019).
Endopeptidase Regulation as a Novel Function of theD&pendent Zinc Starvation Response.
mBio 10.

Murphy, T.F., Brauer, A.L., Kirkham, C., Johnson, A., KoszdRasenblum, M., and Malkowski,
M.G. (2013). Role of the zinc uptake ABC transporteMofaxella catarrhalisin persistence in
the respiratory tractnfection and immunitgl, 34063413.

Nairn, B.L., Lonergan, Z.R., Wang, J., Braymer, J.J., Zhang, Y., @aMuW., Lisher, J.P.,
Gilston, B.A., Chazin, W.J., de Cretyagard, V, et al.(2016). The Response of Acinetobacter
baumannii to Zinc Starvatioi€ell Host Microbel9, 826-836.

Nakashige, T.G., Zhang, B., Krebs, C., and Nolan, E.M. (2015). Human teglgmas an iron
sequestering hostefense proteirfNature chemical biolog$1, 765771.

Nakashige, T.G., Zygiel, E.M., Drennan, C.L., and Nolan, E.M. (2017). Nickel Sequestration by
the HostDefense Protein Human Calprotectdmurnal of the American @mical Societyl 39,
88288836.

Nanamiya, H., Akanuma, G., Natori, Y., Murayama, R., Kosono, S., Kudo, T., Kobayashi, K.,
Ogasawara, N., Park, S.M., Ochi, l€t al.(2004). Zinc is a key factor in controlling alternation

of two types of L31 protein in thBacillus subtilisribosome.Molecular microbiology52, 273

283.

Nielubowicz, G.R., Smith, S.N., and Mobley, H.L. (2010). Zinc uptake contributes to motility and
provides a competitive advantageRmmoteus mirabilisduring experimental urinary tract infection.
Infection and immunity8, 28232833.

Nies, D.H. (2003). Effluxnediated heavy metal resistance in prokarydt&sAS Microbiol Rev
27, 313339.

O'Neill, J. (2014). Antimicrobial Resistance: Tackling a crisis for the health and wealth of nations.
Review on Antimicrobial Resistance

39



Ong, C.L., Gillen, C.M., Barnett, T.C., Walker, M.J., and McEwan, A.G. (2014). An antimicrobial
role for zinc in innge immune defense against group A streptocodckdect Dis209, 15001508.

Osman, D., Martini, M.A., Foster, AW., Chen, J., Scott, A.J.P., Morton, R.J., Steed, J.W., Lurie
Luke, E., Huggins, T.G., Lawrence, A,[2t al.(2019). Bacterial sensors defimtracellular free
energies for correct enzyme metalatiNiature chemical biolog$5, 241-249.

Outten, C.E., and O'Halloran, T.V. (2001). Femtomolar sensitivity of metalloregulatory proteins
controlling zinc homeostasiScience292 24882492.

Outten C.E., Outten, F.W., and O'Halloran, T.V. (1999). DNA distortion mechanism for
transcriptional activation by ZntR, a Znigsponsive MerR homologue Escherichia coli The
Journal of biological chemistr®74, 3751737524.

Palmer, L.D., and Skaar, E(2016). Transition Metals and Virulence in BacteAianu Rev Genet
50, 67-91.

Patzer, S.1., and Hantke, K. (1998). The ZnuABC faffinity zinc uptake system and its regulator
Zur in Escherichia coliMolecular microbiology28, 11991210.

Pawlik, M.C, Hubert, K., Joseph, B., Claus, H., Schoen, C., and Vogel, U. (2012). The zinc
responsive regulon deisseria meningitidisomprises 17 genes under control of a Zur element.
Journal of bacteriology194, 65946603.

Pederick, V.G., Eijkelkamp, B.A., Beg&.L., Ween, M.P., McAllister, L.J., Paton, J.C., and
McDevitt, C.A. (2015). ZnuA and zinc homeostasiPgseudomonas aeruginasgcientific reports
5, 13139.

Peleg, A.Y., Seifert, H., and Paterson, D.L. (20@®)inetobacter baumanniemergence of a
sucessful pathogerClin Microbiol Rev21, 538582.

Petrarca, P., Ammendola, S., Pasquali, P., and Battistoni, A. (2010). Thegalated ZinT
protein is an auxiliary component of the higtiinity ZnuABC zinc transporter that facilitates
metal recruitmenduring severe zinc shortagkaurnal of bacteriology192 15531564.

Potter, J.L. (1981). Acute zinc chloride ingestion in a young child. Ann EmerdLDI&6 7-269.
Prasad, A.S. (2000). Effects of zinc deficiency on Thl and Th2 cytokine shiftiectDis 182
Suppl 1 S6268.

Pyle, C.J., Azad, A.K., Papp, A.C., Sadee, W., Knoell, D.L., and Schlesinger, L.S. (2017).
Elemental Ingredients in the Macrophage Cocktail: Role of ZIP8 in Host Response to
Mycobacterium tuberculosit J Mol Scil8.

RahmanM.T., Haque, N., Abu Kasim, N.H., and De Ley, M. (2017). Origin, Function, and Fate
of Metallothionein in Human BloodRev Physiol Biochem Pharmaddl3 41-62.

40



ReyesCaballero, H., Guerra, A.J., Jacobsen, F.E., Kazmierczak, K.M., Cowart, D., Koppolu,
U.M., Scott, R.A., Winkler, M.E., and Giedroc, D.P. (2010). The metalloregulatory zinc site in
Streptococcus pneumoni&ecR, a zineactivated MarR family repressal.Mol Biol 403 197

216.

Rink, L., and Haase, H. (2007). Zinc homeostasis and immudmignds Immunak8, 1-4.

Rosadini, C.V., Gawronski, J.D., Raimunda, D., Arguello, J.M., and Akerley, B.J. (2011). A novel
zinc binding system, ZevAB, is critical for survival of nontypeaéEemophilus influenzaie a
murine lung infection modelnfectionand immunity79, 33663376.

Rosenkranz, E., Metz, C.H., Maywald, M., Hilgers, R.D., Wessels, I., Senff, T., Haase, H., Jager,
M., Ott, M., Aspinall, R, et al. (2016). Zinc supplementation induces regulatory T cells by
inhibition of Sirt1 deacetylase imixed lymphocyte cultureddol Nutr Food Re$0, 661-671.

Sabri, M., Houle, S., and Dozois, C.M. (2009). Roles of the extraintestinal path&geharichia
coli ZnuACB and ZupT zinc transporters during urinary tract infectiofection and immunity
77,11551164.

Shank, J.M., Kelley, B.R., Jackson, J.W., Tweedie, J.L., Franklin, D., Damo, S.M., Gaddy, J.A.,
Murphy, C.N., and Johnson, J.G. (2018). The Host Antimicrobial Protein Calgranulin C
Participates in the Control ofathpylobacter jejunGrowth viaZinc Sequestratiorinfection and
immunity86.

Sheikh, A., Shamsuzzaman, S., Ahmad, S.M., Nasrin, D., Nahar, S., Alam, M.M., Al Tarique, A.,
Begum, Y.A., Qadri, S.S., Chowdhury, M.let al. (2010). Zinc influences innate immune
responses in children \kitenterotoxigenicescherichia colinduced diarrheaThe Journal of
nutrition 140, 10491056.

Sheldon, J.R., Laakso, H.A., and Heinrichs, D.E. (2016). Iron Acquisition Strategies of Bacterial
PathogensMicrobiol Spectré.

Sheng, Y., Fan, F., Jensen, @hong, Z., Kan, B., Wang, H., and Zhu, J. (2015). Dual Zinc
Transporter Systems Wibrio choleraePromote Competitive Advantages over Gut Microbiome.
Infection and immunit@3, 39023908.

Shin, J.H., and Helmann, J.D. (2016). Molecular logic of therggulated zinc deprivation
response iBacillus subtilis Nature communicationg 12612.

Shin, J.H., Oh, S.Y., Kim, S.J., and Roe, J.H. (2007). Theresmonsive regulator Zur controls

a zinc uptake system and some ribosomal proteisgreptomycesoelicolor A3(2). Journal of
bacteriologyl189 40704077.

41



Si, M., Wang, Y., Zhang, B., Zhao, C., Kang, Y., Bai, H., Wei, D., Zhu, L., Zhang, L., Dong, T.G.
et al.(2017). The Type VI Secretion System Engages a Résmulated DuaFunctional Heme
Transpater for Zinc AcquisitionCell Rep20, 949959.

Stefanidou, M., Maravelias, C., Dona, A., and Spiliopoulou, C. (2006). Zinc: a multipurpose trace
elementArch Toxicol80, 1-9.

Stork, M., Bos, M.P., Jongerius, |., de Kok, N., Schilders, I., Weynarits, Foolman, J.T., and
Tommassen, J. (2010). An outer membrane receptbieseria meningitidignvolved in zinc
acquisition with vaccine potentid@LoS pathogen§, e10009609.

Stork, M., Grijpstra, J., Bos, M.P., Manas Torres, C., Devos, N., Poolman, J.T., Chazin, W.J., and
Tommassen, J. (2013). Zinc piracy as a mechanisieidseria meningitidigor evasion of
nutritional immunity.PLoS pathogen8, e1003733.

Subramanian Vigesh, K., Landero Figueroa, J.A., Porollo, A., Caruso, J.A., and Deepe, G.S., Jr.
(2013a). Granulocyte macrophagelony stimulating factor induced Zn sequestration enhances
macrophage superoxide and limits intracellular pathogen surinwaunity39, 697710.

Subramanian Vignesh, K., Landero Figueroa, J.A., Porollo, A., Caruso, J.A., and Deepe, G.S., Jr.
(2013b). Zinc sequestration: arming phagocyte defense against fungal RttaSkpathogens,
e1003815.

Sydor, A.M., Jost, M., Ryan, K.S., Turo, K.Bouglas, C.D., Drennan, C.L., and Zamble, D.B.
(2013). Metal binding properties &scherichia coliYjiA, a member of the metal homeostasis
associated COG0523 family of GTPadg®chemistrys2, 17881801.

Trumbo, P., Yates, A.A., Schlicker, S., and P&6s(2001). Dietary reference intakes: vitamin A,
vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel,
silicon, vanadium, and zind.Am Diet Assot01, 294 301.

Urban, C.F., Ermert, D., Schmid, M., AlAbed, U., Goosm@ann, C., Nacken, W., Brinkmann, V.,
Jungblut, P.R., and Zychlinsky, A. (2009). Neutrophil extracellular traps contain calprotectin, a
cytosolic protein complex involved in host defense ag&iastdida albicansPLoS pathogens,
€1000639.

Vogl, T., Tenbrak, K., Ludwig, S., Leukert, N., Ehrhardt, C., van Zoelen, M.A., Nacken, W.,
Foell, D., van der Poll, T., Sorg, &t al.(2007). Mrp8 and Mrp14 are endogenous activators of
Toll-like receptor 4, promoting lethal, endotoxiduced shockiNat Med13, 10421049.

Vokaty, S., McPherson, V.O., Camus, E., and Applewhaite, L. (1993). Ovine trypanosomosis: a
seroepidemiological survey in coastal GuydRev Elev Med Vet Pays Trdp, 57-59.

Wakeman, C.A., Moore, J.L., Noto, M.J., Zhang, Y., Singleton, M.DntRes B.M., Gilston,
B.A., Doster, R.S., Gaddy, J.A., Chazin, W.8t al. (2016). The innate immune protein

42



calprotectin promotePseudomonas aeruginosad Staphylococcus aureusteraction.Nature
communications, 11951.

Wang, J., Lonergan, Z.R., GoalezGutierrez, G., Nairn, B.L., Maxwell, C.N., Zhang, Y.,
Andreini, C., Karty, J.A., Chazin, W.J., Trinidad, J.€t al.(2019). Multimetal Restriction by
Calprotectin Impacts De Novo Flavin Biosynthesié\ginetobacter baumanniCell Chem Bial

Wang, T., Chen, K., Gao, F., Kang, Y., Chaudhry, M.T., Wang, Z., Wang, Y., and Shen, X. (2017).
ZntR positively regulates T6SS4 expressiolY @rsinia pseudotuberculosis Microbiol 55, 448
456.

Wang, T., Si, M., Song, Y., Zhu, W., Gao, F., Wang, Y.,ifhd.., Zhang, W., Wei, G., Luo,
Z.Q., et al.(2015). Type VI Secretion System Transports Zn2+ to Combat Multiple Stresses and
Host Immunity.PLoS pathogensl, e1005020.

Weinberg, E.D. (1974). Iron and susceptibility to infectious dis&xsencel84, 952-956.

Wessells, K.R., and Brown, K.H. (2012). Estimating the global prevalence of zinc deficiency:
results based on zinc availability in national food supplies and the prevalence of sRinthgne
7, e50568.

WHO (2017). Guidelines for the preventioand control of carbapenerasistant
EnterobacteriaceaeAcinetobacter baumanniand Pseudomonas aeruginosa health care
facilities. World Health Organization.

Yang, X., Becker, T., Walters, N., and Pascual, D.W. (2006). Deletion of znuA virulence fact
attenuateBrucella abortusand confers protection against wilgbe challengelnfection and
immunity74, 38743879.

Yui, S., Nakatani, Y., and Mikami, M. (2003). Calprotectin (S100A8/S100A9), an inflammatory
protein complex from neutrophils with adaid apoptosinducing activity.Biol Pharm Bull26,
753760.

Zackular, J.P., Chazin, W.J., and Skaar, E.P. (2015). Nutritional Immunity: S100 Proteins at the
HostPathogen Interfac@.he Journal of biological chemistB00, 1899118998.

Zackular, J.P.Moore, J.L., Jordan, A.T., Juttukonda, L.J., Noto, M.J., Nicholson, M.R., Crews,
J.D., Semler, M.W., Zhang, Y., Ware, LRt al.(2016). Dietary zinc alters the microbiota and
decreases resistanceGtmstridium difficileinfection.Nat Med

Zhao, B., Mbody, S.C., Hider, R.C., Lei, L., Kelly, S.L., Waterman, M.R., and Lamb, D.C. (2012).

Structural analysis of cytochrome P450 105N1 involved in the biosynthesis of the zincophore,
coelibactin.Int J Mol Scil3, 85068513.

43



Zygiel, E.M., Nelson, C.E., Brewgk.K., OglesbySherrouse, A.G., and Nolan, E.M. (2019). The
human innate immune protein calprotectin induces iron starvation responBssudomonas
aeruginosaThe Journal of biological chemistry

44



CHAPTER Il

MULTI-METAL RESTRICTION BY CALPROTECTIN IMPACT®OE NOVOFLAVIN

BIOSYNTHESIS INACINETOBACTER BAUMANNII

A version of the following section was previously publishe@&ll Chemical Biologp6 (5)

745755.E7 (May 2019) doi: 10.1016/j.chembiol.2019.02.011

Introduction

Transition metals are important to microbial physiology and execute key catalytic,
structural, and regulatory functions that broadly impact all phases of cellular physiology. The
mammalian host takes advantage of this essentiality by regjrigtowth of invading bacteria
through a process termed nutritional immunity, in which transition metals are withheld from
microbial invaders by mammalian metahding proteingdDamo, et al., 2013; Hood and Skaar,
2012; Weinberg, 1975) Host neutrophils and other immune cells secrete a humber of -metal
chelatinginnate immune proteins at sites of infection, including SfAbdily proteins. One such
protein is calprotectin (CP, S100A8/A9 oligomer), which is a versatile extracellular-metal
sequestering protein that forms high thermodynamic and/or kinetic stabddydination
complexes with Zh Mn", Fe' and NI' (Damo, et al., 2013; &kashige, et al., 2015; Nakashige,
et al., 2017)CP-dependent metdlinding restricts the availability of tee metals and inhibits the
growth of pathogengCorbin, et al., 2008; Zygiel and Nolan, 2018Yhile the physiological

impact of CP is expected to be nietand pathogetlependent, little is known about how CP
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induced stress impacts metabolism in different pathof@esold, et al., 2017; Wakeman, et al.,
2016)

Acinetobacter baumanns a Gramnegative bacterial pathogen commonly associated with
hospitatacquired infections and is a leaginause of ventilateassociated pneumon{Royle, et
al., 2011) Increasing reports of communigquired and multidrug resistaAinetobacter
infections has attracted considerable public atter(titarding, et al., 2018) Calprotectin (CP)
inhibits A. baumannii growth and protects again&t baumanniinfection in a mouse model of
pneumonigHood, et al., 2012) A transposon mutagenesis screen identified a strain lacking the
Zn uptake transportenuB which is regulated by the Zn uptake repressor Zur, as being defective
for growth in the presencd GP and is consistent with the finding that CP induces Zn but not Mn
starvation(Hood, et al., 2012) Subsequent transcr izurtsmami ¢ e X [
identified the Zur regulon as well as other@&sponsive genes, which included the putativé Zn
chaperone, ZigA (Zumduced GTPase A) (Mortensen, et al., 2014); follggwork revaled that
the DzigA strain is sensitive to CP streddortensen, et al., 2014; Nairn, et al., 200\@hile the
importance of Zur and the induction of known Zegulated genes in response to CP has been
defined (Mortensen, et al., 2014; Nairn, et al., 2Q1®)is not yet known how other metal
homeostasis and metabolism systems are perturbed by €8 stre

Elucidating a global understanding of -@fluced perturbations in bacterial transition
metal distribution network(s) and downstream physiological changes in cellular metabolism is
important but remains largely understudigtygiel and Nolan, 2018) Cells must alter their
metabolism when they are mesthrved. A number of essential metabolic pathwayérated
with a Zr' metalloenzyme, including the biosynthesis of folate, queud&N&, riboflavin, and

in some organisms, tetrahydrobioptefithillips, et al., 2012)Given that enzymes that require
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zn" or another transition metal for activity are positioagdritical hubs in cellular physiology, it

is unclear how bacterial cells balance cellular metabolism undendiieed metateficient
conditions. In addition, while studies of how cells regulate metal transport are widespread, these
studies have tended underestimate how intermediary metabolism adapts teifsted metal
starvation. InA. baumanniiCP moderately induces the genes requireduistidine catabolism

(hut), which are proposed to contribute to the release df flbm Zn-His; complexe, thus
increasing access by "aependent processes under extreme Zn limitgttairn, et al., 2016)
Additionally, iron starvation has been linked to induction of flavin biosynthasimcteria and
eukaryotes where substitution of flavodoxins for ferredoxins as cellular reductants was proposed
(LaRoche, et al.,996; Tognetti, et al., 20077 global, systemdevel view of how CP impacts
metabolic processes is clearly needed.

The studies presented here describe the metabolic impact of nutritional immuAity in
baumannii UsingA. baumanniDzigAas a tool to exacerbate muttietal (Zn and Fe) starvation
induced by CP, we observe an incrementally increased abundance ofdied sxizymes of the
flavin biosynthesis pathway, RibBX and RibB, consistent with cellular efforts to ensure sufficient
flavin supply under conditions of extreme metal limitation or-atiscation, predicted of the basis
of global changes in Zrproteome.These observations are consistent with our discovery that
azigAis unable to maintain appropriate flavin abundance during metal starvation antiBixat
contributes to the ability oA. baumanniito synthesize flavins and overcome nutrient metal
limitation. Our findings support a dual regulatory model explaining Aowaumannimaintains
cellular flavin sufficiency required for central metabolic processes in an effort to overcome CP
induced metal starvation. Our studies also validate ongoing efforts/ébodepharmacological

strategies again#t. baumanniby identifying flavin biosynthetic enzymes as required to survive
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nutrient limitation. Notably, these enzymes are established antimicrobial targets in other bacterial

pathogens, underscoring the gehsignificance of these findindsslam, et al., 2015)

Materials and Methods
Bacterial strains and reagents

Experiments were performed @& baumannilATCC 17978 and mutant derivatives of
this strain, including th®zigA mutant generated previougairn, et al., 2016and theDribBX
mutant generated as described below. Cloning was perform&d @liDH5U and pr ot ¢
expression ifE. coliBL21 (DE3). Strainsvere cultured in Luria Broth (LB) at 37 °C with aeration
unless otherwise noted, and &bwas used to measure bacterial growth as previously described
(Nairn, et al., 2016) Kanamycin (Sigma) was used at 40 pg/mL. Ampicillin (Sigma) was used at
100 pg/mL forE. coliand 500mg/mL for A. baumanniiRecombinant human CP were expressed
and purified agpreviously describedCorbin, et al., 2008)S100A8 and S100A9 cloned into
pPET1120 were transformed separately iBtocoli C41 (DE3) cells for expression. Cells were
induced at 37 °C at Qdob between 0.6 and 0.8 with the addition of 1 mM isopropyl-fhD-
galactoside (IPTG) and allowed to grows postinduction. Cells were harvested by centrifugation
(6500 rpm, 20 min, 4 °C), and-seispended in Lysis Buffer (50 mM Tris pH 8.0, 100 mM Nacl,
1 mM EDTA, 1 mM phenylmethane sulfonyl fluoride (PMSF), 0.5 % Tritori00). Once
homogenized, sample wasrscated (10 min, 50 watts, 5 s on/10 s off), and centrifuged (20,000
rpm, 20 min). The supernatant was filtered and loaded onto a SourceQ column (General Electric)
with flow rate at 1 mL/min. After loading, the column was washed with three column voiM)e (
Buffer A (20 mM Tris, pH 8.0) and eluted with a gradient from 0 to 100% Buffer B (20 mM Tris,

pH 8.0, 1 M NaCl) over 10 CV. S100A8/A9 containing fractions were pooled according to SDS
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PAGE, concentrated, and loaded onto S75 column (General Electre)column was washed
with 1 CV S75 Buffer (20 mM Tris, pH 8.0, 100 mM NacCl), S100A8/A9 containing fractions

pooled according to SDBAGE, flash frozen, and storedi&0°C.

