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ABSTRACT

Microorganisms need to acquire metal ion nutrients when they attempt to colonize the
host milieu. The competition for transition metal ions between a host and an invading
pathogen constitutes an important aspect of innate immunity and microbial pathogenesis.
The host deploys the metal-sequestering antimicrobial protein calprotectin (CP) to sites
of infection to withhold transition metal ions. The goals of this thesis are to characterize
the biochemical, and Mn(Il)-binding properties of the murine orthologue of calprotectin
(mCP) as well as to evaluate the molecular details of the competition for Mn(II) between
calprotectin and Mn(II) transport proteins from pathogenic bacteria. In the first part of this
thesis, we provide initial biochemical characterization of mCP, supporting a role of this
protein in transition metal sequestration and antibacterial activity. We demonstrate that
this protein is a heterodimer than can undergo Ca(Il)-induced tetramerization. We further
show that mCP can bind a range of first row transition metal ions and displays
antibacterial species against a panel of bacterial species. In the second part of this thesis,
we characterize the Mn(Il)-binding properties of mCP, revealing Ca(Il)-dependent Mn(II)
affinity at a hexahistidine site that bears a remarkable resemblance to the Mn(Il)-
sequestering site in human CP (hCP). We use biochemical assays and electron
paramagnetic resonance (EPR) spectroscopy to elucidate the Mn(li)-coordinating
residues of mCP. Altogether, we find that mCP possesses a much lower Ca(II) sensitivity
than human CP, a fact that may have consequences in vivo. In the final portion of this
thesis, we use biochemical assays and EPR spectroscopy to monitor the competition for
Mn(II) between hCP and the bacterial Mn(II) transport proteins MntC and PsaA. We show
that in the presence of excess Ca(II), hCP rapidly outcompetes these proteins for Mn(II),
revealing the notably high Mn(II) affinity of hCP and giving molecular credence to the role
of CP in sequestering Mn(II) in vivo.

Thesis Supervisor: Elizabeth M. Nolan
Title: Associate Professor of Chemistry
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Abstracts

Chapter 1: Innate Immunity and Bacterial Manganese Import Systems

The innate immune system is responsible for maintaining proper homeostasis,

which includes fighting off invading pathogens. Neutrophils are enlisted as the first line of

defense against such insult and enact many antibacterial strategies. Calprotectin (CP) is

released by neutrophils at infection sites and, in addition to other biological roles, acts to

sequester transition metal ions to prevent pathogens from accessing these nutrients. The

structure and metal-chelating properties of human calprotectin are well characterized.

However, murine models are often used to study the host-pathogen interaction, including

investigation that probe the role of CP in biology. Besides the numerous differences

between human and murine innate immunity that include differences in neutrophil

composition and function, rigorous biochemical characterization of the murine orthologue

of CP is lacking, which represents an important gap in current knowledge. This paucity

extends to the competition between murine CP and microbes for metal ions, including

manganese. Microbes utilize manganese import systems to acquire manganese, and this

process is often critical for virulence. The molecular details of the competition between

CP and bacterial manganese acquisition machinery is not well understood. Shedding light

on the molecular details of manganese sequestration by CP and the host-pathogen

competition for manganese has implications for the future development of antibacterial

strategies.
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Chapter 2: Initial Biochemical and Functional Evaluation of Murine
Calprotectin Reveals Ca(I)-Dependence and Its Ability to Chelate
Multiple Nutrient Transition Metal Ions

Calprotectin (CP) is an abundant host-defense protein that contributes to the

metal-withholding innate immune response by sequestering nutrient metal ions from

microbial pathogens in the extracellular space. Over the past decade, murine models of

infectious disease have advanced understanding of the physiological functions of CP and

its ability to compete with microbes for essential metal nutrients. Despite this extensive

work, murine CP (mCP) has not been biochemically evaluated, and structural and

biophysical understanding of CP is currently limited to the human orthologue. We present

the reconstitution, purification, and characterization of mCP as well as the cysteine-null

variant mCP-Ser. Apo mCP is a mS100A8/mS100A9 heterodimer and Ca(II) binding

causes two heterodimers to self-associate and form a heterotetramer. Initial metal-

depletion studies demonstrate that mCP depletes multiple first-row transition metal ions,

including Mn, Fe, Ni, Cu and Zn, from complex microbial growth medium, indicating that

mCP binds multiple nutrient metals with high affinity. Moreover, antibacterial activity

assays show that mCP inhibits the growth of a variety of bacterial species. The metal-

depletion and antibacterial activity studies also provide evidence that Ca(ll) ions enhance

these functional properties of mCP. This contribution provides the groundwork for

understanding the similarities and differences between the human and murine

orthologues of CP, and for further elucidation of its biological coordination chemistry.
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Chapter 3: Murine Calprotectin Coordinates Mn(II) at a Hexahistidine
Site with Ca(II)-dependent Affinity

Manganese is an essential metal ion that bacterial pathogens need to acquire from

the vertebrate host during infection. In the mammalian nutritional immunity strategy to

combat bacterial infection, the host restricts access to Mn(II) by sequestering this metal

nutrient using the protein calprotectin (CP). The role of murine calprotectin (mCP) in

Mn(II) sequestration has been demonstrated in vivo, but the molecular basis of this

function has not been evaluated. Herein, biochemical assays and electron paramagnetic

resonance (EPR) spectroscopy are employed to characterize the Mn(li)-binding

properties of mCP. We report that mCP has one high-affinity Mn(ll)-binding site. This site

is a His6 site composed of His17 and His27 of mS100A8 and His92, His97, His105 and

His107 of mS100A9. Similar to the human orthologue, Ca(II) binding to the EF-hand

domains of mCP enhances the Mn(II) affinity of the protein; however, this effect requires

-10-fold more Ca(II) than what was previously observed for hCP. Mn(II) coordination to

the His6 site also promotes self-association of two mCP heterodimers to form a

heterotetramer. Low-temperature X-band EPR spectroscopy revealed a nearly

octahedral Mn(II) coordination sphere for the Mn(lI)-His6 site characterized by zero-field

splitting (ZFS) parameters D = 525 MHz and E/D = 0.3. Further electron-nuclear double

resonance (ENDOR) studies with globally 15N-labeled mCP provided hyperfine couplings

from the coordinating c-nitrogen atoms of the His ligands (also = 4.3 MHz) as well as the

distal 6-nitrogen atoms (aiso = 0.25 MHz). Mn(II)-competition assays between mCP and

the bacterial Mn(il)-transport proteins staphylococcal MntC and streptococcal PsaA

showed that mCP outcompetes both proteins for Mn(lI) under conditions of excess Ca(II).

In total, this work provides the first coordination chemistry study of mCP and reveals
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striking similarities in the Mn(II) coordination sphere as well as notable differences in

Ca(II) sensitivity and oligomerization behavior between hCP and mCP.

Chapter 4: Biochemical and Spectroscopic Observation of Mn(ll)
Transfer Between Bacterial Mn(ll) Transport Machinery and
Calprotectin

Human calprotectin (CP, S100A8/S100A9 oligomer) is a metal-sequestering host-

defense protein that prevents bacterial acquisition of Mn(II). In this work, we investigate

Mn(ll) competition between CP and two solute-binding proteins that Staphylococcus

aureus and Streptococcus pneumoniae, Gram-positive bacterial pathogens of significant

clinical concern, use to obtain Mn(II) when infecting a host. Biochemical and electron

paramagnetic resonance (EPR) spectroscopic analyses demonstrate that CP

outcompetes staphylococcal MntC and streptococcal PsaA for Mn(II). This behavior

requires the presence of excess Ca(II) ions, which enhance the Mn(II) affinity of CP. This

report presents new spectroscopic evaluation of two Mn(ll) proteins important for bacterial

pathogenesis, direct observation of Mn(II) transfer from bacterial Mn(ll) acquisition

proteins to CP, and molecular insight into the extracellular battle for metal nutrients that

occurs during infection.

Appendix A: High-field EPR Spectroscopic Characterization of Mn(ll)
Bound to the Bacterial Solute-binding Proteins MntC and PsaA

During infection, the bacterial pathogens Staphylococcus aureus and

Streptococcus pneumoniae employ ATP-binding cassette (ABC) transporters to acquire

Mn(II), an essential nutrient, from the host environment. Staphylococcal MntABC and
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streptococcal PsaABC attract the attention of the biophysical and bacterial pathogenesis

communities because of their established importance during infection. Previous

biophysical examination of Mn(Il)-MntC and Mn(Il)-PsaA using continuous-wave (=9

GHz) electron paramagnetic resonance (EPR) spectroscopy revealed broad, difficult-to-

interpret spectra (Hadley et al. J. Am. Chem. Soc. 2018, 140, 110-113; Chapter 4).

Herein, we employ high-frequency (>90 GHz), high-field (>3 T) EPR spectroscopy to

investigate the Mn(Il)-binding sites of these proteins and determine the Spin Hamiltonian

parameters. Our analyses demonstrate that the zero-field splitting (ZFS) is large for

Mn(Il)-MntC and Mn(ll)-PsaA at 2.72 and 2.87 GHz, respectively. The measured 55Mn

hyperfine coupling values for Mn(Il)-MntC and Mn(Il)-PsaA of 241 and 236 MHz,

respectively, demonstrate a more covalent interaction between Mn(II) and the protein

compared to Mn(II) in aqueous solution (~265 MHz). These studies indicate that MntC

and PsaA bind Mn(II) in a similar coordination geometry. Comparison of the ZFS values

determined herein with those ascertained for other Mn(ll) proteins suggests that the

Mn(ll)-MntC and Mn(Il)-PsaA coordination spheres are not five coordinate in solution.

Appendix B: Preparation and Iron Redox Speciation Study of the Fe(Il)-
binding Antimicrobial Protein Calprotectin

Calprotectin (CP, S100A8/S100A9 heterooligomer) is an abundant metal-

sequestering host-defense protein expressed by neutrophils, other white blood cells, and

epithelial cells. The apo protein is a S100A8/S100A9 heterodimer that contains two sites

for transition-metal binding at the S1 00A8/S1 00A9 interface: a His3Asp motif (site 1) and

a His6 motif (site 2). In this chapter, we provide a step-by-step protocol for the

overexpression and purification of the human and murine orthologues of CP that affords
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each apo heterodimer in high yield and purity. In these procedures, the S10OA8 and

S10OA9 subunits are overexpressed in Escherichia. coli BL21(DE3), and each apo

heterodimer is obtained following cell lysis, folding, column chromatography, and dialysis

against Chelex resin to reduce metal contamination. Recent studies demonstrated that

human CP coordinates Fe(II) and that the protein affects the redox speciation of Fe in

solution. An Fe redox speciation assay that employs ferrozine is described that

demonstrates the ability of both human and murine CP to shift the redox speciation of Fe

from the ferric to the ferrous oxidation state over time.
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Chapter 1: Innate Immunity and Bacterial Manganese Import Systems
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1.1 Innate Immunity

The innate immune system responds to bodily harm or danger, including alarm

signals from distressed or injured cells as well as those from invading pathogenic

microorganisms.' 2 Generally regarded as the first line of defense during infection, the

innate immune system detects and responds to infection before the adaptive immune

response is initiated through signaling mechanisms. 2 When the adaptive immune system

is activated, it orchestrates the fastidious production of novel receptors for specific

antigens as well as antibodies, creating and saving unique immune system "memories"

in the organism that serve its continued survival.3

1.1.1 Neutrophils in the Innate Immune Response

As the first responders in the innate immune system, neutrophils are major players

in innate immunity. These white blood cells are derived from bone marrow and exist in

circulating plasma at low levels.4 They are produced in quantities of =1011 per day in adult

humans.5 The lifespan of neutrophils may be between hours and days, with inflammation

extending the lifespan. 8 Upon sensing danger signals, neutrophils accumulate at the

appropriate locus to perform effector functions. Neutrophils are important for immune

response mediation as well, as they are able to signal to other neutrophils, macrophages,

and T-cells. 5 Furthermore, these fascinating cells continue to be players as the adaptive

arm of the immune response is elaborated. 9

During microbial infection, neutrophils are well known to enact degranulation,

phagocytosis, and release of neutrophil extracellular traps (NETs). 4 Degranulation

involves the deployment of granules, which consist of proteins packaged into
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compartments within the cell.5 There are three main types of granules: those containing

myeloperoxidase, lactoferrin, and gelatinase protein, respectively.5 Another typical

process by which neutrophils combat pathogens is by phagocytosing them and treating

them with antimicrobial agents within a phagocytic vacuole. 5 Finally, NET-osis consists of

a coordinated release of decondensed DNA, cytosolic proteins, granule contents, and

histones.5 Reactive oxygen species (ROS) play a key role in the antimicrobial tactics of

neutrophils as well. NADPH oxidase is present in the neutrophil membrane and generates

superoxide radicals, characterizing the neutrophil oxidative burst.10 The superoxide then

dismutates to hydrogen peroxide, which is utilized by myeloperoxidase to produce many

reactive products, including the toxic hypochlorous and hypothiocyanous acids.10

In contrast to the prior dogma that neutrophils are a homogenous group of cells

with a specific function, recent work is uncovering the bountiful phenotypic and functional

diversity that these cells develop.4 0 Indeed, as a function of aging or as a response to

environmental stimuli, neutrophils display divergent phenotypes that are characterized by

transcriptional changes, changes in expression of surface molecules, and changes in

activity.4' 1 For instance, in aberrant metabolic states such as hyperglycemia and

hypercholesterolemia, neutrophils become primed for NETosis or display increased ROS

generation and myeloperoxidase release, respectively.12 , 13 Additionally, during

methicillin-resistant Staphylococcus aureus infection, murine neutrophils develop

subpopulations with differential expression of cell surface proteins, including those of the

toll-like receptor (TLR) and cluster of differentiation (CD) families.14 These cellular

subgroups display different cytokine production and macrophage activation potentials.14

Molecules derived from the microbiota can also drive neutrophil diversity in mice by
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priming the neutrophils for greater antimicrobial activity as well as altering their lifespan. 15'

16 Remarkably, neutrophil priming by peptidoglycan from the microbiota enhances the

neutrophil-mediated killing of Streptococcus pneumoniae and S. aureus.16 Cumulatively,

the rich diversity of neutrophils generated in a plethora of biological contexts makes these

special cells a promising subject of future discoveries.

1.1.2. Innate Immunity in Mice Versus Humans

Humans and mice diverged from a common ancestor ~65-75 million years ago.17

Though the species have much in common genetically, sharing over 90% of the same

genes, their innate immune systems are notably different.18 Indeed, immune systems are

in general are especially vulnerable to evolutionary change.2 In mice, this change may

have arisen from environmental pressures such as pathogen coevolution as well as the

increased evolution manifested as a result of a significantly shorter generation time.2 In a

comparative analysis of human and mouse genes, it was shown that the most divergent

family of proteins are those involved in host defense.19 These proteins were -35%

divergent based on the amino acid sequences and around 3-fold more divergent

compared to the average proteins in the analysis.19 It is now clear that there are numerous

intricate differences in the composition and function of innate immune factors used by

humans and mice that undoubtedly influence the nature of their innate immune

responses.2 , 17, 20 A plethora of differences are present with respect to the secreted

peptides and proteins, cytokines and chemokines, as well as toll-like receptors (TLRs),

nod-like receptors, and cytokine receptors that exist in mice and humans.2 For example,
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TLR1 1, TLR1 2, and TLR1 3 are present in mice but not humans; these receptors mediate

sensing of various pathogenic substances.2

The degrees of similarities and differences between mice and humans, particularly

in relation to innate immunity, are important to consider because mouse models are

utilized to study diseases and infections, which naturally involve innate immune response

activation. Mice (species mus musculus) represent the most common animal models in

biomedical research. 18 As model organisms that are easy to maintain and manipulate

genetically while possessing great genetic similarity to humans, mice have been

indispensable for decades worth of discoveries in biomedicine and immunology.18 Mouse

models have been generated to study a range of innate immune functions and diseases

and seen notable success; thus, there is a definite power and utility in the application of

mouse model systems to understand immune functions.18 An associated immunotherapy

breakthrough, which relied on murine models, was the discovery of the role of inhibitory

receptors in checkpoint blockade.21

However, the numerous deficiencies of murine models in imitating human biology

often limit the translational ability of mouse model systems to human disease.22 This

includes, for example, mouse models failing to recapitulate the immune aspects of human

tumor evolution in cancer.2 3 As is typical for mouse model systems, this disparity stems

from intrinsic biological differences between mice and humans as well as the fact that the

mice studied are inbred, genetically homogenous, and sometimes raised under sterile,

pathogen-free conditions that are far from capturing the natural state of humans. 23 In fact,

there is a greater disparity in immune system function between humans and inbred

specific pathogen-free laboratory mice compared to wild mice.24 Such limitations have
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spurred ongoing efforts to improve mouse model systems to increase their similarity to

adult human immune systems. These efforts include consideration of bystander infections

to further develop the immune systems of mice before they are used in studies as well as

the development of humanized mouse strains that are engineered to have greater

immune system similarity to humans. 25

1.1.2.1 Antimicrobial Arsenals within Neutrophils

There are extensive differences between neutrophils from humans and mice.

Strikingly, the relative amounts of neutrophils circulating in mice and humans differs

drastically; whereas white blood cells in human blood are composed of 50-70%

neutrophils, in mice, neutrophils compose only 10-25% of the white blood cells. 17 The

pathways by which ROS are generated in neutrophils differ between humans and mice

as well. 26 Among numerous other differences, mice lack the FcaRl receptor for IgA on

neutrophils, which is important for effector functions such as the oxidative burst, cytokine

release, and NETosis in humans.2 7 ,28

Furthermore, the antimicrobial repertoires and regulation differ within human and

murine neutrophils. For instance, a single lysozyme enzyme, an antimicrobial enzyme

packaged within neutrophil granules, is present in humans, whereas two lysozyme genes

exist in mice.29 Human neutrophils harbor antimicrobial defensin peptides (HNP1-4),

whereas mouse neutrophils do not.23 Additionally, the activities of multiple granule

enzymes, including myeloperoxidase and lysozyme, are higher in human neutrophils

relative to mouse neutrophils. 30 Arginase-1, an enzyme with fungicidal activity, is a
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constitutive component of human azurophil granules, but is only inducibly expressed in

mouse neutrophils. 3 1

There are additionally notable differences in the antimicrobial S100 proteins

deployed during innate immune responses between humans and mice. Humans possess

S10OA8, S10OA9, and S10OA12 in neutrophils. S10OA8 and S10OA9, which

heterooligomerize to form calprotectin, are abundant in human neutrophils and compose

~40% of the neutrophil cytoplasmic protein while S1 00A1 2 composes =5% of the cytosolic

protein.32 , 33 100A8, S100A9 and S10OA12 have intracellular roles related to migration

and cytoskeletal modulation. 34 These proteins are released during NETosis and are

significant components of NETs. 35 Extracellularly, these S100's also act as damage-

associated molecular patterns (DAMPS; also referred to as endokines or alarmins) and

can activate immune cells and vascular endothelial cells. 34 S100A8/S100A9 activates

TLR4 whereas S100A12 is a ligand for the receptor for advanced glycation end

products. 34, 36

Mice contain S100A8 and S100A9 homologues and these proteins are abundant

in murine neutrophils; these proteins have each been detected in excess of 5 mg/mL.37

However, the amino acid identities of human and murine S100A8 and S100A9 are only

-56%. Compared to the average protein identity of -85% identified in a comparative study

of over 1,100 human and murine protein sequences, the identity between the S10OA8

and S1 00A9 orthologues is relatively low. 38 Indeed, the value fits within the lowest quartile

of proteins analyzed by Makalowski et al. in terms of amino acid identity.38 Consistent

with prior work by Murphy et al. identifying high divergence of host-defense proteins

between mice and humans, S100A8 and S100A9 share this lowest quartile with other
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antimicrobial host-defense proteins identified by Makalowski et al., including multiple

interleukins and interferons.19 , 38 In addition to these differences, mice completely lack a

S100A12 orthologue. 39 Murine S100A8 has been shown to be chemotactic like human

S10OA12, whereas human S100A8 lacks chemotactic properties.40 Together, these

differences may contribute to the differing neutrophil responses and capabilities between

humans and mice, including during microbial infection.

1.1.3. Nutritional Immunity

Nutritional immunity involves the withholding of essential metal ions by host

proteins in order to deprive pathogens of these nutrients.4 1 This process was first

recognized as a factor in the host-pathogen competition for Fe(lll). 4 1 The host maintains

rigorous high-affinity chelation of Fe by proteins including ferritin, transferrin, hemoglobin,

and myoglobin, which restricts available Fe to exceedingly low levels. 42 In more recent

years, Zn(II) and Mn(II) sequestration became recognized as important in nutritional

immunity. The host protein CP has been implicated in Mn(II) and Zn(II) sequestration in

vivo. 4 3 Laser-ablation inductively-coupled plasma mass spectrometry has been used to

show that murine tissue abscesses from S. aureus infection are relatively devoid of Zn

and Mn despite an adequate abundance of these metals in surrounding healthy tissues.43

Restriction of Cu in tissue abscesses has since been noted.44 Furthermore, a recent

report highlighted the heterogeneity of metal distributions between abscesses within the

same tissue, providing more nuance to host-mediated nutritional immunity.44 In vitro

studies have illuminated the fact that the host protein CP (see section 1.1.3.1) is able to
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sequester a range of transition metal ions, including Mn(ll), Fe(ll), Ni(ll), and Zn(II), and

the host protein S100A12 can sequester Zn(I1). 4 5, 46

Nevertheless, pathogens can often foil this host metal-withholding strategy by

employing metal acquisition systems. For Fe(Ill) uptake, this includes siderophores, heme

acquisition systems, and transferrin/lactoferrin receptors.42 Mn(II) and Zn(II) are secured

through the use of high-affinity metal uptake systems.4 7 One ingenious pathogen,

Neisseria sp, has the ability to bind CP using the aptly named calprotectin-binding protein

A (CbpA; in Neisseria meningiidis). 48, 4 9 This outer membrane protein can facilitate the

uptake of Zn(II) by Neisseria.48 Though the nature of this interaction is not yet clear, this

example represents a novel adaptive tactic to combat host-mediated metal limitation.

1.1.3.1. Structure and Function of Human Calprotectin

Calprotectin is a member of the S100 family of Ca(lI)-binding proteins and a major

contributor to the metal-withholding innate immune response.45, 50 CP is a cytoplasmic

protein expressed in neutrophils, macrophages, monocytes, and epithelial cells. Human

calprotectin (hCP) is a heterooligomer of the S100 proteins S100A8 and S1 00A9 (Figure

1.1).51-54 S10A8 and S100A9 each harbor two EF-hand domains, with a non-canonical

EF-hand in the N-terminal region of the polypeptide and a canonical EF-hand near the C-

terminus. 55 In the absence of Ca(II) and transition metal ions, hCP exists as a

heterodimer. 51 The protein has two transition-metal-binding sites, both present at the

S100A8/S100A9 dimer interface, and designated site 1 and site 2.54, 56, 57 Site 1 is a

His3Asp motif composed of (A8)His83, (A8)His87, (A9)His2O and (A9)Asp3O. 54 Site 2 is

a His6 site composed of (A8)Hisl7, (A8)His27, (A9)His9l, (A9)His95, (A9)His103 and
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(A9)HislO5 (Figure 1.1).58-60 The HiS6 site of hCP is of particular interest because it can

sequester a numberof divalent first-row transition metal ions including Mn(II), Fe(II), Zn(II)

and Ni(Il).4 5,59-64 Recent work indicated CP can bind Cu, but the details of this interaction

are not yet clearly defined.65

A B (A9)His95

(A9)His9l

(A9)His105

(A8)His27

(A9)His103

)i
(A8)Hisl 7

Figure 1.1. Crystal structure of the Mn(Il)-, Ca(II)-, and Na(l)-bound human calprotectin
heterotetramer (A) and composition of the Mn-His6 site (B). S10OA8 is shown in green
and the S100A9 subunit in blue. Metal ions are shown as spheres: Mn (magenta), Ca
(yellow), and Na (purple) (PDB: 4XJK). Na(l) derived from the crystallization buffer is
shown occupying the non-canonical EF-hand domains.

The working model has been informed by extensive studies of this protein. It has

been known for some time that Ca(II) binding by CP causes association of two

heterodimers to generate a heterotetramer.5 2,53 Beyond promoting tetramerization, Ca(II)

binding increases the transition-metal-ion affinities, antimicrobial activity, and proteolytic

stability of hCP. 45, 57,66 Thus, a working model has been put forth wherein CP senses the

high extracellular Ca(II) concentration (=2 mM) at an infection site and becomes a
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tetramer with enhanced transition metal affinities, enabling effective metal

sequestration. 4 5,57 It is this high-affinity metal sequestration in the extracellular space that

allows CP to limit microbial growth by competing with microbes for metal nutrients (Figure

1.2)

Host Metal Pathogen
neutrophil transporters

Calprotectin (CP)

Figure 1.2. Depiction of a nutritional immunity scenario in which calprotectin (CP)
competes with pathogenic bacterial metal importers for transition metal ions.

1.1.3.2. Manganese-binding Properties of Human Calprotectin

A 2008 report identified a role for CP in sequestration of Mn(II) in a murine tissue

abscess model of S. aureus infection. This work represented an exciting discovery; prior

to that report, only Zn(II) sequestration by CP was recognized.67 Subsequently, the

molecular characteristics of Mn(II) binding to hCP were explored. In 2013, robust

biochemical and structural data were reported that elucidated the Ca(ll)-modulated Mn(II)

affinity and biologically unique hexahistidine Mn(II) coordination sphere of CP (Figure

1.1).58, 60, 61 Characterization by advanced EPR spectroscopy followed soon after,

shedding more light on the highly symmetric Mn(Il)-binding site.59 In Chapter 4,

competition between human CP and bacterial Mn transport proteins is described that

reveals a sub-nanomolar Mn(II) affinity for CP.

40



1.1.3.3. The Function of Calprotectin: S10OA9-- Mice as Infection Models

S100A9-'- mice have been generated to study the impact of this protein, or the

associated S100A8/S100A9 protein complex CP, on various immune functions.68 , 69

Notably, S1 00A8-'- mice cannot be generated because the mutation is embryonic lethal.70

In fact, S100A8 plays a pivotal and non-redundant role in the absence of its S100A9

partner in the developing mouse embryo. 70 Neutrophils from S1 00A9-'- mice are relatively

similar to those from wildtype mice, but have some differences.71-73 While the S100A9-'-

cells have normal morphology, they do display a somewhat polarized shape and show

observable defects in Ca(Il)-related signaling.71-73 Despite these drawbacks, S100A9~-

mice have been useful for understanding the role of this protein in a number of

inflammation-related scenarios, from arthritis to bacterial infections.69

These CP-deficient mice have been used in infection models of a number of

microbial pathogens, including the bacterial pathogens S. aureus, Acinetobacter

baumannii, Streptococcus pneumoniae, Klebsiella pneumoniae, Helicobacter pylori, and

Salmonella as well as the fungal pathogens Aspergillus fumigatus and Candida

albicans.35 , 43, 65, 74-83 These models have provided many insights into the antimicrobial

function of CP. For example, the absence of CP leads to a greater bacterial burden in the

lungs and livers of mice infected with A. baumannii.74 However, the consequence of

S100A9 deficiency is often multi-faceted and context-dependent. For instance, animal

models of S. aureus infection show that CP inhibits S. aureus growth in the murine liver,

does not alter bacterial growth in the kidney, and can actually promote bacterial

colonization of the heart. 43 , 84, 85 The presence of CP can also promote bacterial growth

in S. pneumoniae and Salmonella infections, which may stem from CP relieving the Zn(II)
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toxicity experienced by these species.78 , 80 Furthermore, CP can modulate interactions

between the pathogens Pseudomonas aeruginosa and S. aureus. 86 Therefore, the

complex roles that CP plays in infectious disease, and the molecular mechanisms behind

them, warrant continued investigation.

1.1.3.4. Competition for Manganese Between Murine Calprotectin and

Staphylococcus aureus

The competition for Mn(II) between CP and bacterial proteins has been exemplified

in studies involving mice infected with S. aureus. 43 , 85 S. aureus has two Mn(II) import

systems, MntABC and MntH, that contribute to infection. 5 These systems are necessary

for full virulence in wildtype mice but not S100A9-'- mice. In the presence of CP, a defect

in Mn(II) transport translates to lower bacterial burdens in murine liver and kidney tissue. 5

However, in the absence of CP, defects in Mn(II) transport do not impact the bacterial

burden of organ tissues. 5 The molecular details of these observations are explored in

Chapters 3 and 4 of this thesis.

1.1.3.5 The Gap in Knowledge Between Human and Murine Calprotectin

Our current understanding of the function of CP is predominately informed by

mouse models of infectious disease43 , 74, 80, 83, 86, 87, including studies that involve the

S100A9-/- , CP-deficient, mouse strain noted above68, and molecular characterization of

the human orthologue. 1 , 54, 57-63, 88 A biochemical assessment of mCP is fundamentally

important to understand the function of this protein at the molecular level. Studies in this

vein will serve to inform mouse models of infectious disease in addition to providing a
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biochemical comparison to the human CP orthologue. Amino acid sequence alignment of

the human and murine S100A8 and S100A9 polypeptides indicates, among other things,

that the His 3Asp and His6 sites are conserved. In an effort to supplement this gap in

knowledge, the heterologous expression and purification of mCP is described along with

initial metal binding and antibacterial activity studies in Chapters 2 and 3 of this thesis.

1.2. Manganese in Biology

Manganese composes -0.085% of the earth's crust.89 The redox properties of

manganese govern its solubility and therefore bioavailability; Mn(II) is soluble, whereas

the Mn(lll)/Mn(IV) oxides are relatively insoluble.90 Manganese is present in seawater at

approximately low nanomolar concentrations.90, 91 Since early times, life forms have

concentrated metal ions in their cells at concentrations exceeding those in natural

environments, such as the sea water from which life arose.91 This observation gave an

early clue as to the biological importance of metal ions by suggesting active uptake and

retention within cells. Manganese concentrations in human plasma are slightly higher

than seawater, in the nanomolar range.91, 92 Bacterial species maintain varying Mn

concentrations within their cells. For instance, Escherichia coli cells contain micromolar

levels of Mn, with the exact content depending on growth conditions.93, 94 In contrast,

Lactobacilli sp. can accumulate millimolar intracellular Mn concentrations. 95 Recent work

with Streptococcus sanguinis noted variable Mn concentrations even within different

strains of the same species.96
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1.2.1. Identification of Manganese as an Essential Nutrient: an Historical

Perspective

Manganese was identified as a component of soil and plants as early as 1774.97

By 1892, manganese was identified in mollusk blood, with studies and hypotheses of the

element's importance in mollusks extending into the 20th-century. 98 In 1922, the necessity

of Mn in plant growth was established, and the role of Mn as a nutrient in mammals

subsequently began to be illuminated.97 Studies in the 1920's and 1930's revealed that

supplementation of Mn in the rations of animals was beneficial for growth, and conversely

that too much was toxic. 99-102 Researchers first revealed the importance of Mn in mice

and rats, and later work reported the requirement of Mn in childhood development.100, 101,

103

The concept that Mn is essential in biology was strengthened through the 2 0th

century as the molecular details of Mn utilization in biology were elucidated. In the mid-

2 0 th century, the importance of Mn in photosynthesis and role as a component of

photosystem 11 were becoming apparent through studies regarding the effect of Mn-

deficiency on photosynthesis and oxygen evolution.104 106 Enzymes that could be active

with added Mn, including arginase, were identified.107 In 1966, pyruvate carboxylase,

isolated from chicken liver mitochondria, was the first enzyme reported to contain bound

Mn(l1). 108 Multiple lines of evidence, including in vivo incorporation of 54 Mn and the effect

of Mn-bound enzyme on the proton relaxation rate as measured by nuclear magnetic

resonance supported the conclusion. 108 A jack-bean globulin, called concanavalin A, was

found to contain bound Mn. 109 An electron paramagnetic resonance spectroscopy (EPR)

study was then undertaken to characterize the Mn-protein complex and assess the
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observation that "immobilized" Mn bound to proteins was not detectable by EPR.110 The

EPR characterization revealed a Mn-coordination sphere with near-cubic symmetry.110

The subsequent discovery of high-affinity Mn import systems and Mn-dependent

enzymes in various microorganisms suggested an important role for this element in

bacterial physiology. A high-affinity Mn uptake system in E. coli was discovered in 1969,

suggesting that Mn was a crucial nutrient.1 , 112 The landmark discovery of a Mn-utilizing

superoxide dismutase (SOD) from E. coli followed in 1970.113 This work established a

function for Mn in E. coli and represented the identification of a new type of SOD that bore

little resemblance to the previously characterized mammalian Cu,Zn-SOD.11 3 Elucidation

of Mn as the required cofactor hinged on characterization of Mn(II) released from the

denatured enzyme by EPR spectroscopy.' 1 3

Subsequently, high-affinity, active Mn transport was verified in other species,

including Bacillus subtilis, Rhodopseudomonas capsulata, and S. aureus. 14 -11 6 A Mn-

requiring ribonucleotide reductase was discovered in some species of Gram-positive

bacteria in 1981, adding a third type on top of the already-discovered Fe-dependent

varieties.1 17 The Mn-requiring, non-heme "pseudocatalase" was isolated and

characterized from Lactobacillus plantarum two years later.118 L. plantarum is an unusual

bacterium that can accumulate intracellular concentrations of Mn in excess of 30

millimolar. In the absence of an SOD, this Mn acts to scavenge the superoxide radical

anion. 119 An active transport system for Mn was characterized in this organism in 1984.119

The requirement of Mn as a micronutrient in pathogens portends its relevance in

virulence. Indeed, for pathogens to survive in a hostile host environment, they must

successfully acquire essential elements (see section 1.1.3). The roles of the bacterial Mn-
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SOD in the virulence of both S. pneumoniae and Haemophilus influenzae in murine

infection models were reported by 2000.120, 121 The Mn-dependent transcriptional

repressor PerR was determined to be essential for full virulence in a murine skin abscess

model of S. aureus infection. 12 2 In addition, Mn-uptake systems were being discovered

and established as virulence determinants. Mn(II) acquisition systems were found to be

important in the virulence of Salmonella, Yersinia pestis, Enterococcus faecalis,

Streptococcus mutans, and S. pneumoniae by 2002.123-128 As elucidation of the role of

Mn in bacterial pathogenesis and virulence has unfolded in the years since,

understanding and appreciation of the role that Mn import systems play in these

processes has blossomed.

