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A Molecular Investigation of the Antimicrobial Functions of the
Human S100 Host-Defense Proteins
by
Lisa Stephanie Cunden
Submitted to the Department of Chemistry
On 01/15/2019 in Partial Fulfillment of the
Requirements of the Degree of
Doctor of Philosophy in Chemistry
ABSTRACT
The human host is continually exposed to potentially harmful organisms and the innate immune
response is the first line of defense against microbial invasion. One strategy employed by the
human innate immune system includes the release of antimicrobial host-defense proteins (HDPs).
The goal of this thesis is to understand the antimicrobial functions of four host-defense proteins
of the S100 family of proteins: calprotectin (CP), S100A12, S100A7, and S100A15. In the first half
of this thesis, we elucidate the Zn(lI)-binding and antimicrobial properties of S100A12 and S100A7
through the use of solution and microbiology studies. We evaluate the affinity of S100A12 for
Zn(ll), the scope of its antimicrobial activity, and put forward a model whereby S100A12 uses
Ca(ll) ions to tune its Zn(Il)-chelating properties and antimicrobial activity. Our work with S1 00A7
demonstrates that the protein may exist in more than one redox state under physiological
conditions, and that unlike CP and S100A12, the antimicrobial properties of S100A7 are not
directly modulated by Ca(ll) ions. We report a model whereby the local redox environment of
S100A7 tunes its Zn(ll)-sequestration capacity through intramolecular disulfide-bond redox
chemistry, and that Ca(II) ions exert an indirect modulatory effect on the Zn(Il)-binding properties
of this protein. In the second half of this thesis, we examine the bactericidal properties of the four
S100 proteins. Our results agree with prior work on the bactericidal properties of S100A7.
Furthermore, we show that CP and S100A15, but not S100A12, possess bactericidal activity at
pH 5, and that CP is a broad-spectrum Gram-negative bactericidal factor that functions through a
mechanism of membrane permeabilization. Taken together, our studies provide new insights into
the multifunctionality of the antimicrobial S100 HDPs.

Thesis Supervisor: Elizabeth M. Nolan
Title: Associate Professor of Chemistry
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Chapter Abstracts
Chapter 1: A Molecular Investigation of the Antimicrobial Functions of
the Human S100 Host-Defense Proteins
The innate immune system is the first line of defense against microbial invasion. This
chapter reviews the roles that host-defense peptides (HDPs) play in preventing pathogenic
colonization, with a focus on select members of the family of S100 HDPs, which include CP
(calprotectin), S10OA7 (psoriasin), S10A15 (koebnerisin), and S10OA12 (calgranulin C). These
relatively small (=10 kDa) a-helical Ca(Il)-binding host-defense peptides are multifaceted and at
least two distinct mechanisms of action have been proposed to explain their antimicrobial
activities. The first mechanism is one of metal sequestration, whereby the proteins starve
pathogens of essential metal nutrients, including Mn, Fe, Cu, Ni, and Zn. The second mechanism
involves microbicidal activity, resulting in direct killing of pathogens. The molecular details for the
antimicrobial functions of CP, S100A7, S100A15, and S10OA12 are discussed in this chapter.

Chapter 2: Calcium Ions Tune the Zinc-Sequestering Properties and
Antimicrobial Activity of Human S10OA12
Human S10OA12 is a host-defense protein expressed and released by neutrophils that

contributes to innate immunity. Apo S1 00A1 2 is a 21 -kDa antiparallel homodimer that harbors two
Ca(ll)-binding EF-hand domains per subunit and exhibits two His3Asp motifs for chelating
transition metal ions at the homodimer interface. In this Chapter, we present results from metalbinding studies and microbiology assays designed to ascertain whether Ca(ll) ions modulate the
Zn(il)-binding properties of S100A12 and further evaluate the antimicrobial properties of this
protein. Our metal depletion studies reveal that Ca(II) ions enhance the ability of S100A12 to
sequester Zn(II) from microbial growth media. We report that human S10OA12 has antifungal
activity against Candida albicans, C. krusei, C. glabrata and C. tropicalis, all of which cause
human disease. This antifungal activity is Ca(ll)-dependent and requires the His 3Asp metal-
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binding sites. We expand upon prior studies of the antibacterial activity of S10OA12 and report
Ca(ll)-dependent and strain-selective behavior. S10OA12 exhibited in vitro growth inhibitory
activity against Listeria monocytogenes. In contrast, SI0OA12 had negligible effect on the growth
of Escherichia coli K-12 and Pseudomonas aeruginosa PA01. Loss of functional ZnuABC, a highaffinity Zn(ll) import system, increased the susceptibility of E. coli and P. aeruginosa to S10OA12,
indicating that S100A12 deprives these mutant strains of Zn(II). To evaluate the Zn(Il)-binding
sites of S10OA12 in solution, we present studies using Co(II) as a spectroscopic probe and
chromophoric small-molecule chelators in Zn(II) competition titrations. We confirm that S100A12
binds Zn(II) with a 2:1 stoichiometry, and our data indicate sub-nanomolar binding affinity. Taken
together, these data support a model whereby S10OA12 uses Ca(ll) ions to tune its Zn(II)chelating properties and antimicrobial activity.