A. baumanniimutant generation

To generate wirame theDribBX strain, approximately 1000 base pairs of DNA in both the
560 and 306 flanking regions surr odamunaln~-g0o0t he o
nucleotides ofibBX intact to limit polarity, were amplified fromA. baumannigenomic DNA
using primersisted inTable 4, and the kanamycin resistance geapé was amplified by PCR
from the pUCK1 plasmid using primers listed Table 4 (Menard, et al., 1993)The 3 PCR
products and pFLP2 vector were assembled together using Gibson assembly (New England
Biolabs) and sequenceerified (Hoang, et al., 1998)pFLP2 was then electroporated iAo
baumannij plated onto LB Km 40 agar, and grown overnight at 37 °C. Transformants were
patched to LB Km40 or LB agar with 10 % sucrose to isolat& Knd sucrosemerodiploids.
Meraodiploid strains were grown in LB supplemented withnt@mL riboflavin overnight at 37 °C
to resolve the plasmid. Cultures were serially diluted, plated on LB agar with 10 % sucrose, and
incubated at 37 °C overnight. The resulting 'Ksncrosg strains werescreened for loss oibBX

and replacement withphby multiple PCR reactions.

A. baumannii expression construct generation
TheribBX gene was amplified from WA. baumannigenomic DNA using primers listed
in Table 4and incorporated a-@rminal cMyc tag. The amplified gene product was ligated into

digested pWH1266 containing the constituti@é promoter, which was generated as previously
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describedMortensen, et al., 2014ihe 16s gened1l was amgfied from A. baumannigenomic
DNA and ligated into the pWH1266 expression vector. The integrity ofGhg@romoter and
ribBX was confirmed by sequencing. The empty vector andiliBX expression vector were

transformed into WT andrzigAby electroporation.

Growth in calprotectin or metal chelators

OvernightA. baumanniicultures started from independent colonies as replicates were
subcultured 1:50 in LB for 1 h. Baakluted cultures were then inoculated 1:100 into LB
containing various concentrations of tetraf@spyridylmethyl)ethylenediamine (TPEN) as
indicated, andgyrowth was monitored over time. For growth in medium containing recombinant
human WT CP, baeHiluted cultures were inoculated 1:100 into LB containing 40% CP buffer
(20 mM TrisHCI pH 7.5, 100 mM NaCl, 5 mMI-mercaptoethanol, 3 mM Cafkupplemented
with CP, and growth was monitored over time. To assess growth during Fe limitatiouljlodet
cultures were inoculated 1:100 into M9 minimal media supplemented with 0.5% sodium succinate
dibasic hexahydrate and i ethylenediaminali(o-hydroxyphenylacetiacid) (EDDHA, LGC

Standards), and growth was monitored over time.

ICP-MS gquantification of total metals

The quantification of total metal content of the growth media used here (LB + 40 % CP
buffer) and total celassociated metal was carried out layge$ described before on a Perkin
Elmer Elan DRCII ICPMS (Nairn, et al., 2016) Briefly, the growth media was incubated with
200 pg/mL calprotectin (CP) at 3T for 2 h. CP was then removed via filtration with a-pre

washed and prequilibrated 3 or 10 kDa filter with the flothrough eluent analyzed for total
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metal content and cgmared with the same media prior to filtration, essentially as described
(Nakashige, et al., 2015)The CP used for these studiemdoai ned 0. 11 pr ot omer
0.08 protomer mol Aequiv Cu, 0.01 protomer mol
protomer mol Aequi v -filte(2 raectalsites er ptotornes); qBabtitatiomas thea |
total metal chelated by CP neplicate experiments was found to be 95 +7% of expected value
based on the concentration of-Bidding sites (site 1 + site 2, per protomer). For bacterial lysates,
strains were grown in the presence of the 200 pg/mL CP as described above. Cellsmaizath

to the same O&o and pelleted at 4C, then washed 3 times with iceld, chelexed PBS buffer.

Cell pellets were stored 880 C before measurements. Samples were incubated with 30% nitric
acid at 95for 10 min and 65C for 1 h. The volumes eve then adjusted to 3 mL with 2.5% nitric

acid and subjected to elemental quantification on a Ré&lkrer Elan DRCII ICPMS equipped

with AS-93 autosampler run alongside elemental standards. Cellular metal content was
normalized to protein amount whighas measured using a standard Bradford assay, as described

previously(Jacobsen, et al., 2011)

RNA Sequencing

WT A. baumanniwas grown overnight in 3 mL LB. Cultures were reseeded 1:50 in LB
and grown for 1 h at 37 °C with shaking. These cultures were reseeded 1:100 in 40 % LB, 60 %
CP buffer plus or minus 25@y/ml CP and grown for 7 h at 37 °C with shaking. Cultures were
peleted at 4 °C with 2,500 g for 8 min and then air dried on ice. Each pellet was suspended in 1
mL TRIzol and transferred to tubes containing lysing matrix B (MP Biomedicals). Bacteria were
lysed using a FastPrefst (MP Biomedicals) bead beater for 45t6am/s. Two hundredr

chloroform then was added to each tube. After brief vortexing, the tubes were centrifuged for 15
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min at 4 °C and the upper layer was transferred to another new tube. RNA was purified using the
RNeasy preparation kit (Qiagen) accoglito the RNeasy lipid tissue directions. DNA
contamination was removed by addingi8 RQ1 (Promega), 18L 10x RQ1 buffer, and 2L

RNase inhibitor (Promega) to each sample and incubating at 37 °C for 2 h. Samples were then
cleaned up using the RNeasy ipiep RNA cleanup protocol (Qiagen). To ensure purity of the
RNA from DNA contamination, an aliquot of RNA was removed for reverse transcription (RT),
including neRT controls, and assessed by PCR. Prior to sequencing, RNA was quantified on the
Synergy 2 wth Gen5 2.00 software (BioTek).

Vanderbilt Technologies for Advanced Genomics Core Facility (VANTAGE) prepared
RNA-seq libraries from 1.51g of A. baumanniitotal RNA using the following protocol. The
integrity of the total RNA was evaluated using theléwfi Bioanalyzer Nano RNA chip. The Ribo
Zero rRNA removal kit for Grapmegative bacteria (Epicentre) was used to remove rRNA by
foll owing the manuf ac-teduceé RNMAswaspused asoan anput to thé e
TruSeq stranded mRNA sample preparakitiflllumina), skipping the mRNA selection step and
going directly into the RNA fragmentation and random hexamer priming step. The RNA was
converted into doublstranded cDNA, adapter ligated, and enriched with PCR, replacing the
enzyme from the kit witiKAPA HiFi DNA polymerase to create the final cDNA sequencing
library. The cDNA library underwent quality control (QC) by running on an Agilent Bioanalyzer
HS DNA assay to confirm the final library size and on an Agilent Mx3005P quantitative PCR
(gPCR) mahine using the KAPA lllumina library quantification kit to determine concentration.

A 2 nM stock was created, and samples were pooled by molarity for multiplexing. From the pool,
a 10.5 pM concentration was loaded into each well for the flow cell onuha@nia cBot for cluster

generation. The flow cell was then loaded onto an Illlumina HiSeq 2500, utilizing v3 chemistry and
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HTA 1.8 for a paireeend 50bp run. The raw sequencing reads in BCL format were processed
through CASAVA1.8.2 for FASTQ conversion drdemultiplexing. The RTA chastity filter was

used, and only the PF (pass filter) reads were retained for further analysis.

Transcriptomic analysis

The lllumina HiSeq 250@enerated FASTQ reads were processed by using the Bayesian
adapter trimmer Scythéversion 0.992; http://github.com/vsbuffalo/scythe) to trim 3= adaptor
sequence contaminants from the reads. Efp@&Ev1.3 (Estimated Degree of Gene Expression in
Prokaryotes) softwar@Magoc, et al., 2013hen was used to align the reads with Bowtie2 v2.1.0
(Langmead and Salzberg, 20H2)d estimate gene expression directly from the alignméptiou
The FASTA of the reference genome sequence (.fna), protein translation table with coordinates of
protein coding genes (.ptt), and a table containing coordinates of tRNA and rRNA genes were
downloaded from NCBI (ftp://ftp.ncbi.nih.gov/GenBank/genorBasteria/Acinetobacter
baumannii ATCC_17978 uid17477). The .fna, .ptt, and .rnt files were concatenated from the
main genome and two native plasmids into single input files, and they were used as inputs into
EDGEpro. EDGEpro was run with default paraters, except for defining the read length as 50
bp (I 50) and using 16 threads (L6) on a 64ore Linux server. On average, more than 96% of
the reads were uniquely aligned. Alignment statistics and other QC metrics were calculated from
the aligned BAMfile using the RSeQC program sufi%/ang, et al., 2012'he output of EDGE
pro was an RPKM value table for the genome and plasmids. A script provided with-gi0GE
called edgeToDeseq.perl was used to concatenate the output of the various samples into a single
count table for input into DESeq. The expressiorlley each gene was determined using DESeq

(Anders and Huber, 20100 the statistical programming package3R.0 (http://www.f
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project.org). Differences in expression comparing untreatedAMJaumanniito CRtreatedA.

baumanniiwere considered significant based oA aalue less than or equal to 0.01.

Quantitative RT-PCR

Overnight cultures oA. baumanniwere diluted 1:50 in LB and grown for 1 h at 37°C.
Cultures were then diluted 1:100 into LB plus or minus2&onl CP and grown for 8 h. Cultures
were pelleted at 4°C and resuspended in 1:1 acetone : ethanol prior to Sto@QfeC atintil
processing. For RNA extraction, cells were pelleted and resuspended in LETS buffer and lysed
using Lysis Matrix B tubes (MP Biogicals) and a FastPr&4 (MP) bead beater. Samples were
heated to 55°C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was combined with
TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with each sample,
incubatedor 3 min, and centrifuged for 15 min at 4°C at 15,000 rpm. Following centrifugation,
the upper aqueous phase was transferred to a new tube and incubated with isopropyl alcohol for
10 min at room temperature to precipitate the RNA. Samples were cerdrdtigéC for 10 min
at 15,000 rpm. Supernatant was removed, and the pellet was washed twice with 70% ethanol and
dissolved in water. DNA contamination was removed by adding RQ1 and RQ1 buffer (Promega),
and RNAse inhibitor (Thermo), and the samples werebated at 37°C for 2 h. Following DNAse
treat ment , RNA was purified usi ng RNease mi
recommendation. RNA was quantified, and@ of RNA was used for cDNA synthesis. cDNA
synthesis and qRPCR was performed as preusly described using theP®T method

(Mortensen, et al., 2014; Nairn, et al., 20I)imers used for qRPCR are listed ifable 4.
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LC-MS/MS proteomic analysis

Protein samples were denatuiad M urea, 100 mM ammonium bicarbonatdution,
then incubated for 45 min at 836 with 10 mM dithiothreitol (DTT}o reduce cysteine residues.
The free cysteineesidueside chains were then alkylated with 40 mM iodoacetamide for 1 h in the
dark at rem temperature. The solutiovas diluted to M urea and 1:100 (w:wiatio of trypsin
was added and the samples were digested at 37 °C oveReghides were desalted by Zip
and injected into an Eas).C HPLC system coupled to an Orbitrap Fusion Lanmmass
spectrometer (Thermo Scientific, Bremen, Germany). Peptide samples were loaded onte a home
made C18 trap column (75 em I 20 mm, 3 e&m) in
using an Acclaim PepMapTM RSLC nOd,8 2aneanh)y tu scian
acetonitrilebased gradient (Solvent A: 0% acetonitrile, 0.1% formic acid; Solvent B: 80%
acetonitrile, 0.1% formic acid) at a flow rate of 400 nL/min. A 30 min gradient was implemented
as follows: 60.5 min, 29% B; 0.524 min, 926% B 24-26 min, 26100% B; 2630 min, 100% B
followed by reequilibration to 2% B. The electrospray ionization was carried out with a nanoESI
source at a 260 °C capillary temperature and 1.8 kV spray voltage. The mass spectrometer was
operated in datdependat acquisition mode with mass range 400 to 1600 m/z. The precursor ions
were selected for tandem mass (MS/MS) analysis in Orbitrap with 3 sec cycle time using HCD at
35% collision energy. Intensity threshold was set at 5e3. The dynamic exclusion wath set wi
repeat count of 1 and exclusion duration of 30 s. The resulting data were searched against an
Acinetobacter baumannidatabase (Uniprot UP000094982, 3,780 entries, with the database
downloaded 0®7/06/2017#rom Uniprot) in Proteome Discoverer 2.1.rBamidomethylation of
cysteine residues was set as a fixed modification. Protagrminal acetylation, oxidation of

methionine, protein MNerminal methionine loss, protein -tdrminal methionine loss and
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acetylation, and pyroglutamine formation were setariable modifications. A total of 3 variable
modifications were allowed. Trypsin digestion specificity with two missed cleavage was allowed.

The mass tolerance for precursor and fragment ions was set to 10 ppm and 0.6 Da respectively.

Statistical rationale and bioinformatics analysis

Data analysis was performed as previously desc(ikedtache, et al., 2017; Park, et al.,
2014) Proteins detected fewer than 3 times in 4 replicate lysaesaxcluded from our statistical
analysis. The statistical analysis of these data was completed using unpairedativd ed st ude
tt est with Welchds correction. Functional inf
the National Centerof Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) and
the SEED database (http://pubseed.theseed.org/?page= Miniowdybeek, et al., 2005)
Metabolism pathway information for the selected proteins were obtained fronKythte
Encyclopedia of Genes and Genomes (KEGG) database

(https://www.genome.jp/kegg/pathway.html).

Siderophore quantification

Siderophore production was quantified using a Chrome Azurol S (CAS) assay as described
previously (Alexander and Zuberer, 1991; Schwyn and Neilands, 1871fly, A. baumannii
was grown for 36 h in the presence of 28ImL CP or buffer as described above. Supernatants
were collected and filtered through a 0rfaf filter (Millipore). Supernatants were mixed 1:1 with
the chrome azurol S shuttle solutféfexander and Zuberer, 19919nd OR3o was determined
after a 30 min ingbation at room temperature. Values were normalized to starting cell density as

determined by OBo.
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Zinc Proteome prediction of A. baumannii

Using a previously published approdttalasatavaet al., 2016)we created two libraries
of Hidden Markov Model profile¢Eddy, 1998) a library of Zrbinding Pfam domain@=inn, et
al., 2014) and a library of Zfbinding structural motifsThe Pfam domain library was created by
mergingtwo lists: 1). a list of Pfam domains with knowrdBnensional structure that contain a
Zn-binding site extracted from MetalPOButignano, etla 2018)in which each of these domains
could be associated with the residues responsible fdoirtting and with their positions within
the domain sequence and 2). a list of Pfam domains without a known 3D structure but annotated
as Znbinding, obtaied by text mining of the annotations in the Pfam database. The procedure
resulted in a set of 573 Pfam domains: 541 with an associatedridaining 3D structure, and an
additional 32 annotated as -bBinding domainsThe library of Znbinding structural miifs was
created by splitting into fragments the-Bmding sites stored in MetalPDB as of June 2017, as
previously describe(Rosato, et al., 2016)Only one representative was kept forldnding sites
that, though found in different PDB structures, fall in the same position of the same protein domain.
Sites that are not physiologically relevant based on literature inspeetmpnZn-substituted
structures, spurious sites, were manually removed from the dataset. This procedure resulted in a
set of 6450 zindinding motifs derived from 2651 Zninding sites.

The Zn proteome ofcinetobacter baumannwas obtained by using the hmmsdaol
(Eddy, 1998)0 search each bacterial sequence for the profiles contained in the two libraries. A
bacterial sequence was identified as containing a potentibinding site if at least one of the
following conditions was verified: A)he profiles of all the fragments of a given site matched the

sequence with an-ealue lower than 18 and the corresponding ligands are conserved in the

57



sequence. B) The profile of a domain with associated ligands matched the sequence with an e
value lower than 18° and the ligands are conserved in the sequence. C) The profile of a domain
with no associated ligands matched the sequence with-vaue lower than 10. These
predictions were integrated by adding the proteins annotatedlaading in theUniProt database
(UniProt Consortium, 2018)n total, 213 proteins dkcinetobacter baumanniere icentified as

Zn-binding proteins.

FAD quantification

OvernightA. baumanniicultures were bacHiluted 1:50 into LB for 1 h. Cultures were
then inoculated 1:100 into LB containing 40% CP buffer (20 mM-Hf@ pH 7.5, 100 mM NacCl,
5 mM b-mercaptoethanoB mM CaCp) supplemented with 206g/ml CP and grown for 6 h.
Optical densities were normalized across strains, and cells were pelleted and washed with PBS.
Total cellular FAD was quantified using the FAD assay kit (Abcam). Pellets were resuspended in
FAD assay buffer and lysed twice using Lysis Matrix B tubes (MP Biologicals) and a FagtPrep
(MP) bead beater. Supernatants were collected, and protein concentration was determined by BCA
assay (Thermo Scientific). Samples were deproteinized by addiuglat&d M perchloric acid
and incubated on ice for 5 min. Samples were centrifuged for 2 min at 4°C at 13,000 x g, and
supernatants were transferred to a new Eppendorf tubeollde? M potassium hydroxide was
added until the pH was 6& Samples were ceifiged for 15 min at 4°C at 13,000 x g, and
supernatants were collected. To quantify FAD, A0 reaction mixtures were prepared by
combining 46nL of 1:50 dilution of sample with 8L OxiRad probe and 2L enzyme mixture
(Abcam). OR7owas monitored oveB0O min, and values were plotted against an FAD standard

curve and normalized to total protein. Data are averaged from 3 independent experiments.
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Purification of A. baumanniiproteins

Oligonucleotide primers used for cloning are listed@able 4. The gene sequencesitiA,
ribB andribBX from Acinetobacter baumannii ATCC 179¢8cus tags A1S 3107, A1S 0823
and A1S 3388, respectively) were obtained from the SEED database. Thégehencodes a
373 amino acid protein that is 41% identical &@&P6 similar to the homolog encoded by
Mycobacterium tuberculosi437Rv (locus tag Rv1415; NP_215931; PDB: 4114) over their entire
length figure 13B) (Singh, et al.,, 2013) The calculated molecular mass and theoretical
isoelectric point (pl) value for thA. baumanniiRibBX are 40,899 Da and 5.62, respectively
(https://web.expasy.org/protparam/). Full lengtbtpins were cloned into a pHIS plasmid at the
Ncd site using an isothermal assembly method and was expressed witbeamihil Histag
(Gibson, et al., 2009)

These resulting plasmids were transformed Eta@oli BL21(DE3) for expression. Cells
were grown iysogeny brotl{LB) medium supplemendewith 100 pg/mL ampicillin and shaking
at 37 C to ODsoo Of 0.6, at which time ITPG was added to final 0.5 mM. The cells were allowed
to induce at 16C overnight. For each 0.8 L cell pellet, cells were suspended in 40 mL lysis buffer
(25 mM Tris, 500 mMNacCl, 2 mM TCEP, pH 8) and sonicated at 60 % power (3 s on; 9 s off, on
ice), for total 15 min/L cells. This solution was centrifuged at 10,000 g (20 mi2).4The
supernatant was filtered with 0.22 um for loading onto a 5 mL HisTrap column (GE Heajthcar
The NFNTA column was run at 3 mL/min, and protein was eluted with@% buffer B (25 mM
Tris, 500 mM NaCl, 2 mM TCEP, pH 8) gradient over 20 column volumes. The poateiaining
fractions were pooled, cleaved with TEV protease and dialyzed agter (25 mM Tris, 500

mM NacCl, 2 mM TCEP, pH 8) at 4C overnight. Solutions were filtered with 0.22 pm and run
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through NiNTA column. Nontagged protein factions are pooled and concentrated to ~3 mL for
loading on Hi LoadTM 16/600 SuperdexTM 200 or 7% (Bealthcare). Running buffer was (25
mM Tris, 200 mM NaCl, 2 mM TCEP, pH 8), and protein was eluted at artsvof 1 mL/min.
Proteincontaining fractions were pooled, concentrated and-fiaten in liquid nitrogen, stored

at 7180 C, and buffer exchayed prior to use. Protein mass was confirmed byEISEMS or
trypsin digested MALDIMS and was judged to be 90% pure by overloaded-BASE gels. For
RibBX, the residual FMN bound to RibBX during purification was confirmed byM®MS and

UV-Vis spectrosapy.