1.2.2. Manganese Import Systems in Bacteria

Due to the low propensity for passive diffusion of Mn across cell membranes,

bacteria utilize energy-powered transport systems to acquire this ion. 12 9 One type of Mn

importers in bacteria are homologs of the eukaryotic NRAMP (Natural resistance-

associated macrophage Qrotein) transporters. The bacterial proteins are referred to as

MntH transporters, in reference to their proton(_H)-dependent Mn transport function. 130

There are three primary groups of prokaryotic MntH transporters (A, B, and C) that

diverged from each other over evolution and display relatively low amino acid sequence

identity of <30%.130 Group A MntH transporters are present in Gram-positive organisms

such as Bacillus subtilis and Mycobacterium tuberculosis, as well as the Gram-negative

organisms E. coli, Salmonella typhimurium, Yersinia pestis, and Deinococcus

radiodurans, among others. 130 Of note, group A MntH transporters are the type utilized
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by intracellular pathogens and group C MntH transporters are the most similar to

eukaryotic NRAMP proteins. Group C proteins are present in strains such as S. aureus,

Enterococcus faecalis, and Pseudomonas aeruginosa. 130 Representative transporters

from both group A and group C have been structurally and functionally characterized from

the organisms D. radiodurans and Staphylococcus capitis, respectively.131' 132

ABC-type transporters are a second type of Mn transport system. ABC

transporters can be divided into Types I, 11, and Ill that are defined by structural

determinants. 133 They are composed of three types of subunits: a nucleotide-binding

domain (NBD), a trans-membrane permease (TM), and a solute (or substrate)-binding

protein (SBP). The nucleotide-binding domain and permease each form homodimers,

where the permease is in the membrane (inner membrane for Gram-negative bacteria)

and the NBDs are in the cytoplasm associated with the TM. Each of these architectures

requires a single SBP that scavenges the substrate from the extracellular space in Gram-

positive bacteria, or the periplasm in Gram-negative bacteria. For transition-metal-

importing ABC transporters, recognition of the metal ion occurs by the SBP. 129 The SBP

is thought to confer specificity to the transport system by way of providing the highest

affinity binding of substrate in the system. 129 For instance, in the case of the E. coli vitamin

B12-importing BtuCD-F, the permease lacks the high-affinity substrate binding that

characterizes the SBP and thus successful transport requires the presence of the cognate

SBP.129, 134 Though this property has not been stringently evaluated for Mn(Il)-specific

ABC transporters, the high affinities (-nM Kd) reported for Mn-binding SBPs are

consistent with this conclusion.135 -13 7 The paucity of information regarding the molecular-
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level structural and functional properties of Mn(ll)-specific ABC transport systems

presents a rich area for future exploration.

1.2.3. Manganese Import Systems in Virulence

Maintaining a sufficient Mn supply is often important for virulence. Manganese

importers have been extensively linked to virulence in a variety of pathogens, though the

relative importance of a given system in a given organism is variable. 13 8 For instance, the

putative Mn(II) import system MntABC of Bacillus anthracis is crucial for virulence; a 104-

fold decrease in the LD5o (lethal dose at which there a 50% reduction in viability) was

observed in a guinea pig infection model. 139 Mn(II) import, specifically through ABC

transport systems, is also critical for streptococcal virulence. 140 Mn(II) import proteins

have been identified as important virulence factors in a number of streptococci, including

S. pyogenes, S. suis, S. uberis, and S. pneumoniae.1 2 8, 141-143 In the case of S. aureus

and Y. pestis, the involvement of Mn(II) acquisition systems in virulence is more nuanced.

Though important in liver abscesses, the requirement for Mn(II) importers is nullified

during heart colonization of S. aureus when there is excess dietary Mn.43 ,84 For Y pestis,

The Mn(II) import systems Yfe and MntH were important for virulence in the bubonic

plague model of disease but not in the pneumonic plague model, emphasizing that the

location and type of infection can be important factors. 125 , 144

1.2.4. MntABC of Staphylococcus aureus

S. aureus is a commensal bacterium that can become a dangerous pathogen,

causing diseases that include bacteremia, pneumonia, cellulitis, and osteomyelitis,
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sepsis, and death.14 5 S. aureus is one of the most common causes of bacterial infections

and is a significant contributor to bacteria-induced morbidity and mortality. 145

Distressingly, this pathogen has developed multi-drug resistance, and is able to withstand

treatment with drugs including P-lactams and vancomycin. 145 Furthermore, S. aureus

possesses conniving strategies to circumvent the host innate immune responses. One

such trick involves the modulation of neutrophil function; after phagocytosis, S. aureus

can cause neutrophil necrosis such that the bacterium is released from the host cell.145

According to the World Health Organization, S. aureus is a high-priority pathogen for

which new antibiotics are desperately needed.

1.2.4.1. MntABC is a Manganese Import System that is Important for Growth and

Virulence

Manganese uptake plays a role in the growth and virulence of S. aureus. This

bacterium has two types of Mn import systems: MntABC and MntH. In MntABC, MntA is

the ATP-binding protein, MntB is the permease, and MntC is the solute-binding protein.

Studies with mutant S. aureus strains implicated these systems in Mn(II) uptake. 146 The

mutant strains were defective in growth and Mn(II) uptake while also showing sensitivity

toward reactive oxygen species, as compared to the wildtype strain.146 An mntC mutant

was also found to have reduced SOD activity.147 Furthermore, mntC mutant cells were

more susceptible to killing by human neutrophils.14 1

MntABC plays an important role in the virulence of S. aureus. In a model of murine

systemic infection with methicillin-resistant S .aureus, MntC was found to be expressed

in a kidney abscess in vivo.1 49 Similarly, a murine bacteremia model found that MntC was
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expressed within 1-4 hours after infection. 150 Furthermore, deletion of mntC caused a

dramatic -104 decrease in bacterial loads from infected kidneys that was likewise

observed when mntA or mntB was mutated.14 9 Mutation of mntC was also shown to

significantly increase survival of infected mice relative to infection with the wildtype

strain.149 In a murine sepsis model, again mutation of mntC led to decreased virulence

and longer survival time for infected mice. 147 However, as mentioned earlier, mntC is not

uniformly required for S. aureus infection. For example, increased dietary Mn can render

the manganese import systems less important for successful infection.84 Lastly, the

importance of the manganese transport systems MntABC and MntH has been shown to

be related to the competition with the host metal-sequestering protein calprotectin for

Mn. 85

1.2.4.2. Structure and Manganese-binding Properties of MntC

MntC from S. aureus is a lipoprotein composed of 312 amino acids and has a

molecular weight of 35.1 kDa. The N-terminal 25 amino acids correspond to the signal

peptide portion. This region includes the residue Cys18 that can be modified following

proteolysis in order to attach a lipid moiety for anchoring MntC on the extracellular face

of the cell membrane. 151 The crystal structure of metal-bound MntC with a resolution of

2.2 A was reported in 2013 (Figure 1.3).135 This protein possesses a bilobal structure

with an extended backbone alpha-helix, similar to that of S. pneumoniae PsaA (Figure

1.4), with a metal-ion binding site at the domain interface. 135 MntC is classified as a

Cluster A (Class 111) solute binding protein, a family of proteins that collectively transport
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metal ions and metal chelates.15 2 The defining feature of this class is the extended alpha-

helix that connects the two domains of the protein.152

In the MntC structure, the metal-binding site was occupied and assigned as Mn(II),

though the identity of the metal(s) was not confirmed. 135 In any case, the coordination

sphere was shown to be a His2AspGlu motif. The ligating residues (numbered based on

a soluble construct of MntC) with corresponding metal-ligand distances are as follows:

His50 (Nc2, 2.1 A), His123 (Nc2, 2.1 A), Glu189 (O1, 2.3 A; Oc2, 2.8 A), and Asp264

(061, 2.2 A; 062, 2.3 A) (Figure 1.3; ligand numbering refers to the truncated protein

used in ref 135).135 The noticeably longer metal-ligand distance associated with Oc2 of

Glu189 has led to the idea that the metal ion, tentatively assigned as Mn(II), was in a

motif that could be described as 5-coordinate. 15 3 A 1.17-A resolution structure of Zn(II)-

MntC has been reported as well. 154 The Zn(Il)-bound structure displays metal-ligand

distances of 2.1 A for His67(Nc2), His140(NF2), Glu206(Oc1), and Asp281(061), 2.5 A

for Glu206(O,2), and 2.6 A for Asp281 (061) (ligand numbering refers to the full-length

MntC protein). 154

The Mn(II) binding properties of MntC have been examined as well. The Mn(II)

affinity of MntC was assessed using isothermal titration calorimetry and the value was

found to be rather high: -4 nM KD.1 35 However, as with other SBPs, including S.

pneumoniae PsaA, MntC can bind other metal ions. Similar to other SBPs, purification of

the apo-protein is a recurring challenge. 135 Notably, MntC forms a stable complex with
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Zn(II) that, similar to results reported about S. pneumoniae PsaA, is not readily

dissociable.135, 136

B His50

Glu189

Asp264

His123

Figure 1.3. Crystal structure of Mn-MntC (A) and depiction of Mn-binding ligands (B) with
the Mn ion shown in magenta (PDB: 4K3V). Ligand numbering refers to the truncated
protein used in ref 135.135

1.2.4.3. MntC as a Vaccine Candidate

Because of its surface expression during infection and its importance for S. aureus

virulence along with its high conservation among S. aureus isolates, MntC has been

explored as a vaccine candidate. In a mouse bacteremia model, vaccination of mice with

MntC decreased the bacterial burden in the mice, demonstrating the vaccine potential of

this protein. 150 When anti-MntC antibodies were recovered, three interference groups

were identified that represented three binding modes for antibody-MntC interactions.150

Importantly, immunization of young rats with any subgroup of the anti-MntC monoclonal

antibodies successfully reduced subsequent bacterial burden. 155 Overall, this work has

strengthened the idea that MntC can be both immunogenic and that the antibodies

generated from MntC exposure can serve a protective role upon S. aureus infection. 150

Additionally, Pfizer has created a multicomponent vaccine that includes MntC. 155
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1.2.5. PsaABC of Streptococcus pneumoniae

S. pneumoniae is an opportunistic human pathogen of serious concern. The

organism can maintain a commensal relationship with the host and colonizes the upper

reparatory tract, leading to asymptomatic carriage and transmission.156 However, it can

turn pathogenic, causing multiple types of infections, including otitis media, pneumonia,

meningitis, and sepsis. 156 The difficulty in controlling the incidence of S. pneumoniae

infection lies in its ability to adapt. Its natural competence allows it to take up exogenous

DNA and modify its genome to overcome antibiotic challenge and vaccine-related

immunity.156 This bacteria is therefore an ongoing health concern, listed in 2017 as one

of the World Health Organization's twelve priority pathogens for which the development

of new antibiotics is urgently sought. Efforts to understanding and manipulate its many

virulence factors for vaccine and therapeutic development may lead to significant future

advances in preventing and treating these infections.

1.2.5.1. PsaABC is a Manganese Import System that is Important for Growth and

Virulence

S. pneumoniae harbors an ABC Mn(Il)-import system named PsaABC that

includes the SBP PsaA, the ATP-binding protein PsaB, and the transmembrane

permease PsaC. 157 The importance of each of PsaA, PsaB, and PsaC in Mn(II) uptake

has been rigorously established. In 1997, Dintilhac et al. observed that a psaA mutant

required Mn(II) for growth, suggesting that PsaABC is an ABC Mn(II) transporter. 157

Further work showed that mutating any one of the psa genes caused a greater

requirement of Mn(ll) for growth in addition to lower intracellular Mn content and a greater
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sensitivity to ROS.158 Together, the results provided compelling evidence that PsaABC is

a Mn(II)-import system. 158

Manganese homeostasis is a major factor in the virulence of S. pneumoniae. Both

the PsaABC Mn(II) importer as well as the MntE Mn(II) exporter have been implicated in

virulence in mouse models of infection, suggesting the necessity of a careful intracellular

balancing act in the homeostasis of this ion during infection. 12 8,159 The role of PsaABC in

infection has been extensively studied in a number of infection models. It was

demonstrated in 1996 that disruption of the psaA gene in S. pneumoniae attenuated the

virulence in both intranasal and intraperitoneal mouse models of infection. 160 Following

this work, several animal models of infection confirmed the role of PsaABC in virulence. 12 8

The results showed that the psa promoter was induced -10-fold in an intraperitoneal

murine infection model.128 Furthermore, psaA and psaB mutant strains did not colonize

the lungs or the blood in a murine respiratory tract infection model, in contrast to the

significant 106-108 colony forming units (cfu) per milliliter of solution concentrations

isolated from mice infected with the wildtype D39 strain of S. pneumoniae.1 2 8 This

dramatic attenuation in growth was further observed in a murine intraperitoneal infection

model, and, remarkably, addition of Mn(II) to the bacteria in the intraperitoneal chamber

implant restored growth of all psa mutants to the high (~108 cfu mL-1) wildtype levels.128

This study demonstrated that loss of psaABC function results in a severe, Mn(II)-

dependent reduction in growth and virulence. The importance of Mn(ll) in virulence of this

pathogen perhaps makes sense given that there are at least seven Mn(Il)-utilizing

enzymes in this organism. 161
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1.2.5.2. Structure and Manganese-binding Properties of PsaA

The solute-binding protein PsaA is a 34.6 kDa polypeptide composed of 309 amino

acids. Following the N-terminal signal sequence, residues 17-20 are LVAC and compose

the LX1X2 C motif that is characteristic of solute-binding lipoproteins, where X1 and X2 are

variable amino acids.162 Lipid attachment to Cys20 followed by proteolytic cleavage of the

protein between Ala19 and Cys20 results in a lipidated N-terminal Cys residue that

facilitates membrane anchoring of this protein to the bacterial surface. 16 2 Though the fully

reconstituted PsaABC transport system has not been well characterized, the structure

and metal-binding properties of PsaA have been reported. The first crystal structure of

PsaA, which had bound Zn(II), was solved in 1998, representing the first molecular

characterization of this protein. 16 2 PsaA possesses twofold pseudosymmetry resulting

from two (PIa)4 domains linked by a backbone alpha helix.162 The N-terminal region of

PsaA was disordered in the structure and proposed to be a flexible tether linking the

protein to the membrane. 16 2

Like S. aureus MntC, PsaA is classified as a Cluster A (Class Ill) solute binding

protein. 152 PsaA additionally possesses particular structural similarities to other Mn(Il)-

binding SBPs, including MntA (Bacillus anthracis), MntC (S. aureus), and MtsA

(Streptococcus pyogenes) that include conserved metal binding residues as well as

conservation in the surrounding regions that may interact with the permease. 16 3 Vigonsky

et al. identified conserved proline residues present on each lobe of the SBP on the

putative SBP-permease interface and proposed that they play a role in protein-protein

interaction during metal transport. 163 Future work is necessary to delineate the precise

molecular interactions involved in metal transport for this class of SBPs.
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The metal-binding site of PsaA exists between the two lobes and is composed of

a His2AspGlu motif. A crystal structure of Mn(Il)-PsaA has been reported (Figure 1.4).136

The following residues coordinate Mn(ll) with the Mn(Il)-ligand distances indicated: His67

(Ns2, 2.1 A), Hisl39 (Nc2, 2.1 A), Glu205 (01, 2.1 A; OF2, 2.4 A), and Asp280 (061, 2.1

A; 062, 2.4 A) (Figure 1.4).136 The Mn(ll) coordination sphere has been described as

tetrahedral, though the bond lengths make the nature of Mn(ll) coordination rather

ambiguous. Furthermore, the nature of Mn(ll) coordination in solution is not clear. There

is also a crystal structure of Zn(Il)-PsaA that displays similar metal-ligand distances. 162

The Mn(l1) affinity of PsaA is high: S 10 nM.136 However, this protein can bind other

metal ions, most notably Zn(II). Zn(II) binds to PsaA with high affinity and irreversibly,

whereas Mn(II) binding is more labile. 136 This discrepancy suggests that Mn transport can

occur but has led to the idea that Zn(II) binding "poisons" the transport system via

irreversible Zn(II) binding locking the SBP. 136 Similar effects of Zn(II) and Mn(ll) binding

have been observed in studies of the analogous proteins MntA and SitA, from Bacillus

anthracis and Staphylococcus pseudointermedius, respectively. 137, 163
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A B His67

Asp280 Glu2O5

Hisl39

Figure 1.4. Crystal structure of Mn(Il)-PsaA (A) and depiction of Mn(Il)-binding ligands
(B) with the Mn ion shown in magenta (PDB: 3ZTT).

1.2.5.3. PsaA as a Vaccine Candidate

The application of PsaA in vaccine strategies against S. pneumoniae has been

given much attention. The wide conservation of the surface-exposed lipoprotein PsaA in

pneumococcal serotypes makes it potentially useful as a vaccine. 164 This observation

encouraged further investigation into its ability to be immunogenic and protective, factors

that together would make it a promising vaccine candidate. In 1996, immunization of mice

with PsaA was found to be protective against infection. 165 Anti-PsaA antibodies were later

detected in the saliva of children carrying S. pneumoniae, suggesting that this protein can

be effectively recognized by the immune system.166 In later work, a multivalent vaccine

that included PsaA was found to be effective in a phase I trial.167 Generating a greater

understanding of the molecular details of PsaA function and role in virulence can help to

move this effort forward for potentially profound societal benefits.
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1.3 Summary of Thesis

The primary goal of this thesis is to bridge the gap in knowledge between studies

of human CP (hCP) and murine models of infection by providing a purification protocol as

well as biochemical characterization of murine calprotectin (mCP). In Chapter 2, we utilize

various techniques to evaluate the oligomeric properties, metal-binding properties, and

antibacterial activity of mCP and report that it possesses properties consistent with a role

in nutritional immunity. We utilize the Cys-null mutant in parallel and observe that, while

this variant can bind metal ions and displays antibacterial activity, its properties are not

identical to those of mCP. Therefore, it appears that at least one of the four total Cys

residues is necessary for full function. Furthermore, when mCP is compared to human

CP, it is revealed that mCP requires much more Ca(l1) for tetramerization, a striking result

given the importance of Ca(II) in the working model.

CP is the only known host protein that sequesters Mn(II) during infection and a

mouse model of S. aureus infection was used to discover this in 2008.4 In Chapter 3, we

look in depth at the Mn(Il)-chelating ability of mCP to provide molecular details about how

mCP sequesters Mn(II). We utilize size exclusion chromatography and Mn(Il)-binding

assays to ascertain the Mn(ll)-coordinating resides of mCP and to deduce the Ca(Il)-

dependence of the Mn(II) affinity. Similar to our results from Chapter 2, a high Ca(II)

concentration is required for high-affinity Mn(II) binding by mCP that is about one order

of magnitude greater than that required by hCP for similar function. In a collaboration with

the laboratory of Professor R. David Britt at UC Davis, we employ EPR spectroscopy and

further confirm the residues associated with Mn(II) chelation and ascertain that the Mn(II)

coordination sphere is highly symmetric and very similar to that of hCP. Finally, we show
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that in the presence of excess Ca(II), mCP is able to outcompete bacterial Mn(II) transport

proteins MntC and PsaA for Mn(II). In total, this work demonstrates that mCP is a high-

affinity Mn(II)-sequestering protein, consistent with in vivo observations.

CP has been implicated in the competition between the host and S. aureus of

nutrient Mn(II). The secondary goal of this thesis is to characterize this competition for

Mn(II) on a molecular level. In Chapter 4, evaluation of the competition between the

bacterial SBPs MntC and PsaA and hCP for Mn(II) is described. Pull-down assays are

used to identify the Mn(II) speciation during a competition assay. Furthermore, the Mn(II)-

SBPs are characterized by low-temperature X-band EPR spectroscopy. The broad

spectra exhibited by Mn(ll)-SBPs is in contrast to the sharp resonance exhibited by Mn(lI)-

hCP, and so low-temperature EPR spectroscopy is used to differentiate the metalation

state of each of these proteins prepared in a mixture to ascertain which has higher affinity.

The results reveal that in the presence of excess Ca(II), hCP has higher affinity for Mn(II)

than both SBPs and furthermore that it can rapidly sequester Mn(II) from a preformed

Mn(Il)-SBP complex.
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Chapter 2: Initial Biochemical and Functional Evaluation of Murine
Calprotectin Reveals Ca(II)-Dependence and Its Ability to Chelate
Multiple Nutrient Transition Metal Ions

This Chapter is adapted from Biochemistry 2018, 57 (19), 2846-2856.
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2.1 Contributions

Yu (Vicky) Gu carried out the antimicrobial activity assays with some of the strains

presented in this Chapter.

2.2 Introduction

S100 proteins serve important and diverse functions in the life processes of

vertebrates, and share some distinguishing features.1 These proteins are predominantly

a-helical, have a propensity to self-associate and typically form homodimers, contain

Ca(Il)-binding EF-hand domains, and possess varying capacities for coordinating Ca(ll)

and divalent transition metal ions.1 2 Several S100 proteins, including human S10OA7

(psoriasin), human S10A12, and the S10A8/S10A9 heterooligomer calprotectin (CP),

contribute to the metal-withholding innate immune response and exhibit antimicrobial

activity attributed to their ability to sequester transition metal ions from microbial

pathogens in the extracellular space.-

CP is the most thoroughly evaluated metal-sequestering S100 protein. Both

humans and mice express CP in epithelial and white blood cells, and our current

understanding of its contributions to metal homeostasis and the innate immune response

results from early clinical investigations and ex vivo analyses of human specimens,

murine model studies of infectious disease, and chemical and biological studies of the

human orthologue obtained by recombinant protein expression.5 Murine infection model

studies have leveraged S10OA9-1 knockout mice, which are effectively CP deficient,6 to

provide insight into the role of murine CP (mCP) during acute bacterial and fungal

infections. For instance, seminal studies using a Staphylococcus aureus infection model
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in wild-type and S100A9' mice revealed that CP contributes to manganese withholding. 7

Since this work, S100A9-'- mice have been used to investigate the interplay between CP

and a variety of microbial pathogens that include Salmonella enterica serovar

Typhimurium ,8, 9 Acinetobacter baumannii, 10-1 3  Streptococcus pneumoniae, 14

Helicobacter pylori,15 Aspergillus fumigatus, 16 and Candida albicans.17 18 Taken together,

these studies illuminate that the contributions of mCP to metal availability and the

host/pathogen interaction are varied and context dependent. For example, some

pathogens like Salmonella and S. pneumoniae appear to benefit from mCP-mediated

metal limitation, 8, 9, 14 and recent work indicates that the role of mCP in metal-withholding

can be organ-specific.19 In addition, mCP has been shown to modulate the composition

of polymicrobial communities in vivo.2 0

The working model for the extracellular metal-sequestering function of CP begins

with its release from white blood cells, especially neutrophils recruited to an infection site,

and epithelial cells. Once in the extracellular space, CP competes with invading microbial

pathogens for available transition metal nutrients. Studies of recombinant human CP

(hCP) have informed our understanding of its competition with microbes for metal

nutrients, including the molecular basis for this process. hCP is a heterooligomer of two

S100 polypeptides, hS100A8 (a subunit, 10.8 kDa) and hS100A9 (P subunit, 13.2 kDa).

Like other S100 polypeptides, each subunit harbors two Ca(li)-binding EF-hand

domains. 2 , 21 The C-terminal EF-hands, described as "canonical," bind Ca(II) in a

heptadentate coordination geometry. The N-terminal EF-hands are considered "non-

canonical" and bind Ca(II) with lower coordination number and lower affinity. Apo hCP,

which we define as the species that does not have Ca(II) ions or transition metal ions
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bound, is a hS1OOA8/hS100A9 heterodimer. 2 2 Each heterodimer unit harbors two sites

for transition metals that form at the hS100A8/hS100A9 interface and are comprised of

metal-chelating residues from both subunits. 2 1, 23 Site 1 is a His3Asp motif formed by

His83 and His87 of hS1OOA8, and His20 and Asp30 of hS100A9. Site 2 is an unusual

His6 motif formed by His1 7 and His27 of hS1 00A8, and His9l, His95, His1 03 and His1 05

of hS100A9. 24 , 25 Binding of Ca(II) ions at the EF-hands or a transition metal ion at the

His6 site causes self-association of two hCP heterodimers to form a heterotetramer.2 -29

The Ca(Il)-bound heterotetramer exhibits enhanced transition metal affinities relative to

the Ca(Il)-free heterodimer, and this feature indicates that hCP morphs into its metal-

sequestering form in the extracellular space where Ca(lI) ion concentrations are ~2 mM. 23 ,

30, 31 Along similar lines, Ca(II) ions enhance the antimicrobial activity of hCP against a

variety of bacterial species.7, 23, 32 Its growth inhibitory activity was originally attributed to

Zn(II) and then also Mn(II) sequestration.7' , 4 More recent work has demonstrated

additional Fe(Il)-, Ni(Il)-, and Cu-sequestering properties of hCP, and affords a model of

functional versatility in which hCP has the capacity to bind and entrap multiple divalent

nutrient metal ions.18 , 31, 35

This discussion highlights that classical biochemical and microbiology studies

have focused on the human orthologue. Accordingly, results from biochemical and

functional investigations of hCP are used to inform studies in murine model systems and

vice versa with the apparent presumption that hCP and mCP behave similarly. To the

best of our knowledge, little is known about the biochemical and biophysical properties of

mCP, which presents a limitation in our current appreciation of the similarities and

differences of CP orthologues. Although procedures to obtain recombinant mS1 00A8 and
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recombinant mS100A9 have been reported,36 ,37 we are unaware of any work describing

robust reconstitution of the mCP heterooligomer. Reports related to mCP include early

investigations demonstrating the isolation of mS1OOA8 (originally named CP-10)3 and

mS1OOA9 (originally named murine MRP14) 39 from activated spleen cells. In the latter

study, mS100A8 and mS1OOA9 were reported to co-purify by ion-exchange

chromatography. 39 Moreover, analysis of murine abscess fluid revealed the presence of

mS100A8/mS1OOA9 complexes as well as unassociated mS100A8 and mS1OOA9

species . 40 This study also reported that the abscesses contained high levels of mS1OOA8

(=8 mg/mL, =780 pM monomer) and mS100A9 (=6 mg/mL, =460 pM monomer).40 Lastly,

murine model systems are highly informative, but there are some caveats to their

applicability to the host/pathogen interaction in humans because of inherent differences

between the murine and human immune systems. 4 1 For these reasons, we concluded

that mCP warrants biochemical consideration and that studies of this protein will improve

our understanding of CP in metal withholding and other biological phenomena.

Amino acid sequence alignment provides a first point of comparison between

human and murine CP (Figure 2.1). The human and murine forms of S10OA8 share 52

identical amino acid residues (56% identity) and 15 similar amino acid residues (72%

similarity), and the corresponding S10OA9 polypeptides share 66 identical amino acid

residues (57% identity) and 10 similar amino acids (66% similarity). The residues that

comprise the His3Asp and His6 metal-binding sites of hCP are conserved in the murine

polypeptides, suggesting that mCP employs the same metal-binding sites as hCP.

Moreover, the Ca(ll)-binding loops of the human and murine S100A8 and S10OA9

subunits possess similar residues. Nevertheless, inspection of the amino acid sequences
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reveals several intriguing differences between the human and murine polypeptides. In

particular, the C-terminus of mS100A8 lacks the EESH motif of hS100A8, and the

S100A9 C-terminal tail regions exhibit low sequence identity. The hS100A9 C-terminal

tail is an important contributor to the His6 metal-binding site because it provides two His

residues that complete the octahedral coordination sphere and encapsulates the bound

M(II) ion (M = Fe, Mn, Ni, Zn) at this site.24 , 25, 31, 35, 42, 43 Curiously, the mS100A9 tail

contains an HxHxH motif (residues 103-107) rather than the HHH motif (residues 103-

105) of hS1 00A9. We also note that hS1 00A8 and mS1 00A8 each contain one conserved

Cys residue at position 42. In contrast, the quantity and locations of the Cys residues in

hS100A9 and mS100A9 differ. Whereas hS100A9 contains one Cys residue at position

3, which is located before an alternative translation start site at position 5, mS100A9

contains three Cys residues at positions 80, 91 and 111.

In this work, we present initial biochemical and functional characterization of mCP

and the cysteine-null variant mCP-Ser. The results demonstrate that apo mCP is a

heterodimer and that the protein tetramerizes in the presence of Ca(lI), binds various first-

row transition metal ions, and displays broad-spectrum antibacterial activity. These

properties are reminiscent of hCP; however, this study also reveals several differences

between the human and murine orthologues. In particular, mCP appears to be less

responsive to Ca(II) ions than hCP. Overall, this work provides a foundation for further

investigations of mCP and informs prior and future studies of mCP in murine models of

disease.
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Helix I

----MLTELE
~----MPSELE
MTCKM-SQLE
MANKAPSQME

KALNSIIDVY
KALSNLIDVY
RNIETIINTF
RSITTIIDTF

Helix III Ca(Il)-
binding

loop
ADVWFK E LDI
IENLFRELDI

IEHIMEDLDT
INDIMEDLDT

NTDGAVNFQE
NSDNAINFEE
NADKQLSFEE
NQDNQLSFEE

Ca(Il)- Helix 11 Linker
binding

loop
HKYSLIKGNF
HNYSNIQGNH
HQYSVKLGHP
HQYSRKEGHP

HAVYRDDLKK
HALYKNDFKK
DTLNQGEFKE
DTLSKKEFRQ

LLETECPQYI
MVTTECPQFV
LVRKDLQNFL
MVEAQLATFM

RKKG~~~~~~-
QNIN-~~~~
KKENKNEKV-
KKEKRNEAL~

Helix IV

FLILVIKMGV
FLAMVIKVGV
FIMLMARLTW
CMMLMAKLIF

AAHKKSHEES
ASHKDSHKE.
ASHEKMHEGD
ACHEKLHENN

HKE.......

E-GPGHHHKP
PRGHGHSHGK

GLGEGTP
GCGK...

Figure 2.1. Amino acid sequence alignment of the S100A8 and S100A9 subunits of
human (h) and murine (m) CP. Metal-binding residues of the human polypeptides and
conserved murine residues are highlighted in red. Cys residues for all proteins are bolded
and in blue. The C-terminal HHH and HxHxH motifs in the human and murine S100A9
subunits are underlined. The depictions of secondary structure are for the human
orthologues.

2.3 Experimental

2.3.1 General Materials and Methods

All chemicals were acquired from commercial suppliers and used as received. All

solutions were prepared using Milli-Q water (18.2 MQ-cm). All buffer solutions were

filtered (0.2 pm) before use. Stock solutions (1 M, 100 mL) of Ca(l1) (CaCl2-2H20, Sigma,

>99.0%) were prepared in acid-washed volumetric glassware and transferred to

polypropylene tubes for storage. Working solutions of Ca(ll) were prepared immediately

before use by diluting the 1-M stock solution into Milli-Q water. ULTROL grade HEPES

(Calbiochem) and BioXtra NaCl (>99.5%) were used to prepare buffers for analytical SEC

to minimize metal ion contamination from the buffer. The hCP-Ser heterodimer was
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prepared as previously described.23 Protein aliquots were thawed only once, immediately

prior to use. All concentrations were determined using calculated extinction coefficients

(https://web.expasy.org/protparam/), and all reported concentration are for heterodimers

or homodimers: murine S100A8/S100A9 heterodimer (8280 = 5,960 M- 1cm-1), human

S100A8/S1OOA9 heterodimer (8280 = 18,450 M-1cm-1).

2.3.2 Sub-cloning of mSIOOA8 and mSIOOA9

Synthetic genes containing the nucleotide sequences for mS10OA8, mS100A9,

and mS100A9(C80S)(C91S)(C111S) were codon-optimized for Escherichia coli

expression, synthesized, and ligated into the Ndel and Xhol restriction sites of pET41a

by DNA2.0 (currently ATUM). Each plasmid was transformed into chemically competent

E. coli TOP1 0, isolated using a miniprep kit (Qiagen), and analyzed by DNA sequencing

(Quintara Biosciences). The pET41a-mSIOOA8(C42S) plasmid was obtained by site-

directed mutagenesis as described below. For protein expression, each plasmid was

transformed into chemically competent E. coli BL21 (DE3). Single colonies were grown to

saturation in LB medium containing 50 pg/mL kanamycin (37 0C with agitation). Freezer

stocks were prepared by diluting the culture 1:1 with 50% v/v glycerol in filter-sterilized

Milli-Q water, frozen in liquid N2, and stored at -80 0C.

Nucleotide sequence for NdeI-mS100A8-Stop-XhoI:
CAT ATG CCG AGC GAA CTG GAG AAA GCA CTG AGC AAC CTG ATC GAC GTC
TAC CAC AAC TAC AGC AAT ATT CAA GGT AAT CAT CAC GCT CTG TAC AAA
AAT GAT TTC AAG AAG ATG GTT ACC ACG GAG TGC CCG CAG TTC GTG CAG
AAT ATC AAC ATT GAA AAC CTG TTC CGT GAG CTG GAC ATC AAC TCC GAT
AAT GCC ATT AAC TTT GAA GAG TTT TTG GCG ATG GTT ATC AAA GTG GGC
GTC GCG AGC CAC AAG GAC TCT CAT AAA GAG TAA CTC GAG
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Translated sequence for Ndel-mS 1 00A8-Stop-Xhol:
MPSELEKALSNLIDVYHNYSNIQGNHHALYKNDFKKMVTTE
CPQFVQNINIENLFRELDINSDNAINFEEFLAMVIKVGVASHK
D S H K E Stop L E

Nucleotide sequence for NdeI-mS1 00A9-Stop-Xhol:
CAT ATG GCG AAC AAA GCA CCT AGC CAA ATG GAA CGC AGC ATC ACT ACT
ATC ATC GAC ACT TTT CAT CAA TAC TCT CGT AAA GAG GGC CAC CCG GAT
ACG CTG TCC AAG AAA GAG TTC CGC CAG ATG GTT GAG GCC CAG CTG GCG
ACC TTT ATG AAG AAA GAA AAA CGT AAC GAG GCA CTG ATT AAC GAC ATT
ATG GAA GAT CTG GAC ACC AAT CAA GAT AAT CAG CTG AGC TTC GAA GAG
TGC ATG ATG CTG ATG GCG AAG TTG ATT TTC GCT TGC CAC GAG AAG CTG
CAT GAA AAC AAT CCG CGT GGT CAT GGT CAC AGC CAC GGT AAG GGT TGT
GGC AAA TAA CTC GAG

Translated sequence for Ndel-mS10OA9-Stop-Xhol:
MANKAPSQMERSITTIIDTFHQYSRKEGHPDTLSKKEFRQM
VEAQLATFMKKEKRNEALINDIMEDLDTNQDNQLSFEECMM
L M A K L I F A C H E K L H E N N P R G H G H S H G K G C G K Stop L E

Nucleotide sequence for Ndel-mS1 00A9(C80S)(C91 S)(C 111 S)-Stop-Xhol:
CAT ATG GCG AAC AAA GCA CCT AGC CAA ATG GAA CGC AGC ATC ACT ACT
ATC ATC GAC ACT TTT CAT CAA TAC TCT CGT AAA GAG GGC CAC CCG GAT
ACG CTG TCC AAG AAA GAG TTC CGC CAG ATG GTT GAG GCC CAG CTG GCG
ACC TTT ATG AAG AAA GAA AAA CGT AAC GAG GCA CTG ATT AAC GAC ATT
ATG GAA GAT CTG GAC ACC AAT CAA GAT AAT CAG CTG AGC TTC GAA GAG
AGC ATG ATG CTG ATG GCG AAG TTG ATT TTC GCT AGC CAC GAG AAG CTG
CAT GAA AAC AAT CCG CGT GGT CAT GGT CAC AGC CAC GGT AAG GGT AGT
GGC AAA TAA CTC GAG

Translated sequence for Ndel-mSl 00A9(C80S)(C91 S)(C1 11 S)-Stop-Xhol:
MANKAPSQMERSITTIIDTFHQYSRKEGHPDTLSKKEFRQM
VEAQLATFMKKEKRNEALINDIMEDLDTNQDNQLSFEESMM
L M A K L I F A S H E K L H E N N P R G H G H S H G K G S G K Stop L E

Mutations are highlighted in yellow. A Ndel restriction site was placed at the 5' end and

a stop codon and a Xhol restriction site was placed at the 3' end (underlined above).