Chapter 3: Biochemical and Functional Evaluation of the
Intramolecular Disulfide Bonds in the Zinc-Chelating Antimicrobial
Protein Human S10OA7 (Psoriasin)
Human S1OOA7 (psoriasin) is a metal-chelating protein expressed by epithelial cells. It is
a 22-kDa homodimer with two EF-hand domains per subunit, and two transition-metal-binding
His 3Asp sites at the dimer interface. Each subunit contains two cysteine residues that can exist
as free thiols (S100A7re) or as an intramolecular disulfide bond (S10OA7ox). In this Chapter, we
examine the disulfide bond redox behavior, the Zn(lI)-binding properties, and the antibacterial
activity of S10OA7, as well as the effect of Ca(II) ions on these properties. In agreement with prior
work (Hein et al. Proc. Nat/. Acad. Sci. U. S. A. 2013, 112, 13039-13044), we show that apo
S100A7ox is a substrate for the mammalian thioredoxin system; however, negligible reduction of
the disulfide bond is observed for Ca(ll)- and Zn(l.)-bound S10nA7. Furthermore, metal binding
depresses the midpoint potential of the disulfide bond. S100A7x and S100A7re each coordinate
two equivalents of Zn(II) with sub-nanomolar affinity in the absence and presence of Ca(II) ions,
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and the cysteine thiolates in S1 00A7red do not form a third high-affinity Zn(ll) site. These results
refute a prior model implicating the Cys thiolates of S10OA7red in high-affinity Zn(ll) binding (Hein
et al. Proc. Nat. Acad. Sci. U. S. A. 2013, 112, 13039-13044). S10OA7ox and the disulfide-null
variants show comparable Zn(ll)-depletion profiles; however, only S100A7.x exhibits antibacterial
activity against several bacterial species. Metal substitution experiments suggest that the disulfide
bonds in S10OA7 may enhance metal sequestration by the His3Asp sites and thereby confer
growth inhibitory properties to S100A7ox.

Chapter 4: Investigation of the Bactericidal Properties of the HostDefense Protein Human Calprotectin
Human calprotectin (CP) is accepted to inhibit bacterial growth by withholding metals
through a process termed nutritional immunity. In this Chapter, we investigate an alternate,
bactericidal activity of this protein. We show that CP is an effective AMP with enhanced activity
at acidic pH, and that CP is resistant to high salt, but that binding of divalent metals Ca(ll) and
Zn(II) results in an attenuation of the activity of CP. We employ phase-contrast microscopy to
image the cell morphology phenotypes caused by CP and employ a Live-Dead stain to show that
the phenotypes are associated with cell wall permeabilization. Furthermore, fluorescence imaging
studies reveal that CP causes leakage of periplasmic GFP indicating that CP affects the
periplasmic integrity of E. coli cells. Next, we expand on the scope of the bactericidal activity of
CP and argue that it can be considered a broad-spectrum AMP against Gram-negative strains.
The underlying molecular details for this interaction are currently unclear, but we postulate that it
may be mediated by electrostatic interactions between CP and the negatively-charged LPS
moieties found on the outer-membrane of Gram-negative strains, or other cell-surface
lipoproteins.
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Chapter 5: Investigation of the Bactericidal Properties of Four
Human S100 Proteins: Calprotectin, S10OA7, S100A15, and S10OA12
CP (calprotectin), S100A7 (psoriasin), S100A15 (koebnerisin), and S100A12 (calgranulin
C) are members of the S100 family of human host-defense proteins. These S100 proteins are
interesting candidate antimicrobial peptides (AMPs) due to their high helical character, overall
cationic charge, relatively small size, and localization patterns. In this Chapter, we further probe
the scope of the bactericidal activities of S10OA7, S10OA15, and S10OA12. We investigate the
chemical and environmental factors that affect their antimicrobial properties, and employ
microscopy studies to characterize their killing activities. The S100 proteins were found to have
enhanced killing properties under acidic conditions (pH 5.1) in the absence of added NaCl and
Ca(II) when tested against bacterial cultures in mid-log phase of growth. CP, S10OA7, and
S10OA15 were found to be active against three Gram-negative strains tested, suggesting that
they can be broad-spectrum AMPs against Gram-negative strains. Microscopy studies of
Escherichia coli reveal aberrant cell morphology phenotypes caused by CP, S100A7, and
S10OA15, while S10OA12 was found to be inactive with a lack of observable phenotypes.