GCHII activity assay

The GTP cyclohydrolase Il (GCHII) activities of RibA and RibBX were measured
essentially as previously describ@ingh, et al., 2013Briefly, reaction mixtures were prepared
in a buffer containing 50 mM g, 100 mM NaCl, 10 mM MgGJ 2 mM TCEP, 10 uM ZnS%)
pH 8.0 in a total volume of 200 pL, with reactions initiated by the addition of enzyme to a final
concentration of 2 pM with 0~1 mM GTP. To monitor the formation of-dzBninc6-
ribosylamine4(3H)-pyri mi d i n-phosphates @ARP), the absorbance at 310 nm was
monitored at 37C for 20 min and the concentration of DARP was calculated using an extinction
coefficient of Absio = 7.43 mM'cml. The linear range of these kinetic traces was used to
calculae the initial rate and these rates were used to fit to the Mickdehsen steadgtate

model.
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DHBPS activity assay

The 3,4dihydroxy-2-butanone 4hosphate synthase (DHBPS) activities of RibB and
RibBX were measured by a colorimetric method as descf&iadh, et al., 2013PBriefly, reaction
mixtures contained 50 mM Tris, 150 mM NacCl, 10 mM Mg@H 7.5 in a total volume of 60 L
Reactions were initiated by the addition of enzyme to final 1 uM with final 0~1 mM rib&lose
phosphate (Cayman). After incubation at 87for 15 min, 48 L of a saturated creatine (Fisher
Scientific) solution was added, followed immediately by 24 ihaphthol (Fisher Scientific)
(dissolved at 35 mg/mL in 1 M NaOH). The absorbance at 525 nm was measured after 45 min
using plate reader (BioTek, Synergy Neo2). The standard curve was constructed with 0~500 pM
2,3butadione (Sigm&ldrich) for calculatingproduct (DHBP) formation. Initial rates were
calculated for Michaelidlenten fit. Inhibition of FMN was measured in the presence of 0~1 mM

FMN (Cayman).

FMN binding by ITC

All ITC titrations were carried out as described bef@eossoehme and Giedroc, 2009)
using a MicroCal VATC calorimeter. 300 uM FMN was placed into the syringe with ~30 pM
RibBX protomer in the reaction cell. jct i ons (2~8 eL) we tlewitmade
180~240 s allowed for equilibration of the mixture between injections. All reactions were
conducted in at least triplicate in 50 mM Tris, 150 mM NacCl, 10 mM Mg 7.5 at 25.0C.
The Origin 7.0 Sdfvare package provided by MicroCal was used and data were fitted as single

site binding model with the andKa values optimized during the fit.
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Crystal structure of RibBX

RibBX expressed and purified as described above was subjected to polishing on a Superdex
200 10/300 GL column (GE Healthcare) running in 25 mM Tris, 200 mM NaCl, 2 mM TCEP, pH
8.0 at a flowrate of 0.5 mL/min. Peak fractions were concentrated to 8~12 Imggmmg an
Amicon centrifugal concentrator with a 30 kDa cutoff membrane (Millipore) and used for
crystallization by vapediffusion in 96well sitting-drop plates. Initial crystallization screening
was carried out using commercial kits from MemG&WigM olecular Dimensions) by mixing 0.15
uL reservoir buffer and 0.15 pL protein solution and equilibrating against 30 pL reservoir buffer
at 293 K. Small crystals appeared after 1 day when RibBX was equilibrated against a reservoir
solution containing 10 mM KS, 100 mM NaCl, 150 mM ammonia sulfate, 19% (w/v) PEG 1000.
The crystallization conditions were optimized over 19~24% (w/v) PEG1000 over 10~15 mg/mL
RibBX while changing the protein:buffer ratio to 2:1 by hanging drop vapor diffusion. The plates
were ircubated at 20C for 1-2 weeks, with crystals appearing before that time.

Crystals were harvested after74days, cryeprotected in the reservoir solution
supplemented with 25% glycerol and flash frozen in liquid nitrogen. Diffraction data were
collected 8100 K at the Beamline station 4.2.2 at the Advanced Light Source (Berkeley National
Laboratory, CA) and were indexed, integrated, and scaled using (KBiSsch, 2010) The
structure was solved by molecular replacement using PHASER the PDB 4114 as search model.
The Autobuild function was used to generate a model that was improved by iterative cycles of
manual building in CoofEmsley, et al., 2010and refinement using PHENI¥Adams, et al.,

2010) Torsionangle norcrystallographic symmetry regaints and secondary structure restraints
were used during refinement. MolProbity softwé@hen, et al., 2010)as used to assess the

geometric quality of the models. PyMOL (PyMOL MolecuBaphics System, Version 1.2r3pre,
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Schrédinger, LLC.) was used to generate molecular images. Data collection and refinement

statistics are indicated ifable 3.

Analytical gel filtration chromatography

A Superdex 200 10/300 GL column (GE Healthcare) weguilibrated and
chromatographed in 50 mM Tris, 150 mM NaCl, 10 mM Mg@ImM TCEP, pH 7.5 at a flow
rate of 0.5 mL/min and calibrated with the Gel Filtration Calibration Kit HMW (GE Healthcare).
A linear fit a plot ofKay vs. logM: gaveR?= 0.90. 100 M RibBX was preincubated with 1.25 eq.

FMN at 4 C for 1 h. 100 pL samples were injected for each chromatography run.

A. baumannii growth with riboflavin

Overnight cultures oA. baumanniwere subcultured 1:50 in LB for 1 h. Cultures were
then inoculated 1:100 into M9 mini mal medi a s
or without ZnC} as previously describg@Nairn, et al., 2016) M9 minimal media supplemented
with full Vi shniacds trace met al mi X containe
13.4 uM Co and 27.2 uMn. Sodium succinate dibasic hexahydrate (Sigma) or sodium fumarate
dibasic (Sigma) were used as the sole carbon source at 0.5 % (w/v). Riboflavin (Sigma) was
supplemented with a final concentration ofriffmL, and OBoo was monitored over time. Data

are representative of at least 3 independent experiments.

Quantification and Statistical Analysis
Bioassays were performed with at least 3 biological replicate3) (as indicated. The

averages and standard devi at i tdestwerd theh daleulatect p ar a |
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using Graphpad Prism and Microsoft Excel. The structure of RibBX was refined with internal
statistical analysis as reported in th@akgtion in the PDB. Detailed quantification and statistical
analysis are fully described in the manuscript Figure legend and Methods sections of the

manuscript.

Data and software availability

The coordinates for the RibBX crystal structure have bepngited in the Protein Data
Bank PDB: 6MNZ. Software used to analyze RNA sequencing results are fully described in the
manuscript Methods section with appropriate citations, and data have been uploaded to the
National Institutes of Health Gene ExpressiOmnibus with accession number GSE125491
(https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE125491). Briefly, raw sequencing
reads were processed using CASAYA.2 for FASTQ conversion. FASTQ reads were processed
using the Bayesian adapter trimmer Seytersion 0.992. EDGRro version 1.3 was used to align
reads with Bowtie2 version 2.1.0. The expression level of each gene was determined using DESeq
in the statistical programming package3®.0. Software used for diffraction data are fully
describedn the manuscript Methods section with appropriate citations. Briefly, diffraction data
were collected at 100 K at the Beamline station 4.2.2 at the Advanced Light Source (Berkeley
National Laboratory, CA) and were indexed, integrated, and scaled usiSgBdbsch, 2010).
Software used for LAS/MS data is xcaliber v4.0. All software used in this study are reported in

Method Details
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Table 3. RibBX data collection and refinement statistics.

A.baumannii RibBX
PDB ID 6MNZ
Data collection
Wavelength (A) 1.00003
Space group C2

Cell dimensions
a,b,c(A)

o, By (%)

Resolution (&)

Riym

Rincas

Rpim

CC12

l/o(I)

Completeness (%o)
Multiplicity
Refinement
Resolution (A)

No. unique reflections
Ruwork

Riree

R.m.s.dvalues

Bond lengths (A)
Bond angles (°)

No. atoms

Protein

Ligand

B-factors (A%)
Protein/ligand/solvent
Ramachandran statistics
Favored (%)

Allowed (%)
MolProbity score

Rotamer outliers (%)

116.71, 136.86, 51.86
90.00, 98.53,90.00
68.43 - 2.66
0.131 (1.122)
0.153 (1.309)
0.079 (0.672)
0.993 (0.557)
74(1.2)

99.1 (99.7)
37(3.8)

44.12 -2.66 (2.75 - 2.66)
22952 (2298)
0.2778 (0.4011)
0.3030 (0.4528)

0.002
0.539

5170
47

52.64

93.30
6.35
1.73
0.37

“Highest-resolution shell values are shown

in parentheses.



Table 4.0Oligonucleotides used in Chapter II.

Name Sequence (50 to 306)Description

RibBX_Nhis_F CAG GGC GCC ATG GAT CCG CTG CloningRibBX into
AGT CGT GTT GA pHIS, forward

RibBX_Nhis_R CCT TTG AAT TCC GGA TCC ATG GTT] CloningRibBX into
ATTTCG TTG TGA TTT GAT CAG CAG| pHIS, reverse
T

RibA_Nhis_F CAG GGC GCC ATG GAT CCT ATA CloningRibA into pHIS,
GAG TTC ATT GCA ACATCA AAA CT | forward

RibA_Nhis_R CCT TTG AAT TCC GGA TCC ATG GT | CloningRIibA into pHIS,
AAA AAT CAT CTT TTT GGT AAA reverse
GGT GAT CCA

RibB_Nhis_F CAG GGC GCC ATG GAT TCT AGT CloningRibB into pHIS,
TTAATT CAACCAGAACTTTTT TTC | forward
TCA

RibB_Nhis_R CCT TTG AAT TCC GGA TCC ATG GTT]| CloningRibB into pHIS,
AAA TAC CGT GTT GTT GAC GAT reverse
ATT GTA

AlS 3388 F GGA TCC ATG CCG CTG AGT CGT Cloning ribBX into

pWH1266, foward

A1S_3388_myc_R

GTC GAC TTATAG ATCTTC TTC AGA
TAT CAGTTTCTG TTC GAT TTT CGT
TGT GATTTG

Cloning ribBX into
pWH1266, reverse

A1S_3388 FL1 F_
KO2

TGA TGG GTT AAA AAG GAT CGA
TCC TCT AGA AAG AGT TAACTC
AAG CTC TCG CG

Cloning ribBX 5'
flanking region into
pFLP2, forward

A1S 3388 _FL1 R
_KO2

TCC TAG TTA GTC ACATAT GTC GCT
TTCACCTITTITTG

Cloning ribBX 5'
flanking region into
pFLP2, reverse

A1S_3388 Kan F
KO2

AAA GCG ACA TAT GTG ACT AAC
TAG GAG GAATAA ATG

Cloning Kn cassette intg
pFLP2; forward

A1S_3388 Kan R
_KO2

TCC CAA GCA TAT GTC ATT ATT CCC
TCC AGG TAC

Cloning Kn cassette intg
pFLP2; reverse

A1S_3388 FL2_F_
KO2

GAG GGA ATAATG ACA TAT GCT
TGG GAC CAG C

Cloning ribBX 3'
flanking region into
pFLP2, forward

A1S 3388 _FL2_R
_KO2

TTC CGA AGT TCC TAT TCT CTA GGG
GGA TCC ACG TAACTC GTA AGC
ACC TAAAC

Cloning ribBX 3'
flanking region into
pFLP2, reverse

Ab0092RTFor GGA GCA TAC CGCGCC TATTAAC Al1lS 0092)RT-PCR,
forward

AbO092RTRev GTC GAG TTGCGT TTG GTC TGA A | A1S 00923 RT-PCR,
reverse

Ab0170RTFor GTG GAATGC TGATGT AGC GCT TG | A1S 017@RT-PCR,

forward
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Ab0170RTRev

ACT TTC ACG CGC AAA CTG AGA AC

A1S_017@RT-PCR,
reverse

Ab0242RTFor GGC GAC CAT CAC CAA AGT GAA AlS 0242)RT-PCR,
forward
Ab0242RTRev TGG TAATCACTTCCACTCGCGT AlS 0242)RT-PCR,
reverse
AbO652RTFor GGG CTATCG TAACGAAAGTTC AlS 06523)RT-PCR,
AAG C forward
AbO652RTRev AAC GAG AAT AGG GTC ACC ACC A | A1S 065ZRT-PCR,
reverse
Ab1214RTFor AAC CGA ACG CTC TTC TGC AAC AlS 1214RT-PCR,
forward
Ab1214RTRev AAG CGAACAGTGACTTTGTCG C | AlS_1214RT-PCR,
reverse
Ab1647RTFor GCC ACTACATCCTTG GCA AGC AlS 1649RT-PCR,
forward
Ab1647RTRev AGG TCC GAATTG ATG TAG TCG AlS 1649RT-PCR,
GTG reverse
Ab1844RTFor GAT ATG CCA GCC GAC AAA GCA AlS 1844RT-PCR,
AAT forward
Ab1844RTRev CGC CAG ATATGA CGC CATTTA CC | A1S 1844RT-PCR,
reverse
Ab1868RTFor TCA ATA CGC CGT GCG CTT AAG AlS 1868 RT-PCR,
forward
Ab1868RTRev CCT AGC TTT AAA GTC GCG CCG AlS 1868 RT-PCR,
reverse
Ab2382RTFor GTG GGC TTC TGT ACAGGC G AlS 2382)RT-PCR,
forward
Ab2382RTRev TTG CAT GGT GAC CAC AGG C AlS 2382)RT-PCR,
reverse
Ab2580RTFor ACG GCA CAA CCC GTA AAA CAA AlS 258@RT-PCR,
forward
Ab2580RTRev CATCGTGTTGTGTTG GCG C AlS 258@RT-PCR,
reverse
3411RTf GATCAGGCTCAGCAAGACCAG AlS 3411YRT-PCR,
forward
3411RTr GTGCTTGGACAGCTTCATCA AlS 3411YRT-PCR,
reverse
rO1RTf CTGTAGCGGGTCTGASAGGAT r01 qRT-PCR, forward
rO1RTr CCATAAGGCCTTCTTCACAC r01 gRT-PCR, reverse
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Results
Calprotectin induces multi-metal restriction in A. baumannii

Although calprotectin is known to induce a'Zstarvation inA. baumanni{Hood, et al.,
2012) the extent to which other metal homeostasis systems are impacted by CP is not known. To
address the question, a global transcriptomic analysis (RNAB&g)ré 6) anda proteomic
analysis Figure 8) were performed onwild-type (WT) strain grown in the presence or absence
of physiologically relevant concentrations of (Rohessy and Golden, 199%Ye first measured
the metal concentration in the cultumedia (60% LB + CP buffer) with or without 200 pug/mL CP
(Figure 6A; Figure 7). CP notably depletes the culture medium of major metals Zn and Fe, with

no effect on Cu. Mn and Co are also significantly decreased by CP.
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Figure 6. Transcriptomic analysis of WT and WT+Q@® baumannii A) Metal content in the

LB-Tris buffer growth media treated with Qréy)or 200 pg/mL CPred). B) RNAseq analysis

of untreated WT vs. 200 pg/mL calprotectin treated WT (WT+&Phaumanniicells from4

biological replicates. The foldhange in expression for each locus tag is indicatedT(@iele 2,

Appendix A). Gene names are indicated according to the NCBI annotation; otherwise, the locus
tag (A1S xxxx where 0XxxxXx 0simdiegied.eGeresn reqilatédtbye | o ¢
the Zn uptake regulator (Zurydllow symbols), involved in Fe homeostasgdensymbols),

involved in Cu uptakeréd symbols) and associated with the histidine utilizatibat)(operon

(purple circles) (Nairn, et al., 2016are highlightedC) gRT-PCR validation of selected genes
identified by RNAseq.A1S 0092 putative ferric siderophore uptake prote,S _0170OprC

outer membrane copper receptaf,S_0242FeoA;AlS 0652Fe0A;AlS 1214benzoate 1;2
dioxygenaseb subunit; A1S 1647 siderophore biosynthesis protei®§1S_1844 CatC3,
muconolactoned-isomeras; A1S 1868 porin for benzoate transportAlS 2382 BasD;

Al1lS 2580siderophore biosynthesis proteinp¢ 0. 05 as det entestwitad by .
hypothetical value of 1. Data are the mean combined from 3 independent expetii@dhts

69



A 60%LB-40%Tris

LB
15 q _* *
0.6; 159 =« gp,
- i i -

’__.10 * ko 04- * *
%’- *x X ___*_ _*__
= 0.2
85 ]
)]
E

________

C TSB 0.8: D3
2

15; 0.6]% = 0
k% ] e 5
—_ * * i * —_
%10- . %20
@ ] [}
g 5 & 10

[= )]

m

154 15,
=10) 0.2
= 0
% 3 [P NITCO
R

______

Fi gu. prot (CP) induces met al starvatic
stan rd gr ia, -boé¢fFedi ngddhdaGia®hbBiFi ¢
this ASH udyA(l measurements M&renmhdeshhyt prppi
di ssolved iQ whekrgxres) Mahdion the effluent of
a 10 kD MWCO f i lotrearbgiers )t toer epdaeesema t( 200 Og/ mL
transition met,alf oblilnodwinngg siintceush)dMteGtRhm dsorf o2 K u
det aA)l £)0.% LB/ 40® TLCB;sTrwdtfiec B9M@)y bbhrecatnht (iThS u s i
( BHE)) ;a chemical |I-ia dteVW igneseed hH wosng enien medi um of t er
Saureu®dndC+Y media, a more opticalSLy pmramoma e
Note that the all/l rich growth media contain h
filtered in the abpieanamo lodrC®Pf;ffdlgr ieens @ thres sluibk
at | east some fracti on ofNakhaesshei gceo nedilh eaxlene a a2 O
three indepeNSBdent irse pphiGovadtSagn di-t €8s udasti ndi cat e

70



We next performed a transcriptomic analy§igy(re 6B; Table 2, Appendix A) and an
LC-MS/MS, labelfree proteomic analysis, in which we detectedtaid 094 proteins in these
cytoplasmic lysates, which corresponds to 28.9% oAtbaumanniproteome Figure 8; Figure
9A-D). Of the 67 genes that are significantly increased istr€ed relative to untreated WT
cells, 14 also displayed increasethnscription in a strain lacking the 'Zresponsive
transcriptional regulatarur (Zzur) (Mortensen et al., 2014frigure 6B). Furthermore, among the
most upregulated genes are Ztggulated targets including genes involved in cellular Zn uptake
and zigA (Mortensen, et al., 2014)ncreased abundance of ZigA is further confirmed in the
proteomic analysisHigure 8D).

Both experiments reveal that CP induces both Znd Fe starvation. Relative to Fe
starvation, the RNAsegF{gure 6B) reveals a dramatically decreased transcription of genes
encoding bacterioferritins, but increased transcription of genes involved in the global Fe limitation
response, includineoAB, which brings F& into the cell, and P&-siderophore receptors, as
confirmed by quantitative RPCR ¢igure 6C). Consistently, putative achromobactin and
acinetobactin siderophore biosynthesis/utilization proteins become moabuatiant with CP
stress, some at a level approaching that of Zigiyure 8D). The upregulabn of siderophore
uptake systems was further confirmed by robust siderophore production following CP exposure
(Figure 9E-F). In addition, changes were observed in cellular abundances-pfotens,
including those involved in F8 cluster biogenesis @S and IscR), and the fumarase (FumA)
(Figure 8C-D) characterized as part of the-§garing responsg.ee and Helmann, 2007)hese
results are consistent with a significant-@Bdiated impact on Fe homeostasis and suggest a

strong perturbation of Fe metabolismAnbaumannii.
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These fimings also revealed an unexpected intersection oin@iced Zn and Fe
starvation with Cu homeostasis. We observed a transcriptomic-cemguiation of a putative Cu
importer oprC (outer membrane porin, A1S 0170fjoneyama and Nakae, 199@igure 6)
coupled with detection of a previously unannetiprotein V5VEMO, a putative copper storage
protein (Csp)Straw, et al., 2018)nly in CRtreated cellsKigure 8D). These findings suggest
that Zn and FestarvedA. baumannimay decrease bioavailability of Cu under thesei@Rtment

conditions.