Nucleotide sequences above are displayed from 5' to 3'.
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2.3.3 Site-directed Mutagenesis

The oligonucleotide primers employed to prepare the mS100A8(C42S) variant by

site-directed mutagenesis were synthesized by Integrated DNA Technologies (Coralville,

IA). pET41a-mSIOOA8(C42S) was prepared using pET41a-mSIOOA8 as a template and

a modified Quick-Change site-directed mutagenesis protocol. The forward primer 5'-

GATGGTTACCACGGAGAGCCCGCAGTTCGTGCAG-3' and the reverse primer 5'-

CTGCACGAACTGCGGGCTCTCCGTGGTAACCATC-3' (mutation sites underlined)

were used in PCR reactions with Pfu Turbo DNA polymerase. The PCR protocol was 95

0C for 30 sec; 95 0C for 30 sec, 60 IC for 1 min, 68 OC for 12 min (25x); 4 0C hold

temperature. Dpnl (New England Biolabs) was used to degrade the template plasmid by

adding a 0.75-ptL aliquot to the sample, and incubating the sample at 37 0C for 3 h. A

supplemental 0.75-pL aliquot of Dpnl was added at 1.5 h into the incubation. The resulting

DNA was transformed into chemically-competent E. coli TOP 0 and the cells were plated

on agar containing 50 ig/mL kanamycin. Single colonies were inoculated into LB (5 mL,

50 pg/mL kanamycin) and grown overnight, and plasmids were obtained using a miniprep

kit (Qiagen). The plasmids were analyzed by DNA sequencing (Quintara Biosciences) to

confirm the presence of the desired mutation and then transformed into chemically

competent E. coli BL21(DE3) for protein overexpression.

2.3.4 Overexpression of mSIOOA8 and mSIOOA9

For protein overexpression, overnight cultures in LB with 50 pg/mL kanamycin

were inoculated from freezer stocks and grown to saturation (37 0C with agitation, ~16 h)

and used to inoculate 1 L of LB with 50 pg/mL kanamycin (1:100 dilution). These cultures
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were grown at 37 0C with shaking at 150 rpm, induced with 100 pM IPTG at OD6 00 ~0.6-

0.7, and then incubated for an additional ~3.5-4 h at 37 0C with shaking at 150 rpm and

pelleted by centrifugation (3,000 rpm, 15 min, 4 0C). The pellets were transferred to

polypropylene tubes, flash frozen in liquid N2, and stored at -80 0C. Typical cell pellets

weighed ~2-3 g / L culture. This overexpression procedure resulted in mS10OA8 in the

insoluble fraction and mS100A9 in the soluble fraction following cell lysis.

2.3.5 Reconstitution and Purification of mCP and mCP-Ser

All steps were performed on ice or in a 4 OC room. For reconstitution and

purification of the mCP heterodimer, one mS1OOA8 and one mS1OOA9 cell pellet, each

from a 1-L overexpression, were thawed on ice and each pellet was suspended in 30 mL

lysis buffer A (50 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, pH 8.0)

supplemented with 5 mM DTT and 1 mM PMSF (from a freshly prepared -1 mL solution

in ethanol) immediately before use. The resuspended cell pellets were combined and

sonicated (2.5 min, 30 sec on, 10 sec off, 40% amplitude) in a steel beaker on ice. The

cell lysate was then clarified by centrifugation (14,000 rpm, 10 min, 4 0C). The

supernatant, which contained soluble mS100A9, was transferred to a 250-mL glass

beaker on ice and the cell pellets, which contained insoluble mS1OOA8, were combined

in 60 mL of lysis buffer A and subjected to a second round of resuspension, sonication,

and centrifugation. The resulting pellets containing mS1OOA8 were stored on ice, and the

supernatant containing mS1OOA9 was treated with 60% ammonium sulfate to precipitate

contaminating proteins (rapid stirring, ~1 h, 4 C). The resulting mixture was centrifuged

(14,000 rpm, 20 min, 4 OC) and filtered. The filtered supernatant was collected and treated
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with 100% ammonium sulfate to precipitate mS1OOA9 (rapid stirring, ~1 h, 4 0C). The

mixture was centrifuged (14,000 rpm, 20 min, 4 OC) and filtered, and the supernatant

discarded, which afforded cell pellets containing mS1OOA9. At this point, the mS1OOA8

and mS1OOA9 cell pellets were combined and resuspended in 100 mL lysis buffer B (50

mM Tris, 100 mM NaCl, 4 M Gu-HCI, pH 8.0) supplemented with 5 mM DTT and the

resulting mixture was sonicated (5 min, 30 sec on, 10 sec off, 40% amplitude) and

centrifuged (14,000 rpm, 10 min, 40C). The resulting supernatant containing denatured

mS100A8 and denatured mS1OOA9 was transferred to a dialysis bag (SpectraPor, 3,500

kDa MWCO) and dialyzed against MonoQ buffer A (20 mM HEPES, pH 8.0)

supplemented with 5 mM DTT (4 L, > 12 h, 3x, 4 C). DTT powder was added to each

dialysis buffer immediately before use.

Purification of the mCP heterodimer was performed by anion exchange

chromatography and SEC on a AKTA Purifier HPLC system housed in a cold room (4

0C). After dialysis, the protein solution was centrifuged (14,000 rpm, 10 min, 4 C), filtered

(0.2 pm) and loaded onto a pre-equilibrated MonoQ 10/100 GL column (GE Life Sciences)

using a Superloop (150 mL, GE Life Sciences). The anion exchange buffers were MonoQ

buffer A (20 mM HEPES, pH 8.0) and MonoQ buffer B (20 mM HEPES, 1 M NaCl, pH

8.0), and both buffers were supplemented with 5 mM DTT and prepared immediately

before use. The protein was eluted using a gradient of 0-15% B over 15 column volumes

of MonoQ buffer B. The fractions containing mCP were combined, concentrated to =10

mL by spin filtration (Amicon, 10 kDa MWCO) and loaded onto a pre-equilibrated HiLoad

26/600 Superdex S75 column (GE Life Sciences) using S75 buffer (20 mM HEPES, 100

mM NaCl, pH 8.0) containing 5 mM DTT. The protein was eluted over 1 column volume
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and dialyzed against 20 mM HEPES, 100 mM NaCl, pH 8.0, 5 mM DTT that contained

=10 g Chelex resin (Biorad), typically overnight (>12 h) at 40C before being filtered (0.2

tm) and concentrated by spin filtration (Amicon, 15-mL filter, 10 kDa MWCO), flash frozen

in aliquots (50 pL), and stored at -80 0C. Typical yields of mCP were -45 mg / 2 L culture

(1 L from each subunit overexpression). The mCP-Ser variant was prepared using the

same procedures except that DTT was omitted from all buffers. Typical yields of mCP-

Ser were ~16 mg / 2 L of culture.

2.3.6 Electrospray Ionization Mass Spectrometry (ESI-MS)

A denaturing protocol was employed to analyze mCP and mCP-Ser by LC-MS. An

Agilent 1260 series LC system outfitted with an Agilent Jetstream ESI source and an

Agilent Poroshell 300SB-C18 column (5-ptm pore size) was used for all analyses. Each

protein was diluted in Milli-Q water to provide a final concentration of =5 pM. A 5-pL

protein sample was injected onto the column, and the mS1OOA8 and mS100A9 subunits

were eluted using a gradient of 10-90% B over 20 min with a flow rate of 0.2 mL/min

(solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in acetonitrile). The

spectra were deconvoluted using the maximum entropy algorithm in the MassHunter

software (Agilent).

2.3.7 Circular Dichroism Spectroscopy

A Jasco J-1500 circular dichroism (CD) spectrometer housed in the Biophysical

Instrumentation Facility at MIT was used for all measurements. Proteins were buffer-

exchanged into CD buffer (1 mM Tris-HCI, pH 7.5). The buffer was supplemented with 1
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mM DTT for mCP. For samples that contained Ca(II), an aliquot from a 1-M Ca(II) stock

solution was added to the protein solution to afford a final Ca(II) concentration of 3 mM.

Each sample (10 pM protein, 300 pL) was transferred to a nitric acid-washed Hellma

quartz cuvette (1-mm path length). Spectra were recorded from 195 to 260 nm using

continuous scan mode (50 nm/min) and 1 nm bandwidth. All data represent averages of

three replicate baseline-subtracted scans, where the baseline was obtained from a

sample of CD buffer. For thermal denaturation experiments, the temperature was

increased from 25-95 *C, at 1 -C intervals, and the CD intensity was recorded at 222 nm.

Each thermal denaturation experiment was repeated on three independent samples and

data from one representative experiment are shown.

2.3.8 Analytical Size Exclusion Chromatography

An AKTA Purifier FPLC system housed in a cold room (4 0C) and outfitted with a

Superdex 75 10/300 GL SEC column was used for all analytical SEC. The running buffer

was 75 mM HEPES, pH 7.0, 100 mM NaCl, 200 pM TCEP containing 0, 2, 5, 10 or 25

mM Ca(II). The column was calibrated with blue dextran and a low-molecular-weight

protein mixture (GE Healthcare Life Sciences) consisting of ribonuclease A (13.7 kDa),

carbonic anhydrase (29 kDa), ovalbumin (44 kDa), and conalbumin (75 kDa) prior to use.

Proteins were buffer-exchanged (3x) into the running buffer using an Amicon spin filter

(0.5 mL, 10 kDa MWCO). Samples (100 pM, 300 pL) were prepared and loaded into a

1 00- tL injection loop, and the FPLC system was programmed to inject 500 pL of sample

onto the column. The samples were eluted over one column volume at a flow rate of 0.5
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mL/min. At least two independent replicates were performed for each experiment, and

representative data from one experiment are shown.

2.3.9 Metal-depletion Assay

The assay protocols were adapted from a reported procedure.3 1 Antimicrobial

activity (AMA) buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCI) was sterile filtered (0.22

pm) into sterile 50-mL polypropylene tubes (VWR). AMA medium (62:38 v/v ratio of AMA

buffer and TSB; 3 mM BME, 2 mM Ca(Il)) was then prepared. Proteins were buffer-

exchanged into AMA buffer using 0.5-mL Amicon spin filters (10 kDa MWCO). Aliquots (1

mL) of AMA medium were placed into pre-sterilized 1.7-mL microcentrifuge tubes (VWR).

Protein was then added from a concentrated stock solution to afford a final concentration

of 250 pg/mL. The total volume change upon protein addition was :2%. The tubes were

closed and incubated at 30 0C (150 rpm, 20 h). Subsequently, the samples were

transferred by pipette to sterile 4-mL Amicon spin filters (10 kDa MWCO) and centrifuged

(3700 rpm, 30 min, 4 OC). Samples for ICP-MS analyses were prepared by combining 700

pL of the filtrate with 700 pL of =3% nitric acid, and spiking the resulting mixture with 28

pL (2 ppb) of Terbium Internal Standard (Agilent part # 5190-8590).

2.3.10 Inductively-coupled Plasma Mass Spectrometry (ICP-MS)

Metal ion concentrations were quantified by using an Agilent 7900 ICP-MS housed

in the Center for Environmental Health Sciences Bioanalytical Core Facility at MIT. The

instrument was operated in helium mode. The instrument was calibrated before each

analysis session using a series of five serially diluted (1:10 in ~3% nitric acid) samples of
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the Environmental Calibration Standard (Agilent, part # 5183-4688) as well as a nitric acid

only standard. Each standard and sample was spiked with 2 ppb of the Tb internal

standard described above.

2.3.11 Antimicrobial Activity Assays

Assays were performed by adapting a reported protocol.23 Cultures were grown in

TSB without dextrose for Escherichia coli CFT073, Acinetobacter baumannii ATCC

17961, and Staphylococcus aureus USA300 JE2. Listeria monocytogenes ATCC 19115

and Staphylococcus epidermidis NRS101 were grown in BHI broth, and Lactobacillus

plantarum WCFS1 was grown in MRS medium. Protein aliquots were buffer-exchanged

into AMA buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl) using a 0.5-mL Amicon spin

filter (Millipore, 10-kDa MWCO). The protein was then diluted in AMA media (62:38 v/v

ratio of 20 mM Tris-HCI pH 7.5, 100 mM NaCl and TSB, BHI or MRS; 3 mM BME, 2

mM Ca(ll)) to afford 10x stock solutions (1 mg/mL - 250 ptg/mL). Overnight cultures were

prepared from single colonies and grown in 5 mL of TSB, MRS, or BHI (37 IC, =16-20 h).

The overnight cultures were diluted 1:100 into fresh TSB, BHI, or MRS and grown at 37

0C until the OD6 oo reached =0.6. Each culture was then diluted 1:500 into AMA medium

and the assays were immediately set up in 96-well plates (Corning) using 90 PL of the

diluted bacterial culture and 10 pL of the protein stocks (or no-protein control). Each

condition was performed in triplicate in the assay plate. The plates were wrapped in moist

paper towels and plastic wrap and incubated with shaking at 150 rpm at 37 'C. The OD600

was measured at 8 and 20 h. At least three independent replicates of each assay were

performed and the resulting averages and standard deviations are reported.
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Table 2.1. Bacterial strains used in this work.
Strain Growth Medium' Source
Escherichia coli CFT073 TSB ATCC 700928
Acinetobacter baumannii TSB ATCC 17961
Staphylococcus aureus USA 300 JE2 TSB NARSA repository
Staphylococcus epidermidis NRS101 BHI NARSA repository
Listeria monocytogenes BHI ATCC 19115
Lactobacillus plantarum WCFS1 MRS ATCC

a The medium used for culturing and diluted with AMA buffer for the AMA assays.

2.4 Results

2.4.1 Purification of mCP and mCP-Ser

Guided by procedures to obtain the hS100A8 and hS100A9 subunits of hCP,23 the

mCP subunits mS1OOA8 and mS1OOA9 were overexpressed separately in E. coli

BL21(DE3) at 37 OC. SDS-PAGE of post-induction samples identified the mS1OOA8

subunit in the insoluble fraction, as observed for hS1OOA8 and hS1OOA9 expressed under

the same conditions.23 In contrast, the mS100A9 subunit was only identified in the soluble

fraction. Thus, we took the different solubilities of mS1OOA8 and mS1OOA9 into account

during the development and optimization of a purification procedure. We found that it was

most efficient to combine the mS1OOA8 and mS1OOA9 cell pellets and lyse this mixture.

Following centrifugation, the soluble fraction containing mS1OOA9 was decanted and

stored on ice. The insoluble fraction, which contained mSlOOA8, was subjected to an

additional round of resuspension, lysis and centrifugation to remove contaminating

biomolecules. The soluble fraction containing mS1OOA9 was then treated with 60%

ammonium sulfate to precipitate contaminating proteins, which were removed by

centrifugation and filtration. The resulting supernatant was treated with 100% ammonium

sulfate to precipitate mSlOOA9, which was pelleted by centrifugation. The resulting

mS1OOA9 pellets were combined with the mS1OOA8 pellets in a solubilizing buffer
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containing 4 M GuHCI, and, following sonication and centrifugation, the soluble denatured

sample was dialyzed against HEPES buffer to allow protein folding to occur. Anion

exchange chromatography of the dialyzed protein and SDS-PAGE of the resulting

fractions revealed that folding resulted in a mixture that predominantly contained mCP

(evidenced by comparable quantities of mS1OOA8 and mS100A9) with some mS1OOA9

homodimer, which were separated by this chromatographic method. Subsequent gel

filtration chromatography of the mCP-containing fractions and dialysis against Chelex

resin afforded purified mCP heterodimer in yields of -45 mg from 2 L culture. mCP-Ser

was purified in the same manner; however, lower yields of ~1 6 mg from 2 L culture were

repeatedly obtained for this variant. In general, the anion-exchange chromatograms for

mCP-Ser indicated that greater amounts of mSlOOA9-Ser homodimer formed during

folding compared to the amounts of mS1OOA9 homodimer observed during mCP

preparations.

The purified proteins were evaluated by SDS-PAGE, mass spectrometry, and ICP-

MS (Figure 2.2, Tables 2.2, 2.3). These analyses confirmed protein identity and indicated

high purity by SDS-PAGE and negligible metal contamination. Moreover, CD

spectroscopy (Figure 2.3) and analytical SEC (Figure 2.5, Table 2.4) demonstrated that

apo mCP and mCP-Ser were isolated as a-helical heterodimers as described further

below.
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Figure 2.2. Purity of recombinant proteins by SDS-PAGE (15% Tris-glycine). The
leftmost lane in each gel is a P7712S molecular weight ladder (New England Biolabs).

Table 2.2. Mass spectrometry analysis of mCP subunits.
Protein mS100A8 mS100A8 mS100A9 mS100A9

Calculated Mass Observed Calculated Mass Observed
+NMet Mass NMet Mass

(g/mol)b (g/mol)c (g/mol)d (g/mol)

mCP 10294.59 10294.71 13048.86 -
10163.40 10163.52 12917.67 12917.78

mCP-Ser 10278.53 10278.82 13000.68 -
10147.34 10147.60 12869.49 12869.50
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Table 2.3. Metal content of representative purified murine proteins.a
Metal mCP mCP-Ser

(24 pM)b (7.7 jM)b

[Mn] (pM) 0.0025 0.00079

equivalentsc 0.0001 0.0001

[Fe] (ptM) 0.098 0.036

equivalentsc 0.0041 0.0046

[Co] (pM) 0.00017 0.000

equivalentsc 0.000 0.000

[Ni] (pM) 0.019 0.0094

equivalentsc 0.0008 0.0012

[Cu] (pM) 0.018 0.0089

equivalentsc 0.00075 0.0012

[Zn] (pM) 0.10 0.064

equivalentsc 0.0042 0.0084

a Metal content was determined by ICP-MS.
b Concentration of protein in the sample.
C Equivalents of metal relative to the protein concentration.

2.4.2 mCP is a-Helical and Displays High Thermal Stability

The CD spectra of mCP and mCP-Ser displayed features characteristic of a

predominantly a-helical protein in the presence and absence of Ca(ll), as expected for

S1 00 family members and consistent with the CD signatures of hCP and hCP-Ser (Figure

2.3).22 23 Thermal denaturation of 10 pM mCP at pH 7.5 afforded a melting temperature

(Tm) of -76 0C that increased to -90 OC when 2 mM Ca(ll) was added to the sample

(Figure 2.4). mCP-Ser also displayed a Ca(Il)-dependent increase in its Tm value from

~63 0C to ~77 OC in the absence and presence of 2 mM Ca(ll), respectively. A comparison

of the mCP and mCP-Ser data indicated that the Cys->Ser mutations that afford mCP-
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Ser destabilized the protein fold to thermal denaturation. The observed Ca(ll)

dependence for both proteins is in general agreement with reported thermal denaturation

and differential scanning calorimetry studies of the human orthologue.2 3, 28 For instance,

the presence of excess Ca(ll) ions caused the Tm value of CP-Ser to increase from 59 to

79 oC.23
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Figure 2.3. CID spectra of mCP (A) and mCP-Ser (B) in the absence (black) and presence
(red) of 2 mM Ca(l1) (1 mM Tris-HCI, pH 7.5, 25 OC).
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Figure 2.4. Representative thermal denaturation plots for 10 pM of mCP or mCP-Ser in
the absence (black) and presence (red) of 3 mM Ca(II) (1 mM Tris-HCI, 1 mM DTT, pH
7.5). Each trace was normalized to the CD signal at 222 nm at 95 OC to obtain the fraction
of unfolded protein.

2.4.3 mCP Exhibits Ca(II)-dependent Oligomerization

hCP exhibits Ca(li)-dependent oligomerization properties; the apo protein is a

heterodimer and Ca(ll) binding causes two heterodimers to self-associate and form a

heterotetramer.2 628 To evaluate whether mCP displays similar behavior, we investigated

its oligomeric state in the absence and presence of Ca(II) ions using analytical SEC

(Figure 2.5, Table 2.4). In the absence of added Ca(II) ions, mCP and mCP-Ser each

exhibited an elution volume of =12.2 mL, which corresponds to a calculated molecular

weight of 27 kDa and was assigned to the 23-kDa heterodimer. Next, we examined the

elution profile of mCP and mCP-Ser in the presence of excess Ca(II) ions in the running

buffer. At the highest Ca(ll) concentration examined (25 mM, 250 equivalents), each

protein exhibited an elution volume of =11.4 mL, which corresponds to a calculated

molecular weight of 38 kDa and was assigned to the 46-kDa heterotetramer. Thus, similar

to hCP, Ca(II) binding to the EF-hands of the mCP heterodimer causes formation of
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heterotetramers. Nevertheless, the details of this self-association process appear to be

markedly different for hCP and mCP. Our prior studies of hCP indicated that full

conversion to the heterotetramer occurs when the protein is in the presence of =20

equivalents of Ca(ll) ions.23 , 30, 31 The SEC results for mCP indicated that a mixture of

heterodimers and heterotetramers exist under these conditions, and that >200

equivalents of Ca(ll) are required for complete conversation to the heterotetramer.
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Figure 2.5. mCP displays Ca(ll)-dependent heterotetramer formation. Analytical SEC
chromatograms of 100 pM mCP (A) and mCP-Ser (B) in the absence (thick black trace)
and presence of 1, 2, 5, 10, and 25 mM (thick red trace) Ca(ll) (75 mM HEPES, 100 mM
NaCl, pH 7.0, 200 pM TCEP) at 4 OC.

106



Table 2.4. Analytical SEC elution volume and calculated molecular weight of proteins.
Proteina [Ca(Il)] (mM) Ve (mL)b MW (kDa)

mCP 0 12.2 27.2
1 11.9 30.5
2 11.8 32.3
5 11.6 34.6

10 11.5 36.1
25 11.4 37.6

mCP-Ser 0 12.2 27.8
1 11.7 33.4
2 11.6 34.5
5 11.5 35.8
10 11.4 37.6
25 11.3 38.1

a The protein concentration was 100 pM. The running buffer was 75 mM HEPES, 100 mM
NaCl, pH 7.0. The elution volume (Ve) corresponds to the maximum peak absorbance at
280 nm.

2.4.4 mCP Depletes Multiple Transition Metals from Microbial Growth Media

Because amino acid sequence alignment indicates that the transition-metal-

binding residues in hCP are conserved in mCP (Figure 2.1), we hypothesized that mCP

exhibits similar coordination chemistry to hCP - i.e. His3Asp and His6 sites with similar

metal selectivity. In our prior studies of metal chelation by hCP, we designed a simple

assay to ascertain which metal ions the protein depletes from microbial growth media,31

and we later extended this experiment to S10OA12 and S100A7.4 4 , 45 This metal-depletion

assay delineates which transition metals a protein binds with sufficiently high affinity such

that the metals remain bound to the protein during a spin filtration step. To obtain

preliminary insights into the metal-sequestering repertoire of mCP, we evaluated the

ability of mCP and mCP-Ser to deplete metal ions from the Tris:TSB AMA medium in the

absence and presence of a =2 mM Ca(II) supplement. This Ca(II) concentration mimics

extracellular Ca(II) levels.46 Because the analytical SEC experiments detailed above

indicated that mCP requires >200 equivalents of Ca(II) to fully convert to the
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heterotetramer (Figure 2.5), we attempted to investigate metal depletion in the presence

of 5 mM Ca(l1) ions, but supplementation of Tris:TSB with this concentration of Ca(l1) ions

resulted in precipitation that confounded the analyses. We also evaluated the

consequences of a =3 mM BME supplement because this reducing agent has been

employed in antimicrobial activity assays with hCP,7 , 10, 2 3 , 2 4 and it enhances the ability of

hCP-Ser to deplete Fe from microbial growth medium.31 ,47

The Tris:TSB medium employed in this work contained =3 pM Zn, =1.6 pM Fe,

~0.5 pM Ni, and less than 150 nM of Mn, Co, and Cu. Treatment of Tris:TSB medium with

250 pig/mL (~11 jM) mCP or mCP-Ser resulted in depletion of Mn, Fe, Ni, Cu and Zn

comparable to that observed for 250 pg/mL hCP-Ser (Figure 2.6, Table 2.5). For Mn and

Zn, only trace quantities were observed in the treated medium regardless of

supplementation, These Mn and Zn depletion profiles were expected for several reasons:

(i) mCP is accepted to participate in withholding Mn(ll) and Zn(II), which requires high-

affinity binding of these metal ions; (ii) the concentration of mCP employed in this assay

exceeds the total concentration of metal ions in the Tris:TSB medium; and (iii) we

previously observed that 250 ptg/mL hCP-Ser fully depletes Mn and Zn from Tris:TSB

medium with and without Ca(ll) and BME supplements.3 1 The proteins also depleted Fe

from the Tris:TSB medium, especially in the presence of the Ca(ll) and BME

supplements, albeit to a lesser degree than observed for Mn and Zn. These results are

consistent with our prior studies of Fe depletion by hCP-Ser, which demonstrated that

maximum Fe depletion occurs in the presence of Ca(II) ions and BME, and illuminated

that the His6 site of hCP-Ser binds Fe(ll) with high affinity. 31 Depletion of Cu was also

observed for all proteins, and the Ca(II) and BME supplements also afforded a slight
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enhancement of the depletion of this metal ion, an observation that warrants future

investigation. Depletion of Ni also occurred under all examined conditions. Although no

Co depletion was observed, we reason that this result reflects the low Co content (=30

nM) of the growth medium as well as the expected thermodynamic preference of mCP

for Zn(l1) over Co(1). We previously reported that hCP-Ser readily binds Co(1) at both the

His3Asp and His6 sites and that Zn(II) is thermodynamically favored at both sites,23 and

we expect that mCP will exhibit similar Co(I)-binding properties.
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Figure 2.6. mCP depletes transition metal ions from Tris:TSB medium. (A) Mn depletion;
(B) Fe depletion; (C) Co depletion; (D) Ni depletion; (E) Cu depletion; (F) Zn depletion.
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by ICP-MS (mean SEM, n > 4). The Tris:TSB medium contained no supplement (white
bars), a 2-mM Ca(II) supplement (light grey bars), a 3-mM BME supplement (medium
grey bars), or both 2-mM Ca(ll) and 3-mM BME supplements (dark grey bars).
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Table 2.5. Metal content (pM) of Tris:TSB medium with or without treatment with 250
pg/mL mCP, mCP-Ser, or hCP-Ser.a

Metal Protein n.s.b SEM Ca(ll) SEM BME SEM Ca(ll), SEM
BME

Mn untreated 0.122 0.005 0.126 0.006 0.125 0.005 0.128 0.006
mCP 0.002 0.000 0.001 0.000 0.001 0.000 0.000 0.000
mCP-Ser 0.002 0.001 0.001 0.000 0.000 0.000 0.001 0.000
hCP-Ser 0.001 0.000 0.003 0.002 0.002 0.001 0.001 0.001

Fe untreated 1.717 0.106 1.824 0.079 1.712 0.097 1.768 0.082
mCP 1.293 0.105 1.119 0.103 1.154 0.088 0.696 0.078
mCP-Ser 1.586 0.184 1.260 0.164 0.990 0.125 0.571 0.082
hCP-Ser 1.392 0.138 1.179 0.057 0.830 0.095 0.544 0.051

Co untreated 0.032 0.001 0.032 0.001 0.033 0.001 0.032 0.001
mCP 0.030 0.001 0.031 0.002 0.033 0.002 0.031 0.001
mCP-Ser 0.032 0.002 0.030 0.002 0.029 0.002 0.029 0.002
hCP-Ser 0.031 0.002 0.031 0.001 0.030 0.001 0.030 0.001

Ni untreated 0.470 0.059 0.415 0.051 0.450 0.061 0.388 0.035
mCP 0.178 0.015 0.166 0.011 0.226 0.030 0.181 0.013
mCP-Ser 0.205 0.028 0.180 0.010 0.192 0.018 0.179 0.013
hCP-Ser 0.196 0.020 0.160 0.016 0.173 0.020 0.191 0.035

Cu untreated 0.074 0.004 0.073 0.004 0.070 0.003 0.068 0.003
mCP 0.053 0.001 0.052 0.003 0.045 0.003 0.036 0.002
mCP-Ser 0.062 0.005 0.054 0.005 0.049 0.005 0.042 0.007
hCP-Ser 0.050 0.002 0.070 0.023 0.044 0.005 0.034 0.002

Zn untreated 3.292 0.126 3.351 0.123 3.629 0.134 3.548 0.130
mCP 0.089 0.023 0.079 0.018 0.100 0.022 0.069 0.012
mCP-Ser 0.124 0.070 0.055 0.014 0.065 0.016 0.052 0.018
hCP-Ser 0.064 0.011 0.067 0.015 0.075 0.018 0.048 0.014

aMetal content was determined by ICP-MS (mean SEM, n > 4).
b No supplement was added to the Tris:TSB medium.

These metal-depletion data indicate that mCP has the propensity to chelate a

number of first-row transition metal ions with sufficient affinity to retain the bound metal

during spin filtration, suggesting that this protein has the capacity to withhold these

nutrients from micoorganisms. Moreover, depletion of Fe, and also Cu, by mCP and mCP-

Ser is enhanced by the presence of both BME and Ca(II) ions. This result may stem from
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a combination of an increase in transition metal affinities in the presence of excess Ca(ll)

ions (as observed for hCP) and redox speciation of the metal ions that is altered by the

presence of a reducing agent to favor high-affinity binding (i.e. Fe(II) vs. Fe(Ill), as also

observed for hCP). Future coordination chemistry studies of mCP will address these

possibilities. Taken together, these data provide a foundation for elucidating the biological

coordination chemistry of mCP and motivation for examining metals beyond Mn(II) and

Zn(II) in future work.

2.4.5 mCP Exhibits Antimicrobial Activity

To provide a preliminary evaluation of the antimicrobial activity of mCP, we

screened the protein (0-1000 tg/mL, 0-43 pM) against six bacterial strains that included

two Gram-negative pathogens (E. coli CFT073 and A. baumannii ATCC 17961), three

Gram-positive pathogens (S. aureus USA300 JE2, S. epidermidis NRS101, and L.

monocytogenes ATCC 19115), and the Gram-positive probiotic L. plantarum WCFS1

(Table 2.1). We examined the growth inhibitory activity of mCP and mCP-Ser at 37 0C in

AMA medium preparations that contained 68% Tris buffer and 32% growth medium (TSB,

BHI or MRS depending on the strain, Table 2.1) in the absence and presence of a =2-

mM Ca(II) supplement, which mimics extracellular Ca(ll) levels.46

We monitored growth at 8-h (Figure 2.7) and 20-h (Figure 2.8) timepoints, and

focus this analysis on the former dataset. Overall, mCP inhibited the growth of these six

bacterial strains to varying degrees (Figures 2.7A, 2.8A). The =2-mM Ca(ll) supplement

afforded enhanced growth inhibition against E. coli CFT073 (8-h time point only), A.

baumannii ATCC 17961, L. plantarum WCSF1, and to a lesser extent, L. monocytogenes
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ATCC 19115. On the basis of the 8-h time point, two Gram-positive strains, S. epidermidis

NRS101 and L. monocytogenes ATCC 19115, appear to be most susceptible to mCP

because complete or almost complete growth inhibition occurred at 250 pig/mL mCP

regardless of Ca(II) supplementation. mCP-Ser also exhibited antibacterial activity

(Figures 2.7B, 2.8B). A comparison of the data for mCP and mCP-Ser affords several

observations about the relative antimicrobial activity of these proteins: (i) in the absence

of Ca(II), mCP-Ser generally displays lower growth inhibitory activity than mCP, (ii) the

Ca(Il)-induced enhancement of growth inhibitory activity is greater for mCP-Ser than for

mCP, and (iii) several strains exhibit growth recovery at the 20-h timepoint when treated

with mCP-Ser. These trends are especially pronounced for S. epidermidis NRS101, L.

monocytogenes ATCC 19115, and L. plantarum WCSF1. These results may be a

consequence of differing protein stability where one or more of the Cys->Ser mutations

in the apo mCP-Ser heterodimer destabilize the protein relative to mCP and binding of

Ca(II) ions is compensatory. It is also possible that mCP-Ser possesses lower transition

metal affinities than mCP in the absence of Ca(II), which would account for the lower

antibacterial activity.

113



mCP B mCP-Ser

0.3

0.2

0.1

0.0
0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.4

0.3

0.2

0.1

S.epidermidis NRS101

L. monocytogenes 19115

L. plantarum WCSF1

0 200 400 600 800
[mCP] 1 ig/mL

0.3

0.2

0.1

0.0
0.6

0.5

0.4

E. coll CFT073

A. baumannii 17961

S. aureus USA300 JE2

A. baumannii 17961

S. aureus USA300 JE2

0.2

0.1

L. plantarum WCSF1

0 200 400 600 800 1000
[mCP-Ser] [g/mL

0.0

0.3

0.2

0.1

0.0

0.2

0.0

1000

*-Ca(II) *+Ca(II)

Figure 2.7. mCP inhibits growth of various bacterial species. (A) Growth inhibitory activity
of mCP. (B) Growth inhibitory activity of mCP-Ser. Both proteins were assayed in the
absence (black) and presence (red) of a 2-mM Ca(ll) supplement in the AMA medium
(Tris:TSB, T = 37 OC, 8 h) (mean SDM, n > 3).
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Figure 2.8. mOP inhibits growth of various bacterial species. (A) Growth inhibitory activity
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Thus, we believe this initial study indicates that caution must be taken when employing

mCP-Ser as a surrogate for the native protein. Prior studies of hCP and hCP-Ser reported

that the Cys->Ser mutations have negligible effect on the growth inhibitory activity of the

protein.23

2.5 Discussion

In this work, we report the purification and biochemical characterization of mCP,

which provides a foundation for further studies of this protein. mCP can be readily

obtained following overexpression of the mS100A8 and mS100A9 subunits in E. coli and

reconstitution of the apo heterodimer, and in yields that will enable future biophysical and

spectroscopic investigations of the protein. Preliminary characterization of mCP revealed

that it has many comparable attributes to the human orthologue. Similar to hCP, Ca(II)

ion binding causes two mCP heterodimers to self-associate and form a heterotetramer

(Figure 2.5) and increases the stability of the protein to thermal denaturation (Figure 2.4).

An initial evaluation of metal chelation by mCP demonstrates that it has the capacity to

deplete multiple first-row transition metals ions - Mn, Fe, Ni, Cu, and Zn - from microbial

growth medium, which is reminiscent of hCP (Figure 2.6). Moreover, this observation is

in agreement with prior animal studies of infection, which indicate that mCP competes

with microbes for Mn and Zn, as well as Cu.7 0 018 These data also suggest that mCP, like

hCP, may contribute to the homeostasis of nutrient metals like Fe and Ni.31 , 35, 4 On the

basis of the antibacterial activity assays presented in this work (Figures 2.7, 2.8), mCP

appears to have broad-spectrum growth inhibitory activity. Both the metal-depletion and

antibacterial activity assays indicate that Ca(II) ions modulate the functional properties of
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mCP, enhancing transition metal affinities and growth inhibitory activity. These features

are also reminiscent of hCP, and our prior investigations of hCP revealed that excess

Ca(lI) ions modulate its affinities for transition metal ions and antibacterial activity. 30,

This work also indicates some clear differences in the behavior of hCP and mCP

that require further investigation as well as consideration in future experimental design

and data interpretation. In particular, the current work reveals that, despite homology

between the Ca(Il)-binding loops in the S100A8 and S100A9 subunits of the human and

murine polypeptides (Figure 2.1), mCP requires more equivalents of excess Ca(II) ions

to fully tetramerize. The source of this disparity, and whether this decreased Ca(ll)

sensitivity has biological implications, is currently unknown and warrants examination.

Extracellular Ca(II) ion concentrations are =2 mM, 4 6 and this work suggests that >200

equivalents of Ca(II) ions are required to fully tetramerize mCP. Thus, it is possible that

full conversion to the heterotetramer is impaired at extracellular sites where the [Ca(Il)] /

[mCP] ratio is relatively low because mCP is abundant. We expect that further biophysical

studies of mCP as well as ex vivo analyses of murine specimens will shed light on this

matter.

We also examined the cysteine-null variant mCP-Ser. Because the hCP-Ser

variant has been employed extensively in studies of the human orthologue, we reasoned

that mCP-Ser could have comparable utility. Whereas both hS1 00A8 and mS1 00A8 have

only one cysteine residue, which is conserved and located at position 42, the number and

distribution of cysteine residues in the hS100A9 and mS1OOA9 differ. The human

polypeptide contains only one cysteine at position 3, located two residues before an

alternative translation start site defined by Met5. Neither Cys3 nor Met5 are found in
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mS1 00A9. Rather, the murine polypeptide has three cysteine residues at positions 80, 91

and 111. mCP-Ser exhibited similar Ca(ll)-dependent tetramerization and metal-depletion

profiles to mCP. However, we routinely obtained lower yields of mCP-Ser from folding,

observed that its stability to thermal denaturation was reduced, and found differences

between mCP and mCP-Ser in the antibacterial assays where mCP-Ser often exhibited

lower antibacterial activity and greater Ca(II) dependence than mCP (Figures 2.7, 2.8).

Together, these observations indicate that one or more of the Cys-Ser mutations in

mCP-Ser destabilize the protein and compromise its function to some degree.

In closing, mCP has played and will continue to play a prominent role in studies of

the host response to microbial infection. The purification and biochemical characterization

presented in this work provides a foundation for continued elucidation of the biological

coordination chemistry of mCP and other biochemical investigations at the host/microbe

interface. In particular, we anticipate that biochemical and biophysical evaluation of mCP

will provide additional molecular level insights into current working models and metal

withholding by the murine innate immune system.
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Chapter 3: Murine Calprotectin Coordinates Mn(II) at a Hexahistidine
Site with Ca(II)-dependent Affinity

This Chapter is adapted from Inorg. Chem. 2019, Just Accepted.
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3.1 Contributions

Dr. Derek Gagnon collected most of the EPR spectra and analyzed and plotted

all of the EPR data. Dr. Andrew Ozarowski contributed to the collection and

interpretation of the high-field EPR data.

3.2 Introduction

Transition metal ions are essential for many cellular processes including

regulation, catalysis, and signaling.' During bacterial infection, the invading pathogen

must obtain metal nutrients from the host. As a result, the competition for nutrient metal

ions between host and pathogen is an important facet of the host-pathogen interaction.'

In a process termed "nutritional immunity,"1 , 2 the host innate immune system deploys

metal-sequestering proteins to lower available metal ion levels at infection sites in an

effort to starve the invading pathogen.

Mn(II) sequestration is an important component of this host response to infection

because many bacterial pathogens employ manganese-containing enzymes when

colonizing the host.3 Manganese-containing superoxide dismutases are expressed and

utilized by bacterial pathogens to curb reactive oxygen species-mediated cell

destruction.38 Manganese is an important cofactor for enzymes involved in central

metabolism, including class lb ribonucleotide reductases, which produce

deoxyribonucleotides from ribonucelotides. 9, 10 Additional metabolic enzymes, such as

Salmonella typhimurium propionate kinase and Escherichia coli lactonase UlaG, have

Mn(Il)-dependent activity.11, 12 The Mn(Il)-dependent enzyme fructose 1,6-

bisphosphatase 11, involved in gluconeogenesis, is essential for virulence in vivo for the
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intracellular pathogen Francisella tularensis.13 -15 Manganese enzymes also contribute to

antibiotic resistance. In particular, the fosfomycin-inactivating enzyme FosB in

Staphylococcus aureus and the ABC-F ATPase protein involved in antibiotic resistance

in Mycobacterium tuberculosis both utilize Mn(II) cofactors. 16, 17 In order to obtain Mn(II),

bacteria express ATP-binding cassette (ABC) transporters and natural resistance

associated macrophage protein transporters (NRAMP, MntH in bacteria) that allow

import of this nutrient. The importance of staphylococcal Mn(II) import systems MntABC

and MntH has been highlighted in murine models of S. aureus infection. 18, 19 PsaABC,

the Mn(lI) import system in Streptococcus pneumoniae, is critical for infection in multiple

model systems. 20 Furthermore, Mn(II) import systems are important for virulence in a

number of other pathogens, including Salmonella enterica serovar Typhimurium,

Bacillus anthracis, and Enterococcus faecalus. 2 1-23

To date, the only known Mn(ll)-sequestering host-defense protein is calprotectin

(CP, S10OA8/S1OOA9 oligomer, MRP8/MRP14 oligomer).2 4 The role of CP in biology

and infectious disease has been illuminated though many studies involving mouse

models in which S100A9-' (CP-deficient) mice are utilized.2 -30 In 2008, murine CP

(mCP) was shown to reduce Mn(II) levels and limit S. aureus growth in murine liver

abscesses.26 This seminal work provided the first evidence for the ability of CP to

sequester Mn(II) and inspired biochemical and biophysical investigations into the Mn(Il)-

binding properties of the protein.8 , 31-35 However, current understanding of the metal-

binding properties of CP is almost exclusively based on evaluation of hCP, the human

form of the protein, because this orthologue was the only one biochemically

characterized until recently.24

130



hCP is a heterooligomer of the S100 proteins S10OA8 (a subunit, 10.8 kDa) and

S10OA9 (P subunit, 13.2 kDa). Each subunit contains two Ca(Il)-binding sites: one C-

terminal canonical EF-hand and one N-terminal non-canonical EF-hand. 36 In the

absence of Ca(II) ions, hCP exists as a heterodimer. Ca(II) binding to the EF-hand

domains causes the self-association of two heterodimers to form a heterotetramer. 37

Each hCP heterodimer contains two distinct transition-metal-binding sites that form at

the S100A8/S100A9 interface: a His3Asp site (site 1) and a His6 site (site 2). In the

current working model, hCP is released from immune cells or epithelial cells at infection

sites where it encounters high (-2 mM) extracellular Ca(II) levels and forms a

heterotetramer.37, 38 Tetramerization enhances the protease stability and transition-

metal-ion affinities of hCP.24 Biochemical, structural, and spectroscopic studies of Mn(II)

coordination by hCP has provided a comprehensive molecular description of how the

protein sequesters Mn(I1). 3 1-35 Importantly, hCP employs a biologically unprecedented

hexahistidine (His6) motif to sequester Mn(ll) and that the presence of excess Ca(II)

ions lowers the apparent dissociation constant (Kd) by at least three orders of

magnitude. 31-33,35 On the basis of all available data, Ca(Il)-bound hCP coordinates

Mn(II) with sub-nanomolar affinity at the His6 site. 35 The His3Asp site, in contrast, was

found to have relatively low affinity for Mn(II) in the presence of Ca(II) ions (micromolar

Kd assigned by room-temperature EPR spectroscopy); thus, it likely does not sequester

Mn(II) in a physiological context.31

Given the utility and broad application of murine models in studying the biological

function of CP, understanding the metal-binding properties of murine CP is important.

Amino acid sequence alignment reveals similarities and differences between the human
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and murine S10OA8 and S10OA9 subunits. The alignment indicates that the residues

that compose sites 1 and 2 are conserved (Figure 3.1A), which suggests that hCP and

mCP exhibit similar metal-binding properties and provides a working hypothesis that

mCP employs a high-affinity His6 motif to sequester divalent transition metal ions,

including Mn(II). Nevertheless, hCP and mCP share -56% amino acid identity, a lower

value compared to the average of 85% amino acid identity between human and murine

polypeptides.39 This relatively large difference in primary structures suggests there may

be some important structural and functional differences between the human and murine

orthologues that warrant careful examination. Towards addressing the current

knowledge gap about mCP, we recently reported initial biochemical characterization,

which demonstrated that, similar to hCP, apo mCP exists as a mS100A8/mS100A9

heterodimer, and Ca(II) binding results in self-association to form a heterotetramer.40

However, ~10-fold more Ca(II) equivalents were required to completely tetramerize

mCP compared to hCP even though the two proteins exhibit similar Ca(ll)-binding

regions. This observation provided the first indication that the biophysical properties of

hCP and mCP differ; the nature and extent of such differences requires further

evaluation. Pertinent to the current study, our preliminary evaluation of the metal-

binding ability of mCP demonstrated that mCP binds a number of transition metal ions,

including Mn, present in a complex bacterial growth medium.40

In this work, we investigate the Mn(ll)-binding properties of mCP. We report that

mCP coordinates Mn(II) at a high-affinity His6 site, displays Ca(Il)-dependent Mn(II)

affinity at this site, and that Mn(II) binding at the His6 site confers tetramerization in the

absence of Ca(II) ions. We also demonstrate that mCP can outcompete the solute-

132



binding proteins staphylococcal MntC and streptococcal PsaA for Mn(II) under

conditions of high Ca(lI). As expected based on prior animal studies, these Mn(Il)-

binding studies are consistent with a role of mCP in Mn(II) sequestration in the host-

pathogen interaction. Furthermore, this study emphasizes an important similarity in the

Mn(Il)-binding capability between human and murine host-defense proteins that is a

significant contributor during infection.
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Figure 3.1. Overview of primary structure and putative His6 metal-binding site of mCP.
(A) Amino acid sequence alignment of human (h) and murine (m) S10OA8 and S10OA9
subunits of CP. The Ca(lI)-binding regions are indicated, and the conserved transition-
metal-binding residues are shown in red. Cysteine residues are shown in blue, and the
S10OA9 C-terminal tail regions containing His residues are underlined. The secondary
structural elements represented are for the human subunits. (B) Predicted His6 site of
mCP based on sequence alignment of the human and murine S10OA8 and S10OA9
subunits. A coordinated Mn(ll) ion is shown. (C) Crystal structure of the Mn(Il)-, Ca(ll)-,
and Na(l)-bound human calprotectin heterotetramer (PDB: 4XJK).33 One heterodimer
shows the S10OA8 subunit in green and the S10OA9 subunit in blue, and the other
heterodimer is colored gray. Metal ions are shown as spheres: Mn(ll) is magenta, Ca(ll)
is yellow, and Na(l) is purple.
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3.3 Experimental Section

3.3.1 General Materials and Methods

All chemicals were purchased from commercial suppliers and used as received.

Milli-Q (18.2 MO-cm) water was used in the preparation of all buffers and metal ion

solutions. Buffers used for biochemical and spectroscopic experiments were prepared

from ULTROL grade HEPES (CalBiochem) and TraceSelect NaCl to limit metal ion

contamination from buffer components. Buffers for analytical SEC were prepared with

CaC2*2H20 (>99.0%, MilliporeSigma). All buffers were filtered (0.2 pm) before use.

Stock solutions of Ca(II) (1 M, 100 mL) were prepared from CaCl2-2H20 (>99.0%,

MilliporeSigma) in acid-washed volumetric glassware and stored in polypropylene

tubes. Stock solutions of Mn(II) (1 M, 100 mL) were prepared from MnCI2-4H20

(99.999%, Alfa Aesar) in acid-washed volumetric glassware and stored in polypropylene

tubes. Working solutions of metal ions were prepared daily by dilution into Mllli-Q water

and stored in polypropylene tubes. Protein aliquots were stored at -80 OC and thawed

only once prior to use. All protein concentrations were determined using calculated

extinction coefficients (https://web.expasy.org/protparam/). All CP concentrations are for

the heterodimer form of mCP (mSlOOA8/mSlOOA9, 6280 = 5,960 M- 1 cm-1) or hCP-Ser

(hSlOOA8/hS100A9 6280 = 18,450 M- 1 cm-1). The solute-binding proteins MntC (6280 =

35,870 M- 1 cm-1) and PsaA (6280 = 35,870 M-1 cm-1) are monomers and concentrations

of these proteins are for the monomer.
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3.3.2 Design of Synthetic Genes

The synthetic genes containing the nucleotide sequences of mS1QOA8 and

mS1OOA9 and all variants were ligated into the Ndel and Xhol restriction sites of the

pET41a vector, as described previously. Synthetic genes for mSIOOA8(H17A)(H27A),

mS1OOA8(H83A)(H87A), mSIOOA9(H21A)(D31A), and mSIOOA9(H92A)(H97A) were

codon-optimized for Escherichia coli expression, synthesized, and ligated into the Ndel

and Xhol restriction sites of pET41a vectors by ATUM (formerly DNA2.0). Each plasmid

was transformed into chemically-competent E. coli TOP10 cells (ThermoFisher),

isolated using a miniprep kit (Qiagen), and analyzed by DNA sequencing (Quintara

Biosciences). The pET41a vectors containing mS1OOA8(HI03A), mSIOOA9(HI05A),

mS1O09(HI07A), mSIOOA9(HI03A)(HI05A), mSIOOA9(HI03A)(HI07A), and

mSIOOA9(H1O5A)(HI07A) genes were prepared by site-directed mutagenesis as

described below.

E. coli optimized nucleotide sequence for Ndel-mS10OA8(H17A)(H27A)-Stop-Xhol:
CAT ATG CCG AGC GAA CTG GAG AAA GCA CTG AGC AAC CTG ATC GAC GTC
TAC GCG AAC TAC AGC AAT ATT CAA GGT AAT CAT GCG GCT CTG TAC AAA
AAT GAT TTC AAG AAG ATG GTT ACC ACG GAG TGC CCG CAG TTC GTG CAG
AAT ATC AAC ATT GAA AAC CTG TTC CGT GAG CTG GAC ATC AAC TCC GAT
AAT GCC ATT AAC TTT GAA GAG TTT TTG GCG ATG GTT ATC AAA GTG GGC
GTC GCG AGC CAC AAG GAC TCT CAT AAA GAG TAA CTC GAG

Translated sequence for Ndel-mS100A8(H17A)(H27A)-Stop-Xhol:
M PSELEKALSN LI DVYANYSN I QGN HAALYKN DFKKMVTTE
CPQFVQNINIENLFRELDINSDNAINFEEFLAMVIKVGVASHK
D S H K E Stop L E

E. coli optimized nucleotide sequence for NdeI-mS1 00A8(H83A)(H87A)-Stop-Xhol:
CAT ATG CCG AGC GAA CTG GAG AAA GCA CTG AGC AAC CTG ATC GAC GTC
TAC CAC AAC TAC AGC AAT ATT CAA GGT AAT CAT CAC GCT CTG TAC AAA
AAT GAT TTC AAG AAG ATG GTT ACC ACG GAG TGC CCG CAG TTC GTG CAG
AAT ATC AAC ATT GAA AAC CTG TTC CGT GAG CTG GAC ATC AAC TCC GAT
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AAT GCC ATT AAC TTT GAA GAG TTT TTG GCG ATG GTT ATC AAA GTG GGC
GTC GCG AGC GCG AAG GAC TCT GCG AAA GAG TAA CTC GAG

Translated sequence for NdeI-mS1 00A8(H83A)(H87A)-Stop-XhoI:
MPSELEKALSNLIDVYHNYSN IQGNHHALYKNDFKKMVTTE
CPQFVQNINIENLFRELDINSDNAINFEEFLAMVIKVGVASAK
D S A K E Stop L E

E. coli optimized nucleotide sequence for NdeI-mS1 00A9(H21 A)(D31 A)-Stop-Xhol:
CAT ATG GCG AAC AAA GCA CCT AGC CAA ATG GAA CGC AGC ATC ACT ACT
ATC ATC GAC ACT TTT GCG CAA TAC TCT CGT AAA GAG GGC CAC CCG GCG
ACG CTG TCC AAG AAA GAG TTC CGC CAG ATG GTT GAG GCC CAG CTG GCG
ACC TTT ATG AAG AAA GAA AAA CGT AAC GAG GCA CTG ATT AAC GAC ATT
ATG GAA GAT CTG GAC ACC AAT CAA GAT AAT CAG CTG AGC TTC GAA GAG
TGC ATG ATG CTG ATG GCG AAG TTG ATT TTC GCT TGC CAC GAG AAG CTG
CAT GAA AAC AAT CCG CGT GGT CAT GGT CAC AGC CAC GGT AAG GGT TGT
GGC AAA TAA CTC GAG

Translated sequence for Ndel-mS 1 00A9(H2 1 A)(D31 A)-Stop-Xhol:
MAN KAPSQM ERSITTIIDTFAQYSRKEGHPATLSKKEFRQM
VEAQLATFMKKEKRNEALINDIMEDLDTNQDNQLSFEECMM
L M A K L I F A C H E K L H E N N P R G H G H S H G K G C G K Stop L E

E. coli optimized nucleotide sequence for NdeI-mS1 00A9(H92A)(H96A)-Stop-XhoI:
CAT ATG GCG AAC AAA GCA CCT AGC CAA ATG GAA CGC AGC ATC ACT ACT
ATC ATC GAC ACT TTT CAT CAA TAC TCT CGT AAA GAG GGC CAC CCG GAT
ACG CTG TCC AAG AAA GAG TTC CGC CAG ATG GTT GAG GCC CAG CTG GCG
ACC TTT ATG AAG AAA GAA AAA CGT AAC GAG GCA CTG ATT AAC GAC ATT
ATG GAA GAT CTG GAC ACC AAT CAA GAT AAT CAG CTG AGC TTC GAA GAG
TGC ATG ATG CTG ATG GCG AAG TTG ATT TTC GCT TGC GCG GAG AAG CTG
GCG GAA AAC AAT CCG CGT GGT CAT GGT CAC AGC CAC GGT AAG GGT TGT
GGC AAA TAA CTC GAG

Translated sequence for Ndel-mS 1 00A9(H92A)(H96A)-Stop-XhoI:
MANKAPSQMERSITTIIDTFHQYSRKEGHPDTLSKKEFRQM
VEAQLATFMKKEKRNEALINDIMEDLDTNQDNQLSFEECMM
L M A K L I F A C A E K L A E N N P R G H G H S H G K G C G K Stop L E

Mutations are highlighted in yellow. A Ndel restriction site was placed at the 5' end and

a stop codon and a Xhol restriction site was placed at the 3' end (underlined above).

Nucleotide sequences above are displayed from 5' to 3'.
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3.3.3 Site-directed Mutagenesis

The His-->Ala point mutations in the mS100A9 gene were prepared by site-

directed mutagenesis using the primer pairs and templates listed in Table 3.1. The

oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville,

IA). A modified Quick-Change site-directed mutagenesis protocol was used to generate

the variants using Pfu Turbo DNA polymerase (Agilent). The PCR protocol was 95 0C

for 30 s; 95 0C for 30 s, 60-66 0C for 1 min, 68 0C for 12 min (25x); 4 OC hold

temperature. Dpnl (New England Biolabs) was used to degrade the template plasmid. A

0.75-tL aliquot was added to the sample and incubated at 37 0C for 3 h. At 1.5 h into

the incubation, a supplemental 0.75-tL aliquot of Dpnl was added. The remaining

plasmid DNA was transformed into chemically-competent E. coli TOP10 cells and the

resulting plasmids isolated using miniprep kit (Qiagen) and analyzed by DNA

sequencing (Quintara Biosciences).
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Table 3.1. Primers and templates for site-directed mutagenesis.a
Primer Sequence Template, b

Temp.c
mA9(H1O3A)-1 5'-GAAAACAATCCGCGTGGTGCTGGTCACAGCCACGGTAAG-3' mA9,

mA9(H1O3A)-2 5'-CTTACCGTGGCTGTGACCAGCACCACGCGGATTGTTTTC-3' 600C

mA9(H1O5A)-1 5'-CAATCCGCGTGGTCATGGTGCCAGCCACGGTAAGGGTTGTG-3' mA9,

mA9(H1O5A)-2 5'-CACAACCCTTACCGTGGCTGGCACCATGACCACGCGGATTG-3' 61 0C

mA9(Hl07A)-1 5'-GGTCATGGTCACAGCGCCGGTAAGGGTTGTGGC-3' mA9

mA9(Hl07A)-2 5'-GCCACAACCCTTACCGGCGCTGTGACCATGACC-3' 66 0C

mA9(H103A)(H105A)-1 5'-GAAAACAATCCGCGTGGTGCTGGTGCCAGCCACGGTAAG-3' mA9(HI05A)

mA9(H1 03A)(H1 05A)-2 5'-CTTACCGTGGCTGGCACCAGCACCACGCGGATTGTTTTC-3' 630C

mA9(H1 03A)(H1 07A)-1 5'-GAAAACAATCCGCGTGGTGCTGGTCACAGCGCC-3' mA9(HI07A)

mA9(H1 03A)(H1 07A)-2 5'-GGCGCTGTGACCAGCACCACGCGGATTGTTTTC-3' 630C

mA9(H1 05A)(H1 07A)-1 5'-GTGGTCATGGTGCCAGCGCCGGTAAGGGTTGTG-3' mA9(H1O5A)

mA9(H1 05A)(H1 07A)-2 5'-CACAACCCTTACCGGCGCTGGCACCATGACCAC-3' 630C

a Bold codons indicate the mutation added. Underlined codons indicate a pre-existing
mutation in the template plasmid relative to mS1OOA9. b Annealing temperature used in
the PCR reaction.

3.3.4 Protein Overexpression and Purification

mCP and variants were overexpressed and purified as described previously.4 0

The SBPs MntC and PsaA were overexpressed and purified as described previously. 35

hCP-Ser was also overexpressed and purified as described previously.37 Globally 15N-

labeled mCP was prepared using reported procedures for hCP-Ser.33 In brief, M9

minimal media (2 L) for overexpression was prepared with 15NH4CI as the nitrogen

source. The medium was sterilized and 1 L was added to each of two sterile 2-L baffled

flasks. Immediately before use, 1 mL 1,000x vitamin mix (400 mg choline chloride, 500

mg folic acid, 1.1 g pantothenic acid, 500 mg nicotinamide, 500 mg myo-inositol, 500

mg pyridoxal-HCI, 500 mg thiamine-HCI, and 50 mg riboflavin in 15 mL of Milli-Q water)
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was added to each flask along with a few flakes each of FeC3 (MilliporeSigma), biotin

(Alfa Aesar), and thiamine-HCI (MilliporeSigma). Next, kanamycin was added to 50

pg/mL. A 20-mL aliquot of a saturated culture of BL21(DE3) cells containing either

pET41a-mSIOOA8 or pET41a-mSIOOA9 was pelleted and resuspended in minimal

media (25 mL). The centrifugation and resuspension steps were repeated again before

the cell suspension were used to inoculate the culture media for overexpression. The

overexpression was performed as described previously for mCP, with induction at OD6oo

= 0.6.40 The 15N-labeled protein was reconstituted and purified as described previously

for mCP. 40 For all protein variants prepared, yields ranged from =14-60 mg / 2 L culture.

3.3.5 Analytical Size Exclusion Chromatography (SEC)

An AKTA Purifier FPLC system housed in a cold room (4 0C) and outfitted with a

Superdex 75 10/300 GL SEC column was used for all analytical SEC. The running

buffer was 75 mM HEPES, pH 7.0, 100 mM NaCl, 200 pM TCEP 25 mM Ca(II). Mn(II)

(500 pM or .5 mM) was added to samples from a 1-M stock solution and the samples

were incubated at room temperature for at least 15 min prior to SEC analysis. The

column was calibrated with blue dextran and a low-molecular-weight protein mixture

(GE Healthcare Life Sciences) consisting of ribonuclease A (13.7 kDa), carbonic

anhydrase (29 kDa), ovalbumin (44 kDa), and conalbumin (75 kDa) prior to use.

Proteins were buffer-exchanged (3x) into the running buffer using an Amicon spin filter

(0.5 mL, 10 kDa MWCO). Samples (100 pM, 300 paL) were prepared and loaded into a

100-paL injection loop, and the FLPC system was programmed to inject 500 PL of

sample onto the column. The samples were eluted over one column volume (24 mL) at
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a flow rate of 0.5 mL/min. At least two independent replicates were performed for each

experiment, and representative data from one experiment are shown. The protein

concentration in the collected fractions was determined by absorbance at 280 nm in

acid-washed quartz cuvettes using a Beckman DU 800 UV-Vis spectrophotometer

equipped with a Peltier thermostat. To prepare ICP-MS samples for total Mn analyses,

an aliquot (50 pL) of each fraction was diluted to 2 mL with 5% nitric acid

(TraceSELECT, Fluka) and supplemented with 2 ppb Tb internal standard.

3.3.6 Liquid Chromatography-Mass Spectrometry (LC-MS)

An Agilent 6545 series Q-TOF LC-MS system with an Agilent Eclipse plus C18

with 2.1 X 50 mm and 1.8-pm particle size was used for all analyses. Each protein was

diluted in Milli-Q water to a final concentration of -10 piM. A 5- or 10-pL protein aliquot

was injected onto the column, and each sample was eluted using a gradient of 25-75%

B over 10 min with a flow rate of 0.3 mL/min (solvent A: 0.1% formic acid in water;

solvent B: 0.1% formic acid in acetonitrile). The spectra were deconvoluted using the

maximum entropy algorithm in the MassHunter Bioconfirm software (Agilent).

3.3.7 Inductively-coupled Plasma Mass Spectrometry (ICP-MS)

The metal content of protein samples was determined using an Agilent 7900 ICP-

MS with an autosampler housed in the Center for Environmental Health Sciences

Bioanalytical Core Facility at MIT. The instrument was used in helium mode. Calibration

standards were prepared from a serial dilution of the Environmental Standard calibration

mixture (Agilent, part #5183-4688). Standards and samples were spiked with 2 ppb Tb
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(100 ppb stock in 5% nitric acid) internal standard (Agilent, part # 5190-8590). Sample

volumes of either 1.7 or 2.0 mL were employed.

3.3.8 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were collected using a Jasco J-500 spectrometer

housed in the Biophysical Instrumentation Facility at MIT. Proteins were buffer-

exchanged into CD buffer (1 mM Tris-HCI, pH 7.5, 1 mM DTT) prior to analysis. For

samples containing Ca(II), an aliquot was added to the sample from a 1 M Ca(II) stock

solution to afford 3 mM Ca(l1) in the sample. Samples (10 pM, 300 p.L) were transferred

to a Hellma quartz cuvette (1-mm pathlength) for analysis. Spectra were collected from

195 to 260 nm using continuous scan mode (50 nm/min) and 1 nm bandwidth. Data

represent averages of triplicate baseline-subtracted scans.

3.3.9 Fluorescence Titrations

Zinpyr-1 (ZP1) was synthesized as described previously41 and provided by Dr.

Jacob Goldberg and Prof. Stephen J. Lippard. Stock solutions of ZP1 (-3 mM) were

prepared in anhydrous DMSO, aliquoted, and stored at -20 OC. Each aliquot was

thawed only once. Titrations were performed using 75 mM HEPES, 100 mM NaCl, pH

7.0 buffer. Mn(II) competition titrations between ZP1 and mCP (or variant) were

performed as described previously for the hCP variants. In brief, aliquots of protein

were thawed and subsequently buffer-exchanged using 0.5-mL Amicon spin filters (10

kDa MWCO). For each titration, a 2-mL solution of titration buffer containing ZP1 (1 pM)

and protein (4 pM) was prepared in a 1-cm path length nitric acid-washed quartz
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cuvette. Ca(II) (1.2 mM) was added from a 1-M stock solution (2.4 pL). The mixture was

titrated with Mn(II) (2 or 4 pL of a 500-pM Mn(II) solution in Milli-Q water). After each

Mn(II) addition, the solution was gently mixed and incubated for -10 min at room

temperature and in the dark prior to recording the fluorescence emission. For the Ca(II)

titration, protein (4 pM) and Mn(II) (4 ptM) were pre-incubated for -10 min prior to

titration of Ca(II) (2-pL additions of either 20 mM or 250 mM Ca(Il)) into the sample.

Emission spectra were collected on a Photon Technologies International

QuantaMaster 40 fluorimeter outfitted with a continuous xenon source for excitation,

autocalibrated QuadraScopic monochromators, a multimode PMT detector, and a

circulating water bath maintained at 25 OC. This instrument was controlled by the

FelixGX software package. The excitation wavelength was 490 nm. The emission

spectra were collected and integrated over 500-650 nm.

3.3.10 EPR Spectroscopy

To prepare mCP samples for EPR spectroscopy, all protein samples were buffer-

exchanged into 75 mM HEPES, 100 mM NaCl, pH 7.5. For X-band EPR spectroscopy,

200 [tM protein was prepared with 180 piM Mn(II) in the absence or presence of 60 mM

Ca(II). Samples (500 ptL) were incubated for at least 15 min prior to being frozen in

liquid nitrogen. Most protein samples were shipped in a liquid nitrogen dewar to

CalEPR, UC Davis for analysis. For 388 GHz EPR spectroscopy, a sample (500 piL) of

mCP (500 ptM) was incubated with Ca(Il) (50 mM) and Mn(II) (450 PM) for at least 15

min, transferred to a 1-mL LDPE vial (Fisher Scientific), frozen in liquid nitrogen, and

shipped on dry ice to the National High Magnetic Field Laboratory (Tallahassee, FL) for
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analysis. To evaluate the competition for Mn(II) between mCP and SBPs, mixed

samples of SBP and mCP were prepared as described previously, with the exception

that 60 mM Ca(II) was added for the +Ca(II) samples.35 A 1:1 Mn(II):SBP sample (1 mM

each) was prepared along with an mCP sample (1 mM) that contained Ca(II) (120 mM).

Following -15 min incubation, aliquots of each solution were mixed in a 1:1 ratio and

allow to equilibrate for -14 h at room temperature. These samples (170 tL) were

subsequently frozen in liquid nitrogen and stored at -80 0C prior to analysis at MIT using

instrumentation in the Department of Chemistry Instrumentation Facility.

At CaIEPR, continuous wave (CW) X-band (ca. 9.38 GHz) EPR spectra were

collected on a Bruker ELEXSYS E500 CW-EPR spectrometer with a super high QE

(SHQE) resonator and an Oxford Instruments ESR900 liquid helium cryostat. Spectra

were collected under slow-passage conditions so as not to distort the line shape. The

spectrometer conversion time was set to 80 ms and a data point collected every ca. 0.3

mT with 0.5 mT modulation amplitude at 100 kHz. Spectra were collected at a

temperature of 10 K.

At CaIEPR, Q-band (ca. 34.1 GHz) spectra were collected on a Bruker ELEXSYS

E580 X/Q-band pulse EPR spectrometer equipped with an Oxford Instrument CF935

liquid helium cryostat and a home-built probe. 42 Field sweeps were acquired using a 2-

pulse Hahn echo sequence (r/2 - T- 71 - T - echo) with a 2-step phase cycling program

and data were collected every 0.3 mT. 15N electron nuclear double resonance (ENDOR)

spectra were collected using the Mims ENDOR sequence (r/2 - T - a/2 - RRF - 7/2 - T -

echo). 4 3 The 50-ps long TrRF pulse was amplified using an ENI A1000 amplifier providing

1 kW peak power. The shot repetition time was 1 ms at 10 K for all pulse sequences.
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At CaIEPR, D-band (ca. 130 GHz) spectra were collected on a home-built

spectrometer described elsewhere. 44 Field sweeps were acquired with the 2-pulse Hahn

echo sequence described above. The main coil field was set to 4.63 T (g = 2 for 130

GHz) and a separate sweep coil was used to sweep from -100 mT to +100 mT with

data recorded every 0.1 mT. Scans were collected in the forward and reverse directions

to verify that there were no passage effects. Field sweeps were calibrated against MgO

with a Mn(II) impurity (>95% fused MgO, Aldrich) which has a g value of 2.00100(5) and

55Mn hyperfine coupling constant of -243.6(5) MHz.45' 46 The temperature was set to 10

K using an Oxford Instruments Spectrostat NMR cryostat.

At the National High Magnetic Field Lab, the transmission spectrometer was

utilized to obtain a 388 GHz field sweep of Mn(II)-mCP in the presence of excess Ca(ll).

The temperature was 30 K with a modulation amplitude of 0.5 mT at 50 kHz, and

downfield sweep rate 0.50 mT/s.