Cell-abundant metalloproteins induced by CP stress are established therapeutic targets
We also found 26 proteins significantly increased in normalizikdaeabundance in GP
treated lysates including two known 'ZmetalloenzymesHigure 8C), b-carbonic anhydrase,
MtcA2, which may be important for survival, invasion, and pathogernidgpatwar, et al., 2018)
and succinyddiaminopimelate desuccinylase, DapE, which is involved synthefsiese
diaminopimelate r-Dap), a component of the peptidoglycan of all Graegative bacteria.
Fifteen proteins were detected only in -€€ated cells at high cellular level&igure 8D),
including Zn metalloenzyme QueD, which is involved in queueHRMA biosynthesigVinayak
and Pathak, 2010and ZigA, which is required for bacterial growth undedlidmting conditions

and disseminated infections in mi@dairn, et al., 2016)
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A. b au ma nismmore susepiiblg B CP-induced metal starvation

As the candidate metallochaperone Zig¥airn, et al., 2016)s among the most abundant
metalloproteins that is detectedlyin CP-treated WT cellside infra), investigation of how the
azigAstrain adapts to CP stress relative to the WT strain may identifylextigiigA-dependent
processes. The addition of CP gave rise to a significant decrease in growth yield of exponentially
growing cellst=4 h) , b u t zighstrdinyFiguren10A; Rigare #A-B). CP induces a
measurable decrease in total @bociatedn and Fe, but only in the WT straiRigure 10B), a
finding consistent with transcriptomic and proteomic analySigufes 6 & 8). In addition, the
LrigAstrain exhibits increased expression of the Zn uptake ¢iia@®, et al., 2016)which may
account for these findings. Total cadsociated Cu is also lower only in the WT stré&igre
10C), consistent with the down regulationaggrC (Figure 6) .  TibAestrase, in contrast, takes
up slightly more Mn and Ni when treated with GRglre 10C). These CHnduced trends in
growth yield and in cellular metal content largely persist at 6 andf§lowth Figure 11C-F).
These results reveal that CP restricts Zn and Fe availability and the loss of ZigA has little further

impact on total celassociated metal, but with a perturbation in metal allocation to cellular targets.

This is representative f Afadaptiveo physiology, since met :

metalloproteinsKigure 10D).
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the effects of extreme metal limitation.
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As an effort to monitor a perturbation in metal allocation, we found the proteomic profiles
of unstressed WT andrigA cells are extremely similar but show marked differences in the
presence of CPF{gure 12A-C; Figure 13A-B). In order to understand these differences, a
bioinformatics approach was employed to predict the entire Zn proteoebaiumannii We
predicted28Znpr ot ei ns corresponding to a5%Eocli the p
(Andreini, et al., 2006)and these proteins are anticipated to impact a considerable range of cellular
metabolism Figure 13C), with 84 highprobability Znproteins were detected in at leastethr
replicates in the proteomic analysiSsigure 13D). Overall, zineproteins are modestly more
abundant (by protein count) in the WT relative toBagyAstrain in the presence of CP, including
MtcA2 (Figure 12B) and the global Fe uptake regulator (Furg(re 11E), with the striking
exception of tRNAguanosine transglycosylase (Tgt), involved in queuadMA biosynthesis
(Vinayak and Pathak, 201,0)hich is detected only in CeatedZrzigA cells at high abundance

(Figure 12C)

A dual regulatory model of flavin biosynthesis inA. baumanniiin response to CP

We found RibB is detected only in &®essedDzigAbut is undetectable in the WT strain
in both conditions Kigure 12C-D). Like many bacteriaA. baumanniisynthesizes riboflavin,
flavin mononucl eotide (FMN), and flavi-n aden
triphosphate (GTP) via the combined actions of thd-d&pendent GTP cyclohydrolase I
(GCHII), encoded byibA, and from ribulosé& @hosphate (Ru5P), a product of the pentose
phosphate pathway, via the activity of-8lghydroxy-2-butanone $ghosphate synthase (DHBPS),
encoded byibB (Figure 12E). In addition to an impact of CP of Zwotein abundancevige

infra), while RibA abundance is unchanged by CP treatment, an uncharacterizeddribi
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containing fusion protein that we designate RibBX is more abundant in the WT strain in the
presence of CPpO 0 . OFfyre 1D and Figure 13F), indicating the two RibB enzymes

associated with riboflavin biosynthesigh], also play a role in the response to CP.
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Figure 12. LC-MS/MS proteomic analysis for WT ariazigA A. baumannii Protein profiles of
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4 biological replicatesA) Venn diagram anB) Volcano plot for proteins detected at least 3 times
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biosynthesis pathway . baumannii Metabolites are indicated bold andZn" metalloenzymes
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The increased cell abundance of RibBX induced by CP stress smafdiimctional role that
is compensatory to RibB under CP stréSgure 12E), although the function of the RibBX is
unknown. This is particularly true for thet€rminal RibX domain that is homologous to RibA,
but appears to lack #rcoordinating resides of authentic RibAWe measured the DHBPS and
GCHlII activity of RibBX (Figure 14) and find that RibBX possesses robust DHBPS activity that
is comparable to that of authentic DHBPS (RibBig(re 14A), but is completely devoid of
GCHlII activity, consistent with the loss of all three cysteine ligands to th{8idgh, et al., 2013)
(Figure 14B). We then noted that purified RibBX solution is g&ll which suggests the presence
of a bound flavin Figure 15A); indeed, LEMS/MS analysis reveals stgboichiometric FMN
(Figure 15B). We then used FMMtripped RibBX to show that FMN binds reversibly to RibBX,
with aKaof 1.4 0.5 uM?! and a subunit binding stoichiometry near 1:1 by isothermal titration
calorimetry fFigure 14C). We then reasoned that FMN might regulate the DHBPS activity of
RibBX because in some organisms FMN regulates flavin biosynthesis through a canonieal FMN
sensig riboswitch (Baird, et al., 201Q)which is predicted to fold upstream obB in A.
baumannij but not upstream afbBX. To test this hypothesis, we measured the DHBPS activity
of both RibBX and RibB in the presence of increasing FFigyre 14D; Figure 15C), and only
RibBX is inhibited by MN but with aK;value of 7.8 uM (comparable #,). We note that this
Ki is 3-4 orders of magnitude higher than observed for FMN riboswitediated regulation of

ribB in other bacteria.
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To gain additional insight into the FMMediated inhibition of RibBX activity, we
determined its structure byray crystallography using molecular replacement Witb RibBA
(Singh, et al., 2013(seeTable 3for structure statistics)A. baumanniRibBX crystallizes as a
pseudeD> symmetric homotetrameFigure 15F). In solution, however, RibBX is a dimer and
the oligomerization state is not significaralfjected by the presence of bound FMRigQre 15D).
As anticipated, the overall architecture of RibBX is similar to thadibfRibBA, with a canonical
RibB-domain (Islam, et al., 2015fFigure 16A). The RibXxdomain adopts a topology highly
similar to the GCHII (RibA) domain dfitb RibBA, but with no ZH site presentRigure 16B).
We hypothesized that FMN binds in Rildmain and allosterically regulates R#dBmain
activity (sedrigure 15G). These structural and functional findings suggest a dual regulatory model
of flavin biosynthesis that is employed by cells experiencingitian metal perturbatior-gure

16C).
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Flavin supplementation complements th®zigA growth phenotype

We hypothesized in the dual regulatory model that the cellular flavin supply is tightly
regulatedby balancing the activities and cell abundance of RibA, RibB and RibBX. To elucidate
the importance ofibBX, we found that ®ribBX strain has a significant growth defect during Zn
starvation Figure 18A). Given the differential abundance of RibBX in i andDzigAstrains,
the contribution of RibBX to thé. baumanniiresponse to Zn limitation was interrogated in a
system uncoupled from any transcriptional regulation that may exisibiBX. ribBX was
expressed under a constitutive promoter in WT BadA A. baumannii and these strains were
grown in Zn limitation induced by TPEN. Constitutive expressionb@X did not alter growth
of WT or LxigAin Zn-replete conditions. However, in Atarved conditions, thérigA strain
experienced growth inbition upon expression aibBX whereasribBX expression improved
growth in WTA. baumanniduring Zn limitation Figure 18B; Figure 15E). These data revealed

that RibBX helps overcome nutrient Zn limitationAnbaumannii

Cellular flavin levels are markedly lower in DzigA under CP stress

The proteomics data suggest an impact on cellular flavin levels mediated by CP stress
and/or ZigA Figure 12D) as summarized in our dual regulatory modegre 16C). To test
this, we quatified FAD levels as a proxy of flux through the riboflavin biosynthesis pathway. The
LrigAstrain has notably reduced total cellular FAD levels, but only under CP $tigisie(18C),
a finding consistent with the detection of RibB only in these cel®se levels are predicted to
be strongly repressed by a canonical Fs®hsing riboswitch under unstressed conditions
(Serganov, et al., 2009yigure 12C). Both CPRstressedKigure 18C) and TPENtreated Figure

17A-B) zigAcells show reduced flavin supply and induce a growth yield phendtignaé 10A;
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Figure 15E) ; i nd eileBX strain Hae lowar levels of FAD even in-Zeplete conditions

(Figure 17A).

Exogenous flavin partially rescues the growth deficiency ddzigA under CP stress

Our dual regulatory model predicts that supplementation d@ztgAstrain with riboflavin
might rescue this growth phenotype observed duringgE PPENmediated metal limitation. To
test this prediction, we employed a minimal growth medium with a carbon source(s) that would
increase the cellular demand for both flavansl Fe, and supplement with riboflavin, as riboflavin
is the precursor to FMN and FAigure 12E) (Nwugo, et al. 2011) We used succinate and
fumarate, two TCA cycle intermediates, for this purpose. Succinate dehydrogenase-&Sa 4Fe
flavin and hemeequiring enzyme that interconverts succinate and fumarate, while fumarase
(FumA) is a 4FelS clustercontaining enzyme, that converts fumarate to malate and whose
cellular levels are decreased in-6tfessed celldgure 8C). Both WT and thé&xigAstrainhave
similar growth kinetics in Zmeplete minimal media with either succinate or fumarattha sole
carbon source but not riboflavin in Zaplete conditionsHigure 17C-E). Strikingly, in Zn
deplete conditions, therzigAstrainhas a dramatic growth defect, which can be partially rescued
by supplementation with low levels of riboflaviRigure 18D; Figure 17F-G), but not by folate,
the biosynthesis of which is also initiated from a Zn enzyme, GTP cyclohydrolase | {Hgli}(
19A-B). Neither WT orDzigA A. baumanniis able to utilize riboflavin as a carbon source,
revealing that this groth rescue is not from additional carbon source supplementdiguaré
17C) . Gr aighAtrd the dffeceef riboflavin supplementation underdéplete conditions
is not observed in a rich growth medium, revealing that increasing the cellular Femezntivia

the use of fumarate succinate as the sole carbon source also exacerbates the demand for flavins
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(Figure 19C-D). Consistent with this prediction, both tizigA and DribBX strains have
significant growth defects compared to the WT strain when succinate is provided as the sole carbon

source and Fe is restricted by the Fe chelator EDDHgu(e 19E-F).
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Discussion

The findings presnted here reveal a @Rduced multimetal (Fe and Zn) perturbation of
transition metal bioavailability that is exacerbated by the loss of ZigA in a way that impacts central
metabolic processes in an important human pathogen. These processesd@codeflavin
biosynthesis, the product of which functions as an essential cofactor involved in many aspects of
cellular redox and energy metaboligBacher, et al., 2000jand potentially other Znequiring
enzymes including thie-carbonic anhydrase (MtcAZ2pupuran and Capasso, 204Aj enzymes
(QueD and Tgt) of the queuosHRNA biosynthesis pathwafMcCarty and Bandarian, 2012)
We describe a dual regulation model of flavin brasgsis that is orchestrated by the DHBPS
RibB and a unique, structurally characterized RibBX which functions in an effort to maintain
cellular flavin sufficiency under conditions of @iRduced metal starvation and the loss of ZigA.
The fact that RibBX hamologs are widespread in Proteobacteiautinel, et al., 2013)
underscores the importance of this dual regulation model of flavin biosynthesis in other bacteria.

It is now well established that CP is a bregmbctrum chelator capable of inducing
microenvironmental nicheand pathogewlependent transition metal starvati(fygiel, et al.,
2019; Zygiel and Nolan, 2018)he nichedependence is likg due to the spectrum of total metals
defined by the site of infectiofCassat, et al., 2018 However, it is often not clear how much of
this total metal is bioavailable at infection sites, since the metal speciation in complex
environments is not typically know@@uttukonda, et al., 2017)As proxy for this, and from the
perspective of comparing data obtained under different culture conditions, we have surveyed a
sampling of typical growth media and found that the total metal composition and the ability of CP
to deplete metals from these media varies dramatidalhyfe 7). We conclude that although CP

is clearly capable of depleting divalent metals, what metals CP depletes from the growth medium
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appears strongly influenced by the relative concentrations of total metal and tditialdi ) sites.

The coupling between thechedependent metal depletion by CP and intrinsic metal requirements
in different bacteria(Lisher and Giedroc, 2013potentially unifies previously conflicting
responses to CiR various organisms.

Here, using a standard growth medium, we confirmed an adaptive response to Zn starvation
regulated by Zu(Mortensen, et al., 2014but also revealed a strong Fe limitation response, in
that siderophore biosynthesis and utilization genes are found to be notably upregulated at both the
transcriptome and proteome levelsAinbaumannii.These findings are fully consistent with our
metal analysisKigure 7), and the previous observation that CP reduces Fe uptake in multiple
bacteria(Zygiel, et al., 2019)On the one hand, Zstarvation may affect the functional integrity
of the global Fe regulator Fur, since Fur contains a structutakifm On the other hand, €P
induced a Zuregulatd putative staralone siderophore receptor protein (A1S_0092), which may
have a unique role in transition metal acquisition and/or represent regulatory overlap between Zur
and Fe limitation. Our findingslso provide further evidence that transition metal homeostasis
systems are interconnectéldassan, et al., 2017{enes detected in RNAseq involved in Fe
metabolism are nodifferentially expressed in the&xur strain, demonstrating that their
upregulation is mediated through a Zndependent mechanis(@vortensen, et al., 2014The
detection of a candidate celbundant Csp3 suggests that cytoplasmic Csp3 traps Cu
(Dennison, et al., 201&nd thus potentially allowa. baumanniito cope with the restricted
bioavailability of Zn and FeKRigure 10D); further, A. baumanniihave an aget unknown
nutritional need for Cu.

ZigA is a key player in response to Zn starvation and infection in mice, but how ZigA

functions at the molecular level is unclear. ZigA exhibits weak GTPase activity and bihds Zn
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with high affinity, andis therefore proposed to be a Zn metallochaperone from the COG0523
family (Nairn, et al., 2016) As a result, the loss of ZigA may exacerbate cellular metal deficiency
due to a failure to mobilize or allocate cellular Zn from metal complexes to high priority protein
targets that emerge undsonditions of extreme metal limitation, with little or no impact on total
metal. Regardless of the mechanism, we employeBzig#é strain as a tool to assess changes in
the proteome that could be reporting on perturbations in metabolism that resuthér¢oss of
ZigA under these Zn/Fstarved conditions. We identified two cellular procesdesyovaflavin
biosynthesis and queuosifRNA biosynthesis, that appear strongly impacted by extreme CP
induced metal depletion.

It is known that in bacteria and plants, flavodoxins are required asetal substitutes
for ferredoxins, thus prioritizing (ribo)flavin biosynthesis under these condtirad Helmann,
2017; Sepulveda Cisternas, et al., 2018; Tognetti,,2G07) InH. pylori, riboflavin is reported
to be secreted from cells and is thought to participate in Fe reductior!' tanBeacquisition
potentially through FeoABHigure 6B), with the flavin biosynthesis pathway found to be
upregulated under Fe deficien@yorst, et al., 1998}his is true in other bacteria as wela Silva
Neto, et al., 2013; Vasileva, et,a2012) Recent work reveals that riboflavand Fe levels are
reciprocally regulated iVibrio cholerae(SepulvedeCisternas, et al., 201,8and we observe
elements of this i\. baumanniisince theDribBXs t r a i n , zighstrkineis dersigve & Fe
starvation Figure 19E-F). Although in B. subtilis ribBA expressionis reported to be Fur
regulatedWorst, et al., 1998)t is unknown how the transcription of thbBX operon is regulated
in A. baumannii We showed here &h while RibBX has W1like DHBPS activity under
conditions where authentic RibB is not detected in cells, RibBX is subjected to product inhibition

by cellular FMN, but only at very high concentrations, and thus can be useedtiaa@# cells to
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bypass theregulatory control of the FMNensing riboswitch upstream obB under these
conditions Figure 16C) (Serganov, et al., 2009)Ve also found that two enzymes, QueD and Tgt,
also lecome more celibundant in CRBtressed cells thus suggesting that queudSiNA
biosynthesis, a second pathway downstream of FolE, is prioritized under these conditions. The
cellular logic for this is unknown but strongly implicates this tRNA modifaratas involved in
response to Gihduced metal starvation #. baumannii

In summary, we show here that CP treatmentAofbaumanniiunder these growth
conditions strongly restricts the availability of Zn and Fe. The bacteria respond by inducing an
acutecellular response to Zn and Fe deficiency while limiting the bioavailability of Cu. CP stress
impacts flavin biosynthesis, and it is plausible that Fe homeostasis and flavin biosynthesis are
reciprocally regulated iA. baumannii Taken together, thesesults outline significant crosstalk
between metal homeostasis systems and a key intersection with flavin, and perhaps queuosine,
biosynthetic pathways. These results also identifyatalindant antimicrobial targets, including
MtcA2 (Aspatwar, et al., 2018; Supuran and Capasso, 20BpE(Gillner, et al., 2013; Starus,
et al., 2015)ZigA and RibBX, for the development oftdracterial strategies for the treatment of
A. baumanniinfection while this multidrug resistant organism is actively subjected to nutritional

immunity in the infected host.
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CHAPTER Il

AN ACINETOBACTER BAUMANNIEINC REGULATED PEPTIDASE MAINTAINSCELL

WALL INTEGRITY DURING IMMUNE -MEDIATED NUTRIENT SEQUESTRATION

A version of the following section was previously publishe@&tl Report26 (8) P2009

2018.E6 (February 2019) doi: 10.1016/j.celrep.2019.01.089.