At MIT, X-band EPR spectra investigating the Mn(II) competition between mCP

and SBPs was performed on a Bruker EMXplus spectrometer equipped with a

ER4119HS resonator and a ColdEdge Technologies 4K waveguide cryogen-free

cryostat. The spectrometer conversion time was set to 7.2 ms and a data point collected

every ca. 0.1 mT with 0.5 mT modulation amplitude at 100 kHz. Spectra were collected

at 10 K.
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3.3.11 EPR Data Analysis

All spectra were simulated in Matlab R2017a (the Mathworks, Inc.) using the

freely available EasySpin toolbox.47 The EPR spectrum can be interpreted using the

phenomenological Spin Hamiltonian below.

= fe -g - /h + $ - Ai - Li - ngniP - t) + $ D

The terms in the Hamiltonian are the electron Zeeman interaction with an applied static

magnetic field B, the electron-nuclear hyperfine tensor Ai, the nuclear Zeeman

interaction, and the zero-field-splitting (ZFS) tensor D for the high-spin Mn(II) ion (S =

5/2). 8e and /p are the Bohr magneton and nuclear, magneton respectively; g and gn are

the electron and nuclear g factors, respectively; h is the Planck constant.

3.4 Results and Discussion

3.4.1 Preparation and Biochemical Characterization of mCP Metal-binding Site Variants

We first designed protein variants to probe the amino acid residues in mS1OOA8

and mS100A9 predicted to be important for Mn(II) binding. Because the metal-binding

site residues are conserved in hCP and mCP, we prepared and characterized variants

with mutations that disrupted either the putative His3Asp site (AHis 3Asp;

mS100A8(H83A)(H87A)/mS100A9(H21A)(D31A)) or four residues of the putative His6

site (AHis 4; mS100A8(H17A)(H27A)/mS100A9(H92A)(H97A)) (Figure 3.1, Table 3.2).

The C-terminal tail of mS1OOA9 contains an HXHXH motif spanning residues 103-107.

To evaluate whether these His residues contribute to Mn(ll) binding, we prepared

variants with one or two His->Ala mutations in this region (Tables 3.1, 3.2, 3.3).

Following overexpression of each subunit in E. coli and reconstitution of the mCP
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heterodimers according to a reported protocol,40 the variants were characterized by

inductively-coupled plasma mass spectrometry (ICP-MS), sodium docecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE), liquid chromatography-mass

spectrometry (LC-MS), circular dichroism (CD) spectroscopy, and analytical size

exclusion chromatography (SEC) (Tables 3.4-3.7, Figures 3.2-3.4). ICP-MS and SDS-

PAGE analyses indicated that the proteins were isolated in the apo form (Tables 3.5,

3.6) and in high purity (Figure 3.2), respectively. LC-MS analysis demonstrated that the

mS100A8 subunits displayed partial loss of the initiator methionine, whereas mS100A9

subunits lacked this residue (Table 3.4). Cleavage of Met1 is a common post-

translational modification observed during heterologous overexpression in E. coli.48 All

variants afforded CD spectra consistent with an c-helical fold in the presence and

absence of Ca(II) (Figure 3.3). Lastly, analytical SEC established that the purified

proteins were isolated as heterodimers, as indicated by elution volumes of 12.0-12.1

mL (Table 3.7, Figure 3.4). In the presence of excess Ca(II) ions in the running buffer,

the peak for each variant displayed a shift to a lower elution volume (11.3-11.4 mL),

consistent with Ca(Il)-induced tetramerization and our prior characterization of mCP

(Table 3.7, Figure 3.4).40
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Table 3.2. Compositions of murine calprotectin (mCP) variants.

Protein mS1OOA8 subunit mSIOOA9 subunit

mCP mS1OOA8 mS1OOA9

mCPAHis3Asp mS100A8(H83A)(H87A) mS100A9(H21A)(D31A)

mCPAHis4 mS100A8(H17A)(H27A) mS100A9(H92A)(H97A)

mCP(H103A) mSIOOA8 mS100A9(H1O3A)

mCP(H105A) mS1OOA8 mS1OOA9(H1O5A)

mCP(H107A) mS1OOA8 mS100A9(H1O7A)

mCP(H103A)(H1O5A) mS100A8 mS10OA9(H103A)(H105A)

mCP(H103A)(H107A) mS1OOA8 mS10OA9(H103A)(H107A)

mCP(H105A)(H1O7A) mS100A8 mS10OA9(H105A)(H107A)

15N-mCP 15N-mS1OOA8 15N-mS100A9

Table 3.3. mS100A9 C-terminal tail variants.

mCP variants tail residues (101-109)
mCP RGHGHSHGK
(H103A) RGAGHSHGK

(H105A) RGHGASHGK

(H107A) RGHGHSAGK

(H103A)(H105A) RGAGASHGK

(H1 03A)(H1 07A) RGAGHSAGK

(H105A)(H107A) RGHGASAGK
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Table 3.4. Summary of results from protein mass spectrometry.a
Protein mSI00A8 subunit Observed mSI00A9 subunit Observed

Calculated Mass Mass Calculated Mass Mass
NMet (Da) (Da)c NMet (Da)b (Da)

mCPAHis3Asp 10162.47 10161.12 12938.79 n. f. e
10031.28 (-Met1) d 10031.10 12807.60 (-Met1) d 12807.23

mCPAHis4 10162.47 10162.11 12916.74 n.f. e
10031.28 (-Met1) d 10031.08 12785.54 (-Met1) d 12784.77

mCP(H103A) 10294.59 10294.16 12982.80 n. f. e
10163.40 (-Met1) 10162.13 12851.61 (-Met1) d 12851.17

mCP(H105A) 10294.59 10293.15 12982.80 n. f. e
10163.40 (-Met1) d 10163.13 12851.61 (-Met1) d 12851.19

mCP(H107A) 10294.59 10293.15 12982.80 n. f. e
10163.40 (-Met1) d 10162.12 12851.61 (-Met1) d 12851.29

mCP(H103A) 10294.59 10294.16 12916.74 n. f. e
(H105A) 10163.40 (-Met1) d 10163.13 12785.54 (-Met1) 12785.25

mCP(H103A) 10294.59 10294.16 12916.74 n. f. e
(H107A) 10163.40 (-MetI) d 10163.13 12785.54 (-Met1) d 12785.23

mCP(H105A) 10294.59 10294.16 12916.74 n. f. e
(H107A) 10163.40 (-Met1) d 10163.13 12785.54 (-Met1) d 12785.12

15N-mCP 10416.65 10415.77 13213.64 n. f. e
10284.46 (-Met1) d 10283.77 13081.45 (-Met1) d 13079.95

a A denaturing protocol on an Agilent Poroshell 300SB-C18 column over a 25-75%
gradient of acetonitrile with 0.1 % formic acid was utilized for LC-MS. b Molecular
weights were calculated by using the ProtParam tool found on the ExPASy site
(http://web.expasv.org/protparam) with the exception of 15N-mCP
(http://sopnmr.ucsd.edu/biomol-tools.htm). c Masses were calculated with the Agilent
MassHunter BioConfirm software package. d The N-terminal methionine can be
cleaved during overexpression in E. coli. e Not found; the mass was not found
following deconvolution of the raw data.
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Table 3.5. Metal content of representative protein preparations.a

mCP variant

Metal mCPb AHis3Asp AHis4

(24.0 pM) c (6.0 pM) c (11.1 pM) C

[Mn] (ptM) 0.002 0.001 0.002

equivalentsd 0.000 0.000 0.000

[Fe] (pM) 0.098 0.012 0.072

equivalentsd 0.004 0.002 0.007

[Co] (pM) 0.000 0.000 0.001

equivalentsd 0.000 0.000 0.000

[Ni] (pM) 0.019 0.010 0.020

equivalentsd 0.001 0.002 0.002

[Cu] (pM) 0.018 0.001 0.008

equivalentsd 0.001 0.000 0.001

[Zn] (pM) 0.100 0.037 0.089

equivalentsd 0.004 0.006 0.008
a Metal analysis (ICP-MS) was performed on purified proteins. b The concentration of
protein in the lCP-MS sample. c Reported previously in Ref. 40 and included here for
reference. d The equivalents of metal relative to the mCP heterodimer.
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Table 3.6. Metal content of representative protein preparations continued.a

mCP variant (mS1OOA9 C-terminal tail variants)

(H103A) (H103A) (H105A)
Metal (H103A) (H105A) (H107A) (H105A) (HI07A) (H107A)

(10.5 pM) b (9.1 pM)b (15.1 pM) b (19.3 ,M) b (15.7 pM) b (20.6 pM) b

[Mn] (pM) 0.003 0.000 0.002 0.001 0.026 0.000

equivalentsc 0.000 0.000 0.000 0.000 0.002 0.000

[Fe] (ptM) 0.084 0.046 0.047 0.044 0.120 0.045

equivalentsc 0.008 0.005 0.003 0.002 0.008 0.002

[Co] (PM) 0.000 0.000 0.000 0.000 0.000 0.000

equivalentsc 0.000 0.000 0.000 0.000 0.000 0.000

[Ni] (ptM) 0.012 0.012 0.010 0.014 0.008 0.008

equivalentsc 0.001 0.001 0.001 0.001 0.000 0.000

[Cu] (IM) 0.011 0.011 0.009 0.004 0.007 0.008

equivalentsc 0.001 0.001 0.001 0.000 0.000 0.000

[Zn] (ptM) 0.117 0.078 0.146 0.071 0.054 0.041

equivalentsc 0.011 0.009 0.010 0.004 0.003 0.002
a Metal analysis (ICP-MS) was performed on purified proteins. b The concentration of
protein in the
heterodimer.

lCP-MS sample. cThe equivalents of metal relative to the mCP
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Table 3.7. Analytical SEC elution volume and calculated molecular weights of proteins.

Proteina [Ca(Il)] (mM) [Mn(ll)] (mM) Ve (mL)b MW (kDa)

Ribonuclease Ac 0 0 13.5 13.7
Carbonic anhydrasec 0 0 11.8 29

Ovalbuminc 0 0 10.8 44
Conalbuminc 0 0 9.9 75

mCP 0 0 12.1 25.8
0 1 11.5 34.0

25 0.1 11.4 35.6
(500 ,uM protein) 0 5 11.4 35.6

AHis3Asp 0 0 12.0 27.0
25 0 11.3 37.3
0 1 12.0 27.0

25 0.1 11.3 37.3
(500 pM protein) 0 5 11.3 37.3

AHis4 0 0 12.0 27.0
25 0 11.6 32.5
0 1 12.0 27.0

(H103A) 0 0 12.1 25.8
25 0 11.4 35.6
0 1 11.3 37.3

(H105A) 0 0 12.1 25.8
25 0 11.5 34.0
0 1 12.0 27.0

(H107A) 0 0 12.1 25.8
25 0 11.4 35.6
0 1 12.0 27.0

(H103A)(H105A) 0 0 12.0 27.0
25 0 11.3 37.3

(H103A)(H107A) 0 0 12.0 27.0
25 0 11.4 35.6

(H105A)(H107A) 0 0 12.0 27.0
25 0 11.4 35.6

a The protein concentration was 100 pM, except where indicated otherwise. The running
buffer was 75 mM HEPES, 100 mM NaCI, pH 7.0 25 mM Ca(ll) for mCP and variants.
b The elution volume (Ve) corresponds to the maximum peak absorbance at 280 nm. c

The listed molecular weights are the known molecular weights used to generate the
calibration curve for the rest of the samples.
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Figure 3.2. Purity of mCP variants by SDS-PAGE (15% Tris-glycine): (1) mCP(H103A),
(2) mCP(H105A), (3) mCP(H107A), (4) mCP(H103A)(H105A), (5)
mCP(H103A)(H1O7A), (6) mCP(H105A)(H1O7A), (7) mCPAHis3Asp, (8) mCPAHis4, (9)
15N-mCP. The leftmost lane is a P7712S molecular weight ladder (New England
Biolabs).
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Figure 3.3. CID spectra of mCP variants (10 pM) in the absence (black) and presence
(red) of 2 mM Ca(l1) (1 mM Tris-HCl, 1 mM DTT, pH 7.5, 25 OC).
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Figure 3.4. Analytical SEC chromatograms of mCP variants (100 piM) in 75 mM
HEPES, 100 mM NaCl, pH 7.0, 25 mM Ca(II) in both the sample and running buffer.
Single tail variants are also shown with 10 equiv Mn(II) in the sample and no Ca(II)
added (blue traces) as a comparison. Absorbance at 280 nm was monitored. See Table
3.7 for tabulated elution volumes and calculated molecular weights.
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3.4.2 Analytical Size-Exclusion Chromatography Uncovers the His6 Site and Mn(Il)-

induced Tetramerization of mCP

Guided by our initial studies of Mn(II) binding to hCP,3  32 we first incubated mCP

(100 pM) with 10 equiv. Mn(II) and analyzed the sample by SEC at pH 7.0. In the

absence of Mn(II), mCP exhibits a single peak that elutes at 12.1 min. The presence of

Mn(II) caused the peak to broaden and exhibit two local maxima at 11.5 and 11.8 min

(Figure 3.5A,B). Quantitation of protein and Mn(ll) concentrations in the fractions by

optical absorption spectroscopy (A280) and ICP-MS, respectively, revealed negligible

Mn(II) in the apo sample, as expected. In contrast, -1 equiv of Mn(II) was retained over

the course of elution of the +Mn(II) sample. In the absence of Ca(II) ions, mCP

coordinates Mn(II) with sufficiently high affinity to retain the metal during elution. The

results also indicate that Mn(II) binding to mCP induces tetramerization, behavior

previously observed for hCP. 31 3 2

We extended this experiment to examine the ability of the AHis3Asp and AHis 4

variants to retain Mn(II). When we employed 100 iM protein and 10 equiv. Mn(II), both

proteins displayed peak elution volumes consistent with dimers, and neither protein

retained Mn(II) (Figure 3.5C,D). The result for AHis 4 was consistent with our working

hypothesis that mCP uses a high-affinity His6 site to coordinate Mn(II). In contrast, the

results with AHis3Asp were unexpected. Because Ca(II) ions enhanced the Mn(II)

affinity of hCP, we questioned whether AHis3Asp retains Mn(II) when excess Ca(ll) is

present. Thus, we examined samples of mCP and AHis3Asp (100 tM) containing 1

equiv. Mn(ll) using an elution buffer containing 25 mM Ca(ll) (Figure 3.5E,F). Under

these conditions, the peaks for both mCP and AHis3Asp displayed a shift to a lower
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elution volume, corresponding to tetramerization, and both proteins retained sub-

stoichiometric Mn(II). Next, we repeated the SEC experiments with mCP and AHis3Asp

in the absence of Ca(II) ions using a 5-fold higher protein concentration (500 pM) and

10 equiv. Mn(II) (Figure 3.5G,H). Under these conditions, both proteins displayed

comparable peak elution volume shifts consistent with nearly complete tetramerization,

and both proteins retained Mn(II). Taken together, these results indicate that (i) Mn(Il)-

induced tetramerization of mCP exhibits protein-concentration dependence, (ii) mutation

of the His3Asp residues compromises the ability of the protein to retain Mn(II) at site 2

and self-associate to some degree, and (iii) the Mn(II) affinity is enhanced by Ca(Il)-

binding to the EF-hand domains.

Because the four residues of the putative His6 site are essential for Mn(II)

retention, we examined the contribution of H103, H105, and H107 in the mS100A9 C-

terminal tail (Figure 3.6). For mCP(H103A), we observed a similar behavior as mCP

with Mn(II) retention and partial tetramerization when the protein (100 p.M) was

incubated with 10 equiv. Mn(II) prior to elution from the SEC column (Figure 3.6A). In

contrast, under these same experimental conditions, mCP(H105A) and mCP(H107A)

eluted as dimers with minimal Mn(II) retained (Figure 3.6B,C). These results indicate

that H105A and H107A are involved in Mn(II) coordination and that H103 does not

participate in Mn(II) binding. Thus, these initial SEC experiments indicate that mCP

employs a His6 site composed of His17 and His27 of mS1OOA8 and His92, His97,

His105 and His107 of mS100A9 to coordinate Mn(II). These residues are conserved in

mCP and hCP. Moreover, this site is the high-affinity site and appears to display Ca(Il)-

dependent Mn(II) affinity.
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Figure 3.5. Representative data demonstrating Mn(II) retention by mCP and variants
following SEC. Each plot shows a representative SEC chromatogram (black trace) and
the quantification of protein and Mn(ll) concentrations in the collected fractions (bars).
For experiments in the absence of added Ca(II), the protein concentration was either
100 pM (A-D) or 500 PM (G-H). For experiments in the presence of 25 mM Ca(lI), the
protein concentration was 100 pM (E-F). The samples were incubated without (A) or
with Mn(II) (B-H). For samples containing Mn(II), the Mn(II) concentration was 1 mM (B-
D), 100 pM (D-E, +Ca(II) samples), or 5 mM (G-H). The elution buffer was 75 mM
HEPES, 100 mM NaCl, 200 pM TCEP, pH 7.0 and T= 4 *C.
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Figure 3.6. Representative data demonstrating Mn(II) retention by mCP C-terminal tail
variants following SEC. Each plot shows a representative SEC chromatogram (black
trace) and the quantification of protein and Mn(II) concentrations in the collected
fractions (bars). The variants (100 pM) H103A (A), H105A (B), and H107A (C) were
incubated with Mn(II) (1 mM) in the absence of added Ca(ll). The elution buffer was 75
mM HEPES, 100 mM NaCI, 200 pM TCEP, pH 7.0 and T= 4 *C.
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3.4.3 Mn(II) Competition Studies Demonstrate that Ca(II) Ions Enhance the Mn(II)

affinity of mCP

On the basis of our prior studies of hCP which revealed that Ca(II) ions enhance

the transition-metal affinities of the His 3Asp and His6 sites,37 , 40 we hypothesized that

mCP displays similar behavior. In our prior studies of hCP, we developed Zinpyr-1

(ZP1) competition assays to examine Ca(Il)-dependent Mn(II) binding to the protein. 31,32

ZP1 is a Ca(Il)-independent fluorescent sensor with two di(2-picolyl)amine-based metal-

binding sites that is quenched upon Mn(II) binding (Kd1,Mn(II) = 550 nM). 49 When we

combined ZP1 (1 pM), mCP (4 pM), and Mn(II) (5 pM), the fluorescence from ZP1 was

quenched, indicating that Mn(II) bound to the probe and not mCP (Figure 3.7). This

behavior is consistent with that of hCP. 31 Upon titration of Ca(II) into this solution, the

fluorescence of ZP1 increased and reached its maximum emission once >200 equiv.

Ca(II) relative to mCP was added. In agreement with previous reports, maximum ZP1

emission occurred following addition of -20 equiv. Ca(ll) to mixtures of ZP1, hCP-Ser,

and Mn(II) (Figure 3.7).31 These results show that (i) the Mn(II) affinity of mCP is Ca(Il)-

dependent, and (ii) that mCP is able to outcompete ZP1 for Mn(II) when excess Ca(ll) is

added, indicating that mCP binds Mn(II) with Kd1 < 550 nM under these conditions. The

observation that >200 equiv. Ca(II) is required to impart a full effect on modulating the

Mn(II) affinity is consistent with our prior report that showed that >200 equiv. Ca(II) was

necessary for full tetramerization of mCP. 40 We also note that the sigmoidal titration

curve for mCP indicates cooperativity is at play, the origin and details of which are a

subject for future work. Lastly, the Ca(II) responses of hCP and mCP clearly differ,

which raises questions as to the implications of this difference for the working model of
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CP action. Murine CP subunits are reported to exist at concentrations on the order of

hundreds of micromolar at infection sites, whereas extracellular Ca(II) is -2 mM. 38 0

SZP1 hCP-Ser mCP

CO 1.0-
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w 0.8 -

T 0.6 .
0Y)
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Figure 3.7. Titration of Ca(II) into a mixture of ZP1 (1 pM), hCP-Ser or mCP (4 pM), and
Mn(ll) (5 pM) monitored by fluorescence spectroscopy. The integrated emission was
normalized to the integrated emission from the apo sensor (average SEM, n = 3). The
buffer was 75 mM HEPES, 100 mM NaCl, 200 pM TCEP, pH 7.0 and T= 250C.

3.4.4. Mn(II) Competition Studies Further Define the His6 Site

We next evaluated how many equivalents of Mn(ll) mCP binds with high affinity.

We performed Mn(II) competition titrations between ZP1 (1 pM) and mCP (wild-type or

mutant, 4 pM) in the presence of 300 equiv. Ca(II) (1.2 mM). Titration of Mn(II) into the

ZP1/mCP/Ca(ll) mixture resulted in no change of ZP1 fluorescence until a -1:1

Mn(ll):protein ratio was achieved, further demonstrating that mCP binds 1 equiv. Mn(II)

with greater affinity than ZP1 (Figure 3.8A). The AHiS3Asp variant also outcompeted

ZP1 for -1 equiv. Mn(II), whereas the AHiS4 variant was unable to compete with ZP1 for

this metal ion. Moreover, the mS1OOA9 C-terminal tail variants H105A and H107A

afforded titration curves indicative of Mn(II) competition and reduced Mn(II) affinity
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compared to mCP and AHis3Asp (Figure 3.8B). The H103A variant, in contrast,

outcompeted ZP1. Taken together, these results are in agreement with the observations

from the SEC experiments and show that mCP coordinates one equivalent of Mn(II)

with high affinity at the His6 site that is completed by residues H105 and H107 of the

mS1O0A9 C-terminal tail.
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Figure 3.8. Titration of Mn(II) into a mixture of ZP1 (1 pM), mCP or variant (4 pM), and
Ca(II) (1.2 mM) monitored by fluorescence spectroscopy. Data for mCP, AHis3Asp
and AHiS4 (A) and mS100A9 C-terminal tail variants (B). The integrated emission was
normalized to the integrated emission from the apo sensor (average SEM, n > 3). The
buffer was 75 mM HEPES, 100 mM NaCl, 200 pM TCEP, pH 7.0 and T= 25 OC. In the
legend, "ZP1" refers to a sample containing ZP1 and no protein.

3.4.5 EPR Spectroscopy of Mn(II)-mCP

To further characterize the Mn(Il)-His6 site of mCP and describe its electronic

structure, we applied multi-frequency EPR spectroscopic methods. First, we examined

the X-band EPR spectra of Mn(li)-bound to mCP and several variants that included

AHis3Asp, H103A, H105A, and H107A analyzed in the biochemical experiments

described above. We also studied mCP-Ser, an all Cys->Ser variant that we previously
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reported (Figure 3.9).40 Guided by our prior EPR spectroscopic evaluation of the human

orthologue31- 33 and the Mn(II)-binding studies of mCP presented in this work, we

prepared EPR samples containing 200 iM protein, 0.9 equiv. of Mn(II), and 300 equiv.

Ca(II). Under these high Ca(ll) conditions, we expect that all of the Mn(ll) will be bound

to the His6 site with negligible free Mn(II) in solution.

280 300 320 340 360 380
BO (mT)

Figure 3.9. X-band EPR spectrum of Mn(ll)-bound mCP and mCP-Ser in the
presence of excess Ca(II) (180 pM Mn(II), 200 pM protein). The simulation of the
mCP-Ser spectrum is shown in red. The buffer was 75 mM HEPES, 100 mM NaCl,
pH 7.5.

The CW X-band EPR spectrum of Mn(II) bound to the His6 site of mCP is typical

for the high-spin d5 Mn(Il) ion (Figure 3.10).The isotropic g-value of 2.0008 is typical for

the spherical symmetry of the electron distribution. The magnitude of the g-value is

remarkably similar to the value of 2.001 that was determined for hCP-Ser.33 The sextet

features centered around g = 2.0008 arises from hyperfine interaction to the 55Mn

nucleus (/ = 5/2, 100% abundance). This observed sextet arises from ms transitions in
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the "inner" ms = 1/2 Kramer's doublet. Hyperfine splitting in the "outer" Kramer's

doublet (ms = 1/2 <-+ 3/2 " 5/2) is rarely resolved in frozen spectra due to

orientation-dependent broadening. 1 , 52 The magnitude of this hyperfine interaction, 248

MHz, is nearly identical to the 247 MHz measured for hCP-Ser.33, 53 In between each

sextet pair are two additional transitions. These transitions arise from formally forbidden

Ams 1 and Am, 1 transitions. Upon going to higher frequencies, the intensity of these

transitions diminish, which further confirms their identities as forbidden transitions

(Figures 3.11, 3.12). The intensity and positions of these transitions are indicative of the

magnitude of the zero-field splitting (ZFS) parameters D and EID. Simulations of the X-

band EPR spectrum of the Mn(Il)-bound mCP sample utilizing EasySpin afford values of

525 MHz and 0.30 for D and EID, respectively (Figure 3.10, red trace). The low ZFS is

indicative of a highly symmetric, octahedral coordination sphere. The values are

remarkably similar to the simulated D and EID values of 485 MHz and 0.30 determined

for hCP-Ser.33

280 300 320 340 360 380

BO (mT)

Figure 3.10. X-band EPR spectra (black) and simulations (red) for Mn(II) and Ca(Il)-
bound mCP and the AHis3Asp variant (180 ptM Mn(II), 200 pM protein, 60 mM Ca(ll)).
The buffer was 75 mM HEPES, 100 mM NaCl, pH 7.5.
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Figure 3.11. Echo detected Q-band field sweep of Mn(Il)-bound mCP (180 pIM Mn(Il),
200 pM protein, 60 mM Ca(Il)) in the presence of excess Ca(II). The lower trace is the
derivative of the upper, echo detected data. The buffer was 75 mM HEPES, 100 mM
NaCl, pH 7.5.
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Figure 3.12. 388 GHz field sweep of Mn(Il)-bound mCP in the presence of excess
Ca(II) (black trace, 500 pM mCP, 450 pLM Mn(II), 50 mM Ca(Il)) and corresponding
simulation (red trace). The buffer was 75 mM HEPES, 100 mM NaCl, pH 7.5.
Temperature was 30 K, modulation amplitude of 0.5 mT at 50 kHz, and a sweep rate of
0.5 mT/s.
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We employed the same protein/Mn(II)/Ca(Il) ratio to prepare samples of the mCP

variants and found that Mn(Il)- and Ca(ll)-bound AHis3Asp exhibits the same EPR

spectrum as mCP (Figure 3.10) and can be simulated using identical parameters

(Figure 3.10, red trace), supporting the conclusion that Mn(II) is only bound at the His6

site when the sample contains <1 equivalent of Mn(II). Moreover, the EPR spectrum of

Mn(ll)- and Ca(ll)-bound mCP-Ser could also be simulated with the same parameters

(Figure 3.9), indicating that the Cys4Ser mutations have negligible effect on Mn(ll)

binding by the His6 site. We prepared EPR samples of the AHis 4 variant, but

precipitation was observed during the sample preparation process so we did not

analyze the samples. The mCP variants with mutations in the mS100A9 C-terminal tail

afforded EPR spectra consistent with H105 and H107 completing the Mn(il)-His

coordination sphere (Figure 3.13). Variant H103A showed no change in the EPR

spectrum and can be simulated using parameters identical to mCP (Figure 3.13, red

trace). In contrast, the H105A and H107A variants show markedly perturbed EPR

spectra (Figure 3.13). The large increase in the intensity of the forbidden transitions

relative to the allowed transitions indicates that the symmetry of the Mn(II) site is

lowered.

166



03

280 300 320 340 360 380
BO (mT)

Figure 3.13. X-band EPR spectra (black) of Mn(Il)- and Ca(ll)-bound mCP variants
H103A, H105A, and H107A (180 pM Mn(II), 200 pM protein, 60 mM Ca(lI)). The red
trace for H103A is a simulation using the parameters determined for Mn(Il)- and Ca(ll)-
bound mCP. The peak marked by * is a background quartz radical. The buffer was 75
mM HEPES, 100 mM NaCl, pH 7.5.

To more quantitatively measure the interaction of the Mn(ll) ion with the histidine

residues of the His6 site of mCP, we prepared globally 15N-labeled protein (15N-mCP) for

electron nuclear double resonance (ENDOR) spectroscopy.54-56 This sample contained

1 5N-mCP (200 pM), 0.9 equiv Mn(ll), and 300 equiv. Ca(II). The Mims ENDOR spectrum

of Mn(ll)- and Ca(ll)-bound 15N-mCP displays two sets of resonances centered at the

15N Larmor frequency (Figure 3.14). The broader doublet (labeled A in Figure 3.14) is

assigned to the proximal nitrogen atoms of the histidine imidazoles (NE2, based on

structures of Mn(Il)-bound hCP-Ser). 33, 34 The splitting of the peaks is caused by a tau-

dependent blind spot confirmed by collecting the spectrum with different tau values

(Figure 3.15). This doublet can be simulated with a hyperfine tensor of [3.3 3.6 6.0]
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MHz and aiso of 4.3 MHz. The isotropic hyperfine coupling (also) is nearly identical to the

4.36 MHz measured for the NE2 nitrogen of hCP-Ser. 3 The second, narrower doublet

corresponding to B in Figure 3.14 is assigned to the distal nitrogen of the histidine

imidazole (N61). This doublet can be simulated with an isotropic hyperfine coupling

constant of 0.25 MHz. Consistent with the CW results comparing mCP with hCP-Ser,

this value is nearly identical to the 0.24 MHz measured for hCP-Ser. 33

A comparison of these EPR spectroscopic data for Mn(II)- and Ca(Il)-bound mCP

with those previously analyzed for the human orthologue reveals that the electronic

structure of the Mn(II) ion coordinated to the His6 site is remarkably similar in both

proteins. In particular, the 55Mn hyperfine, ZFS, and g-values parameters for Mn(ll)- and

Ca(ll)-bound mCP are nearly identical to the parameters published for hCP-Ser utilizing

samples prepared such that only the His6 site is occupied with Mn(ll). 33
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Figure 3.14. 15N-Mims ENDOR of Mn(ll)- and Ca(ll)-bound to globally labeled 15N-mCP
(180 pM Mn(II), 200 pM protein, 60 mM Ca(ll)). The red trace is a simulation. The
T value is 700 ns. Additional T values can be found in Figure 3.15. A and B indicate the
two sets of resonances centered at the 15N Larmor frequency. The inverted triangle
indicates the 15N Larmor frequency. The buffer was 75 mM HEPES, 100 mM NaCl, pH
7.5.
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Figure 3.15. 15N-Mims ENDOR of globally 15N-labeled Mn(Il)- and Ca(Il)-bound mCP
(180 pM Mn(II), 200 pM protein, 60 mM Ca(ll)). The red traces are simulations The
numbers correspond to the r value in ns. The inverted triangle indicates the 15N Larmor
frequency. The buffer was 75 mM HEPES, 100 mM NaCl, pH 7.5.

3.4.6 mCP Can Outcompete MntC and PsaA for Mn(II)

The bacterial pathogens S. aureus and S. pneumoniae employ the ABC-

transport systems MntABC and PsaABC, respectively, to import Mn(II).57, 58 In our

previous work on hCP, we demonstrated that in the presence of high Ca(II)

concentrations, hCP-Ser can outcompete the two bacterial solute-binding proteins

(SBPs), MntC and PsaA, which are thought to be responsible for sequestering

extracelluar Mn(II).3 5 This work is presented in Chapter 4 of this thesis. To evaluate

whether mCP exhibits similar behavior, we prepared samples containing a 1:1:1 ratio of
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mCP, SBP, and Mn(II) (500 pM each) in the absence and presence of 120 equiv. Ca(ll)

and evaluated the Mn(II) speciation in the samples by X-band EPR spectroscopy. As

described in Chapter 4, the EPR spectroscopic signatures of Mn(ll)-bound hCP-Ser and

the Mn(Il)-bound SBPs are distinct.3 5 In contrast to the six-line feature centered at ca. g

= 2 for Mn(ll)-bound hCP-Ser, the Mn(ll)-bound SBPs present a broad, relatively

featureless spectrum at ca. g = 2 and sharp spectral features in the g - 4.5 region. 5

Similar to our observations for hCP-Ser described in Chapter 4, this assay

demonstrates that mCP outcompetes MntC and PsaA for Mn(Il) under conditions of

excess Ca(II) but not in the absence of this cation (Figure 3.16). Based on the reported

Kd,Mn(II) values of MntC and PsaA (Kd,Mn(II) - 4 nM59 and 510 nM 60, respectively) these

observations indicate that Ca(Il)-bound mCP binds Mn(II) with a sub-nanomolar Kd

value. We also note that these results support prior biological work; in a murine model

of S. aureus infection, deletion of the pathogen's Mn(II) import machinery, including

mntC, was detrimental to infection in wild-type mice expressing mCP. 18'19

A, , , , , B, , , , , ,
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Figure 3.16. X-band EPR spectra of 500 pM mCP, 500 pM Mn(ll), and 500 pM either
MntC (A) or PsaA (B) without or with 60 mM Ca(II) following incubation for -14 hours at
room temperature. The buffer was 75 mM HEPES, 100 mM NaCI, pH 7.5.
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3.4.7 Comparisons of hCP and mCP

These studies examine the molecular basis of Mn(II) sequestration by mCP. This

work is important because CP is the only known Mn(Il)-sequestering host-defense

protein. Moreover, the vast majority of biochemical and biophysical characterization

reported to date has focused on the human orthologue, whereas the understanding of

the biological function of CP is derived from murine infection models. 4 This current

biochemical and EPR spectroscopic investigation demonstrates that the Mn(Il)-binding

properties of mCP are remarkably similar to those of hCP. In particular, both proteins

bind one equivalent of Mn(II) with high affinity at a His6 site that is formed by four His

residues that reside at the mS10OA8/mS100A9 dimer interface and two His residues in

an HXH motif of the mS1OOA9 C-terminal tail. The EPR spectroscopic analyses reveal

that Mn(II) binding to mCP occurs in a highly symmetric coordination sphere

characterized by very similar EPR spectroscopy parameters to those determined

previously for hCP. Moreover, both proteins show enhanced Mn(II) affinities in the

presence of excess Ca(II) ions, Mn(Il)-induced tetramerization, and the ability to

outcompete two bacterial SBPs for this metal ion.

Despite these similarities, there are also notable differences in the Mn(Il)-binding

properties of hCP and mCP. In particular, how Ca(Il) modulates the biophysical

properties of the two proteins differs; mCP requires -10-fold more Ca(II) than hCP to

exhibit complete conversion to the heterotetramer and fully enhanced Mn(II) affinity.

Ca(Il) ions are an important part of the working model for the extracellular function of

CP in metal-withholding because Ca(II) binding induces tetramerization, enhance metal

affinities, and protect CP from proteolytic degradation. 4 Further biophysical and
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biological work is needed to illuminate both the origin and impact of the differing Ca(II)

sensitivities in the tetramerization of hCP and mCP. The higher Ca(II) requirement of

mCP suggests that it may exhibit different speciation in the extracellular space where

the Ca(II) concentration is -2 mM, 3 8 possibly with a higher proportion of heterodimers

compared to hCP. Along similar lines, we also observed reduced tetramerization of

mCP in the presence of excess Mn(II) compared to prior studies of hCP, further

underscoring the fact that there are differences in oligomerization behavior between

these orthologues. Taken together, these observations suggest that local and/or global

differences in protein structures and/or dynamics exist. How these properties account

for the differing attributes observed in this study and are affected by the coordination of

divalent cations warrants future study.