Introduction

In Gramnegative bacteriathe cell envelope is comprised of two membranes and a
peptidoglycan (PG) layer that coordinate to allow growth in diverse niches. The cell envelope is
necessary for the maintenance and storage of essential molecules and provides a protective barrier
agairst harsh environments. The geusnetobacterepresents a diverse group of Grapgative
bacteria that inhabit several environmental nigtBgumann, 1968)Members of the genus are
important opportunistic pathogens. Specifically, baumanniiis a leading cause of ventilator
associated pneumonia and can cause wound and burn infections, urinary tract infections, and sepsis
(Gaynes et al., 2005; Trouillet et al., 199B)e prevalence of multrug resistant strains prompted
the World Health Organization to lish. baumanniias its most critical pathogen for the
development of new therapeuti@@/HO, 2017) Despite he global burden oA. baumannii
infections, mechanistic studies &. baumanniivirulence and basic physiology are limited
(Antunes et al., 2014; Harding et al., 2018)

Like other pathogen#y. baumannimust acquire nutrient metals from the host to replicate

(Hood et al., 2012; Juttukonda et al., 201etals are required for life and serve as protein
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structural components and enzymatic cofactors. For bacteria, these metals are essential for cell
envelope maintenance, since key enzymatic steps aredephden{Gattis et al., 2010; Rayman
and MacLeod, 1975; Wittington et al., 2003) Vertebrates sequester metals from invading
pathogens through a process termed nutritional immiR&ymer and Skaar, 2016; Weinberg,
1975) One facet of nuttional immunity involves zinc (Zn) sequestration. Vertebrates withhold
Zn from pathogens through the deployment of calprotectin (CP, calgranulin A/B, mxedbtield
protein (MRP) 8/14). CP is the heterodimer of S100A8 and S1QBABter and Chazin, 1998)
Two transition metal binding sites d@med at the dimer interface of CP that bind Zn and other
nutrient metal¢Baker et al., 2017; Corbin et a2008; Damo et al., 2013; Kehle et al., 2011;
Nakashige et al., 201L7CP inhibits bacterial growtim vitro, and this inhibition is dependent on
the metalbinding properties of the prote{@orbin et al., 2008; Hood et al., 2012; K&t et al.,
2011; Zackular et al., 2016kurthermore, CP accumtés at infectious foci, underscoring the
importance of CP and Zn withholding at the Raathogen interfac@Corbin et al., 2008; Hood et
al., 2012; Juttukonda et al., 2017; Zackular et al., 2016)

Despite the evolution of host metdquestering strategiés,baumanniand other bacteria
have developed mechanisms to overcome Zn limitgd#danmendola et al., 2007; Desrosiers et
al., 2010; Gaballa and Helmann, 1998; Hood et24112; Liu et al., 2012; Patzer and Hantke,
1998; Stork et al., 2010The response to Zn starvationrAnbaumanniis primarily controlled by
the Zn uptake repressor Z(Hood et al., 2012; Mortensezt al., 2014) This respnse includes
accessing a labile histidisén pool within the cell and elaboration of higffinity Zn acquisition
systemgHood et al., 2012; Mortensen et al., 2014; Nairn et al., 2H®&)ever, the effects of Zn

starvation on other aspectsAafbaumanniphysiology are unknown.
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We previously identified genes differentially expressed in a strain lazkintyrough the
application of a transcriptomidsased approadiMortensen et al., 2014from this, we discovered
a putative P@nodifying enzyme; based on sequence prediction and experimental evidence, we
herein name the geréA (Zur-regulated Lipoprotein A)The gene encoding ZrlA is regulated by
Zur and is significantly upregulated A/ baumannifollowing exposure to CEMortensen et al.
2014) We hypothesized that ZrlA serves as an integral link between cell envelope and nutrient Zn
homeostasis. ZrlA localizes to the inner membrane askargting pepidase and is critical for the
response oA. baumannito Zn starvation. ZrlA also plays a pivotal role in maintaining robust cell
envelope barrier function, and a strain lackanig\ (DzrlA) is sensitive to envelope stresses. This
barrier defect sensitizethe DzrlA strain to many classes of antibiotizs vitro and in vivo,

establishing ZrlA as a viable target for small molecule drug development to cAntiEimannii

infections.

Materials and Methods
Bacterial strains

Experiments were performed usiAginetobacter baumanngtrain ATCC 17978 and its
derivatives unless otherwise noted. Transposon mutants irA.tHeaumanniiABUW5075
background were purchased from the University of Washinftdraumannimutant library, and
transposon insertion was confed by PCRGallagher et al., 2015Cloning was performed i&.
coli DH5a, and protein expression was performedEincoli BL21 (DE3). All experiments
involving liquid cultures were performed in LB at 37 °C with aeration unless otherwise stated.

Carbenicillin for plasmid maintenance was used atgOnl for E. coli or 75 ng/ml for A.

baumannii Kanamycin (Km) was used at #@/ml. Relevant primers are listedTiable 6.
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Animal models

Eight to terweekold male C57BL/6J mice were purchademim Jackson Laboratories.
Mice were housed on standard VUMC facility chow and bedding with a 12 houdhagktycle.
All animal experiments were approved by the Vanderbilt University Medical Center (VUMC)
Institutional Care and Use Committee and camfdo policies and guidelines established by
VUMC, the Animal Welfare Act, the National Institutes of Health, and the American Veterinary

Medical Association.

Bacterial mutant generation

To generate therlA::km strain, approximately 1000 base pairs® R i n bot h t he
36 flanking regions surrounding tAhbaumaqmméen r ea
genomic DNA, and the kanamycin resistance ggrtevas amplified from pUC18K{Menard et
al., 1993) The three PCR products were joined together using overlap extension PCR, and the
construct was cloned into pFLP2 and sequence velifiedng et al., 1998)pFLP2 was then
electroporated intd\. baumannii plated onto LB Km40 agar, and grown overnight at 37 °C.
Transformants were patched to LB Km40 or LB agar with 10 % sucroselateigmresistant
(KmR) and sucrossensitive merodiploids. Merodiploid strains were grown in LB overnight at 37
°C to resolve the plasmid. Cultures were serially diluted, plated on LB agar with 10 % sucrose,
and incubated at 37 °C overnight. Tiesulting Kn® sucroseresistant strains were screened for
loss ofzrlA and replacement witaph by multiple PCR reactions and Southern blot using gene
specific probes. To generate A unmarked strain, recombineering was utilized as described

previousy (Tucker et al., 2014 Briefly, the pUC18Klaphgene was amplified using primers that
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contained 120 bp regions of homology flanking hié open reading frame. The resulting PCR
product was purified, concentrated to »g/n, and transformed via electroporation into T
baumanniicontaining pATOTucker et al., 2014)Req, recombinase expression was induced

with 2 mM isopropylb-D-1-thiogalactopyranoxide (IPTG). Cultures were grown for four hours

and plated to LB agar supplemented with Km. Resulting colonies waenstt using primers
external tozrlA and restreaked to LB agar containing Km or carbenicillin to screen for loss of
pATO02. Resulting KM carbenicilli® strains were transformed with PAT03 and plated to
carbenicillin. From here, colonies were streaked t@abBr containing 1 mM IPTG to induce FLP
recombinase expression and excision of the Km resistance cassette. Colonies were then screened

for KmSand carbencillifiand verified by PCR. Relevant primers are liste@able 6.

Construction of zrlA expression and complementation vectors

To generate therlA complementation vector, thelA gene and its native promoter were
amplified with a Gterminal cMyc tag and cloned into the digested pWH1266 vector using the
BamHI/Sall restriction site@Hunger et al., 1990)To generate the nemetal binding variant, a
gene block witha Gterminal cMyc tag containing the following open reading frame nucleotide
substitutions was synthesized: C448G, A449C, A470C, A617C (Integrated DNA Technologies,
San Jose, CA) and cloned into pWH1266 under the nath#epromoter. The integrity of the
promoter and gene sequences were confirmed by sequencing. The empty vector and expression
vectors were each transformed iAtdbaumanniby electroporation. All relevant primers are listed

in Table 6.

107



Polyclonal antibody generation

ZrlA was purified aslescribed below and submitted to the Vanderbilt Antibody and Protein
Resource core for generation of two rabbit polyclonal antibodies against ZrlA through Cocalico
Biologicals (Stevens, PA). The antisera were affinity purified for increased ZrlA spycifidi
antibodies, reactive sera, and{pranune sera collected from the rabbits were tested for reactivity
and specificity in enzyménked immunosorbent assays with purified ZrlA protein as well as

i mmunobl ot an azrfiwsholsceloysateg T and

Quantitative RT-PCR

Overnight cultures oA. baumanniwere diluted 1:50 in LB and grown for 1 h at 37 °C.
Cultures were then diluted 1:100 into LB plus or minus @80nl calprotectin or 4&M TPEN
and grown to midog. Cultures were pelleted at 4 °@Gdaresuspended in 1:1 acetone:ethanol prior
to storage at80 °C until processing. For RNA extraction, cells were pelleted and resuspended in
LETS buffer (0.1 M LiCl, 0.01 M N&£DTA, 0.01 M TrisHCI pH 7.4, 0.2 % SDS) and lysed
using Lysis Matrix B tubedP Biologicals) and a FastPr@d (MP) bead beater. Samples were
heated to 55 °C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was combined
with TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with each
sample, inabated for 3 min, and centrifuged for 15 min at 4 °C at 15,000 rpm. Following
centrifugation, the upper aqueous phase was transferred to a new tube and incubated with isopropyl
alcohol for 10 min at room temperature to precipitate the RNA. Samples wénituged at 4 °C
for 10 min at 15,000 rpm. Supernatant was removed, and the pellet was washed twice with 70 %
ethanol and dissolved in water. DNA contamination was removed by adding RQ1 and RQ1 buffer

(Promega), and RNAse inhibitor (Thermo Fisher Scianfifind the samples were incubated at 37
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°C for 2 h. Following DNAse treatment, RNA was purified using RNease mini kit (Qiagen)
foll owing manufacturer 6s r ec o ngoeRNAwdsusedfor RNA
cDNA synthesis using MALV reverse tanscriptase (Thermo Fisher Scientific). cDNA synthesis

and gRFPCR was performed as previously described usin§®& method with the iQ SYBR

Green Supermix (BioRadMortensen et al., 2014; Nairn et al., 201Bata are combined from at

least 3 biological replicates. Relevant primers were published previously or are |iTedulert

(Hood et al., 2012; Mortensen et al., 2014)

Membrane fractionation

Overnight cultures oA. baumanniwere diluted 1:50 in LB and grown for 1 h at 37 °C.
Cultures were then diluted 1:100 into LB plus or minus @80nl calprotectin or 4&M TPEN
and grown to mid log. Cells were pelleted, and whole cell lysates were generated by resuspending
pellets in lysis buffer (150 mM NaCl, 50 mM T4#$CIl pH 7.5), transferring samples to Lysis
Matrix B tubes (MP Biologicals), and lysing on a FastP2¢MP) bead beater. Crude membrane
fractions were separated from cytoplasmic fractions by ultracentrifugation at 100g0@® 90
min, with the cytoplasmic fraction being in the supernatant. The crude membrane fraction pellet
was solubilized in lysis buér containing 0.5 % sarkosyl and incubated at room temperature with
shaking for 30 min. Insoluble outer membrane fractions were isolated from the cytoplasmic
membrane fraction by centrifugation at 100,000 for 60 min. Protein concentrations for each
fraction were determined by BCA assay (Thermo Scientific) using bovine serum albumin as a
standard. Samples were analyzed by immunoblot using moussVi9E 10 or rabbit aniZrlA,
along with goat amtimouse or amrabbit Alexa Fluor 680. Presented immbiais are

representative of at least 3 biological replicates.
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ZrlA purification

ZrlA was cloned into pMALc5x to produce recombinant ZrlA tagged with a maltose
binding protein (MBP)E. coli BL21 (DE3) pREL containing the ZrlA expression vector was
grownat 37 °C shaking to an Qb of 0.5. Protein expression was induced with 0.5 mM IPTG
and grown for an additional 6 h at 37 °C. Cells were harvested by centrifugation at $@0d x
suspended in lysis buffer (150 mM NaCl, 50 mM i€l pH 7.5) supplementewith lysozyme
(1 mg/ml) and bovine deoxyribonuclease (3 mg). Cells were lysed by five passes through an
Emulsiflex homogenizer (Aventin, Inc.) at 20,000 psi. Lysates were centrifuged at 8¢0@0 x
remove intact cells, and insoluble debris was remoyedltbacentrifugation at 100,000g«for 1
h at 4 °C. Supernatants were applied to amylose restequiébrated with lysis buffer. The
column was washed with 12 column volumes of wash buffer (500 mM NaCl, 20 mM CrigH
7.5, 1 mM EDTA), and ZrlA wasleated in a single elution with 10 mM maltose. In some cases,
the MBP tag was cleaved by incubation with FactpfNew England Biolabs) during an overnight
dialysis at 4 °C into dialysis buffer (150 mM NaCl, 20 mM TH€Il pH 7.5, 2.5 mM CaG) with
a buffer change after 2 h. To separate the MBP tag from ZrlA, the cleaved proteins were applied
to Ni-NTA resin preequilibrated with dialysis buffer, where ZrlA was retained on the resin and
eluted with an imidazole gradient (50250 mM). ZrlA-containing fradbns and sample purity
were assessed by SIPAGE, and protein concentrations were determined by BCA assay (Thermo
Scientific). To assess metals bound to ZKMBP, purified protein was diluted to 1 mg/ml into
lysis buffer, and Millipore water was added tbreal volume of 10 ml in 15 ml metdtee conical
tubes. Element quantification was assessed byMSPZrIA (42-end) (ZrIA*%) was cloned into

a pET22b(+) plasmid between Ncol and EcoRI sites and was expressed withoutttg MiEs
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resulting plasmidvas transformed into BL21 (DE3) for expression in LB with ampicillin (100
ng/ml) and grown to OBEdo of 0.6, at which time 0.75 mM IPTG was added, and the cells allowed
to grow at 16 °C overnight. For each 1 L cell pellet, cells were suspended in 40 ml lysis buffer A
(25 mM MES, 50 mM NacCl, pH 5.5) and sonicated at 60 % power (3 s on; 9 s off, oniide)af

60 min/L cells. This solution was then subjected to-&peed centrifugation at 10,009 (20 min,

4 °C). The supernatant was filtered with Or22 and loaded onto a sgiicked SPSepharos@!
FastFlow (GE Healthcare) column. The-&®#umn was ro at 2 mL/min, and Zrl&¢was eluted

with a 050% buffer B (25 mM MES, 1 M NaCl, pH 5.5) gradient over 90 min. Zf&ontaining
fractions were pooled. EDTA to a final concentration of 2 mM was added. The protein sample
were concentrated and dialyzed iag@75 (Hi Load™ 16/60 Superde®! 75 prep grade) running
buffer (25 mM HEPES, 150 mM NacCl, pH 7.5). Zff&eluted at a flowrate of 1 ml/min. Zrl A%
containing fractions were fladhozen in liquid nitrogen and stored &80 °C, and buffer
exchanged por to use. Protein was judged to be 90 % pure by overloadeeP8IBE gels. The
ZriA*Cconcentrati on wass 36/62akAiaheanh Ntesninallg deleted
version of A1S_1248 lacking the 55-thrminal residues, termed A1S_15%8 was purified
essentially the same way, 8@@0910cMAcRetevast i on

primers are listed iffable 6.

Cobalt titration

These experiments were performed as described previously using a Htalerd model
8452A spectrophotometé¥a et al., 2011)The experiments were carried out in chelated titration
buffer @5 mM HEPES, 150nM NaCl, pH 7.4)at ambient temperature. Apo Zf% or Apo

A1S 1248°5¢ (1 ml of 100mM) was titrated with stock solution of CaClThe binding reaction
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was monitored using-&m path length. Five minutes of equilibration time was allowed before the
UV-vis spectra were acquired. U¥s spectra from 2300 nm were recorded after each addition

and baselineorrected as previously describ@da et al., 2011)

Quin-2 Zn competition assays

These chelator competition experiments were chagedescribed in previous work using
a HewlettPackard model 8452A spectrophotome{&eyesCaballero et al., 2010)The
experiments were carried out in chelated titrabaffer 25 mM HEPES, 150 mM NaCl, pH 7.4)
at ambient temperature. Apo Zff& or apo A1S_1248€ (1 ml of 15~17nM and 12~15nM,
respectively) in the presence of 128 (for ZrIA%?%) or 20~27nM (for A1S_ 12485 Quin-2
was titrated with a solution of AQu. Equilibrium time was 10 min between measurements. Peak
intensities at 265 nm from two independent experiments were globally fit to a simple 1:1 binding

competition model withkz,%™2= 2.7 x 10! M- * using Dynafit(Kuzmic, 1996)

PAR Zn binding assay

4-(2-pyridylazo}resorcinol (PAR) Zn binding assays were performed as previously
describedHood et al., 2012; Mortensen et al., 2014; Nairn et al., 2@k&fly, free PAR exhibits
a peak absorbance of 410 nm that shifts to 500 nm upon Zn binding. To determine if ZrlA binds
Zn, increasing concentrations of oaebinant ZrIAMBP (01 12.5nM) were added to solutions
containing 20 PAR and 10vM ZnClzin 20 mM TrisHCI pH 7.5, 150 mM NaCl. Spectra were
collected for free and Zbhound PAR and compared to spectra obtained in the presence of ZrlA

MBP. Spectra areepresentative of at least 3 biological replicates.
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9Zn uptake assay

Cells were grown for 7 h £ calprotectin, and optical densities were normalized across
strains.”°ZnO was spiked into each sample for a final concentration a25and samples were
incubated at 37 °C for 15 min. A 1:1 mixture of acetone:ethanol was added to the cells and pelleted
for 10 min at 6,000 rpm. Cells were then washed twice in PBS. Following the second wash,
samples were transferred to metale 15 ml conical tubes (VWR).aBples were digested
overnight in 50% Optim@rade nitric acid (Fisher Scientific) at 50 °C and diluted with Millipore
water prior to inductivehcoupled plasma mass spectrometry analy§i&n values were

normalized to totat*s.

Inductively -coupled plasma mass spectrometry

Element quantification analysis on addjested protein samples was performed using
ELEMENT 2E high resolution inducti v-iCPMS, coup]l
Thermo Fisher Scientific, Bremen, Germany) coupled with ESI @atmpler (Elemental
Scientific, Omaha, NE). The ICPMS is equipped with a PFA microflow nebulizer (Elemental
Scientific, Omaha, NE), a Scott dowgass spray chamber (at room temperature), a magnetic
sector followed by an electric sector, and a secondefectultiplier. Liquid sample was tipken
by selfaspiration via 0.50 mm ID sample probe and sample capillary. Interested metals were
measured at medium resolution (R=4200). Elemental quantificatié?Zodabeled samples was
performed using an Agilent7/D0 inductively coupled plasma mass spectrometer (Agilent, Santa
Clara, CA). The following settings were fixed for the analysis Cell Entrand® ¥, Cell Exit =
-60 V, Plate Bias =60 V, OctP Bias =18 V, and collison cell Helium Flow = 4.5 ml/min. @Qpal

voltages for Extract 2, Omega Bias, Omega Lens, OctP RF, and Deflect were determined
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empirically before each sample set was analyzed. Element calibration curves were generated using
ARISTAR ICP Standard Mix (VWR, Radnor, PA). Samples were introduggzkhistaltic pump

with 0.5 mm internal diameter tubing through a MicroMist borosilicate glass nebulizer (Agilent).
Samples were initially up taken at 0.5 rps for 30 s followed by 30 s at 0.1 rps to stabilize the signal.
Samples were analyzed in Spectrumda at 0.1 rps collecting three points across each peak and
performing three replicates of 100 sweeps for each element analyzed. Data were acquired and

analyzed using the Agilent Mass Hunter Workstation Software version A.01.02

Modified Cd-ninhydrin assay

The Cdninhydrin reagent was generated as previously desqiiilmat al., 1981)Briefly,
ninhydrin (Sigma) was dissolved in 99.5 % EtOH and acetic acid, anc @Gd€ladded to the
mixture. Enzymatic assays were performed as described else(Mderet al., 1995) Briefly,
recombinant MBFZr | A (1 mM) was cDiacetyiLys®-dla-B-Ala (10 M, N U
Sigma) in the reaction buffer (50 mM HEPES pH 8) and incubated for 15 min at 37 °C. Samples
were mixed at a ratio of 1:2 with the @éhhydrin reagent and hedtér 5 min at 85 °C. Samples
cooled briefly at room temperature, and the absorbance at 500 nm was determined using a Varian
Cary 50 Bio U\tVisible Spectrophotometer. Data are combined from at least 3 independent

experiments.

Fluorescentb-amino acid lakeling
Overnight cultures of WT obzrlA A. baumanniwere diluted 1:50 into LB for 2 h and
subsequently diluted 1:10 into M9 mini mal me d

trace metal mix (Vishniac, 1955) + ¥ TPEN. HADA and DAEDA were synthesized as
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described previously and added at a final concentration of 1 mM to each (Kitcweet al., 2012;
Liechtietal.,2014) Cel |l s wer e incubated with shaking at
for 1 h at 0 eC. Cell s wer e EBPA-ldbeleadedalsvaaen d was
conjugated with the Atto 488 azide label (Sigma) using the Clickell reaction buffer kit

(Thermo) to generate fluorescence signal. Cells were imaged using a N#nnVerted

microscope equipped with a 1.4NA Plan Apo 60X oil objective and Aixalsr ENCCD camera.
NIS-Elements AR software was used for image acquisition. Quantitative analysis of fluorescence
intensity was performed using the MicrobeJ plugin in HRlicret et al., 2016)Data are pooled

from 100 cells per treatme

Sacculi purification and UPLC-MS analysis

WT A. baumanniiand DzrlA were grown for 12 h in LB = 40 uM TPEN. Cells were
collected, and sacculi were purified as described previdqislyu et al., 2012; Litzinger et al.,
2010) Briefly, cell pellets were resuspended in water, added dropwise to boiling 5 % sodium
dodecyl sulfate DS, w/v), and incubated with stirring for 30 min. The SDS insoluble material
was collected by ultracentrifugation at 39,009 at 30 eC. Il nsol ubl e mate
water and boiled for 30 min with stirring in 4 % SDS. Samples were collectait &y
ultracentrifugation, washed repeatedly with water, resuspended in a digestion buffer (10 mM Tris
HCI pH 7.0, 10 mM NacCl, 0.32 M imidazole, 1 mM Mg8@nd digested with DNase | (Thermo
Fisher Scientific) anda-a my |l ase ( Pr omega) plesrwer® pelletedaatd 3 7 ¢
resuspended in 0.05 M TyH 7.8 and pronase (type XXV fro@treptomyces griseusind
incubated at 60 eC for 2 h. Foll owing this di

and added dropwise to boiling 1 % SDS withrstg for 30 min. Samples were collected by
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centrifugation and washed repeatedly in water before storagetat e C i n a mi ni mal
water. For UPLEMS, the purified sacculi were thawed and digested with mutanolysin for 16 h at

37 C. Before applyinghe sample to the UPL®IS analysis, digested PG samples were reduced

with 10 mg/ml sodium borohydrate in 0.5 M borax in miliQ water at pH 9.0. The reduction was
stopped with 98 % phosphoric acid, with the resultant pH adjusted to 2~3. An Acquity UPLC
couplal to a PDA detector and SynaptG2S mass spectrometer, using a Wa@8+a30 A, 1.7

mm, 2.1 mm x 100 mm column and associated guard colum@$H 130 A, 1.7 mm, 2.1 mm x

35 mm were usetbr UPLC-MS analysis. Solvent A was 0.1 % TFA and solvent B was 0.1 %

TFA in 30 % methanol and a linear gradient to 100 % B over 60 min at a flow rate of 0.176 ml/min
was used at a column temperature ofG2In a typical analytical run, I samples wee injected

and analyzed. PDA detects 210 nm. Muropeptides were identified with theoretical m/z £ 0.02 Da.
Integration of peak areas were performed with Masslynx. Peak area for each muropeptide was
normalized to the total peak area of all identified muptides (muropeptide peaks 1~10Tiable
5correspond to O 95 % of the total peak area),

analyses

Live cell microscopy

WT and mutant cells were grown to mid to tategponential phase in LB + 46M TPEN
and immediately spotted onto agaré¥8S pads (0.05 % agarose). Cells were allowed to dry
briefly before sealing and imaging using brightfield microscopy on an Olympus BX60 microscope

at 100X magnification. Images are representative of at least 8endent experiments.
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Ethidium bromide uptake
WT and mutant cells were grown in LB, normalized tos@Bf 0.3, and washed once with
PBS. Cell resuspensions were placed into blacwéibplates and spiked with ethidium bromide
(2 mg/ml, Sigma) before immediately reading fluorescence at 2 s intervals (Ex: 530; Em: 600)
using a BioTek Cytation 5 imaging reader. Data are combined from at least 3 independent

experiments.

Bacterial growth in experimental conditions

Overnight cultures of WT obzrlA were subcultured 1:50 in LB for 1 h. BadKuted
cultures were then inoculated 1:100 into LB containing various concentrations of SDS,
ethylenediamine tetraacetic acid (EDTA) (Sigma), tetréRipyridylmethyl)ethylenedimine
(TPEN), calprotectin, carbenicillin (6.28/ml), tetracycline (AlfaAesar, 78 ng/ml), polymyxin
B (Alexis Biochemicals, 250 ng/ml), or vancomycin (Fisher Scientific, d@nl) and growth
was monitored over time by monitoring @pusing a BioTek Syergy 2 or Epoch 2 microplate
reader. For growth in antibiotics with TPEN, cells were grown in carbenicillin (&a8sl) + 20
nmM TPEN or polymyxin B (Ing/ml) + 10 JM TPEN. For growth in calprotectin, backluted
cultures were inoculated 1:100 into LB taiming 40 % calprotectin buffer (20 mM T4#$Cl pH
7.5, 100 mM NaCl, 5 mMb-mercaptoethanol, 3 mM Cagllsupplemented with calprotectin.
Recombinant human calprotectin was used fornailitro experiments and was expressed and
purified as described previougigorbin et al., 2008; Kekfie et al., 2011)Percent growth panels

are combined from at least 3 biological replicates.
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Mouse model for A. baumanniipneumonia

Eight to teaweekold male mice were inoculated 1:1 with a mixturéobaumanni{WT
and KmmarkedDzrlA, or unmarkedzrlA and KmmarkedDzrlA) totaling 3 x 16 CFU in 40ni
PBS. For meropenem dosing experiments, mice were administered meropenem (Hospira, Inc.)
dissolved in PBS (12.5 mg/kg) or vehicle via intraperitoneal injection at 0, 12, and 24 hours post
infection (hpi). At 36 hpi, mice were euthanized, and CFU were enuméndtesllungs and livers
following tissue homogenization and dilution plating on LB and LB Km 40. The limit of detection

of this assay is 100 CFU/ml.

Quantifi cation and statistical analysis

Statistical analyses were performed using GraphPad Prism 7 &rdsbft Excel.
Statistical significance was generally assessed using-atwo | ed wunpatesteomke St ude
way ANOVA with Tukey multiple comparisons test, or Mann Whitney U test. Significance was
defined agp < 0.05, and data were only excluded ba basis of technical errors associated with
the experiment. Exact statistical tests used, significance values, group sizes, and dispersion and

precision of measurements are defined in the figure legends
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Table 5. Descriptions for muropeptide peakb&ing depicted in Figur23. The theoretical masses
were reported previously (Kuhner et al.,, 2014; Brown et al., 2012). The first letter indicates
whether the muropeptide is a monomer (M), or crosslinked dimer (D) or crosslinked trimer (T).
The numbers idicate the number of amino acids of the peptide side chains from the donor to
acceptor; G indicates glycineIcNAc) and (Acetyl) indicates loss of GICNAc or acetyl group.
The difference column denotes the difference in experimental mass relativéedietical mass.

UPLC Muropeptide Reten Theo- | Theo- Theo- Theo- Experi- Diff -
peak structure tion retical | retical retical retical mental erence
time in molecul | m/z m/z m/z m/z
TIC armass | [M+H]+ | [M+2H] | [M+3H] | [M+xH]x
(min) 2+ 3+ +
1 M3 9.54 870.36 | 871.37 871.370| 0.000
1 M3(- 9.54 667.29 | 668.30 668.299| 0.000
GIcNAC)
2 M3G 10.18 | 927.38 | 928.39 928.395| 0.005
2 M3G(- 10.20 | 724.31 | 725.32 725.316| -0.005
GIcNAc)
3 MAG(- 12.34 | 795.35 | 796.36 796.349| -0.009
GIcNAC)
3 M4G 12.39 |998.43 | 999.44 999.414| -0.023
4 M4 13.75 ]941.39 | 942.40 942.397| -0.003
4 M4 (- 13.76 | 738.33 | 739.34 739.335| -0.001
GIcNAC)
5 M43 17.45 |1313.5|1314.5 | 657.79 657.791| 0.002
6 7
6 M44 19.12 |1384.5 | 1385.6 | 693.30 693.306| 0.002
9 0
7 D34D and|25.34 |1793.7 | 1794.7 | 897.88 897.877| -0.007
D43 5 6
8 D44 26.72 |1864.7 | 1865.8 | 933.40 933.401| -0.003
9 0
9 T444 32.8 2788.1 | 2789.2 930.41 | 930.390| -0.015
9 0
10 anhydroD44 | 35.97 | 1844.7 | 1845.7 | 923.40 923.388| -0.009
8 9
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Table 6. Oligonucleotides usad Chapter Il

Name Sequence (50 to 306)Description
zrlA mutant
construction and
confirmation
3412FL1For CCCGGGAGAGTAAGTGCAATTG Cloning into pFLP2, 5
flank, forward
3412FL1Rev CTCCTAGTTAGTCACATATGACGCTT | Cloning into pFLP2, 5
CATAAATATATTC flank, reverse
3412FL2For AGGGAATAATGACATATGGGACTAT | Cloning into pFLP2, 3
AAAAGCAATTT flank, forward
3412FL2Rev CCCGGGTTGTGACCATGAATAAG Cloning into pFLP2, 3
flank, reverse
3412KanFor GAATATATTTATGAAGCGTCATATGT | Cloning into pFLP2 for
GACTAACTAGGAG Km cassette fron
pUC18k1, forward
3412KanRev AAATTGCTTTTATAGTCCCATATGTC | Cloning into pFLP2 for
ATTATTCCCT Km cassette fron
pUC18k1, reverse
3412 KO_F cgtcctttttttattttttaaaatttacaacagaaattaaagg To generate unmarke
aataattgttatattataacatttctgaaattaaatgattaa| zrlA mutant, foward
ttccagatgtttagggaagatagaatatatttGTGAGT|
GCT GGA GCT GCT TC
3412 KO_R tggccagatcacaggcgtaatctatttctaaaccacaat To generate unmarke
ttatgttataacataactattgatcaagtttttattctagttttg zrlA mutant, foward
agccaaatcacttagtgtttgaaaaaattgcttCAT A
AAT ATC CTC CTT AG
3412EXxtR GACCAGCTCTGCCAAACTTGC External tozrlA for Tn
insertion confirmation
Pgrol172 TGAGCTTTTTAGCTCGACTAATCCAT | T26 transposospecific
zrlA
complementation
3412mycFor GGATTCATGGTGGCTTATCAATTTAA | Cloning into pWH1266
GCGCCG forward
3412mycRev GGATTCTTATAGATCTTCTTCAGATA | Cloning into pWH1266
TCAG reverse with cMyc tag
TTTCTGTTCTAGTCCCTGACAAAT
gRT-PCR
rO1RTf CTGTAGCGGGTCTGAGAGGAT A1S r01(16S), forward
rOLRTr CCATAAGGCCTTCTTCACAC Al1S rO01(16S), reverse
3412RTf CGCAACTGCAGATCACAGAC zrlA, forward
3412RTr GGAACTGCGTAAGGCTCAAC zrlA, reverse
Al1S 2479 RTFor | CAATGCCGGATCATTACACGACAG Al1S 2479forward
AlS 2479 RTRev| AACCTGCTGCTTTGGTATAGCCAG AlS 2479reverse
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A1S_2435_RTFor

ATGAACGAATCTGCTTGGTGTAAAGG
C

AlS 2435forward

A1S_2435 RTRev

CCTTCATTCCCAGCAATATGTTCAGC
C

AlS_243breverse

A1S_1248 RTFor

CCACCTAAAGTTGAACCTGCTTCCTA
1

AlS 1248forward

A1S 1248 gRTRe
\Y

TCTGCCAATCACGAGCGGATCTTAAT
A

AlS_1248reverse

Protein
purification

3412sspMAL_fwd

gcggccgcegatatcgtcgacAGTACTCAAACA(
CCCAGC

Cloning into pMAL-c5X,

forward

3412sspMAL_rev

cctgcagggaattcggatccTTATAGTCCCTGA
CAAATTGAG

Cloning into pMAL-c5X,

reverse

ZrIA%CF CAACGACCGAAAACCTGTATTTTCAG | Cloning into pET22b,
GGCGCCATGGA forward
TAAACAACAGCCT GAAGATTAT

ZrIA4?CR CACTAGTTGAGCTCGTCGACGTAGGC Cloning into pET22b,
CTTTGAATTCTT reverse
ATAGTCCCTGACAAATTGAGGT

AlS 12485F GCCGGCGATGGCCATGGATAAAGTT | Cloning into pET22b,
GAACCTGCTTCCTAT forward

AlS 1248°%“R CGG CCG CAA GCT TGT CGA CG(Q Cloning into pET22b,

AGC TCG AATTCT TAG AAATTA CAC

ATT GACGTATTGC

reverse

121




Results
ZrlA is a Zn binding peptidase critical for A. baumanniicellular envdope maintenance and
morphology

To assess whether ZrlA contributes to the responge baumannito Zn starvation, we
monitored the transcriptional induction oA during Zn limitation and generated a polyclonal
antibody against ZrlA to monitor protein abundance in these condiidAsand its gene product
are both detectable in Zweplete condibns but are induced during Zn starvation by the small
molecule Zn chelator TPEN and the -Zimelating host protein CPFigure 20A,B, Figure
21A,B,C). Sequence predictions suggest that ZrlA haaldhineD-alanine carboxypeptidase
(D,D-CPase) activity angia member of the M15 metallopeptidase farfilgwlings and Barrett,
1993) Peptidase activity was confirmed using a modified cadmium ninhydrin @8&agt al.,
1995)to detect release of free amino acids from a peptide subdtigted 20C). Additionally,
subcellular fractionation experiments revedieat ZrlA localizes to the inner membrarggure
20D, Figure 21D,E,B. Finally, recombinant ZrlA coordinates Zn, and the binding of Zn is
preferential over other divalent cations, which was validated by quantitative metal binding
experiments with Zhy and Cd' (Figure 20E, F, Figure 21G,H. Soluble ZrlA lacking the N
terminal 41 residue membrane anchoring domBigufe 21F), denoted ZrlA?C, binds a single
molar equivalent of Cbor Zn' in a tetrahedral coordination geometiigure 20E) and is
charaterized by a high affinity for ZnKzn of 3.6 (+0.5) x1& M (Fig 1F). These results
demonstrate that ZrlA is Zbinding lipoprotein that is maximally induced during nutrient Zn

starvation and exhibits peptidase activity.
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Figure 20. ZrlA is a peptidase induced during Zn starvation. A) ZrlA expression was assessed in
WT andDzrlA (15 ng protein/lane) by immunoblot following growth in LB + 4® TPEN. B)
Transcriptional changes farlA and other predicted D;OPasesA1S_1248 A1S 2483, and

AlS 2479ere assessed by gHPICR + 250ng/ml CP. ** p < 0.01 as determined by cm&y
ANOVA with Tukey multiple comparisons test on three independent experiments, mean + SD. C)
Modified cadmiumninhydrin assay was performed on recombinant MBIA in the presence of

a peptide substrate,f< 0.05, *** p < 0.001 as determined by omeay ANOVA with Tukey
multiple comparisons test on three independent experiments, mean + SD. D) ZrlA protein
localization was assessed in WT dbatlA (7.5 ng protein/lane) by immunoblot of membrane
fractions following growth in LB: 40mM TPEN. E) Cd titration, where a tetrahedral or distorted
tetrahedral coordination geometry is suggested withdatinsition of 400 MA c¢”nat 600 nm
(Corwin, 1987) Inset number of C8:ZrlA***mo | Aequi val ents correspond
shown; note that all spectra acquired at':ZdA%°C overlap, revealing a 1:1 metal binding
stoichiometry. F) Normalized binding titration of a mixture of Zd%and competitor qui2 with

Zn in two independent experiments: 1@ ZrlA #2“with 15.2nM quin-2 (blue filled circles) and

123



15.1nM ZrlA%2€ with 12.3nM quin-2 (black filled circles). The continuous lines represent the
results of a notinear, leassquares fit to a Zn:Zr&=1:1 binding model. The global fitting
results in kn= 3.6 (+ 0.4) x 16 M1,
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Figure 21. ZrlA is a zinebinding inner membrane lipoprotein. A) SIPAGE analysis to assess

total protein levels corresponding to the immunoblot in Fig 1A. B) Immunoblot on protein lysates

from WT or DzrlA cells grown for 6 hours + 46M TPEN (25ng protein/lane)C) Relative

expression ofrlA as determined by gRPCR on WTA. baumanniiat 6 h and 9 h of growth
comparedto 2 h.pp<0.05,***p< 0. 001 as det dtestfiomthrde indgpen8entu d e nt
experiments, mean = SD. D) Immunoblot of membrandifnaations (15rg protein/lane) reveals

ZrIA™¢ |ocalizes to the detergent phase and localizes to the inner membrane. PAGSEBS

analysis to assess total protein levels corresponding to the immunoblot in Fig 1D. F) Schematic of
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ZrlA, with the predictedipobox denoted as a blue square and the conservedaligigoring
cysteine in red. The approximatetérminus of the ZrlAC variant is indicated (residues-227).
H150, D157, and D206 are the predicted metairdinating residues. G) Incubation of il 4-
(2-pyridylazo}resorcinol (PAR) with 10rM Zn results in an absorbance shift of PAR from 410
nm to 500 nm; the addition of increasing concentrations of recombinant ZrlA frdvhté 12.5
nmM results in return in absorbance to 410 nm. H) Recombinantia\analyzed by IGRIS for
associated Mg, Mn, Fe, Cu, and Zn concentratiopss 9.05 as determined by cae&y ANOVA
with Tukey multiple comparisons test from three independent experiments, mean = SD.
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We hypothesized that the absence of ZrlA may change PG architecture. To test this, we
labeled PG with fluorescent-Bmino acids and their dipeptide derivatives to monitor changes in
PG during Zn starvation. For these experiments, we used conjugated dlumresolecules
designed to label either the fourth or fifth position of PG stem peptides using HADA and DA
EDA, respectively, and then monitored changes in fluorescence intensity during Zn limitation
(Kuru et al., 2012; Liechti et al., 2014Vild-type (WT) A. baumanniihad increased fourth
position lakeling that corresponded with decreased fifth position labeling during Zn starvation that
were diminished in thBzrlA strain Figure 22A,B). This finding is consistent with ZrlA induction
resulting in cleavage of terminal-&anine residues and increade@ crosslinking. We next
performed liquid chromatographyass spectrometry (UPLES) on PG purified from WT or
arlA A. baumanniifollowing growth in Znreplete or Zrdeplete conditions and quantified the
normalized abundances of major monomeric and dangmosslinked) muropeptide species
(Figure 23A andTable 5). Tripeptide monomers were more abundant inDb@A strain in Zn
replete conditions but significantly reduced during Zn starvatikigufe 22C). In contrast,
tetrapeptide monomer species, whdemparable in the WT anBzrlA strain in Znreplete
conditions, were increased DzrlA strain in Znstarved conditions relative to WFigure 23B).
Conversely, dimeric tripeptidetrapeptide crosslinks were significantly reduced in DagdA
strain in oth Znreplete and deplete conditiorisigure 22D), while dimeric tetrapeptides were
slightly elevated in both strains in Zieplete conditionsHigure 23C). Taken collectively, these
data demonstrate that baumanniincreases major cell wall crosslinetaring Zn starvation, and
zrlA impacts both homeostatic muropeptide abundance and specific PG alterations that occur

during Zn limitation

127



A DA-EDA B HADA c D ——
2.5- Frrrs 1.5 0.08 — 0.08 *%
mg . wnse :’e . § L 3 ™
% 2.0 = Jededed ] c B
faa.3 4 wok *
3 o = 8 10] —s g 006 g 0.08
g 151 g o, BE 2 2
@ 2 5 0.041 5 0.04
& 1.01 5 8 @
2 2 051 3) T g
= 054 S c g 0.021 E 0.021
@ ) o) 2 )
= = z
— (Y 0.00- 0.00 L
§ &S F &S F & & S & &S
@ ¥ x«q x&q é\ 7 ;8 x&Q @ v x&Q x«q ¥ :c,\Q :8
& W v & W >
o W N RO N
b < W W b
E WT AzriA
2 o s G H
: D 4 _ 2.0
Y o el
TPEN 2 N % o e e S %
- S ¢ ~ 3 = i
. oy i 2 .9 8 |*** b 1.5 |*-k**
@2 s 1.0
F WT AzriA 2 e
(] o A= S e
& \" . -o ° "_E 14 WT "E' 0.5 —WT
o \$ o/ = . CT s & ~aza @ — AzrlA
Y G w w
LB’=" § 7 / ) Of) . ~ 04 : : . . 0 . . . .
E o 2 o SR S 0 50 100 150 200 0 50 100 150 200
=\ ULy 5 (0 S time (s) time (s)
SalmHT SR a i SRR e
| J K

-
N
o

1
=

(=]

1

(3.}

1

fukadiid kEEkk SRR

Wt
A zriA

% growth of untreated

N [3,] e | 3

[~ n (-] o [~
Fold change in CP

> N & 2 2
E3

*
Fold change vs. WT
[=] - N w2 E -3

0
LB sDs EDTA SDS/EDTA N

Figure 22. ZrlA contributes to cellular morphology and envelope integrity. A) Mean fluorescence
of WT or DzrlA £ 10 mM TPEN following DA-EDA labeling of the fifth position of PG
pentapeptides. ***p < 0.0001 as determined by onay ANOVA with Tukey multiple
comparisons tesn(= 100 cells/group). B) Mean fluorescence of WTDarlA + 10 nM TPEN
following HADA labeling of the fourth position of PG pentapeptidep® 0.01, **** p< 0.0001

as determined by ongay ANOVA with Tukey multiple comparisons test£ 100 cells/group).

C) Normalized abundance of PG muropeptide tripeptide monomers [sum M3GMRAC); se
Figure S2 for a representative IMIS/MS chromatogram and Table S1 for muropeptide
designations and expected and experimental masses) in WEkrkdr + 40 nM TPEN. D)
Normalized abundance of muropeptide tetrapeptide monomers [sum MGMKMAC)] (Figure
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S2 Table S1) in WT obzrlA+ 40nM TPEN. *p< 0.05, **,p< 0.01, *** p< 0.001 as determined

by oneway ANOVA with Tukey multiple comparisons test on biological duplicates, mean + SD.