In closing, the investigations presented herein provide a foundation for

understanding the molecular basis for Mn(II) sequestration by mCP in murine models of

infection as well as further examining the coordination chemistry and function of the His6

site of this protein. The work experimentally demonstrates a conserved hexahistidine

metal-binding motif that both mice and humans utilize in the metal-withholding innate

immune response. Whether this feature is present in a wider range of CP orthologues

remains to be investigated. Ultimately, this work emphasizes the importance of

investigating and appreciating both the similarities and differences in human and murine

host-defense strategies.
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Chapter 4: Biochemical and Spectroscopic Observation of Mn(II)
Sequestration from Bacterial Mn(II) Transport Machinery by
Calprotectin

This Chapter was adapted from J. Am. Chem. Soc. 2018, 140 (1), 110-113.
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4.1 Contributions

Dr. Derek Gagnon collected and analyzed the EPR data presented in this Chapter.

Dr. Megan Brophy did the cloning and initial purification of MntC and PsaA, and performed

initial Mn(II) competition spectroscopic studies. Ms. Vicky (Yu) Gu optimized the

purification and demetallation procedures for PsaA. Dr. Toshiki Nakashige performed the

Biotin-CP control experiments, including the antimicrobial activity assays, analytical SEC

studies, and metal-binding experiments.

4.2 Introduction

Transition metal ions are essential nutrients for all organisms. In the context of the

host/pathogen interaction, microbes must acquire nutrient metals from the host

environment. In response to invading pathogens, the mammalian innate immune system

launches a metal-withholding response, often termed "nutritional immunity," to restrict the

availability of essential metal nutrients.', 2Human calprotectin (CP) is a metal-chelating

protein that contributes to this innate immune response. CP harbors two transition-metal-

ion binding sites: a His3Asp motif and a His6 site.3 While the His3Asp site coordinates

Zn(lI) with high affinity, CP can employ the unusual hexahistidine site to sequester a

number of divalent first-row transition metals, including Mn(II).4- 0 In the presence of

excess Ca(II), the protein binds Ca(II) and forms a heterotetrameric species.4 Ca(II)

binding causes enhanced transition metal affinities, including for Mn(II). 3 The molecular

characterization of Mn(II) sequestration by CP revealed that Mn(II) is encapsulated at the

His6 site in a nearly-octahedral coordination environment.5' 9
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The ability of CP to affect Mn(ll) availability was first recognized during studies of

murine tissue abscesses infected with the Gram-positive opportunistic human pathogen

Staphylococcus aureus" and later examined for the Gram-negative gastrointestinal

pathogen Salmonella enterica serovar Typhimurium. 12 CP was suggested to compete

with S. aureus for Mn(II) and the competition was dependent upon the presence of the

bacterial Mn transport systems.13 S. aureus employs the ATP-binding cassette transport

system MntABC when battling with CP for Mn(II).11, 13 MntC is the SBP that scavenges

Mn(ll) from the extracellular space. Following Mn(ll) capture, MntC delivers the Mn(ll) ion

to MntAB, which transports the divalent cation across the cell membrane to the cytoplasm.

Structural and solution studies of MntC revealed that Mn(II) is coordinated in a His2AspGlu

motif with an affinity in the low nanomolar range.14

Although less is known about the competition between CP and S. pneumoniae for

nutrient metals, a recent study showed that CP inhibits the growth of S. pneumoniae. 15

S. pneumoniae expresses the ATP-binding cassette transporter PsaABC for Mn(ll)

acquisition, which is important for virulence.16-19 Like MntC in S. aureus, PsaA is the SBP

that scavenges Mn(ll) from the extracellular space and brings the ion to PsaBC for

cytoplasmic delivery. Mn(ll) is coordinated by PsaA in a His2AspGlu motif.20

Most reported studies that consider the interplay between CP and bacterial metal

transport systems are at the cellular or organismal level and typically begin with a

comparison of the growth inhibitory activity of CP against wild-type bacteria and knock-

out strains that lack a component of the metal transport machinery under investigation."-

13, 15, 19 Biochemical and biophysical methods provide complementary approaches for

investigating metal competition at the host/pathogen interface that can afford direct
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assessment of the metal-ion speciation during competition between microbial and host

proteins for metal ions. To provide molecular understanding of the tug-of-war between

CP and microbes for Mn(II), herein we employ biochemical and electron paramagnetic

resonance (EPR) spectroscopic methods to evaluate metal competition between human

CP and the SBPs MntC and PsaA.14 , 20 The results demonstrate that CP outcompetes

both SBPs for Mn(II) under conditions of high Ca(II), as found in the extracellular

environment.

4.3 Experimental

4.3.1 General Materials and Methods

Buffers used for titrations, EPR sample preparation, and pull-down assays were

prepared in nitric acid-washed volumetric glassware using ULTROL grade HEPES

(Calbiochem), TraceSelect NaCl (Sigma), and Milli-Q water (18.2 M-cm, 0.22-pim filter).

TraceSelect NaOH (Sigma) was used to adjust the buffer pH. Stock solutions of Ca(ll) (1

M, 100 mL) and Mn(II) (1 M, 100 mL) were prepared from 99.999% CaC12 (Sigma) and

99.999% MnC 2 (Alfa Aesar), respectively, and Milli-Q water using acid-washed

volumetric glassware and the solutions were stored in polypropylene tubes. Working

solutions of metal solutions were prepared by serial dilution of the stock solutions in Milli-

Q water immediately prior to each experiment. Zinpyr-1 (ZP1) was synthesized as

described elsewhere (kindly provided by Dr. Jacob Goldberg and Prof. Stephen J.

Lippard).2 1 Stock solutions of ZP1 (=3 mM) were prepared in DMSO and stored in aliquots

(=15 ptL) at -20 0C. The concentration of each stock solution was determined using the

reported extinction coefficient of apo ZP1 (A515 = 79,500 M 1cm- 1).2 1 Aliquots of ZP1 were
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thawed only once, immediately prior to use, and the solutions were handled in the dark.

Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville,

IA) and used as received (standard desalting protocol). Staphylococcus aureus USA300

JE2 was obtained from the Network on Antimicrobial Resistance in Staphylococcus

aureus (NARSA, BEI Resources). The CP protein used in this work is human CP-Ser,

which is the heterooligomer of S10OA8(C42S) and S10OA9(C3S). 4 CP-Ser is referred to

as "CP" in the text. It was overexpressed and purified as described previously.4 Protein

concentration was determined using the calculated extinction coefficient for the

S100A8(C42S)/S100A9(C3S) heterodimer (A2 80 = 18,450 M- 1cm-1, calculated using the

ProParam tool available at http://web.expasy.org/protparam/). All B-CP and CP protein

concentrations are for the heterodimer.

4.3.2 Preparation of Biotin-CP (B-CP)

B-CP was prepared by conjugating biotin polyethyleneoxide iodoacetamide

(BPEOIA, Sigma) to the Cys3 thiol moiety of the S100A9 subunit of CP(C42S) (the

heterooligomer of S100A8(C42S) and native S100A9) using the procedure previously

described for a biotinylated CP AHis3Asp variant.10 The Ca(li)-dependent oligomerization

properties of the protein were evaluated by analytical size-exclusion chromatography

(SEC) using a reported procedure.4 10

4.3.3 Cloning, Overexpression and Purification of MntC

The Wizard Genomic DNA Purification Kit (Promega, manufacturer protocol) was

used to isolate genomic DNA from S. aureus USA300 JE2. A portion of the mntC gene
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that lacks the sequence for the N-terminal lipid anchor (mntC19-309 ) was PCR amplified

from S. aureus USA300 JE2 genomic DNA using the forward primer 5'-

ggaatccatatgggtactggtggtaaacaaag-3' (Ndel restriction site underlined) and reverse

primer 5'-gatcctcattatttcatgcttccgtgtac-3' (Xhol restriction site underlined, stop codon

bold). Polymerase chain reactions were performed using Pfu Turbo DNA polymerase

(Stratagene). The amplified mntC gene sequence was digested with Ndel and Xhol (New

England Biolabs), purified by 1% agarose gel electrophoresis, and subsequently isolated

with the GE Illustra PCR and Gel Band Purification Kit. The resulting gene was ligated

into the Ndel and Xhol sites of pET41a using T4 DNA ligase (New England Biolabs).

Following the ligation reaction, the vector was transformed into chemically competent

Escherichia coli TOP10 cells and isolated using a miniprep kit (Qiagen). The identity of

the resulting pET41 a-mntC construct was verified by DNA sequencing (MIT Biopolymers).

The plasmid pET41a-mntC was transformed into chemically competent E. coli

BL21 (DE3). Freezer stocks were prepared by combining a 1:1 ratio of an overnight culture

(LB, 50 pg/mL kanamycin, 37 0C, 9 h, 150 rpm) and sterile 50% glycerol, and flash

freezing the mixture in liquid nitrogen. Cell stocks were stored at -80 C. For protein

overexpression, 40 mL of LB containing 50 pg/mL kanamycin was inoculated from a

freezer stock and grown overnight with shaking (37 OC, 150 rpm, 12-16 h). This overnight

culture was diluted 1:100 into 1 L of LB medium containing 50 pg/mL kanamycin, and the

resulting culture was incubated with shaking (37 OC, 150 rpm). At OD600 =0.6, protein

expression was induced by addition of 500 pM IPTG (1 mL of a 0.5 M stock solution in

water). The culture was grown for another ~3.5 h at which time the cells were pelleted by
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centrifugation (3,000 rpm, 20 min, 4 OC), frozen in liquid nitrogen, and stored at -80 0C.

Cell pellets weighed =2.5 g / L of culture.

A cell pellet obtained from 1 L of culture was thawed on ice. Lysis buffer A (50 mM

MES, pH 6.5, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) was stored at 4 OC and

supplemented with 1 mM PMSF (Amresco, prepared immediately before use by

dissolving 21 mg in =1 mL EtOH) immediately prior to use. The pellet was suspended in

60 mL of cold lysis buffer A, and transferred to an ice-cold stainless steel beaker, and

lysed on ice by sonication by using a Branson sonicator (30 sec pulse on, 10 sec pulse

off, 2.5 min, 40% amplitude). The lysate was then centrifuged (10 min, 14,000 rpm, 4 0C)

and the supernatant was transferred to a glass beaker on ice. The resulting cell pellet

was resuspended in 60 mL of lysis buffer A and the sonication and centrifugation process

was repeated with this material. The combined supernatants were moved to a 4 OC room

and treated with 60% ammonium sulfate (Sigma) for ~1 h with stirring. This procedure

resulted in the precipitation of contaminating proteins. The mixture was centrifuged (20

min, 14,000 rpm, 4 oC) and vacuum filtered. The filtrate (~130 mL) was transferred to

dialysis tubing (Spectra/Por 3,500 kDa MWCO) and dialyzed against 4 L of 20 mM

HEPES, pH 7.0 at 4 0C (2 x ~12-24 h).

The dialyzed protein solution was centrifuged (10 min, 14,000 rpm, 4 OC) and

filtered (0.2 ptm filter). A GE AKTA Purifier housed in a 4 0C room was employed for ion

exchange and size exclusion chromatographic purification. MntC was first purified by

cation exchange chromatography using a MonoS 10/100 cation exchange column with

elution buffers composed of 20 mM HEPES, pH 7.0, without (buffer A) or with (buffer B)

1 M NaCl. MntC was eluted with a gradient of 0-30% buffer B over 15 column volumes
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at a 2 mL/min flow rate. MntC-containing fractions (identified by SDS-PAGE) were

combined, concentrated to =10 mL by centrifugation (3,700 rpm, 4 OC) using a 15-mL spin

filter (Pall, 10 kDa MWCO) and loaded onto a HiLoad 26/600 Superdex-75 gel filtration

column pre-equilibrated with 20 mM HEPES, pH 7.0, 200 mM NaCl. MntC was eluted

from the column using a flow rate of 1 mL/min. Fractions containing MntC were combined,

transferred to dialysis tubing (Spectra/Por, 3,500 kDa MWCO), and dialyzed against 4 L

of de-metalating buffer (100 mM acetic acid, 20 mM EDTA, pH 3.7) at room temperature

(2 x ~12 h). MntC was then dialyzed once (=12 h, 4 oC) against 4 L of storage buffer (20

mM HEPES, 200 mM NaCl, pH 7.0) and subsequently filtered (0.2-pIm syringe filter; this

step is optional), concentrated by centrifugation (3,700 rpm, 4 OC) using a 15-mL spin

filter (Pall, 10 kDa MWCO), aliquoted, flash frozen in liquid nitrogen, and stored at -80 0C.

Typical yields of MntC were ~30 mg / L culture.

4.3.4 Cloning, Overexpression and Purification of PsaA

A fragment of Streptococcus pneumoniae D39 genomic DNA containing the psaA

gene was provided by Professor David P. Giedroc (Indiana University). The NCBI

reference sequence NC_011072.1 was used to design primers for amplification of a

portion of the psaA gene that lacks the sequence for the N-terminal lipid anchor (PsaA21 -

309). The forward primer 5'-ggaatccatatggctagcggaaaaaaagatac-3' (Ndel restriction site

underlined) and the reverse primer (5'-gatcctcacttattttgccaatccttcag-3' (Xhol restriction

site underlined, stop codon in bold) were used to PCR amplify psaA as described above

for mntC. The gene was ligated into the Ndel and Xhol sites of pET41a using T4 DNA

ligase. Following the ligation reaction, the vector was transformed into chemically-
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competent Escherichia coli TOP10 cells and isolated using a miniprep kit (Qiagen). The

identity of the resulting pET41a-psaA construct was verified by DNA sequencing (MIT

Biopolymers). The plasmid pET41a-psaA was transformed into chemically competent E.

coli BL21(DE3). Freezer stocks were prepared by combining a 1:1 ratio of an overnight

culture (LB, 50 pg/mL kanamycin, 37 C, 9 h, 150 rpm) and sterile 50% glycerol, and flash

freezing the mixture in liquid nitrogen. Cell stocks were stored at -80 'C. For protein

overexpression, 50 mL of LB containing 50 ptg/mL kanamycin was inoculated from a

freezer stock and grown overnight with shaking (37 C, 150 rpm, 12-16 h). This overnight

culture was diluted 1:100 into 2 L of LB medium containing 50 pg/mL kanamycin, and the

resulting culture was incubated with shaking (37 C, 150 rpm). Once the cultures reached

OD600 -0.6, overexpression of PsaA was induced with 100 pM IPTG. The cultures were

incubated at 37 OC and 150 rpm for an additional ~3.5 h, and the cells were pelleted by

centrifugation (3,000 rpm, 20 min, 4 OC). Cell pellets were frozen in liquid nitrogen and

stored at -80 0C. Cell pellets weighed ~4.6 g / 2 L culture.

A cell pellet from 2 L of culture was thawed on ice. PMSF (1 mM, prepared

immediately before use by dissolving 17.4 mg in =1 mL EtOH) was added to ~100 mL of

lysis buffer B (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100)

immediately before use. The pellet was suspended in 50 mL lysis buffer B and lysed by

sonication with a Branson sonicator (30 sec pulse on, 10 sec pulse off, 2.5 min, 40%

amplitude). The lysate was then centrifuged (10 min, 14,000 rpm, 4 OC) and the PsaA-

containing supernatant was transferred to a glass beaker on ice. The lysis process was

repeated on the remaining pellet with a second 50-mL aliquot of lysis buffer B. The
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supernatant fractions were combined and dialyzed (Spectra/Por 3,500 kDa MWCO) in 4

L of 20 mM HEPES, pH 8.0 at 4 0C (3 x =12-24 h).

The dialyzed protein solution was centrifuged (10 min, 14,000 rpm, 4 OC) and

filtered (0.2 ptm). A GE AKTA Purifier housed in a 4 OC room was employed for ion

exchange and size exclusion chromatographic purification. PsaA was first purified by

anion exchange chromatography. A MonoQ 10/100 anion-exchange column was used

with elution buffers composed of 20 mM HEPES, pH 8.0 without (buffer A) or with (buffer

B) 1 M NaCl. PsaA was eluted with 0-30% buffer B over 15 column volumes with a flow

rate of 2 mL/min. When purified from a 2-L culture, PsaA eluted as a broad peak that

contained apo and Zn(ll)-bound PsaA. During optimization of this protocol when PsaA

was purified on a smaller scale (200-mL culture), two base-line separated peaks eluted

that corresponded to apo and Zn(Il)-bound PsaA (as determined by ICP-MS analysis),

respectively. All of the PsaA-containing fractions were combined, concentrated to =10

mL, and loaded onto a Hiload 26/600 Superdex-75 gel filtration column pre-equilibrated

with 75 mM HEPES, 100 mM NaCl, pH 7.5. The fractions containing PsaA were

transferred to a dialysis bag (Spectra/Pro 3,500 kDa MWCO) and dialyzed in 4 L of de-

metalating buffer (100 mM acetic acid, 20 mM EDTA, pH 3.7) at room temperature (2 x

~12-24 h). The PsaA solution was then dialyzed (Spectra/Por 3,500 kDa MWCO) once

against the storage buffer (20 mM HEPES, 100 mM NaCl, pH 7.5) in a 4 0C cold room

(~12 h) before it was filtered (0.2 .tm filter), concentrated by centrifugation (Pall, 15-mL

spin filter, 10 kDa MWCO) aliquoted, frozen in liquid nitrogen, and stored at -80 C. The

yield of protein was typically =100 mg / 2 L of culture.
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4.3.5 Buffer Exchange of MntC and PsaA

For all experiments presented in this work, the purified SBPs were buffer-

exchanged six times using 0.5-mL Amicon spin filters. During initial experiments, we

found evidence for EDTA contamination in the protein samples when less thorough buffer

exchange was performed. For instance, in one case, Mn(II) competition titrations with ZP1

showed that the protein sample outcompeted ZP1 for >4 equiv. of Mn(II) when only three

rounds of buffer exchange were performed, whereas the SBP outcompeted ZP1 for 1

equiv. of Mn(II) with six rounds of buffer exchange.

4.3.6 Circular Dichroism Spectroscopy.

A Jasco J-1500 circular dichroism spectrometer housed in the Biophysical

Instrumentation Facility at MIT was used for all measurements. Proteins were thawed on

ice and buffer-exchanged into 1 mM Tris-HCI, pH 7.5 using 10 kDa MWCO Amicon spin

concentrators. CD samples (300 pl) were prepared using 10-41 PM protein with and

without 1.0 equiv of Mn(ll). Samples were transferred to a nitric acid-washed Hellma

quartz cuvette (1-mm path length) for data collection. CD spectra were recorded from 195

to 260 nm using continuous scan mode (50 nm/min) and a 1-nm bandwidth. All data

represent averages of three replicate baseline-subtracted scans, where the baseline scan

was obtained from the buffer.

4.3.7 Liquid-Chromatography Mass-Spectrometry (LC-MS)

An Agilent 1290 series LC system with an Agilent Jetstream ESI source and

Agilent 6230 TOF system was utilized for protein mass spectrometry. An Agilent Poroshell
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300SB-C18 column (5-tm particle size) was used for gradient elution (60-85% B over 13

min at 0.2 mL/min) with 0.1% formic acid in water (solvent A) and 0.1% formic acid in

acetonitrile (solvent B). Protein samples were thawed and diluted in Milli-Q water to a final

concentration of =30-40 ptM, and 10 pL was injected. The Agilent MassHunter Workstation

Data Acquisition Software was used with the Agilent MassHunter Qualitative Analysis

program for analysis.

4.3.8 Metal Analysis by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS)

An Agilent 7900 instrument outfitted with an auto-sampler housed in the Center for

Environmental Health Sciences (CEHS) Bioanalytical Core Facility at MIT was employed

for all ICP-MS. Metal ion concentrations were analyzed in He mode. The spectrometer

was calibrated immediately prior to each sample analysis using an Environmental

Calibration Standard mix (Agilent) serially diluted in =3% nitric acid. All standards and

samples were spiked with internal standard (2 ppb Tb, Agilent) to monitor for sample

effects. For analysis of the metal content in PsaA and MntC, samples were prepared by

diluting a protein stock solution 35-fold in =3% nitric acid to afford a final concentration

of 7-20 pM. For analysis of the metal content in samples obtained from the B-CP pull-

down assay (vide infra), 200 pL of B-CP assay flow-through was diluted with 1.2 mL of

=3% nitric acid, and 28 pL of Tb internal standard (2 ppb) was added. In all cases, ICP-

MS samples were centrifuged (10 min, 13,000 rpm, 4 0C) as a precaution to remove any

particulates or precipitated material prior to analysis.
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4.3.9 Mn(II) Competition Titrations with ZP1

Mn(II) competition titrations between the fluorescent metal sensor ZP1 and either

MntC or PsaA were performed as described previously for CP variants.6 In brief, aliquots

of MntC and PsaA were thawed and subsequently buffer-exchanged into titration buffer

(75 mM HEPES, 100 mM NaCl, pH 7.0) using 0.5-mL Amicon spin filters (10 kDa MWCO).

For each titration, a 2-mL solution of titration buffer containing ZP1 (1 paM) and either MntC

(4 jaM) or PsaA (4 pM) was prepared in a 1-cm path length nitric acid-washed quartz

cuvette. The mixture was titrated with Mn(II) (2 or 4 pL of a 500-pM Mn(II) solution in Milli-

Q water). After each Mn(II) addition, the solution was gently mixed and incubated for 4

min at room temperature prior to recording the fluorescence emission. Emission spectra

were collected on a Photon Technologies International QuantaMaster 40 fluorimeter

outfitted with a continuous xenon source for excitation, autocalibrated QuadraScopic

monochromators, a multimode PMT detector, and a circulating water bath maintained at

25 0C. This instrument was controlled by the FelixGX software package. The excitation

wavelength was 490 nm. The emission spectra were collected and integrated over 500-

650 nm.

4.3.10 Mn(I) Competition Assay Monitored by B-CP Pull-Down

To examine Mn(II) competition between CP and either MntC or PsaA, 300-aL

solutions containing 20 pM MntC or PsaA, 20 paM B-CP, and 18 paM Mn(II) were prepared

with or without 400 jaM Ca(ll) in plastic microcentrifuge tubes (75 mM HEPES, pH 7.5,

100 mM NaCI). In each case, Mn(II) was added last and the solutions were gently mixed

by using a pipetman, capped, and incubated at room temperature for 10 h, at which time
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pull-down with streptavidin resin was performed. Immediately prior to use, streptavidin

resin (Thermo Scientific, 200 pL) was transferred to a spin-X centrifuge tube with a 0.22-

pm cellulose acetate filter (Corning) and washed. To wash the resin, 500 pL of buffer (75

mM HEPES, pH 7.5, 100 mM NaCI) was added, the sample was centrifuged (2 min,

13,000 rpm, 4 'C), and the flow-through was discarded. The resin was washed three

times in this manner before application of the protein mixture. The samples (300 PL) were

transferred to the filters containing the washed resin, and the filters were capped and

mixed by inversion on a tube rotator for 45 min at room temperature. The samples were

then centrifuged (3 min, 13,000 rpm, 4 0C) to separate the B-CP-containing resin and

SBP-containing flow-through. Aliquots (200 pL) of the flow-through were prepared for

ICP-MS as described above. The flow-through was also analyzed by SDS-PAGE.

Samples for which the pull-down was not performed were prepared for ICP-MS analysis

in the same manner to measure the total Mn concentration in the starting mixtures.

4.3.11 EPR Sample Preparation of Mn(Il)-MntC, Mn(Il)-PsaA

MntC and PsaA were buffer-exchanged into 75 mM HEPES, 100 mM NaCI, pH

7.5. Protein concentrations were determined by absorbance at 280 nm (E280 = 35,870

M- 1 cm- 1 for MntC and PsaA, calculated using the ProParam tool available at

http://web.expasy.org/protparam/). To prepare 0.75:1 Mn(Il)-MntC and Mn(lI)-PsaA

samples, 750 pM Mn(II) (1.6 ptL from a 100 mM working solution in Milli-Q water) was

added to MntC or PsaA (1 mM protein, 210 pL). The samples were incubated for 15 min

before a 200-pL portion was transferred to an SQ EPR tube (-4x3 mm OD x ID) and

frozen in liquid nitrogen. We also examined the effect of PEG-200 on the Mn(II) EPR
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spectra of Mn(Il)-MntC and Mn(ll)-PsaA. Samples without PEG-200 contained 750 IM

Mn(II) and 1 mM SBP (75 mM HEPES, 100 mM NaCl, pH 7.5). Samples with 20% PEG-

200 contain 750 pM Mn(ll) and 1 mM SBP for the Mn(ll)-PsaA sample or 500 pIM Mn(lI)

and 1.1 mM protein for the Mn(Il)-MntC sample (75 mM HEPES, 100 mM NaCl, pH 7.5,

20% PEG-200 (v/v)). A comparison of the Mn(ll) EPR spectra of samples prepared with

and without PEG-200 showed that the presence of PEG-200 affected the signal for each

protein (Figure 4.1). As a result, all EPR spectroscopy studies were performed without

PEG in the sample. The samples were shipped to the University of California Davis in a

liquid-nitrogen cooled shipping dewar for EPR spectroscopic analysis.

A B
MntC 20% PEG PsaA 20% PEG

- no PEG - no PEG

100 200 300 400 500 600 700 100 200 300 400 500 600 700
B0 (mT) B, (mT)

Figure 4.1. X-band CW EPR spectra of Mn(Il)-MntC (A) and Mn(Il)-PsaA (B) with and
without 20% (v/v) PEG-200 in the sample. Samples without PEG-200 contain 750 pM
Mn(ll) and 1 mM protein (75 mM HEPES, 100 mM NaCl, pH 7.5). Samples with 20%
PEG-200 contain 500 pM Mn(ll) and 1.1 mM protein for Mn(Il)-MntC or 750 pM Mn(ll)
and 1.0 mM protein for Mn(l)-PsaA (75 mM HEPES, 100 mM NaCl, pH 7.5, 20% PEG-
200 (v/v)). The asterisk denotes a quartz background signal. Spectrometer settings: rw
= 9.4 GHz, 0.5 mT modulation amplitude at 100 kHz, power = 200 pW, temperature = 10
K.

199



4.3.12 Mn(II) Transfer Assay Monitored by EPR Spectroscopy

To investigate Mn(II) transfer from Mn(il)-MntC or Mn(Il)-PsaA to CP-Ser, end-

point and time-course experiments were performed. For the end-point experiments,

solutions of CP-Ser (1 mM) were prepared with or without 10 equivalents of Ca(II) (10

mM from a 1-M stock solution) in 75 mM HEPES, 100 mM NaCl, pH 7.5. This Ca(ll):CP-

Ser ratio was selected on the basis of prior EPR spectroscopic investigations of Mn(Il)-

CP. 4 Solutions containing 1 mM SBP and 1 mM Mn(ll) were prepared in 75 mM HEPES,

100 mM NaCl, pH 7.5 and incubated for 15 min at room temperature. Subsequently, a

90 pL portion of the CP-Ser solution was added to 90 ptL of the Mn(Il)-SBP solution, which

afforded 180-ptL mixture containing 500 p.iM CP-Ser, 500 Mn(Il)-SBP with or without 5 mM

Ca(ll). The solutions were gently mixed with a pipetman and incubated for 10 h at room

temperature. Then, 170 ptL of each solution was transferred to a PQ EPR tube (Wilmad-

706-PQ-9.50; 3.8 x 2.8 mm OD x ID) and frozen in liquid nitrogen. This experiment was

performed twice and representative spectra from one trial are presented. No discernible

spectral differences were detected between the two trials.

For the time course experiments, solutions (=1.5 mL) containing 1 mM CP-Ser and

10 mM Ca(ll) were was prepared in 75 mM HEPES, 100 mM NaCl, pH 7.5 as described

above. Solutions (360 pL) containing 1 mM SBP and 1 mM Mn(II) were prepared in 75

mM HEPES, 100 mM NaCl, pH 7.5 and incubated for 15 min at room temperature. A 360-

pL portion of the CP-Ser solution was then added to the Mn(il)-SBP solution to afford a

720-ptL mixture containing 500 pM CP-Ser, 500 pt!M Mn(Il)-SBP, and 5 mM Ca(II). The

solution was mixed for =10 sec with a pipetman and a 170-pL aliquot was transferred to

a PQ EPR tube. At t = 30 sec after addition of the CP-Ser solution, this sample was frozen
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in liquid nitrogen. The remaining assay solution was incubated at room temperature, and

additional 170-ptL aliquots were taken, transferred to PQ EPR tubes, and frozen in liquid

nitrogen at t = 5, 10, and 30 min. In each case, freezing of an EPR sample began at the

indicated time point and took =40 seconds to freeze completely. The samples were

shipped to the University of California Davis in a liquid-nitrogen cooled shipping dewar for

EPR spectroscopic analysis. Following optimization, this time course experiment was

performed in duplicate and spectra from one representative trial are presented. No

discernible spectral differences were detected between the two trials.

4.3.13 EPR Spectroscopy

All low-temperature continuous-wave (CW) electron paramagnetic resonance

(EPR) spectra were collected on a Bruker E500 spectrometer equipped with a super-high

QE (SHQE) resonator and an Oxford Instruments ESR900 cryostat. A data point was

collected every 0.34 mT (1 mT = 10 G) with a conversion time of 80 ms and 0.5 mT of

field modulation at 100 kHz. The microwave power was 200 pW and the frequency was

9.4 GHz. All spectra presented were collected under slow passage conditions at 10 K.

4.3.14 Antimicrobial Activity Assay

The growth inhibitory activity of B-CP against Escherichia coli ATCC 25922 was

evaluated using a reported protocol.4 The antimicrobial activity assay medium was a

32:68 (v/v) mixture of tryptic soy broth (TSB) and antimicrobial assay buffer (20 mM Tris-

HCI, 100 mM NaCl, pH 7.5 supplemented with 3 mM Ca(II) and 5 mM P-mercaptoethanol).
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4.4 Results

4.4.1 Preparation and Characterization of MntC and PsaA

In an effort to achieve a molecular picture of Mn(II) competition between CP and

SBPs, we overexpressed and purified MntC and PsaA. Guided by reported studies of

these proteins, we prepared MntC and PsaA that lack the N-terminal lipid anchors and

obtained soluble proteins during overexpression.14 , 20, 22-24 We overexpressed and purified

each SBP without an affinity tag using ion exchange chromatography followed by size

exclusion chromatography. For MntC, the lysate was treated with ammonium sulfate to

precipitate contaminating proteins prior to column purification. Both MntC and PsaA

purifications afforded the proteins in high yield and purity, and properly folded, as

evidenced by liquid-chromatography mass spectrometry (LCMS), SDS-PAGE, and

circular dichroism (CD) spectroscopy (Table 4.1, Figures 4.2, 4.3). The SBPs were found

to accumulate bound metals during purification, so a demetallation step was employed

post-purification to remove contaminating metal ions (Table 4.2), which afforded MntC

and PsaA with notably low metal content (Table 4.3). Mn(II) competition titrations with the

metal-ion sensor ZP1 indicated that both SBPs outcompete ZP1 (Kd,Mn(II) = 550 nM) 25 for

1 equiv of Mn(II) in the absence and presence of excess Ca(II) (Figure 4.4), which

confirmed that each SBP was obtained predominantly in the apo form and binds 1 equiv

of Mn(II) with high affinity.
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Table 4.1. Summary of Results from Protein Mass Spectrometry.a

Protein Calculated Mass Observed Mass

+ NMet (Da)b (Da)c

MntC1 9-3 09  32967.33 n f.e

32836.13 (-Met1) d 32837.99

PsaA2 1-309 32596.75 n.f.e

32465.55 (-Met1) d 32466.17

B-CP (S100A8(C42S) subunit) 10,818.4 10,818.93

B-CP (biotinylated S100A9 subunit) 13,525.3 (-Met1) d 13,525.64

a A denaturing protocol on an Agilent Poroshell 300SB-C18 column over a 60-85%
gradient of acetonitrile in 0.1 % formic acid was utilized for LC-MS. b Molecular weights
were calculated by using the ProtParam tool found on the ExPASy site
(http://web.expasy.org/protparam).
MassHunter BioConfirm software
cleaved during overexpression in E.
deconvolution of the raw data.

c Masses were calculated with the Agilent
package. d The N-terminal methionine can be
coli. e Not found; the mass was not found following
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32 kDa 4

25 kDa

MntC PsaA

Figure 4.2. SDS-PAGE gel (12% Tris-glycine) of purified MntC and PsaA. Lanes: (1)
ladder P7712S (New England Biolabs), (2) MntC, (3) empty lane, (4) ladder P7712S (New
England Biolabs), (5) PsaA. The SBPs were overexpressed as MntC 19-309 (32.8 kDa) and
PsaA 2 1-3 09 (32.5 kDa) to obtain soluble protein. The N-terminal region of each full-length
protein contains a hydrophobic lipid anchor.
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-apo-MntC - apo-PsaA
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Figure 4.3. Circular dichroism spectra of 10 pM MntC and 41 pM PsaA with no metal
added (black) or 1 equivalent of Mn(ll) added (red) in 1 mM Tris-HCI, pH 7.5.
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Table 4.2. Metal content of SBP samples at stages during representative protein
purifications.

Metal MntC Purification Steps PsaA Purification Steps

Dialysisa Post-lEXb Post-SECc Dialysisa Post-IEXb Post-SECc

(4.9 pM) (5.4 pM) (4.9 pM) (12.4 pM) (6.7 pM) (n.d.d)

[Mn] (pM) 0.029 0.067 0.064 0.059 0.101 n.d.

equivalentse 0.006 0.012 0.013 0.005 0.015 n.d.d.

[Fe] (jaM) 0.324 0.223 0.150 0.574 0.939 n.d.d.

equivalentse 0.066 0.041 0.031 0.046 0.141 n.d.d.

[Co] (pM) 0.001 0.001 0.001 0.001 0.001 n.d.d.

equivalentse 0.000 0.000 0.000 0.000 0.000 n.d.d.

[Ni] (pM) 0.112 0.108 0.101 0.021 0.002 n.d.d.

equivalentse 0.023 0.02 0.021 0.002 0.003 n.d.d.

[Cu] (pM) 0.008 0.006 0.007 0.008 0.008 n.d.d.

equivalentse 0.002 0.001 0.001 0.001 0.001 n.d.d.