E) Microscopy of WT oDzrlA A. baumannigrown to midlog in LB + 40nM TPEN (100 x). F)

Microscopy of WT omDzrlA A. baumannigrown to midlog in LB (100 x). Scale bar isfim. G)

Ethidium bromide uptake following growthinLB.*ff< 0. 001 as det dtesni ned
of mean line slopes from three independentexpents. H) Ethidium bromide uptake following

growth in 40nM TPEN, *** p< 0. 0001 as det ¢teshof meardlinebsiopesSt ud et
from three independent experiments. I) Percent growth as determinedstya©&ght hours of

growth in LB, 0.01 % SDS, or 0.01 mM EDTA for WT abarlA compared to untreated samples.

¥k p< 0. 05 as det e ttestfronetdreebngepeddent dxpanimemts, mean + SD.

J) DzrlA was subjected to qRPCR analysis of putate D,D-CPases in 250g/ml CP. *p < 0.05,

) p< 0.001 as det etteshiroméehdee ibdgperfiéntedpermenissmean + SD.

K) DzrlA was subjected to qRPCR analysis of putative D;DPases in LB compared to
expression in the WT strain.g<0 . 05 as det er mteshfeow thiee/indépendete nt 6 s
experiments, mean + SD.
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Figure 23. ZrlA contributes to PG homeostasis and cellular morphology. A) Representative total
ion chromatogram (TIC) and accompanying UPMS analysis of a muropeptide profile Af
baumanniiATCC 17978azrlA grown with 40niv TPEN treatment. Other TICs were obtained for

the WT strain grown with 4&M TPEN. SeeTable 5 for corresponding peak descriptioofs

peaks labeled -10 including molecular composition, retention time, theoretical

m/z experimentaim/zand difference iim/z Note that peaks-2 (monomeric trimers) and-8
(monomeric tetramers include muropeptides that harbor a disaccharide or monosaccharaide (
GIcNAc) sugar moiety (sedable 5 for details). B) Normalized abundance of muropeptide
tetrapeptide monomers [sum M4,NMI&IcNAc)] (Figure23, Table § in WT or DzrlA £ 40 nM

TPEN. C) Normalized abundance of muropeptide dimeric tetrapeptides crosslinks (sum D44,
M44; Figure23, Table § in WT orDzrlA £ 40nmM TPEN. *p < 0.05 as determined by cmay
ANOVA with Tukey multiple comparisons test on biological duplicates, mean + SD. Dikive
imaging of WT + vectorPzrlA + vector, orDzrlA + pzrlAmycfollowing growth in LB Carb75
(100X). Scale bar is Bm. E) Ethidium bromide uptake assessed over time in WT + v&zidA
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+ vector, oDzrlA + pzrlAmycfollowing growth in LB Carb75. ****p < 0.0001 as determined by
St u d etest o mean line slogeom three independent experiments. F) WT + vedarlA +
vector, andDzrlA + pzrlAmycwere grown in 0.01 % SDS. Graph depicts percent growth relative
to untreated strains at eight hours. 1« 0.001 as determined by ea@ay ANOVA with Tukey
multiple cmparisons test from three indepdenent experiments, mean + SD. G) Co(ll) titration of
apo A1S_124%C with the spectra colored as a function of the Co(ll):protein ratio as in Fig 2E,
maintextcyan | ess t han 1 rblack &Enplratiotan to@nartgeg@ate than)
1:1 mol ratio. H) Replicate normalized titratiortdack blue filled symbols) of Zn(ll) into a
solution of the quir? and A1S_1248€ with the continuous lines individual fits to a 1:1 binding
model. 12.4nM A1S_1248% with 22.4 nM quin-2 (black filled circles) and 15.0vM

A1S 12485 with 20.2mM quin-2 (blue filled circles). The averagen of 2.2 (+0.1) x16' M,
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To test whether the absencezdfA leads to morphological changes, we performed live cell
imaging on WTA. baumanniiand aDzrlA strain following growth in Zfreplete and deplete
conditions. WTA. baumanniiand aDzrlA strain have a rounded morphology when grown in Zn
starved conditionsHigure 22E). When cultured in Zmeplete conditions, the WT strain displays
morphological heterogeneity, with rounded cells and short and long rods detected, wbeldAhe
strain remains rounded; this phenotype can be complemented by prauridimg trans (Figure
22F, Figure 23D. These results suggest that ZrlA contributes to morphological plasticity in
baumanniiand the ability of this organism to adapt to changing environmental conditions.
Given the altered PG structure and shape inDdréA mutant, we hypothesized that ZrlA may
contribute to maintenance of overall cellular envelope integrity. To test this, the rate of ethidium
bromide diffusion across the WT thezrlA mutant envelope was assessed by monitoring
fluorescence that occurs upathidium bromideDNA interaction(Dalebroux et al., 2015)This
assay revealed tHezrlA strain has increased fluorescence compared to the WT strain indicative
of increased envelogeermeability, and the rate of uptake is increased ib#nA strain during
Zn starvation Figure 22G,H). Furthermore, th®zrlA strain is more sensitive to the detergent
SDS as well as EDTA, which chelates metals associated with the outer me(Mameerni and
Silhavy, 2009)Fig 22l). These envelope defects are complemented by exprestinig trans
(Figure 23E,F).

To determine if inactivation okrlA imbalanced other cell wathodifying enzymes,
expression of predicted carboxypeptidases.ibaumanniivas monitored in WT anbzrlAin Zn-
replete and Zisdeplete conditions. These carboxypeptidases were igehbhsed on sequence
comparisons to defined D;DPases ift. coli, as well as through manual genome analyaissh

et al., 2008)During Zn starvation, WA. baumannionly induces expression aflA (Fig 20B).
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However, theDzrlA strain has aberrant D;DPase expression in Atarved conditions as well as

in Zn-replete conditns relative to the WT strairFigure 22J,K). Protein sequence alignment

revealed that one of these putative ELPases, A1S_1248, is more closely related to ZrlA but not
predicted to be regulated by Zur. This protein was purified as described for ZdAowamd to

possess a metal coordination geomefigire 23G,H) andKz, of 2.2 (+0.1) x18' M1 (Figure

23GH t hat I's nearly indistinguishable from Z|
spari ngo me c h astiveddbaumannibbherexptessésa nain requiring paralog

(ZrlA) relative to constitutively expressedllS 1248in WT cells (Blaby-Haas et al., 2011;

Nanamiya et al., 2004) Taken together, these data establish ZrlA as a critical factor for

maintaining cellular morphology and envelope integrityAirbaumannii

ZrlA is required for A. baumanniito overcome nutrient Zn limitation

We next hypothesized that ZrlA has a role in the respomselziumannito Zn starvation.
Upon growth of WT omDzrlA in the presence of CP or the Zn chelator TPBAA exhibits a
growth defectigure 24A, 25A,B) that can be fully rescued by Zn supplementatiigure 24B)
or expression okrlA in trans (Figure 25C). Additionally, the predicted metabordinating
residues of ZrlA Figure 21F) are required for this complementation, as a mutdAtpredicted
to no longer bind Zn is unable to restore growth despite expression at levels comparable to WT
ZrlA (Figure 25D,F). Furthermore, the requirement oflA for overcoming Zn limitation is
conserved in a recently isolated mutug resistant strain ok. baumannii(Figure 25F). To
determine if this growth defect was due to alterations in cytosolic Zn buffering or acquisition of
extracellular Zn, Zn levels were meémied via inductivelycoupled plasma mass spectrometry

(ICP-MS). No differences were found in total cellular ZnDaflA relative to WT Figure 25G).
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However, gRTPCR analysis of Zuregulated Zn uptake genes revealed thaD#r#A strain has
increased exression ofzur, znuA andznuD1relative to WT (Figire 24C), all of which are
transcriptionally induced during Zn limitatigiMortensen et al., 2014$ince ZrlA affects cellular
envelope integrity and homeostswe hypothesized that ZrlA specifically contributes to Zn
uptake. Cultures were pulsed with a rare Zn isotéfn) and analyzed by IGRIS to quantify
cellular’zn levels; this experiment revealed that WTbaumanniis capable of competing with

CP fa Zn but that thé®zrlA mutant is impaired in Zn uptake in conditions of Zn limitatibig(re

24D). To determine if aberrant expression of Zn uptake genes was the primary contributor to the
envelope defects observed in &lA mutant, a strain lackingur (Dzur), which overexpresses

Zn uptake genes (Mortensen et al., 2014), was utilized to assess outer membrane envelope integrity
following exposure to SDS/EDTA. This experiment revealed thaDthe strain has a modest
growth defect in these conditions but grew significantly better thabztth& mutant Eigure 24E).

This suggests that overexpression of the Zn uptake genesbartAemutant is not sufficient to
cause cell envelope defects and thatdirect impact of ZrlA on cell wall architecture is a major
contributor for maintaining envelope integrity and overcoming Zn limitation.

Given that the vertebrate host is a harsh environment with limited metal availability, we
investigated the contriltion of ZrlA to A. baumannipathogenesis. This experiment revealed that
DzrlA is significantly attenuated in lung colonizatiofrigure 24F) and is defective at
disseminating to the livelr{gure 24G). Taken together, these results suggestAh#iaumanni
uses ZrlA to coordinate nutrient Zn uptake and cellular envelope maintenance to persist within the

vertebrate host.
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Figure 24. ZrlA is critical for full growth in low Zn and during infection. A) WT BerlA were
grown * 250nmg/ml CP with ORoo monitored over time. B) Percent growth as determined by
ODsoo at eight hours following growth in 25@y/ml CP + 50nM ZnCl, compared to untreated
strains.*p< 0. 05 as det e ttesifrone threebngepehdent @xperiments, mean +
SD. C) gRFPCR analysis was performed on WTDarlA following growth in 250ng/ml CP. **
p<0.0l,*p< 0.001 as det etrestifronetdreeingepeBdent dxpenimedts,
mean + SD. D) Cellulai®Zn was quantified by ICRIS and normalized t&'S for WT aml DzrlA.

* p<0.05, ** p<0.001 as determined by ea&y ANOVA with Tukey multiple comparisons

test from three independent experiments, mean = SD. E) Percent growth as determingeb by OD
at six hours for WTDzur, or DzrlA grown in 0.01 % SDS/0.1 mM EDTA relative to untreated
strains. **p < 0.01, *** p < 0.0001 as determined by emay ANOVA with Tukey multiple
comparisons test from three independent experiments, mean + SD. F) Mice were intranasally
infected with a 1:1 nxiture of WT andDzrlA, and bacterial burdens were assessed at 36 hpi in the
lungs. **** p< 0.0001 as determined by Makvhitney U test. G) WT anDzrlA bacterial burdens
recovered from the liver at 36 hpi. p*< 0.01 as determined by Maidhitney U testerror bars

are median % interquartile range=< 16).
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Figure 25. ZrlA is critical for full growth in low Zn. A) Colony forming units (CFU) were
monitored over time for WT dpzrlA £ 40nM TPEN. B) WT orDzrlA growth over time + 4@V

TPEN asdetermined by OByo. C) Growth of WT + vectorDzrlA + vector, orDzrlA + pzrlAmyc

was monitored in the presence of 2&8fml calprotectin. Graph depicts percent growth at eight

hours compared to untreated strainp& 0. 05 as det ertmestfrendthredey St u
independent experiments, mean = SD. R2yIA + vector, DzrlA + pzrlAmy®zn, or DzrlA +
pzrlAmycwas monitored over time = 4@ TPEN. Graph depicts percent growth at eight hours
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compared to untreated strains. **1¥ < 0.0001 as determinedyb St u dtesnftod shree
independent experiments, mean + SD. E) Immunoblot on protein lysateDmbin+ vector,
DzrlA + pzrlAmyez,, or DzrlA + pzrlAmyc (20 ng protein/lane).F) A. baumanniistrain
ABUWSb5075 or a transposon mutant with an insertioarlA was grown + 20vM TPEN. Graph
depicts percent growth at eight hours compared to untreated strains<*¢*001 as determined
by St utkst fiomdahsee independent experiments, me&D+G) Total cellulaf®Zn was
guantified in WT oDzrlA £ 250ng/ml calprotectin by ICRMS. n.s. = no significant difference as
determined by onevay ANOVA with Tukey multiple comparisons test from three independent
experiments, mean + SD.

137



ZrlA is critical for surviving antibiotic exposure

To test if ZrlA provides a fithess advantage upon exposure to other cellular stressors such
as antibiotics, WT andzrlA A. baumanniwere exposedo subinhibitory concentrations of
several antibiotic classes. Incubation of these strains with antibiotics revealBdrtAagxhibits
increased sensitivity t o sever al diacthnise r e n t
tetracyclines, polymyxins,ra vancomycin Eigure 26A-D). WT andDzrlA A. baumanniiwere
then subjected to low level Zn starvation and exposed to antibiotics. We found thdattem
antibiotic carbenicillin synergized with Zn restriction to inhiBit baumanniigrowth, and the
DzrlA strain remained more sensitive compared to the WT stRagure 26E, Figure 27A.
Surprisingly, low level Zn starvation coupled with exposure to polymyxin B decreased antibiotic
efficacy and permitted mor. baumannigrowth compared to polymyxin Bane Figure 26F).
TheDzurmutant is also sensitive to carbenicillFigure 27B), despite improved outer membrane
barrier function compared to thgzrlA mutant Eigure 24E). These results illustrate that ZrlA
contributes to antibiotic resistance M baumannii and that Zn availability alters antibiotic
efficacy in a classlependent manner.

We next evaluated whether inactivation z5fA improves antibiotic efficacy during.
baumanniipneumonia. To test this, mice were intranasally inoculatiédl WT and DzrlA A.
baumanniiand administered either meropeneny-lactam antibiotic frequently used to trefat
baumanniiinfections, or a vehicle control at 0, 12, and 24 hpi. At 36 hpi, mice were humanely
euthanized, and bacterial CFU were enumeratderopenem significantly reduced WA.
baumanniibacterial burdens in the lungBigure 26G). Strikingly, DzrlA burdens were further
reduced with meropenem treatmefRigure 26G,H), and this reduction in burden was not due to

the presence of the antibomarker in the mutant straiigure 27C). These results demonstrate
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that targeting ZrlA has the potential to increase the efficacy of existing antimicrobials @gainst

baumannii
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Figure 26. ZrlA is required for overcoming antibiotic exposimeritro andin vivo. WT andDzrlA
were grown A) £ carbenicillin, B) + vancomycin, C) £ polymyxin B, D) * tetracycline witkd@D
monitored over time. E) WT arfdzrlA were grown in the presence of carbenicillin + TPEN with
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ODsoo monitored over time; data depict growth at eight hours relative to growth with no
carbenicillin. *** p < 0.0001 as determined by emay ANOVA with Tukey multiple
compari sondés test from three i ndeézphaverdgrawh e x pe
in the presence of polymyxin B £ TPEN with @pmonitored over time; data depict growth at 24
hours relative to growth with no polymyxin B. **p < 0.0001 as determined by onay
ANOVA with Tukey multiple comparisons test from three independent expatsnmean + SD.

G) WT orDzrlA bacterial burdens recovered from the lungs at 36 hpip*<0.001, **** p <
0.0001 as determined by Maivihitney U test, error bars are median + interquartile range (
20). H) Competitive index ([inpudzrlA/WT])[output DzrlA/WT]) in the lungs at 36 hpi. ***p <

0. 0001 as det e ttestiwtheaitrdrywalue bfd dr betwedn sreatments, error bars
are median = interquartile range< 20).
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Figure 27. zrlA is required for overcoming antibiotic exposure. A) WTDarlA was grown with
3.125nmg/ml carbenicillin £ 20 TPEN with ODyo0 monitored over time. Data depict growth at
eight hours relative to no carbenicillin treatment. P& 0.001, *** p < 0.0001 a determined

by oneway ANOVA with Tukey multiple comparisons test from three independent experiments,
mean + SD. B) WTDzur, or DzrlA was grown in the presence of 6.2§/ml carbenicillin with
ODsoo monitored over time. C) Mice were intranasally infectgth a 1:1 mixture of an unmarked
and markedDzrlA strain and intraperitoneally administered meropenem (12.5 mg/kg) or vehicle at
12 hour intervals postfection (t = 0, 12, 24 hpi). Data depict the competitive index of unmarked
zrlA mutant: markedzrlA mutant in the lungs at 36 hpi. n.s. = no significant difference as
deter mi nedttésyp=30.udent 6s
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Discussion

Overcoming nutrient metal limitation is a requirement for bacterial pathogens to survive
and cause disease. M baumannij Zn starvation promotes upregulation of trelABCDZn
uptake system and the predicted Zn metallochaperig@gHood et al., 2012; Mortensen et al.,
2014; Nairn et al., 2016 However, the capacity k. baumanniito elaborate Zn acquisition
systems while continuing cellular division requires the maintenance of the cell env&lope.
baumanniicoordinates its response to Zn starvation with resistance to extracellular stressors
through the action of ZrlA. ZrlA is required to maintain proper membrane barrier function and
contributes to nutrient Zn acquisition. Antibiotics are more efficacious against a strain latking
bothin vitro and in an animal model &. baumannipneunonia, suggesting that ZrlA inhibitors
may improve therapeutic treatments during infection Witbaumannii

Bacterial cell envelope maintenance is a dynamic process involving many enzymes and
pathways, and the ability to modify the envelope promotestinfe(Guo et al., 1997; Sycuro et
al., 2010) Given the essentiality of the envelope for viability and pathogenesis, functional
redundancy is common among envelopedifying proteins, particularly among P@odifying
enzymes. While iwdepth studies investigating PG biosynthesis and maintenadcdaumannii
are lacking, functional redundancy among B;Pases irkE. coliis well-describedPeters et al.,
2016) This redundancy may allow bacteria to utilize different subsets ofdP&ses to adapt to
unique environmentgGhosh et al., 2008)We identified four putative D ITPases in thé.
baumanniigenome; however, a large portion Af baumanniigenes remains unannotated, and
thereforethe existence of others cannot be excluded. Of these four putativEEgBeszrIA is
the only one that is induced during Zn starvation, and ZrlA is-bBigaing peptidase. Some M15

family peptidases also have multiple enzymatic activities, includingptigsese, transpeptidase,
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and endopeptidase activity, which suggests ZrlA may have additional enzymatic functions that
contribute to muropeptide abundances detected in our andBsdsiore and Reynolds, 2002;
Stefanova et al., 2004We predict that the other D;DPases irA. baumanniiare induced in
unique niches and that thikkely contributes to the notable ability of pathogenic and
nonpathogeniécinetobactespecies to persist in diverse environments.

Our observation thBzrlA strain accumulates ethidium bromide at a faster rate thaAWT
baumanniii suggests that th®zrlA mutant has increased cellular permeability, although the
contribution of bacterial efflux pumps to this phenotype was unexplored. We also discovered that
the DzrlA strain is defective in Zn uptake despite overexpression of Zn acquisition genes. We
suggest that the activity of ZrlA promotes more efficient Zn uptake through PG modification.
While we have not shown a direct effect on membrane localization of the Zn acquisition
machinery, other large membraaschored molecular structures such as secrsyistiems require
PG modification for effective elaboration; this, in turn, suggests similar cell wall changes may be
required to elaborate transition metal uptake sys{@ijlkstra and Keck, 1996; Scheurwater and
Burrows, 2011)

Zn availability modulates antibiotic efficacy, where thactam antibiotic carbenicillin is
more efficacious in low Zn environments. However, polymyxin B is less effective-lnmited
conditions, which is consistent with previous observationsReatidomonas aeruginogaless
susceptible to polymyxin B wheother cations are restricted and also suggests Zn may be an
important metal associated with tie baumanniicell envelope(Nicas and Hancock, 1983)
(Brown and Melling, 1969)These observations also suggest that changes in antibiotic efficacy
may in part be driven by nutrient Zn availability and the capacity of pathogenic bacteria to alter

local metal levels. We previously observed that du#n baumanniisepsis the host actively
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restricts ferrous iron, which is consistent with numerous reports that the host limits iron availability
during infection(Aron et al., 2017; Schade and Caroline, 1946; Weinberg, 1974; Wright et al.,
1981) Zn is also restricted from pathogens; only 0.1 % of total body Zn is located in the plasma,
and this percentage is reduced during inflammation through sequestration bybinited
proteins and through Zn transporters promoting tissue metal accumylayidemir et al., 2012;

Haase and Rink, 2014)However, this metal sequestration is not uniform, and bacteria may
experience different metal levels within the hoffassat et al., 2018) Therefore,
microenvironments within the host can alter bacterial metabolic processes in a way that may
change drug efficacy, so multifaceted approaches to tardetumanniinfections may be a long

term solution to combat multrug resistance.

This work demonstrates that ZrlA is induced during metal starvatmmtributes to cell
envelope maintenanceand it iscritical for A. baumanniito survive exposure to antibiotics.
Moreover, ZrlA contributes to the ability & baumannito overcome Zn starvation and survive
within the metakestricted environment of a vertebrate host. Finally, we identified that antibiotics
are more efficacious at treatidgbaumanniinfections in he absence aflA. These data highlight
an exciting intersection between bacterial cell physiology, PG remodeling, and metal acquisition
strategies, and they underscore the therapeutic potential of targeting bacterial metal acquisition

systems to treat factions.
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CHAPTER IV

HISTIDINE UTILIZATION IS A CRITICAL DETERMINANT OF ACINETOBACTER

VIRULENCE

Introduction

Amino acids are fundamental comporenf life, and as such, their concentrations in
biological systems are tightly regulated. While humans require several amino acids from dietary
sources, many bacterial species are capable of fully synthesizing all 20 dsreticaded amino
acids. Among these, histiding¢His) is the fourth most energeticallgxpensive amino acid to
synthesiz§ Akashi and Gojobori, 2002) Hi s i s dphosphoribasyl Pyrophosphaté
(PRPP), which also serves as a precursor for other critical pathways, including purine biosynthesis
(Ingle, 2011) However, when His is in excess, many bacteria possess mechanisms to catabolize
the amino acid for energy generation via the His utilization (Hut) system. The coraemnaye
conserved across domains of life and results in ammonia, glutamate, and tagbmmecompound
formate or formamide depending on the organié@ender, 2012) Fundamental biological
discoveries have beeuncovered through investigations into the Hut system, including the
discovery of catabolite repression and ittentificationof the master regulator CodY Bacillus
subtilis (Magasanik, 1961; Sonenshein, 2Q0The system igontrolled through a variety of
transcriptionaregulatos, with the HutC repressor serving as one of the main regulators for the
system(Allison and Phillips, 1990; Brill and Magasanik, 1969; Schwacha and Bender,. 1990)
Despite the widespread occurrence of the Hut system in bacteria, the contribution of His

catabolism and the Hut system to bacterial pathogenesis is essentially un¢idimeer, 2012)
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One organism that endes a Hut system is the opportunistic Graegative bacterial
pathogenrAcinetobacter baumanniA. baumanniis a frequent cause of nosocomial infections,
including wound and burn infections, urinary tract infections, and ventiéestsociated pneumonia
(Peleg et al., 2008 he ability ofA. baumannito cause disease is partly driven by its metabolic
and genetic plasticitfHarding et al., 2018)These features have led to the emergence of-multi
drug resistanA. baumanniinfections and prompted the World Health OrganizafiaHO) and
the Centers for Disease Control and PreventoC) to list A. baumanniias a top threat for
which new therapeutics are need€®dC, 2019; WHO, 2017)

We previously demonstrated that His is capable of forming complexes with nutrient metal
zinc (Zn), andhatA. baumanniusesthe Hut system to degrade His, which liberates Zn for other
biological processefNairn et al., 2016)However, the broader physiological role for the Hut
system inA. baumanniis unexplored. Herein, we dissect aspects oAthHgaumanniHut system
and discovered that the system is uniquely conserved in path@ggnatobacteand no longer
present inthe environmental Acinetobacter baylyi Additionally, we define HutC as a
transcriptional repressor 8f baumannihut, and we show that the first enzymehe Hut system
HutH, serves as an important factor for His nitrogen source utilization. Fiwallgetermined that
HutH is critical forA. baumannilung colonization and dissemination to the liver, which suggests

that His serves as a nitrogen source dufingaumannipneumonia.
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Materials and Methods
Bacterial strains and culture conditions
Experiments were performed usiAginetobacter baumanngtrain ATCC 17978 and its
derivatives unless otherwise noted. Transposon mutants irA.tHeaumanniiABUW5075
background were purchased from the University of Washinftdraumannimutant library, and
transposon insertion was confirmed by P@Binetobacter nosocomialld2 was kindly provided
by Mario Feldman.Acinetobacter baylylADP1 was purchased from ATCCCloning was
performed inE. coli DH5a, and protein expression was perfednn E. coli BL21 (DE3). All
experiments involving |iquid cultures were p

aeration unless otherwise stated.

Bacterial mutant generation

The DhutH, DhutU, DhutT, Dhutl, andDhutG strains were generated previou@airn et
al., 2016) To generate thbutC:km (A1S_3409strain(DhutC), approximately 1000 base pairs
of DNA in the 56 and 306 flanking regions surr
A. baumanniigenomic DNA, and the kanamycin resistance gapk was amplified from
pUC18K1 (Menard et al., 1993)The three PCR products were joined together using Gibson
assembly into pFLP2 and sequeivegified (Hoang et al., 1998pFLP2 was then electroporated
into A. baumanniiplated onto LBagar with kanamycin at 46g/ml (Km40), and grown overnight
at 37°C. Transformants were patched to LBKm40 or LB agar with 10 % sucrose to isolate Km
resistant(KmR) and sucrossensitive merodiploids. Merodiploid strains were grown in LB
overnight at 37 °Go resolve the plasmid. Cultures were serially diluted, plated on LB agar with

10 % sucrose, and incubated at 37 °C overnight. The resultifgseonoseresistant strains were
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screened for loss ¢futC and replacement withph by multiple PCR reaction®kdevant primers

are listed inTable 7.

Growth in minimal media

Overnight bacterial cultures were diluted 1:50 into 1X M9 salts with no nitrogen source
added (33.7 mM N#PQs, 22 mM KHPQ,, 8.55 mM NaCl) for 1.5 hours at 37 C, 180 rpm
shaking. Culturesvere then plated 1:100 in a 96 well plate into M9 minimal media (1X M9 salts,
1 mM MgSQ, 0.3mM CaCl,1 X Vi shni acds +t 9.3omdM NH@l withlL- mi x
Histidine and/or fumarate as the sole carbon and/or nitrogen source (0.5% wi/v). Growth was
monitored over time by monitoringhe optical density at 600 nif©Desog) on an EPOCH 2

microplate readeBiotek).

HutC expression and purification

The HutC open reading frame was cloned inBTjpBb with an Nterminal His tag
(PET15bHutC) transformed int&. coli BL21 DE3 pREL. Overnight cultures oEF15bHutC
were inoculted into terrific broth supplemented with carbenicillin (50mg/ml) and
chloramphenicol (34g/ml) and grown to an OD of 0.5. Cells were induced with 0.5 mM IPTG
and grown for an additionalfours. Cultures were pelleted, and pellets were frozéh@t e C unt i |
processing. To purify protein, pellets were thawed on ice in lysis buffer (50 mMATaH300
mM NaCl, 20 mM imidazole, 1 mg/ml lysozymand lysed using an Emulsiflexith 5 passes at
20,000 psi. Insoluble material was removed by spinning lysates at 8,000 xg for 10 min followed
by wultrcentrifugation at 100,000 xg for 1 hou
Ni-NTA columns Qiager) preequilibrated with lysis buffer. Té protein loaded column was

washed with wash buffer (50 mM NalPQs, 300 mM NacCl, 25 mM imidazole), and protein was
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eluted with an imidazole gradient ranging from 50 mM to 300 mM. Protein purity was confirmed
by SDSPAGE and Coomassie staining. Purified Guivas dialyzed overnight into buffer
containing 20 mM TrigHCI pH 8,150 mM NacCl. Following dialysis, protein samples were mixed

with glycerol to 10 % and frozen&8 0 e C.

Quantitative RT-PCR

Overnight cultures ofA. baumanniiwere diluted 1:5000 in LB and grown to mid
exponential phase. Bacterial cultures were then mixed with an equal volume of acetone:ethanol
(1:1) prior to storage a80 eC until processing. For RNA extraction, cells were pelleted and
resuspended in LETS Waf (0.1 M LiCl, 0.01 M NaEDTA, 0.01 M TrisHCI pH 7.4, 0.2 % SDS)
and lysed using Lysis Matrix B tubes (MP Biologicals) and a Fast®e{MP) bead beater.
Samples were heated to 55 °C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was
combined with TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with
each sample, incubated for 3 min, and centrifuged for 15 min at 4 °C at 15,000 rpm. The top layer
was collected, and RNA was precipitated with isopropyl alcohol@anih at room temperature.
Samples were spun for 10 min at 15,000 rpmei.4Supernatant was removed, and pellets were
washed with 70 % ethanol. Pellet was dissolved in water, and DNA contamination was removed
by adding RQ1 and RQ1 buffer (Promega), &MAse inhibitor (Thermo Fisher Scientific) for
an incubation period of 2 h at &. After DNAse treatment, RNA was purified using the RNeasy
Mi ni Kit (Qiagen) following the manufacturer 6
was used for cDNA syhesis using MMLV reverse transcriptase and buffer (Thermo Fisher
Scientific) and mixing in random hexamers (Thermo Fisher Scientific), and dNTP (Thermo Fisher
Scientific). cDNA synthesis and purity was confirmed by PCR using 16s prirdéygNortensen

etal.,2014wi t h a Ano RTO0O control. Synthesi Z2€ERI c¢c DNA
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using iQ SYBR Green Supermix (Biorad) oBi@mrad CFX96 Reallime thermocycler. Relative
expression was determined using HRET as previously describe(Mortensen et al., 2014)

Relevant primers were previously published (Nairn et al. pod ére listed inrable 7.

Electrophoretic mobility shift assays

EMSAs were performed generally agsdribed previouslyJuttukonda et al., 2019)
Briefly, DNA probes were generated after amplification from gendimicaumanniDNA using
KAPA polymerase and appropriate primef&ifle 7) andprocessed using a PCR Cleanup Kit
(Thermo Fisher Scientific). Equimolar amounts of various DNA pr@®@8 fmo)) were incubate
with recombinant Higagged HutC in binding buffer (20 mM T+#$Cl pH 7.5, 500 mM NacCl, 2.5
mM MgClz, 0.45 mM EDTA, 0.05 % Nonidet-#0, 10 % glycerol) for 30 min at 3Z. Following
incubation, samples were mixed with &XKISA loading dye (15 % glycerol, 0.25 % bromophenol
blue, 0.25 % xylene cyanol in 1X TBE). Samples were loaded ontaupre % TBE gels (Biorad)
and ran at 100 volts until dye front reached the gel bottom. Gels were stained with SYBR green
(Invitrogen) n 0.5X TBE for 20 minutes, washed twice with Millipore water, and imaged on a

Biorad ChemiDoc MP system with a SYBR green filter applied.

Mouse model ofA. baumanniipneumonia

Eight to tenweekold male(DhutH and DhutU infections)and femalgDhutl, DhutT, and
DhutGinfections)C57BL6/J mice were pubased from Jackson Laboratories, and r3dl8e0A9
" (CP") mice were bred ihouseMice were housed with standard Vanderbilt University Medical
Center (VUMC) facility chow and bedding with 4-Bour lightdark cycle. Mice were inoculated

1:1 with a mixture of WT and mutaAt baumannistrains totaling 3 x10CFU in 40n PBS. At
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36 hours posinfection, mice were euthanized, and CFU were enumerated in various organs
following tissuehomogenization and dilution plating on LB and LEW0. The limit of detection

of this assay is 100 CFU/ml. All animal experiments were approved by the VUMC Institutional
Care and Use Committee and conform to the policies and guidelines established by ¥ieMC
Animal Welfare Act, the National Institutes of Health, and the American Veterinary Medical

Association.

Sequence analysis

A. baumanniliATCC 17978 protein sequences for components of the Hut system were
obtained from the Kyoto Encyclopedia of Gersasl Genome$Skegg et al.Jatabase. These
sequences were used as the input for protein Basic Local Alignment Search Tool (BLAST) to find
homologs in the following organism#cinetobacter nosocomialis12, Acinetobacter bglyi
ADP1, Pseudomonas aeruginosBAl14, and Klebsiella pneumoniaATCC 43816. These
sequences were then aligned agalistobaumanniiATCC 17978using the EMBL pairwise

sequence alignment tool, and percent protein identity was recorded.
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Table 7.0ligonucleotides used in Chapter IV.

Name

Sequence (506 to 3

—

Description

hutC mutant
construction and
confirmation

HutC FL1For

GGTTAAAAAGGATCGATCCTCTAG
ACATCAAAACTTGAAAAATAGTG

Cloning into pFLP2, 5
flank, forward

HutC FL1 Rev

TAGTTAGTCACATATGAACAAATA
CTCAAAAAGGCAG

Cloning into pFLP2, 5
flank, reverse

HutC Kan For

AGTATTTGTTCATATGTGACTAACT
AGGAGGAATAAATG

Cloning into pFLP2, 3
flank, forward

HutC Kan Rev

ATCAATTCAACATATG TCATTATTC
CCTCCAGGTAC

Cloning into pFLP2, 3
flank, reverse

HutC FL2For

GGAATAATGACATATGTTGAATTG
ATCAGGGCCG

Cloning into pFLP2 for
Km cassette fron
puUC18k1, forward

HutC FL2 Rev

AAGTTCCTATTCTCTAGGGGGATC

Cloning into pFLP2 for

CTTCTGCAACGTCCGGATC Km cassette fron
pUC18k1, reverse
EMSA probes
hutC_EMSA R | AAC AAA TAC TCA AAA AGG CAG | Upstream ohutC

CAG GCA

hutC_EMSA_F1

GGC ACT GGC TTA GCA GAA ATA
ACT

Upstream ohutC

hutU EMSA R | ACG CAATGG GGC TTC AGT TAA | Upstream ohutU
hutU EMSA F1 | TAC GAG CAA GCC TCT TCA CGC | Upstream ohutU
AlS 3412 F CCA CGCGAG ATT TGG TCC AA Internal toA1S 3412
AlS 3412 R GCTTGG CCTTTAGTC GCC C Internal toA1S 3412
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Results
The Hut system is conserved in pathogeniscinetobacter

The Hut system is comprised of four core enzymes, HutHUIG, that facilitate the conversion
of His to glutamate that can be further modified to generdtetoglurate and enter the TCA cycle
(Figure 28A). In bacteria, there are two general pathways defined farshistems, termed
Pathway 1 and Pathway Eigure 28A) (Bender, 2012)Both pathways yield glutamate and
ammonia, but Pathway 1 generates formamide while Pathway 2 generates a second molecule of
ammonia and fonate. While many bacteria ar@able to utilize Hisas a carbon source, its
occurrence is not universal, witscherichia colibeing a notable model organisumable to
catabolize HigBender, 2012)In order to @étermine the relative conservation of the Hut system
in Acinetobacterelative to other Proteobacteria, genomic analyses and protein alignments were
performed using EMBL NeedleA. baumanniiATCC 17978 was used as the basis for all
alignments. Upon analyzg the genomes of pathogenic and -pathogenicAcinetobacter
species, itvas identified that the closetglated pathogenispeciesAcinetobacter nosocomialis
possesses an intact Hut system, with the core enzymes and putative regulators having >90% amino
acid identity toA. baumanni{Figure 28B). Conversely, the environmental spedemnetobacter
baylyi does not possess a complete Hut system. Interestihglygh, the His transporter HutT
appears to be conservedA. baylyi with >88% amino acid identityHigure 28B). Additionally,
the A. baylyigenome possessebort (100 base pair) genomic remnants encoding the enzymes
HutU, HutH, and HutG surroundinge gne encodingdutT (Figure 28B). These findingamply
that A. baylyi specifically lost the ability to catabolize His, while pathogeAinetobacter
maintained a functional Hut system, suggesting that unique environmental pressures selected for

the loss and/or maintenance of the Hut system in these closely related organisms.
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Figure 28 The histidine utilization system is broadly conserv&iModel for the two defined
pathways for Hutnediated His catabolism, based on Bender, 2012. B) Genomic organization of
hut systems irA. baumanniATCC 17978 A. baylyiADP1, A. nosocomialisvi2, Pseudomonas
aeruginosaPA14, andKlebsiella pneumoniadTCC 43816. Numbers within arrows denote
percent protein identity compared Ao baumanniATCC 17978. C) Growth as monitored by
ODesoo over time ofA. baumanniil7978,A. baumannib075,A. nosocomialid2, andA. baylyi
ADP1 in M9 minimal media with His ake sole carbon source. D) Growth as monitored by®©D
over time ofA. baumanniil7978,A. baumannib075,A. nosocomialidv2, andA. baylyiADP1

in M9 minimal media with His as the sole carbon and nitrogen source.

161



Our sequence analysis revealed that Ahebaumanniifour core enzymes have more
similarity to Pseudomonaspecies, which possess Pathway 2 Hut systems, as opposed to
Klebsiellathat possesses PathwayPhthway2 Hut systems also encodetD, which is a Hit-
related gene that occurs downstream of the HutC repressor and whose function is aefivesl|
(Figure 28B) (Bender, 2012)We noted thaf. baumanniencodes autD in the same positioning
as inPseudomoas Intriguingly, A. baumannilackshutF, so it possesses the four enzyme system
typical of Pathway 1 organisms. These findings suggesAtHaumannipossesses a hybrid Hut
system that includes aspects of both Pathway 1 and Pathway 2.

In organismscontaining an intact Hut system, His can be utilized as the sole carbon and
nitrogen sources. To test functional outcomes from sequence predictions, wildtype strains of the
pathogen#\. baumanniandA. nosocomialigind the environmental speciksbaylyiwere grown
in minimal media with EHis supplemented as the sole carbon or sole carbon and nitrogen source.
As predicted, multiple strains @&f. baumanniandA. nosocomialisitilize His as the sole energy
source, andA. baylyiis unable to grow in these mditions Figure 28C,D). Additionally, A.
baumanniirequires an intact Hut system to support growth on His, as genetic inactivation of the
first enzyme in the catabolic pathwaytH, the first enzyme in the catabolic pathway,the
histidine transportdmutT, prevents growthKigure 29A,B). Taken together, these results establish

Hut-mediated His catabolism as a unique featum&. dfaumanniphysiology.
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Figure 29.The Hut system requires His transporter and enzymatic activity. A) Growth monitored
by ODeoo of WT A. baumanniil7978,DhutH, andDhutT in M9 minimal media with His as the
sole carbon source. B) Growth monitored by e¢@df WT A. baumannii5075, hutH:tn, and
hutT:tn in M9 minimal media with His as the sole carbon source.
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HutC transcriptionally regulates the Hut system

In both types of previously defined Hut systems, the primary transcriptional regulation
occurs via Hut@mediated repression of the core enzymes, although other regulators for the Hut
system havéeen definedAllison and Phillips, 1990; Hu et al., 1989; Schwacha anddBen
1990) Despite earlier noted differences betweemthgaumanniandP. aeruginosalut systems,
the oveall organization of thé&. baumanniHut system isimilar to hat of Pseudomonadsi@ure
28B) (Bender, 2012)In P. putidg HutC binding sites were identified upstream of bothhilt€D
genes and upstreamtble genegncoding the Hut enzyméallison and Phillips, 1990)Based on
these observations, we predictedttA. baumanniHutC bindsthe promoter region upstream of
hutCD and hutUHTIG (Figure 30A). In order to test this prediction, recombinant HutC was
purified (Figure 31A) and subjected to electrophoretic mobility shift assays. Incubation of
recombinant HutC with DNA containing the promoter regionhofC (Figure 30B) or hutU
(Figure 30C) resulted in visible DNAprotein complexes that weabsentvith a nonspecific DNA
probe (Figure 31B). In order to determine the nature of Hut@diated regulation of the core Hut
enzymeshutC was genetically inactivated, and expression of the Hut enzymes was monitored
using quantitative R‘PCR. This analysis demonstrated that inactivatbbrhutC resulted in
significant upregulation of the genes encoding the Hut enzymes relative to wildtypeAWT)
baumannii(Figure 30D), which demonstrates that HutC likely functions as a transcriptional
repressor in this organism. Collectively, these digtine HutC as a transcriptional regulator of

the Hut system i\. baumannii
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Figure 30. HutC transcriptionally regulatés baumannii hutA) Model detailing predictedutC
binding locations upstream autC and hutU. B) Electrophoretic mobility shift assay (EMSA)
performed with recombinant HutC and a DNA probe containinghtii€ promoter region. C)
EMSA performed with recombinant HutC and a DNA probe containingukig¢ promoter region.
D) Quantiative RTPCR analys of DhutC hut enzymes grown to mitbg and compared to
expression in WTA. baumannii* p< 0.05,*p< 0. 01 as det ettestwithea
value of 1.
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