[Zn] (pM) 0.169 0.878 0.872 0.718 2.19 n.d.d.

equivalentse 0.034 0.163 0.178 0.058 0.329 n.d.d.

a Metal analysis
chromatography
performed after

(ICP-MS) was performed after lysis and dialysis into the ion-exchange
(IEX) buffer before column purification. b Metal analysis (ICP-MS) was

IEX. c Metal analysis (ICP-MS) was performed size-exclusion
chromatography (SEC). d Not determined. eEquivalents of metal compared to the protein
concentration.
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Table 4.3. Metal content of representative purified SBPs.a

Metal Protein

MntC (8 pM) PsaA (19.5 pM)

[Mn] (pM) 0.004 0.011

equivalentsb 0.001 0.001

[Fe] (pM) 0.096 0.167

equivalentsb 0.012 0.009

[Co] (pM) 0.0004 0.0003

equivalentsb 0.000 0.000

[Ni] (pM) 0.036 0.102

equivalentsb 0.004 0.005

[Cu] (pM) 0.005 0.006

equivalentsb 0.001 0.000

[Zn] (pM) 0.184 0.137

equivalentsb 0.023 0.007

a Metal content was determined
protein concentration.

by lCP-MS. b Equivalents of metal compared to the
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Figure 4.4. Representative Mn(II) competition titrations of ZP1 (1 PM) and MntC (4 pM)
or PsaA (4 IM) in 75 mM HEPES, 100 mM NaCl, pH 7.0 in the absence (A) and presence
(B) of 400 pM Ca(II). Black circles: titration of ZP1 with Mn(II) in the absence of a SBP;
red squares: titration of ZP1 and MntC with Mn(II); blue circles: titration of ZP1 and PsaA
with Mn(II). For ZP1, the reported apparent Kd1,Mn(II) is 550 nM at pH 7.0.25

4.4.2 Biotin-CP and SBP Mn Competition Assay

To evaluate the competition for Mn(I1) between CP and the SBPs, we first designed

a pull-down assay for evaluating Mn(II) speciation between the SBPs and CP. We

prepared biotinylated CP (B-CP), which has a biotin moiety covalently attached to Cys3

of S10OA9, and established that it displays Ca(li)-dependent heterotetramerization,

antibacterial activity comparable to the unmodified protein, and coordinates Mn(II), Fe(II)

and Zn(II) with the expected stoichiometries (Figures 4.5, 4.6). Next, we prepared

solutions containing 18 pM Mn(II), 20 pM SBP, and 20 pM B-CP in the absence and

presence of 400 ptM Ca(l1) at pH 7.5. We selected a 10-h time point for this preliminary

experiment because we lacked information about the timescale required for the mixture

to reach equilibrium. Following removal of B-CP with streptavidin resin (Figure 4.7), we

analyzed the Mn(II) content of the solution by inductively-coupled plasma mass

spectrometry (ICP-MS) (Figure 4.8). In the absence of Ca(II), >80% of Mn(II) remained
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in solution, presumably bound by the SBP. In the presence of Ca(II), <4% of Mn(II)

remained in solution, indicating that B-CP outcompeted the SBPs for Mn(II) and the pull-

down removed Mn(II) from solution. These data provide evidence that the Ca(Il)-bound,

high-affinity form of CP coordinates Mn(II) with greater affinity than MntC or PsaA. This

Ca(Il)-bound CP species is expected to exist in the extracellular space where Ca(II)

concentrations are =2 mM. 26 , 27
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Figure 4.5. Characterization of B-CP. (A) SDS-PAGE gel (15% Tris-glycine) of purified
B-CP with the P7704 protein ladder (New England BioLabs). (B) Circular dichroism
spectra of 10 piM B-CP in the absence and presence of 2 mM Ca(II) in 1.0 mM Tris-HCI,
pH 7.5. (C) Analytical SEC of 20 pM B-CP in the absence and presence of 2 mM Ca(II)
in 75 mM HEPES, 100 mM NaCl, pH 7.0. B-CP elutes at =11.7 mL (-Ca(l1)) and =11.1
mL (+Ca(II)), and these peak elution volumes correspond to the as heterodimer and U2P2

heterotetramer, respectively.4' 10 (D) Zoom-in view of analytical SEC chromatograms
presented in panel D. (E) Antimicrobial activity of CP-Ser (positive control) and B-CP
against E. coli ATCC 25922. The mean OD6 00 values and SEM are shown (n = 3; t = 20
h, T = 30 0C, 150 rpm).
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Figure 4.6. B-CP binds to streptavidin agarose resin and complexes transition metals.
(A) SDS-PAGE gel (15% Tris-glycine) of 10 pM CP-Ser and B-CP in 75 mM HEPES, 100
mM NaCl, pH 7.0 before and after pull-down with streptavidin agrose resin. (B) B-CP (10
pM) was pre-incubated with 20 pM Mn(II), 20 pM Fe(II) or 20 pM Zn(II) and each mixture
was treated with streptavidin agarose resin (75 mM HEPES, 100 mM NaCl, pH 7.0, 2 mM
Ca(ll)). The metal content of each solution was measured before (light gray bars) and
after (dark gray bars) pull-down with streptavidin agarose resin by ICP-MS.
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Figure 4.7. SDS-PAGE (15% Tris-glycine) analysis of B-CP pull-down assays. (A) The
gel corresponds to the competition between MntC and B-CP for Mn(II). (B) The gel
corresponds to the competition between PsaA and B-CP for Mn(II). The samples labeled
as 1-3 are from mixtures of B-CP, SBP and Mn(II) (1) prior to pull-down, (2) the soluble
portion after pull-down with streptavidin agarose resin for experiments performed without
added Ca(II), and (3) the soluble portion after pull-down with streptavidin agarose resin
for experiments performed in the presence of added Ca(ll). The three lanes per type of
sample correspond to three independent replicates. The results from metal analysis are
presented in Figure 4.8.
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Figure 4.8. Concentration of Mn(ll) in solution determined by lCP-MS following pull-down
of mixtures containing B-CP, MntC or PsaA, and Mn(ll) with or without Ca(ll) (75 mM
HEPES, 100 mM NaCl, pH 7.5). The mixtures were incubated for 10 h at room
temperature before pull-down.

4.4.3 Electron Paramagnetic Resonance (EPR) Spectroscopy of the Mn(Il)-SBPs

Because removal of B-CP from solution by streptavidin resin takes minutes, we

limited application of this assay to the end-point analysis. Moreover, we sought to directly

observe and discriminate between Mn(II) bound to CP versus the SBPs in the same assay

mixture at varying time points. Low-temperature EPR spectroscopy is ideally suited for

this purpose because previous structural studies demonstrated that the Mn(Il)-binding

sites of CP and the SBPs have notably distinct coordination environments and degrees

of symmetry. The high-affinity Mn(Il)-His6 site of CP shows a nearly idealized octahedral

coordination geometry.5 6, 9 Prior EPR spectroscopy of this site revealed a six-line pattern

centered at g = 2 (=335 mT) with a low zero-field splitting (ZFS) of 485 MHz (EID = 0.30)

for5' 6the Mn(ll) ion (S = 5/2), consistent with a highly symmetric site.5'6 A crystal structure
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of MntC indicates that it coordinates Mn(II) at a 5-coordinate N20 3 motif composed of two

His, one bidentate Glu, and one Asp residue. 14 A crystal structure of Mn(II)-PsaA shows

that it binds Mn(II) with the same residues as MntC, but the site has been described as

tetrahedral where the Glu and Asp residues are reported to be monodentate ligands.20 ,

24, 27 On the basis of this characterization, we expected that the Mn(II) EPR spectra of

these proteins would exhibit larger ZFS than Mn(Il)-CP.28 -31 We therefore reasoned that

the different Mn(II) coordination environments in CP and the SBPs would result in readily

distinguishable low-temperature Mn(II) EPR spectroscopic signatures,28 providing

spectral discrimination between Mn(Il)-CP and Mn(Il)-SBP in a sample.

We prepared samples containing 1 mM SBP and 750 tM Mn(II) (75 mM HEPES,

100 mM NaCl, pH 7.5). Both of the Mn(II)-SBP spectra (Figure 4.9) indicate a high-spin

Mn(II) ion (S = 5/2) with a large ZFS that is of comparable magnitude to the microwave

quanta at X-band (=9.4 GHz). 29,3 0, 32 , 33 The large ZFS (D > 3 GHz) leads to these systems

not being in the "high field" regime at X-band, which is met when the electron Zeeman is

the dominant term in the spin Hamiltonian and results in broad spectra that span >600

mT at X-band. 3 1 Multi-frequency EPR studies are needed to further evaluate the

electronic structure of the Mn(II) ions coordinated by MntC and PsaA; however, the

current spectra provide suitable handles for monitoring Mn(II) competition between these

proteins and CP. In contrast to the Mn(Il)-PsaA EPR spectrum in Figure 4.9, a previously

reported Mn(Il)-PsaA spectrum showed 6-line Mn(II) EPR features at g = 2 (=335 mT), 34

which likely arose from aqueous Mn(Il) contamination. As anticipated, the EPR spectra
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Figure 4.9. X-band CW EPR spectra of Mn(II) (750 piM) bound to SBPs (1 mM) (75 mM
HEPES, 100 mM NaCl, pH 7.5). The asterisk denotes a quartz background radical.

of the Mn(il)-SBPs are markedly different than those of Mn(Il)-CP or aqueous Mn(II),

allowing simultaneous monitoring of Mn(ll)-bound CP and MntC or PsaA (Figure 4.10).

The sharp spectral features in the g = 4.5 region (=1 50 mT) of the Mn(II)-SBP spectra do

not overlap with the Mn(li)-CP signals in the g = 2 region (=335 mT).

4.4.4 CP and SBP Competition for Mn(II) Monitored by EPR Spectroscopy

Thus, to examine Mn(II) speciation between CP and the SBPs by EPR

spectroscopy, we prepared samples containing a 1:1:1 ratio of Mn(II), CP, and SBP (500

pM each) in the absence and presence of 5 mM Ca(II) at pH 7.5 and incubated them for

10 h at room temperature. In the samples without added Ca(II), we observed a distinct

low-field feature around g = 4.5 (=150 mT, Figure 4.11A,C; black spectra) that

corresponds to Mn(il)-MntC or Mn(I)-PsaA and a weak Mn(ll)-CP signal centered at g =

2 (=335 mT, Figure 4.11B,D; black spectra). In the presence of excess Ca(II), a strong

Mn(Il)-CP signal (Figure 4.11B,D; red spectra) and a negligible Mn(li)-SBP signal

(Figure 4.11A,C; red spectra) occur, indicating that Ca(ll)-bound CP outcompetes both
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SBPs for Mn(Il). These results are consistent with the pull-down assays performed in the

absence and presence of Ca(ll) (Figure 4.8). This work also provides further information

about the Mn(lI) affinity of CP. Prior studies indicated that the His6 site coordinates Mn(II)

with Kd,Mn(II) 5 10 nM when Ca(I1) ions are present.27 The current results indicate that this

value is in the sub-nanomolar range based on the reported Kd,Mn(II) values of MntC (Kd -

4 nM) 14 and PsaA (Kd < 10 nM).2 0
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Figure 4.10. Comparison of X-band Mn(ll) EPR spectra of Mn(Il)-bound CIP-Ser in the
presence of 10 equivalents of Ca(II), Mn(Il)-bound MntC, and Mn(Il)-bound PsaA (75 mM
HEPES, 100 mM NaCl, pH 7.5). The asterisk denotes a quartz background radical. For
the Mn(Il)-CP-Ser spectrum, the sample contained 600 pM CIP-Ser, 500 pM Mn(II), and
6 mM Ca(II). Spectrometer settings: vm,,, = 9.4 GHz, 0.5 mT modulation amplitude at 100
kHz, power = 200 pW, temperature = 10 K.
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Figure 4.11. X-band CW EPR spectra of 1:1:1 mixtures of Mn(l):CP-Ser:SBP incubated
for 10 h at room temperature in the absence (black) or presence (red) of 5 mM Ca(Il) (75
mM HEPES, 100 mM NaCl, pH 7.5). Each sample contained 500 pM Mn(lI), 500 pM SBP,
and 500 pM CP-Ser after mixing. Panels A and B contain the same Mn(II) spectra of the
samples containing CP-Ser and MntC, and panels C and D contain the same Mn(II)
spectra of the samples containing CP-Ser and PsaA. Panels A and C are scaled
differently from B and D along the y-axis to make the low-field, g = 4.5, features of each
Mn(ll)-SBP more apparent relative to the mid-field features, g = 2, of Mn(Il)-CP-Ser.

4.4.5 Timescale of CP and SBP Competition for Mn(II) Monitored by EPR Spectroscopy

Next, to probe the timescale for the sequestration of Mn(II) from each SBP by CP-

Ser, we performed experiments where a solution containing 1 mM CP-Ser and 10 mM

Ca(II) was added to an equal volume of a solution containing 1 mM Mn(Il)-SBP. Aliquots

of this mixture were frozen at varying time points and analyzed by EPR spectroscopy
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(Figure 4.12). This assay revealed a time-dependent decrease in the Mn(ll)-MntC or

Mn(II)-PsaA signal (Figure 4.12AC), and a corresponding increase in the Mn(Il)-CP-Ser

signal (Figure 4.12B,D). The greatest changes in signal intensity, marking movement of

the Mn(II) ion from each SBP to CP-Ser, occurred in the first 10 min of the time course.

This short timescale is striking and highlights the remarkable ability of the His6 site of CP-

Ser to capture and retain labile divalent transition metals.

4.5 Conclusion

In closing, to our knowledge, this work affords the first direct analysis of metal

speciation between CP and a metal-capturing SBP. These experiments demonstrate that

the Ca(ll)-bound, high-affinity form of CP rapidly outcompetes MntC and PsaA, two SBPs

used by Gram-positive pathogens for Mn(II) acquisition. This work informs the current

model of how CP contributes to extracellular metal withholding at the host/pathogen

interface. It also provides an important benchmark for future studies of this system and

other microbial metal transporters. For instance, whether the Mn(II) sequestration process

is facilitated by an interaction between CP and the SBPs, or is contact-independent,

requires elucidation. Our current model focuses on how Ca(II) ions markedly enhance

Mn(II) sequestration by CP; however, we recognize that high Ca(II) levels may affect the
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Figure 4.12. X-band CW EPR spectra showing the time-dependent loss of Mn(II) from
Mn(II)-SBPs and formation of Mn(II)-CP-Ser. The starting mixture contained Mn(Il)-SBP
(500 pM), CP-Ser (500 pM), and 5 mM Ca(II) (75 mM HEPES, 100 mM NaCl, pH 7.5).
See Figure 4.11 caption for description of panels A-D.

metal-binding thermodynamics and kinetics of the SBPs and thereby contribute in another

manner. Thus, further fundamental investigation of Mn(II) binding by these SBPs in

solution is another avenue for future inquiry. From the standpoint of metal-withholding in

the complex biological milieu, the His6 site of CP is functionally versatile and allows CP

to sequester multiple divalent first-row transition metals that include Fe(II) and Zn(II).

MntC and PsaA also bind multiple transition metal ions, which is another variable that

warrants consideration. It will be important to decipher how the presence of other,

abundant nutrient metals affects the interplay between CP and the SBPs considered in
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this work. Lastly, we expect that investigations of metal competition between CP and fully

reconstituted ABC transporter systems will be informative.
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Appendix A: High-field EPR Spectroscopic Characterization of Mn(lI)
Bound to the Bacterial Solute-binding Proteins MntC and PsaA

This Chapter is adapted from a manuscript Submitted.
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A.1 Contributions

Dr. Derek Gagnon analyzed and plotted all EPR spectra. Dr. Andrew Ozarowski

contributed to the data collection and analysis.

A.2 Introduction

Transition metal ions are essential nutrients for all organisms. 1-2 In the context of

bacterial infection, the invading microbe must acquire metal nutrients required for growth

and virulence from the host.2 These pathogens have evolved several mechanisms to

scavenge and import metal ions that include the biosynthesis and deployment of

metallophores and the expression of high-affinity metal uptake proteins.2 In this work, we

employ high-field electron paramagnetic resonance (EPR) spectroscopy to evaluate the

metal-binding properties of two transport proteins that function in the acquisition of Mn(II),

a nutrient that is required for high levels of virulence in diverse bacterial pathogens.3-5

Staphylococcus aureus and Streptococcus pneumoniae are Gram-positive

bacterial pathogens of significant clinical concern because they cause a variety of life-

threatening infections.6-7 Both organisms employ ATP-binding cassette (ABC)

transporters to acquire Mn(II) from the host.8-9 These transport systems consist of a

membrane-anchored solute-binding protein (SBP) that scavenges Mn(II) from the

extracellular environment, a transmembrane permease, and an ATPase located on the

cytoplasmic side of the cell membrane. 10 The Mn(II) ABC transporters for S. aureus and

S. pneumoniae are MntABC and PsaABC, respectively. MntC and PsaA are the SBPs

that capture Mn(II) and deliver it to the transmembrane permeases of each uptake

system. 11-13
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How MntC and PsaA coordinate Mn(II) and deliver it to their respective permease

has not been fully elucidated. Reported crystal structures of Mn(Il)-MntC (2.2-A

resolution) 14 and Mn(Il)-PsaA (2.7-A resolution) 15 show Mn(II) bound by a His2AspGlu

coordination sphere in both proteins (Figure A.1). The crystallographic Mn(Il)-MntC site

was described as 5-coordinate where His50, His123, Oci of Glu189, and both 061 and

062 of Asp264 coordinate the metal ion (Figure A.1B).1 4 However, the metal-ligand

distances determined crystallographically range from 2.1-2.8 A and do not preclude the

possibility of other coordination geometries (Figure A.1). In addition, the metal content of

the crystallized protein is ambiguous because the protein in solution contained low

amounts of various metal ions according to inductively-coupled mass spectrometry and

anomalous diffraction data was not reported, which ca be employed to confirm the identity

of the bound metal. As a result, the Mn(II) coordination sphere of MntC is not well-defined

and requires further examination. The crystallographic Mn(Il)-PsaA site was described as

4-coordinate where His67, His139, 01 of Glu205 and 061 of Asp280 bind the Mn(II) ion

(Figure A.1D,E). 15 Nevertheless, the metal-ligand distances determined from this crystal

structure range from 2.1-2.4 A,15 and the possibility that the bound Mn(II) ion has a higher

coordination number cannot be ruled out based on this structural model. 5 In an effort to

gain further insight into these systems, we recently examined the Mn(II) sites of MntC and

PsaA by X-band (=9 GHz) EPR spectroscopy.16 These studies revealed broad spectra

resulting from the high magnitude of the zero-field splitting (IDI) relative to the

spectrometer frequency (IDI/hv =30%).16 As a consequence, the Spin Hamiltonian

parameters could not be accurately determined.
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Figure A.1. Crystal structures, zoom-in view of the metal-binding sites, and metal-ligand
distances of Mn(Il)-MntC (A,B,C) and Mn(Il)-PsaA (D,E,F). The Mn(II) ion is shown as a
red sphere (PDB: 4K3V and 3ZTT). Ligand numbering in MntC corresponds to a truncated
form of the protein.14

In this work, we further investigate the electronic structure of Mn(Il)-MntC and

Mn(Il)-PsaA in the "high-field regime" where IDI<< hv by employing high field (>3 T) and

high frequency (>90 GHz) EPR spectroscopy. In this regime, the spectra become

simplified and simulation of the data can afford values for the Spin Hamiltonian

parameters. The spectral data and simulations indicate that MntC and PsaA both bind

Mn(II) in a similar tetrahedral or trigonal prismatic coordination environment consistent

with the primary coordination sphere defined by the His2AspGlu motifs observed

crystallographically.14 -15 17
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A.3 Experimental and Theoretical Methods

A.3.1 Sample Preparation

MntC and PsaA were overexpressed, purified, demetalated, and stored as

described previously.16 All EPR samples were buffer exchanged into 75 mM HEPES, 100

mM NaCl, pH 7.5 that was prepared using high-purity buffer reagents as described

elsewhere. 16 For D-band analyses (130 GHz) of the Mn(II)-SBPs, samples of SBP (1 mM)

were incubated with Mn(II) (750 ptM) for ~15 min before an approximately 15-piL aliquot

was transferred to a D-band tube (0.50 x 0.60 mm ID x OD quartz capillary tubing supplied

by Vitrocom) and frozen in liquid nitrogen. These samples were prepared at MIT and

shipped to the CaIEPR facility at University of California, Davis in a liquid nitrogen dewar.

For high frequency (388 GHz) analyses, MntC (1.2 mM) was incubated with Mn(II) (900

ptM) for ~15 min before a 500 pL aliquot was transferred to a 1 mL LDPE sample vial

(Fischer) and frozen in liquid nitrogen. PsaA (2.4 mM) was incubated with Mn(II) (1.8 mM)

for ~15 min before 500 ptL was transferred to a 1 mL LDPE sample vial (Fischer) and

frozen in liquid nitrogen. These samples were shipped to the National High Magnetic Field

Laboratory (NHMFL) Electron Magnetic Resonance facility on dry ice.

A.3.2 EPR Measurements

Pulse spectra at 130 GHz were collected at the University of California, Davis

CaIEPR facility utilizing a D band (130 GHz) spectrometer described previously.18

Spectra were collected at 15 K, with a 20 ns n/2 pulse length, a T value of 300 ns, and 1

ms repetition time. The field axis was calibrated by collecting a spectrum of Mn(ll) impurity
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in MgO (>95% fused MgO, Aldrich). The Mn(II) in MgO signal has a g value of 2.00100(5)

and 55Mn hyperfine of -243.6(5) MHz. 19-20

Spectra collected at the NHMFL were collected utilizing a spectrometer described

previously.21 The field was calibrated with an internal sample standard of H-atom trapped

in an octaisobutylsilsesquioxane nanocage with a g value of 2.00294(3) and hyperfine of

1413.7(1) MHz. 19 Spectra were collected at multiple temperatures with different

modulation amplitudes to enhance the intensity of different ms transitions.

The field calibration with both the external Mn(ll) impurity in MgO and internal H-

atom standards was carried out during post-processing of the data. Briefly, the general

procedure involved manually aligning a simulation of the standard with the experimental

data of the field standard by both an initial visual inspection and a subsequent

mathematical process. Example inputs for simulations of the standards are included

below. For the Mn(II) impurity in MgO standard, the lowest field hyperfine peak was

selected for the initial alignment. After initial visual alignment, the fine adjustment was

carried out by calculating the field difference between simulated and experimental field

positions for the maximum intensity of the first hyperfine line. We found that this procedure

afforded a satisfactory result where all six hyperfine lines of the Mn(II) impurity in MgO

lined up. The calculated offset was then used as a field offset factor for the experimental

data prior to simulation. The internal hydrogen atom standard required an entirely visual-

inspection alignment of the simulation and experimental data due to distortions of the line

shape caused by passage and modulation effects during data collection.
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A.3.3 EPR Theory and Simulations

The EPR spectrum of the d 5 Mn(II) (S = 5/2) ion can be interpreted using the

phenomenological spin Hamiltonian given below. 22- 23

17 =le B -g + a Pso$ + D(, - S (S + 1)/3) + E(, - P,)

Where #~e is the Bohr magneton, B is the magnetic field, g is the electron g-value, S the

electron spin, h is the Planck constant, aiso is the isotropicand hyperfine interaction with

the 55Mn ( = 5/2, 100% abundance) nucleus, / is the nuclear spin, D and E are the axial

and rhombic zero-field splitting values, respectively. The ratio EID is reported to indicate

the rhombicity of the zero-field splitting tensor. When the coordinate frame is choen

correctly, the values of EID range from 0 (perfectly axial) to 1/3 (maximally rhombic). All

spectra were simulated using the freely available EasySpin (v5.2.24) toolbox for MATLAB

R2017a (The Mathworks, Inc.). 24

The 55Mn hyperfine values and g-values were determined from simulations of the

data collected at temperatures 10 K and assessed by visual inspection. The zero-field

splitting values D and E were determined by simulating the data collected at temperatures

55 K We found that the relative peak intensities of simulations at high fields and low

temperature (55 K) were sensitive to the temperature employed in the simulation. In order

to improve the agreement between thesimulation and experimental data, it necessary to

set the simulation temperature 2 K higher than the temperature reported by the

spectrometer to achieve the correct relative intensities of the different transitions. The

simulation temperature is not expected to affect the measured zero-field splitting

parameters, but it affects the relative peak intensities in the simulations. The 388 GHz

and 400 GHz Mn(Il)-MntC spectra collected at 3 K were simulated using a temperature
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of 5 K. The 388 GHz Mn(lI)-PsaA spectra collected at 5 K was simulated using a

temperature of 7 K. We note that the recorded spectrometer temperature is not from a

temperature probe located at the sample, and that there may be heating of the sample

induced by the field modulation in the experiment. A 300 D and E strain of 300 MHz was

used to help the simulation lineshape better match the linewidths of the experimental

data.

A. 3.4 Simulation Parameters for Field Standards

% Sys is a structure containing the spin system inputted into EasySpin's pepper function

% Exp is a structure containing experimental inputs for the simulation

The reader is encouraged to visit the EasySpin documentation online at

http://easyspin.orq/easvspin/documentation/ for further information.

Mn(II) Impurity in MgO for Simulation at D Band:

Sys.S = 5/2;
Sys.Iw = 0.6; % mT
Sys.g = 2.001;
Sys = nucspinadd(Sys,'55Mn',-243.6); % hyperfine in MHz
D = -50; % MHz
Sys.D = [D 0.0*D];

[xsim,ysim] = pepper(Sys,Exp);

H-atom Standard:

Sys.S = 1/2;
Sys.g = 2.00294;
Sys.lw = 0.5; % mT
Sys.Nucs = '1 H';
Sys.A = 1413.7; % MHz

[xsimH,ysimH] = pepper(Sys,Exp);
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A.3.5 EasySpin Phenomenological Line Width Inputs Used in Simulations

Figure A.2. MntC and PsaA, Sys.lw = [1.0 1.0]
Figure A.3. Sys.lw = [0.7 1.0]
Figure A.4. Sys.lw = [0.7 1.8]
Figure A.5. Sys.lw = [0.7 0.5]
Figure A.6. Sys.lw = [0.7 1.0]
Figure A.7. Sys.lw = [0.7 0.8]
Figure A.8. Sys.lw = [1.0 1.5]

A.4 Results and Discussion

The EPR spectra of Mn(il)-MntC and Mn(Il)-PsaA feature a six-line pattern at g

2.001 (4.64 T at 130 GHz, 13.86 T at 388 GHz) that arises from the transition between

ms = 1/2 electron spin manifolds and their hyperfine couplings to the 55Mn nucleus (I =

5/2, 100% abundance) (Figures A.2-A.5). Surrounding this central sextet is a broad

envelope of transitions belonging to the ms = 3/2 and ms = 5/2 manifolds where the

ZFS and strain in those elements results in relatively featureless spectra with no resolved

55Mn hyperfine couplings. 33 Simulation of the spectra in the sextet region affords 55Mn

isotropic hyperfine values of 241 and 236 MHz for Mn(Il)-MntC and Mn(Il)-PsaA,

respectively (Table A.1). The relatively low 55Mn hyperfine constant values indicate a

more covalent interaction of the S = 5/2 Mn(ll) ion with its ligands in the binding site of the

protein compared to hexa-aqua Mn(II), for which the 55Mn hyperfine value is =265 MHz.2 2

This more covalent interaction combined with the electrostatic interaction from the

negatively charged carboxylate groups of the His2AspGlu binding site likely contributes to

tight binding of the Mn(ll) ion (Kd,Mn(II) ; 10 nM) 14 15 observed for these two proteins. The

simulation also affords isotropic g-values of 2.0011 and 2.0007 for MntC and PsaA,

respectively. The isotropic nature of g and the 55Mn hyperfine is expected from the
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spherically symmetrical unpaired electron spin density of the high spin (S = 5/2) &i ground

state of the Mn(II) ion with no low-lying excited states.

4.4 4.5 4.6 4.7

BO (T)
4.8 4.9

Figure A.2. 2p echo detected field sweep of Mn(Il)-MntC and Mn(Il)-PsaA at 130 GHz
(75 mM HEPES, 100 mM NaCl, pH 7.5). The black trace is the experimental data and the
red trace is a simulation with the parameters listed in Table A.1. Experimental settings:
spectrometer frequency 130 GHz, 1 ms rep time, 20 ns n/2 pulse length, t = 300 ns, T =
15 K. The Mn(ll)-PsaA appears to have a contaminant around ~4.630-4.66 T that partially
obscures the sextet.
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Figure A.3. High-field/frequency CW EPR spectrum of Mn(II)-MntC at 388 GHz (75 mM
HEPES, 100 mM NaCl, pH 7.5). The black trace is the experimental data and the red
trace is a simulation with the parameters listed in Table A.1. Experimental settings:
spectrometer frequency 388 GHz, 0.5 mT modulation amplitude at 50 kHz, T = 30 K.

~0

~0

PsaA
388 GHz
30 K

13.82 13.84 13.86 13.88 13.90
Bo (T)

Figure A.4. High-field/frequency CW EPR spectrum of Mn(Il)-PsaA at 388 GHz (75 mM
HEPES, 100 mM NaCl, pH 7.5). The black trace is the experimental data and the red
trace is a simulation with the parameters listed in Table A.1. Experimental settings:
spectrometer frequency 388 GHz, 0.5 mT modulation amplitude at 50 kHz, T = 30 K.
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Figure A.5. High-field/frequency CW EPR spectrum of Mn(Il)-MntC at 388 GHz (75 mM
HEPES, 100 mM NaCl, pH 7.5). Experimental settings: spectrometer frequency 388 GHz,
0.5 mT modulation amplitude at 50 kHz, T = 10 K.

The zero-field splitting parameters D and E/D are best measured in the high

frequency/field spectra. At these high fields, and at low temperatures (<6 K), the lower

Zeeman energy ms -5/2 and -3/2 levels become preferentially populated, leading to an

increased intensity of the ms -5/2<-+-3/2 and -3/2<-+-1/2 transitions relative to the other

transitions (Figures A.6-A.8). Simulation affords values for D (E/D) of +2.72 GH~z (0. 177)

and +2.87 GHz (0.122) for Mn(Il)-MntC and Mn(Il)-PsaA, respectively (Table A.1). The

ability to determine the magnitude and sign of D from high-field EPR spectroscopy allows

comparisons to other spectroscopically and structurally characterized systems. The

values of |DI determined for Mn(II)-MntC and Mn(Il)-PsaA are intermediate between the

relatively high values reported for the 5-coordinate superoxide dismutases (SODs) and

the remarkably low values reported for the nearly idealized octahedral Mn(Il)-bound

human and murine calprotectin (Table A.1 ).26, 31-32 Moreover, the sign of D is positive for

the Mn(II)-SBPs and negative, when reported, for MnSOD .25 Taken together, these

comparisons suggest that the Mn(II)-SBP sites are neither 5-coordinate nor highly

symmetrical 6-coordinate species. Moreover, the zero-field splitting parameters for the
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Mn(Il)-SBPs show the greatest similarity to the 6-coordinate Mn(II) sites displayed in

OxDc site II and the bacterial reaction center from Rhodobacter spheroides.2 7 28 Thus, it

is possible that the Mn(Il)-SBP sites are trigonal prismatic. However, we note that caution

must be taken when using the magnitude of the Mn(II) zero-field splitting parameter D to

infer coordination geometry. The comparison should only be done with similar ligand

types since the identity of the ligands can influence the zero-field splitting.34 36 We also

note that there is a paucity of zero-field splitting parameters determined for known

tetrahedral Mn(ll) complexes reported in the literature. To the best of our knowledge, this

work is currently limited to Mn(ll) complexes containing halide ligands,37 which are

inappropriate comparisons for the Mn(IIl)-SBPs because halide ligands affect the ZFS.35

36 , 38 Thus, we are unable to determine how similar or different the Mn(ll) zero-field splitting

parameter values of the Mn(Il)-SBPs are to known tetrahedral Mn(ll) species.

Nevertheless, both Mn(il)-MntC and Mn(Il)-PsaA exhibit similar spectroscopic

parameters, which suggests that these two Mn(II) sites exhibit more similar coordination

environments than indicated by interpretations of the Mn(Il)-MntC (5-coordinate)14 and

Mn(lII)-PsaA (4-coordinate)15 crystal structures.
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MntC
388 GHz
3K

13.50 13.75 14.00 14.25
Bo (T)

Figure A.6. High-field/frequency CW EPR spectrum of Mn(II)-MntC at T = 3 K, conditions
where the spectrum is dominated by the -5/2<--3/2 and -3/2<-*-1/2 transitions (75 mM
HEPES, 100 mM NaCl, pH 7.5). Experimental settings: spectrometer frequency 388 GHz,
2.5 mT modulation amplitude at 50 kHz, T = 3 K.

~0

V

PsaA
388 GHz
5 K

13.50 13.75 14.00 14.25

Bo (T)

Figure A.7. High-field/frequency CW EPR spectrum of Mn(Il)-PsaA at T = 3 K, conditions
where the spectrum is dominated by the -5/2<-+-3/2 and -3/2<->-1/2 transitions (75 mM
HEPES, 100 mM NaCl, pH 7.5). Experimental settings: spectrometer frequency 388 GHz,
.4 mT modulation amplitude at 50 kHz, T = 5 K.
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3 K

14.00 14.25 14.50 14.75
Bo (T)

Figure A.8. High-field/frequency CW EPR spectrum of Mn(Il)-MntC at 400 GHz and T =

3 K, conditions where the spectrum is dominated by the -5/2<-*-3/2 and -3/2<-+-1/2
transitions (75 mM HEPES, 100 mM NaCl, pH 7.5). Experimental settings: spectrometer
frequency 400 GHz, 2.5 mT modulation amplitude at 50 kHz, T = 3 K.
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Table A.1. Table of Spectroscopic Parameters for Mn(ll) Bound to Various Proteins
Mn(II)-bound D (GHz) a |E (GHz) IE/D| 55Mn al5o Coordination ref
protein (MHz) motif b

MntC +2.720 0.480 0.177 241 N202 or N2 04 this work

PsaA +2.870 0.350 0.122 236 N202 or N 204 this work

Dr MnSOD C -10.490 0.779 0.074 244 N302  25

Ec MnSOD d 10.640 0.853 0.080 230 N302 26

Ec MnSOD + 1.390 0.270 0.194 245 N4 02  26

0.1 M azide d

Mn(II) 3.328 0.749 0.225 n.d. ' N4 02  27

photosynthetic
reaction
center from R.
spheroides

OxDc site I e 1.200 0.250 0.208 253 N 303  28

OxDc site 11 e 2.700 0.675 0.250 250 N 303  28

concanavalin 0.645 0.071 0.010 259 N1 05  29

A

Mnx ' 1.080 0.356 0.329 n.d. ' N 1 05  30

human 0.485 0.146 0.30 247 N6  31

calprotectin

murine 0.525 0.158 0.30 248 N6  32

calportectin

[Mn(H 2 0)6 ]2 +g 0.430-0.610 0-0.183 0-0.30 ~265 06 22

a The sign of D is unknown unless reported with a + or - sign. b Nitrogen ligands are
backbone amides, histidines, or azide. Oxygen ligands are carboxylate groups or water
derived. c MnSOD of Deinococcus radiodurans. d MnSOD of Escherichia coli. e Oxalate
decarboxylase of Bacillus subtilis. ' Multi-copper oxidase of Bacillis sp. PL-12 with
substrate Mn(ll) bound. 9 The zero-field splitting parameters and 55Mn hyperfine for
[Mn(H20)6] 2+ depend on the ionic strength, buffer, and glassing agent as detailed in ref.
22. h n.d. = not determined.
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A.5 Conclusion

The high similarity in the Spin Hamiltonian parameters determined for Mn(Il)-MntC

and Mn(Il)-PsaA suggests that the Mn(II) coordination spheres of these two SBPs are

nearly identical in solution. Based on comparisons to previously characterized Mn(II)

proteins, the current data may suggest that the Mn(II) sites of both proteins are not five

coordinate; however, more information on Mn(II) complexes of known coordination

geometries is needed to further substantiate this possibility and ascertain whether the

SBPs coordinate Mn(II) in a tetrahedral or trigonal prismatic manner. Thus, we reason

that both SBPs release and deliver Mn(ll) to their respective permeases in a similar

manner. Indeed, elucidating the molecular mechanism by which the fully reconstituted

transport systems MntABC and PsaABC capture Mn(Il) with high affinity and deliver the

ion to the bacterial cytoplasm is an important and intriguing avenue for future

investigation.
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Appendix B: Preparation and Iron Redox Speciation Study of the Fe(II)-
binding Antimicrobial Protein Calprotectin

This Appendix was adapted from Meth. Mol. Biol. 2019, 1929, 397-415.
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B.1. Introduction

Calprotectin (CP, S1 00A8/S1 00A9 heterooligomer) is a member of the S100 family

of Ca(Il)-binding proteins and a topic of interest in the metal homeostasis community

because of its contributions to the metal-withholding innate immune response, which is

often termed nutritional immunity.1 2 CP is a cytoplasmic protein produced by neutrophils,

macrophages, monocytes, and epithelial cells. It is released at sites of infection and, in

the extracellular space, the protein sequesters essential nutrient metal ions to limit

microbial growth. Our current understanding of its metal-sequestering function largely

comes from mouse models of infectious disease,3-8 including studies that involve a

S100A9' or CP knockout mouse, 9 and molecular characterization of the recombinant

human protein. 10-20 A recombinant expression and purification of murine CP was recently

reported, which provides a foundation for future evaluation of this orthologue.2 1

Biochemical, biophysical and structural studies of human CP (hCP) demonstrated

that the protein is a heterooligomer of S100A8 and S10OA9.10, 11, 22, 23 Each subunit

possesses two EF-hand Ca(Il)-binding sites: a canonical C-terminal EF-hand and a non-

canonical N-terminal EF-hand.24 In the absence of Ca(II) and transition metal ions, hCP

is a heterodimer. 10 Two transition-metal-binding sites form at the dimer interface.1 1 , 12, 25

Site 1 is a His3Asp motif composed of (A8)His83, (A8)His87, (A9)His2O and (A9)Asp3O.l1

Site 2 is a His6 motif composed of (A8)Hisl7, (A8)His27, (A9)His9l, (A9)His95,

(A9)His103 and (A9)His105. 13-1 5 The His6 site of hCP has gained significant attention in

recent years because it can sequester a range of divalent first-row transition metal ions

including Mn(II), Fe(II), Zn(II) and Ni(II). 1, 14-17, 19, 20 Like the human protein, murine CP

(mCP) is also a heterooligomer of S100A8 and S100A9, and each subunit contains a
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canonical C-terminal EF-hand and a non-canonical N-terminal EF-hand domain. Amino

acid sequence alignment of the human and murine S100A8 and S10OA9 polypeptides

indicates that the His3Asp and His6 sites are conserved.21

Early studies of hCP revealed that Ca(II) binding causes two heterodimers to self-

associate and form a heterotetramer.2 2 , 23 In addition to this change in quaternary

structure, Ca(lI) binding enhances the transition metal affinities, antimicrobial activity, and

proteolytic stability of hCP.1,12, 26 Initial biochemical evaluation of mCP revealed that Ca(ll)

binding also causes this orthologue to form heterotetramers 21, and further investigations

are required to decipher whether Ca(II) ions modulate other structural and functional

properties of the protein. The studies of hCP provide the basis for a working model where

CP senses the high extracellular Ca(ll) concentration (=2 mM) at an infection site and

becomes a tetramer with high transition metal affinities.1', 12

In this chapter, we first present the overexpression and purification protocols for

mCP and hCP-Ser, a cysteine-null variant [(S100A8(C42S)/S100A9(C3S)], which has

been used extensively in biochemical, biophysical and structural studies of the human

orthologue. These protocols are based on published work, 12 , 21 provide each protein as

the apo heterodimer, and can be used for preparing native hCP as well as other mCP

and hCP-Ser variants with single or multiple point mutations. Because the His6 site of

hCP was recently shown to sequester Fe(II) and the protein was found to affect the redox

speciation of Fe in aerobic solution, 18 19 we also provide a protocol for an Fe speciation

assay that we first designed and utilized to study hCP-Ser. 18, 19 Herein, we extend this

assay to mCP and report that this protein also shifts the redox speciation of Fe from Fe(Ill)

to Fe(ll) under aerobic conditions.
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B.2. Materials

1. All chemicals are purchased from commercial suppliers and used as received.

2. All solutions are prepared using Milli-Q water (18.2 MQ.cm, 22-tm filter).

3. Protein concentrations are determined using the calculated extinction coefficients

of the S100A8/S1OOA9 (calprotectin) homodimer (Protparam: g 28 0 = 5960 M-1 cm-

1 for mCP (mS1OOA8/mS1OOA9), 18,450 M-1cm-1 for hCP (hS1OOA8/hS1OOA9)

and hCP-Ser (hS1OOA8(C42S)/hS1OOA9(C3S)). All concentrations reported are

for the homodimer.

B.2.1 Preparation of Expression Plasmids

1. The synthetic genes for each protein subunit (mS100A8, mS1OOA9, hS1OOA8,

hS1OOA9) are optimized for Escherichia coli codon usage and obtained from

ATUM (formerly DNA2.0). These genes, as well as procedures for site-directed

mutagenesis to obtain genes encoding hS1OOA8(C42S) and hS1OOA9(C3S), are

described in the literature. 12 , 2 1

2. The pET41a expression vector is obtained from Invitrogen.

3. The genes are inserted into the Ndel and Xhol restriction sites of pET41a, which

affords the untagged, full-length proteins with no additional amino acids after IPTG-

induced overexpression.12 ,2 1

4. The pET41a plasmids containing mS1OOA8, mS1OOA9, hS1OOA8(C42S), and

hS1 00A9(C3S) are transformed into chemically-competent E. coli BL21 (DE3) cells

for overexpression.
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5. Cell stocks of E. coli BL21(DE3) cells are prepared by growing the cells in LB to

saturation, diluting 1:1 into a 50 % glycerol solution, freezing the resulting cells in

liquid nitrogen, and storing the cells at -80 0C.

Protein Abbreviation Subunits Expression plasmid Ref*
Human hCP hS100A8 pET41a-hSIOOA8 12

calprotectin hS100A9 pET41a-hSIOOA9 12

Human hCP-Ser hS1 00A8(C42S) pET41a-hS100A8(C42S) 12

calprotectin hS100A9(C3S) pET41 a-hSIOOA9(C3S) 12

Cys->Ser
variant
Murine mCP mS100A8 pET41a-mS100A8 21

calprotectin mS100A9 pET41a-mS100A9 21

* The original names for the plasmids containing the human S10OA8 and S100A9 genes
did not include "h"to designate "human."

B. 2.2 Commercial Materials and Preparation of Reagents

1. To reduce metal ion contamination, plastic spatulas are used to transfer reagents. 1

2. Stock solutions of metal ions and sodium citrate (100 mM) are prepared in nitric

acid-washed volumetric glassware and transferred to polypropylene tubes for

storage. 1

3. Stock solutions of Fe(Ill) (100 mM) are prepared from >99.99% trace metals basis

anhydrous FeCl3, Milli-Q water, and trace metals basis 37% HCI. 2

4. Stock solutions of Ca(ll) (1 M) are prepared from 99.999% CaCl2 and Milli-Q water.

5. Other reagents utilized in this protocol are listed below:
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Purpose
Protein
overexpression
and purification

Ultrol grade HEPES (free acid)
TraceSELECT sodium chloride
37% Hydrochloric acid (HCI), trace metals
basis

:99.5% sodium citrate tribasic dihydrate
99.99% anhydrous ferric chloride
99.0% sodium ascorbate
99.5% trichloroacetic acid (TCA)

299.99% Ammonium acetate
97% 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-
p,p'-disulfonic acid monosodium salt hydrate
(ferrozine)

Reagent
Luria-Bertani (LB)
Kanamycin sulfate
Isopropyl P-D-1-thiogalactopyranoside (IPTG)
99.5 % 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)
Sodium chloride
Sodium hydroxide
Triton X-100
Ethylenediaminetetraacetic acid disodium
salt dihydrate (EDTA)
Phenylmethylsulfonyl fluoride (PMSF)
Dithiothreitol (DTT)
Guanidinium hydrochloride (GuHCI)
Ammonium sulfate
Chelex resin

Calbiochem
MilliporeSigma

MilliporeSigma
MilliporeSigma
MilliporeSigma
MilliporeSigma
MilliporeSigma
MilliporeSigma

MilliporeSigma

B.2.3 Ferrozine Preparation

For the Fe speciation assay, ferrozine is used to determine the Fe(II) content of

solutions via detection of the [Fe(ferrozine)3]4 complex by optical absorption

spectroscopy. 18, 2 7, 28

1. Stock solutions (=100 mM, 20 mL) of ferrozine are prepared in Milli-Q water,

aliquoted into 800-pL portions, and stored at -80 OC.
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Supplier
Beston Dickinson
VWR
BACHEM

MilliporeSigma
MilliporeSigma
Macron
EMD

VWR
VWR
VWR
MilliporeSigma
MilliporeSigma
Bio-Rad

Fe speciation
assay



2. Each aliquot is thawed only once and subsequently diluted to the working

concentration of 6.17 mM (10 mL) in 0.1 M HCl immediately before use.

B.2.4 Buffers for Protein Purification and the Iron Speciation Assay

Buffers employed for the purification of mCP and CP-Ser are prepared as indicated

below with Milli-Q water and are subsequently filtered (0.2 pm) and stored at 4 OC. For

buffers used in the preparation of mCP or hCP, DTT (5 mM final concentration) is added

to all buffers immediately before use because these proteins contain cysteine residues. 3

The Fe speciation assay buffer is prepared from high purity reagents (see Section B.2.2)

in acid-washed volumetric glassware and subsequently transferred to a polypropylene

container.1
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Buffer (1 L) Composition

lysis buffer A: 50 mM Tris, 100 mM NaCl, 1 mM
EDTA, 0.5 % Triton X-100, 1 mM
PMSF*, pH 8.0

lysis buffer B: 50 mM Tris, 100 mM NaCl, 4 M

GuHCI, pH 8.0

dialysis buffer: 20 mM HEPES, pH 8.0

MonoQ buffer A: 20 mM HEPES, pH 8.0

MonoQ buffer B: 20 mM HEPES, 1 M NaCl, pH 8.0

S75 buffer: 20 mM Tris, 100 mM NaCl, pH 8.0

Fe speciation assay buffer: 75 mM HEPES, 100 mM NaCl, 2 mM
Ca(II)**, pH 7.0

*PMSF is added immediately before use. It is dissolved in anhydrous ethanol before use
or a stock solution can be stored at -20 OC.
**Ca(II) (80 tL of a 1-M stock solution) is added to 40 mL of the buffer before use.

B.2.5 Equipment for Protein Purification

1. An AKTA purifier (GE Life Sciences) housed in a 4 IC room and equipped with a

150-mL Superloop (GE Life Sciences) is employed for chromatographic

purification.

2. Both human and murine CP orthologues are purified in two chromatographic steps:

anion exchange chromatography using a MonoQ 10/100 GL column (GE Life

Sciences) is performed first, followed by size exclusion chromatography using a

Superdex 75 10/300 GL column (GE Life Sciences).

B. 2.6 Equipment for Optical Absorption Spectroscopy
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1. A Beckman Coulter DU 800 spectrophotometer thermostatted at 25 *C with a

Peltier temperature controller is used for optical absorption spectroscopy.

2. Plastic cuvettes (1-cm pathlength, polystyrene, VWR) are employed for optical

absorption measurements during the Fe speciation assay. New cuvettes are used

for each measurement. Acid-washed quartz cuvettes can also be used for these

measurements.

3. Plastic cuvettes (1-cm pathlength, polystyrene, VWR) are used for monitoring the

bacterial culture optical density at 600 nm (OD600, absorption at 600 nm).

4. Observed OD600 values of bacterial cultures are given throughout this protocol as

benchmarks; however, these values will vary from instrument to instrument.

B.3. Methods

The methods for protein overexpression and purification described in this section

are based on published procedures12, 21 and can be employed to produce human and

murine CP variants obtained by site-directed mutagenesis.

B.3.1 Protein Preparation

The protein purification procedures are described for overexpression carried out using a

1 L culture for each subunit. Typical yields are =60 mg / 2 L culture for CP-Ser and =45

mg / 2 L culture for mCP.

Day 1: Preparation for protein overexpression

1. Prepare and autoclave Luria-bertani (LB) medium for protein overexpression

according to the manufacturer's instructions. Prepare 1 L LB medium in a 2-L
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baffled flask for each S100 subunit to be overexpressed. Cool the autoclaved

medium and place the flasks in a 37 0C incubater-shaker or warm room overnight.

2. Prepare 50 mg/mL kanamycin by dissolving kanamycin sulfate in Milli-Q water.

Filter the solution (0.2-pm syringe filter), collecting the filtrate in a polypropylene

centrifuge tube, and store the solution at -20 0C. The pET41a vector contains a

kanamycin resistance cassette.

3. Prepare 0.5 M IPTG by dissolving IPTG in Milli-Q water. Filter the solution (0.2-

pm syringe filter), collect the filtrate in a polypropylene centrifuge tube, and store

at -20 0C. Protein expression will be induced by IPTG addition on Day 2.

4. Prepare starter cultures of E. coli BL21(DE3) containing the desired pET41a

expression plasmids. To a sterile 250-mL baffled flask, add 30 mL of LB and 50

pg/mL kanamycin. Inoculate the medium from a freezer stock (Section A.2.1) of

the E. coli overexpression strain or from a single colony that was grown on an agar

plate. Incubate the cultures (37 *C, 150 rpm) for =16 h.

Day 2: Overexpression of S10OA8 and S10OA9 subunits

5. Measure the OD600 of the overnight culture, which should be >1.5.

6. Add 50 ptg/mL kanamycin (final concentration, 1 mL of a 50 mg/mL stock solution

in Milli-Q water) into the 2-L baffled flask containing 1 L of LB medium and dilute a

10-mL volume (1:100 dilution) of the overnight culture into the medium. Place the

resulting culture in an incubator-shaker (37 C, 150 rpm).

7. Monitor the OD600 .
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8. When OD600 = 0.6-0.7, add 125 pM IPTG (250 tL of 0.5 M IPTG stock solution) to

the culture.

9. Incubate the culture (37 OC, 150 rpm) for and additional 3.5-4 h after induction. At

this time, measure the OD600 of the culture, which should be >1.5.

10. Harvest the cells by centrifugation (2246 g, 15 min, 4 oC), discard the supernatant,

and transfer the cell pellet to a sterile 50-mL polypropylene centrifuge tube. Flash

freeze the pellet in liquid nitrogen and store at -80 0C until use.

This procedure typically yields =2 g cells / 1 L culture (wet weight) for each subunit,

which can be stored at -80 0C for over four months without an impact on protein yield.

The overexpression can be evaluated by SDS-PAGE analysis (Coomassie stain) of

the pre- and post-induction cell samples (whole cell lysate) using a 15% tricine gel

(Figure B.1). Successful overexpression of the S100A8 subunit should show an

intense band at =11 kDa in the post-induction sample, corresponding to the S1 00A8

monomer. Successful overexpression of the S1 00A9 subunit should show an intense

band at ~13 kDa, corresponding to the S100A9 monomer. These overexpression

conditions result in insoluble hS1OOA8, hS100A8(C42S), hS100A9, hS100A9(C3S),

and mS100A8, and soluble mS100A9.

259



A S10OA8 S10OA9

kDa PL pre post pre post

S10OA8 S100A9 B
kDa PL pre post pre post

25

22P

17 ION S100A9

11 S100A8

01
S1 0OA

Figure B.1. Representative 15% Tris-glycine SDS-PAGE gel of whole cell lysate of E.
coli BL21 (DE3) obtained from the overexpression of the S1 00A8 and S1 00A9 subunits of
mCP (A) and hCP-Ser (B). Samples pre- and post-induction with IPTG are shown. The
samples were prepared using the B-PER reagent (Thermo Fisher Scientific, manufacturer
protocol). The protein ladder (PL) is p7712S (New England Biolabs).

Day 3: Lysis and refolding of mCP

The following steps should be carried out at 4 0C and buffers should be equilibrated and

stored at 4 *C (in a cold room) or on ice.

11.Thaw one mS10A8 and one mS100A9 cell pellet, each from a 1-L overexpression

culture, on ice.

12.Add 116 mg DTT to 150 mL of lysis buffer A and stir to dissolve and afford a final

concentration of 5 mM.4 Keep lysis buffer A on ice or in a 4 OC room.

13. Suspend each cell pellet in 30 mL of lysis buffer A containing 5 mM DTT. Once the

cell pellets are fully suspended, combine the suspensions to yield a 60-mL mixture

containing both mS100A8 and mS100A9.

14. Transfer the combined suspension to a stainless steel beaker on ice. Lyse the cells

by sonication on ice (40% amplitude, 2.5 min, 30 s on, 10 s off).

I
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15. Centrifuge the mixture (22,000 g, 4 0C, 10 min). Transfer the supernatant, which

contains soluble mS1OOA9, to a glass beaker on ice.

16. Repeat steps 13-15 for a total of two times. Keep the final pellets (containing

insoluble mS100A8) on ice and combine the supernatant from each round

(containing soluble mS1O0A9) in a glass beaker on ice.

17. To precipitate contaminating proteins from the combined supernatant containing

soluble mS1OOA9, add =45 g of ammonium sulfate to the solution (=120 mL) in

one portion and stir rapidly for =1 h at 4 0C. This quantity of ammonium sulfate

affords a final concentration of 60% ammonium sulfate.

18. Centrifuge the mixture obtained from step 17 (22,000 g, 4 C, 20 min). Vacuum

filter (BOchner funnel) and collect the filtrate on ice. The filtrate contains soluble

mS1OOA9.

19. Add =38 g of ammonium sulfate to the combined filtrate in one portion to increase

the ammonium sulfate concentration to 100%. Stir the mixture at 4 0C for ~1 h to

precipitate mS100A9.

20. Centrifuge the mixture obtained in step 19 (22,000 g, 4 C, 20 min). Vacuum filter

(Buchner funnel) and collect the precipitate, which contains mS1OOA9.

21.Add 77 mg DTT to 100 mL lysis buffer B, 4 stir to dissolve, and keep the buffer on

ice. Resuspend the mS1OOA8 pellets (step 16) and the mS100A9 precipitate (step

20) together in this solution by using a tissue homogenizer or by gently stirring the

mixture with a stir bar at 4 OC.

22. Transfer the suspension to a stainless steel beaker and sonicate for 5 min (40%

amplitude, 30 s on, 10 s off) on ice.
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23. Centrifuge the mixture (22,000 g, 4 0C, 10 min). Transfer the supernatant to a

dialysis bag (3500 MWCO) and dialyze against 3 x 4L of dialysis buffer containing

5 mM DTT at 4 0C for at least 12 h each.4

Day 3: Lysis and refolding of hCP-Ser

The following steps should be carried out at 4 0C and buffers should be equilibrated and

stored at 4 *C (in a cold room) or on ice.

24.Thaw one hS100A8(C42S) and one hS100A9(C3S) cell pellet, each from a 1-L

overexpression culture, on ice.

25. Keep 200 mL of lysis buffer A on ice or in a 4 *C room. Suspend each cell pellet in

30 mL (60 mL total) lysis buffer A. Once the cell pellets are fully suspended,

combine the suspensions to yield a 60-mL mixture containing both

hS100A8(C42S) and hS100A9(C3S).

26. Transfer the mixture to a stainless steel beaker on ice. Lyse the cells by sonication

(40% amplitude, 2.5 min, 30 s on, 10 s off).

27. Centrifuge the crude lysate (22,000 g, 4 C, 10 min). Discard the supernatant. The

pellet contains the hS100A8(C42S) and hS100A9(C3S) subunits.

28. Repeat steps 25-27 for a total of three times.

29. Suspend the resulting cell pellets together in 100 mL lysis buffer B using a tissue

homogenizer or by gently stirring the mixture with a stir bar at 4 OC.

30.Transfer the solution to a steel beaker on ice and sonicate for 5 min (40%

amplitude, 30 s on, 10 s off).
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31. Centrifuge the mixture (22,000 g, 4 0C, 10 min). Transfer the supernatant to a

dialysis bag (3500 MWCO) and dialyze against 3 x 4 L of dialysis buffer at 4 0C for

at least 12 h each.

Days 4 and 5: Change dialysis buffer

32. Change the dialysis buffer. If it is an mCP dialysis, add 5 mM DTT to the new

dialysis buffer (3.1 g to 1 L dialysis buffer).

After dialysis, the refolded protein is purified by AEC and SEC - see Day 6.

33. The day before the chromatography steps, pre-equilibrate the S75 column with 1

column volume (CV) of S75 buffer.

Day 6: Protein purification of mCP and hCP-Ser

Over the course of the refolding process described above, some insoluble aggregates

form and accumulate at the bottom of the dialysis bag as a white precipitate.

34. Centrifuge the dialysate to pellet the precipitate (22,000 g, 40C, 10 min). Decant

and vacuum filter the supernatant using a 0.2-pm bottle-top filter and collect the

filtrate in a polypropylene bottle stored on ice.

35.Load the filtrate (~110 mL; dialysis can cause some increase in the volume)

solution onto the Superloop.

36. Equilibrate the MonoQ column with 2 CV Milli-Q water, 2 CV MonoQ buffer A, 2

CV MonoQ buffer B, 2 CV MonoQ buffer A. Use a flow rate of 2 mL/min. Include 5

mM DTT in the MonoQ A and B buffers when purifying a cysteine-containing

protein.4
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37. Load the column with the protein solution and elute at 2 mL/min using MonoQ

buffer A and a gradient of:

a. 0-15 % MonoQ buffer B over 15 CV for mCP (Figure B.2A,C)

OR

b. 0-30% MonoQ buffer B over 30 CV for hCP-Ser (Figure B.2B,D)

Monitor protein elution at 280 nm and collect 5-mL fractions. SDS-PAGE

analysis of the fractions is used to determine which fractions contain the CP

heterodimer, which is evidenced by the presence of both the S100A8 and

S100A9 subunits in about equal abundance on the gel (Figure B.2). We

typically perform two or three monoQ runs for a protein purification on this scale.

The column is equilibrated (step 36) between runs.

38.Combine fractions containing both mS100A8 and mS100A9 (Figure B.2) and

concentrate the protein by centrifugation to =10 mL using an Amicon spin filter (10

kDa MWCO) and centrifuging (3210 g, =25 min, 4 0C).

39. Load all of the concentrated protein onto the Superloop.

40. Elute the heterodimer over 1 CV on the pre-equilibrated S75 column at a flow rate

of 1 mL/min using S75 buffer (Figure B.3). Include 5 mM DTT in the S75 buffer

when purifying a cysteine-containing protein.4

41. Collect the fractions containing CP and dialyze for at least 12 h in 1 L S75 buffer

containing ~10 g Chelex at 4 *C. Include 5 mM DTT in this buffer when purifying a

cysteine-containing protein.4
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Figure B.2. Purification of mCP (A, C) and CP-Ser (B, D) by anion exchange
chromatography using a MonoQ column. Elution profiles (A, B) and corresponding 15%
Tris-glycine SDS-PAGE gels of the fractions (C, D), indicating the fractions collected for
subsequent purification. The protein ladder (PL) is p7712S (New England Biolabs).
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Figure B.3. Purification of mCP (A, C) and CP-Ser (B, D) by size exclusion
chromatography using a S75 column. Elution profiles (A, B) and corresponding 15% Tris-
glycine SDS-PAGE gels of the fractions (C, D), indicating fractions collected for
subsequent dialysis. The protein ladder (PL) is p7712s (New England Biolabs).

Day 7: Protein Storage

42. Concentrate the protein solution to >500 pM (=3 mL). Aliquot the protein into

microcentrifuge tubes, freeze the protein aliquots in liquid nitrogen, and store at

-80 *C.

B.3.2 Biochemical Characterization of Calprotectin

Following the purification of human or murine CP, we recommend employing

standard biochemical techniques to evaluate the integrity of the purified protein.12 These

methods include SDS-PAGE (Figure B.4) to ascertain purity, analytical size exclusion
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chromatography to monitor oligomeric state, and metal analysis by inductively-coupled

plasma mass spectrometry (ICP-MS). The experimental conditions for these procedures,

as well as circular dichroism spectroscopy, are found in references 12 and 21.

PL hCP mCP

kDa

25

22 0

17i0 S1 00A9

11 iim S1 00A8

Figure B.4. Representative 15% Tris-glycine SDS-PAGE gel of purified hCP-Ser (hCP)
and mCP. The protein ladder (PL) is p7712S (New England Biolabs).

B.3.3 Fe Speciation Assay Using Ferrozine

The Fe speciation assay allows quantification of Fe(Il) as well as total Fe content

in solutions containing this metal ion. The protocol described below is modified from prior

reports. 18, 27, 28

Day 1: Preparation of samples

1. Combine 1 mL of the 100 mM FeCl3 stock solution (Section A.2.2) with I mL of the

100 mM sodium citrate stock solution (Section A.2.2) to afford a 50 mM Fe(Ill)-

citrate solution (2 mL).

2. Dilute I mL of the 50 mM Fe(Ill)-citrate solution with 9 mL Milli-Q water to afford a

5 mM Fe(Ill)-citrate solution (10 mL).

267



3. Buffer-exchange mCP and hCP-Ser into the Fe speciation assay buffer (4x, 500

pL spin filter).5

4. Prepare 5-mL samples of 30 pM Fe(Ill)-citrate and 20 pM protein in 15-mL

polypropylene tubes by diluting the 5 mM Fe(Ill)-citrate solution (step 2) and the

buffer-exchanged protein (step 3) into the Fe speciation assay buffer. Cap the

tubes and incubate in an incubator shaker (30 C, 150 rpm).

5. Prepare Fe standards for a standard curve. Dilute the 50 mM Fe(Ill)-citrate stock

solution (step 1) with Fe speciation assay buffer to afford 1 0-mL aliquots of 32 tM

and 25 pM Fe(Ill)-citrate. Serially dilute the 32 pM Fe(Ill)-citrate solution (1:1

dilution series) with Fe speciation assay buffer to prepare standards containing 16,

8, 4, and 2 [tM Fe(ill)-citrate. Another standard used to generate the calibration

curve is buffer with no added Fe.

Day 1: Fe speciation assay of calibration standards

6. Before initiating the assay, set a heating block to 95 OC and turn on the optical

absorption spectrophotometer.

7. Prepare 0.4 M TCA and 1.3 M ammonium acetate solutions in Milli-Q water (or

thaw a solution prepared the same day and stored at -20 oC).6

8. Thaw an aliquot of 100 mM ferrozine.

9. Prepare 0.2 M HCI (10 mL) in a 15-mL polypropylene tube by diluting 166.6 piL of

37% HCI into 10 mL of Milli-Q water.7
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10. Prepare 40 mL 1.5 mM sodium ascorbate in 0.2 M HCI. Dilute 667 ptL 37% HCI

into 40 mL of Milli-Q water and add 12 mg sodium ascorbate. This solution must

be prepared immediately before use.6'7

11. Prepare 6.17 mM ferrozine in 0.1 M HCI. Dilute 83.3 iL 37% HCI and 617 pL 100

mM ferrozine into 10 mL of Milli-Q water in a 15-mL polypropylene centrifuge

tube.6,7

12.Transfer 200 [L of each standard solution to a separate 1.7-mL microcentrifuge

tube. The total Fe content of these standards will be quantified. Ascorbate will be

added to each sample to reduce all Fe(Ill) to Fe(II) before absorption of the Fe(Il)-

ferrozine complex is measured by optical absorption spectroscopy. Label each

these tubes with an A.

13.Add 200 pL of 1.5 mM ascorbate solution to each tube labeled A.

14.Add 200 pL of 0.4 M TCA to each tube labeled A.

15. Vortex each tube labeled A for 10 s.

16. Heat all tubes labeled A for 5 min at 95 OC.

17. Centrifuge all tubes labeled A (15,000 g, 5 min, 4 OC).

18. Transfer 300 ptL of each supernatant to a new microcentrifuge tube.

19. Add 400 pL of 1.3 M ammonium acetate to each tube.

20. Add 100 pl of 6.17 mM ferrozine in 0.1 M HCl to each tube. Vortex to mix.

21. Transfer 500 pl of each solution to disposable semi-micro polystyrene cuvettes.

22. Blank the optical absorption spectrometer using Milli-Q water and collect the

optical absorption spectrum of each solution (Figure B.5A).
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23. Plot A5 62 vs [Fetotai] of the calibration standards and apply a linear regression to

generate a calibration curve (Figure B.5B).
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Figure B.5. Absorbance profile (A) of Fe standards in Fe speciation assay buffer (0, 2, 4,
8, 16, 25, and 32 pM total Fe). A calibration curve is generated by plotting A562 vs. [Fetotal]
and applying a linear regression fit (B).

Days 1-4: Fe speciation assay of protein samples

This assay is conducted at 0, 24, 48, and 72 h after the protein assay setup.

24.On each day, complete steps 6-11 from Fe speciation assay of calibration

standards, above.

25. Immediately after preparing the protein samples, and on each day after, add 200

pL of each sample to each of two microcentrifuge tubes, labeled A and B,

respectively. Samples labeled A will be treated with an ascorbate solution to

reduce all Fe to Fe(II) and quantity total Fe. Samples labeled B will not be treated

with ascorbate to quantify Fe(ll).

26. Add 200 pL of 0.2 M HCI to all tubes labeled B.
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27.Add 200 pL of 1.5 mM ascorbate solution to all tubes labeled A.

28.Add 200 pL of 0.4 M TCA to all tubes labeled A and B.

29. Vortex each tube for 10 s.

30. Heat all tubes for 5 min at 95 0C.

31.Centrifuge all tubes (15,000 g, 5 min, 4 0C). A small, white protein pellet is

observed in the bottom of the tubes containing protein.

32. Transfer 300 pL of the supernatant to new microcentrifuge tubes.

33. Add 400 pL of 1.3 M ammonium acetate to each tube.

34.Add 100 pL of 6.17 mM ferrozine in 0.1 M HCI to each tube. Vortex to mix.

35.Transfer 500 pL of each solution to disposable semi-micro polystyrene cuvettes.

36. Blank the optical absorption spectrometer using Milli-Q water and collect the

optical absorption spectrum of each solution 400-700 nm (Figure B.6A,B). Record

the absorbance of the Fe(li)-ferrozine complex in each solution at 562 nm.

37. Use the calibration curve to determine the [Fe(ll)] and [Fetotal] in the mCP and CP-

Ser samples. Subtract the measured [Fe(ll)] from the [Fetotal] to determine the

[Fe(Ill)]. Plot the concentrations of Fe(II), Fe(Ill), and total Fe for the samples over

days 0-3 (Figure B.7).8
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assay (average SDM, n = 3).
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B.4. Notes

1. Both human and murine CP coordinate transition metal ions with high affinity.

Thus, precautions must be taken to reduce metal contamination when working with

these proteins and to ensure the apo heterodimers are obtained from the

purification. Because calcium ions affect the quaternary structure and transition

metal affinities of CP, precautions must be taken to avoid calcium contaminations

during the preparation of the apo heterodimer. After column purification, the protein

is dialyzed in buffer containing Chelex resin to limit metal ion contamination.

Additionally, for solution studies such as the Fe speciation assay, high purity

reagents are employed and precautions are taken to avoid metal ion

contamination. These precautions include the use of plastic spatulas to transfer

reagents, the exclusive use of Milli-Q water, and the use of acid-washed glassware

for the preparation of buffer and metal ion solutions. Because metal ions can leach

from glassware, solutions are transferred to polypropylene containers for long-term

storage.

2. Anhydrous FeCl3 is purchased in an ampule and is hygroscopic. Upon opening the

ampule, the powder should be weighed and the stock solution prepared

immediately.

3. If the protein contains one or more cysteine residues, 5 mM DTT is included in all

buffers used for protein purification. 12 , 13, 21 This modification is employed for

purifying hCP, which contains two cysteine residues, as well as variants of mCP,

and should be applicable for variants that have cysteine residues incorporated at

non-native positions by site-directed mutagenesis. It is important to determine
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whether DTT in the storage buffer must be removed prior to an experiment. Note

that DTT can affect the redox speciation of metal ions like Fe and Cu.

4. DTT is not infinitely stable and thus buffer containing DTT should not be stored for

extended periods of time. We recommend storing buffers without DTT and adding

DTT powder to buffers immediately before use.

5. To set up the Fe speciation assay, proteins are buffer-exchanged into the Fe

speciation assay buffer. Remember that mCP is stored in buffer that contains 5

mM DTT, and this reducing agent must be removed before setting up the Fe

speciation assay.

6. We strongly recommend that the TCA, ammonium acetate, and sodium ascorbate

reagents used in the ferrozine assay are prepared immediately before use.

Ferrozine solutions can be stored at -80 0C and thawed daily for use in the assay.

7. We strongly recommend using high purity reagents for the iron speciation assay,

including trace metals basis HCI solution, to avoid metal contamination. In

particular, we have found that use of lower purity HCI compromises the Fe

speciation assay.

8. We recommend using at least 30 pM total Fe concentration in the assay. This

concentration will provide absorbance values > 0.1 a.u. when measuring the total

iron content of the solution with a 1-cm pathlength cuvette.
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