Appendix A: Preparation of the Oxidized and Reduced Forms of
Psoriasin (S100A7)
S10OA7 possesses two Cys residues that generate two redox isoforms of the protein. In
the oxidized form (S10OA7OX), Cys47 and Cys96 form an intramolecular disulfide bond, whereas
these residues exist as free thiols in the reduced form (S100A7red). In this Appendix, we provide
a step-by-step protocol for the purification of S10OA7OX and S10OA7red that affords each protein in
high yield and purity. In this procedure, S100A7 is expressed in Escherichia coli BL21(DE3), and
the homodimer is obtained following ammonium sulfate precipitation, folding, and column
chromatography. Treatment of S10OA7 with 1,4-dithiothreitol (DTT) affords S10OA7ed. A Cu(Il)catalyzed oxidation reaction is employed to obtain S10OA7ox. An RP-HPLC method that allows
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for baseline separation of S10OA7X and S100A7red is provided, as well as a biochemical Zn(ll)binding assay that can be employed to evaluate the functional integrity of S10A7.

Appendix B: S10OA12 and Pral: Competition for Zn(II) at the HostPathogen Interface
The ability of fungal pathogens to acquire essential nutrients from their hosts is a
fundamental aspect of infection. The fungal pathogen Candida albicans is a member of the
commensal microbiota and colonizes the skin, intestinal, oral, and genital mucosae. In most
individuals, C. albicans is a lifelong commensal; however, it can become virulent and cause lifethreatening systemic infections, particularly in immunocompromised individuals. C. albicans
secretes a scavenger protein, Pral, which sequesters Zn(II) from the host environment.
Subsequently, Pral re-associates with the fungus through a high-affinity Zn(II) transporter, Zrtl,
and delivers Zn(II) into the cell. Pral expression is upregulated at infection sites and under
conditions of Zn(II) starvation. Our work in Chapter 2 showed that S1 00A1 2 has antifungal activity
against Candida spp., and acts by depriving these pathogens of Zn(II). In this Appendix, we show
through qRT-PCR that Pral and Zrtl are upregulated when C. albicans is incubated with
S10OA12. Upregulation of Zapi, the transcription factor of Zrtl and Zrt2, a low-affinity Zn(II)
transporter, is also observed upon treatment of the cultures with S100A12. We show that the C.
albicans PRA1

and ZRT'1 single knockout strains are more susceptible to S100A12 treatment

compared to the WT strain, further supporting the notion that S10OA12 sequesters Zn(ll).
Moreover, these data provide evidence for competition between Pral and S10OA12, and suggest
that these two players may compete for Zn(ll) at sites of infections.
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Chapter 1: A Molecular Investigation of the Antimicrobial Functions of
the Human S100 Host-Defense Proteins

This Chapter is adapted from Biochemistry 2018, 57 (11), 1673-1680.
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1. 1. Innate immunity

The human host, along with other vertebrates, continually defends itself against invasion
by potentially harmful microbes using both the innate and adaptive branches of the immune
system. The innate immune system is the first line of defense against colonization by pathogenic
microorganisms and is activated within hours post-infection

3

The innate immune response,

which is generally considered to be non-specific, triggers a generic response to all pathogens that
it recognizes. The innate response is composed of initial recognition mechanisms that are either
constitutive or rapidly inducible, and can distinguish or target structural and functional features
associated with different classes of microorganisms.
In healthy, unwounded individuals, the most common sites of initial encounter with
microbes are epithelial surfaces: the skin, the moist surfaces of the eyes, nose, airways and the
lungs, the mouth, the digestive tract, the urinary tract, and the reproductive systems. Important
components of innate immunity therefore include the barrier function of the skin, the reduced pH
of the stomach, and chemical defenses such as the release of host-defense peptides and proteins
(HDPs)

-3

HDPs have important roles in the body's response to infection and inflammation,

and mediate a broad range of activities. For instance, HDPs are involved in wound healing and
the maintenance of the microbiota. HDPs can also influence multiple signaling pathways that
are involved in inflammation and immunity, and can function as antimicrobial agents by
preventing microbial proliferation through metabolic disruption (Figure 1. 1).' A subgroup of
antimicrobial HDPs exert microbicidal activity against pathogens, which is why they were
traditionally referred to as antimicrobial peptides (AMPs) (Figure 1. 1). Therefore, we refer to
peptides and proteins as HDPs except when discussing their microbicidal properties, in which
case they are referred to as AMPs.
The innate and antimicrobial properties of epithelial surfaces were first reported by Elie
Metchnikoff. He published a series of experiments describing the intracellular digestion of
Coelenterata (coral animals, true jellies, sea anemones, sea pens, etc...) by two types of cells
35

with phagocytic activities.' In a seminal experiment carried out in 1883, Metchnikoff described
migratory cells of mesodermal origin "programmed" to attack foreign material, and challenged
them with a thorn to trigger attachment to foreign insult.6 He named these cells "phagocytes" (from
the Greek "phago", meaning "to devour", and "cytos", meaning "cell') and called the process
"phagocytosis". Together with his prior observations of nutrient uptake by the same cells, he
extended his theory and connected the concepts of nutritional activity and host-defense against
insults, including insults of microbial origins.7-8 Following Laschtsenko's observation of hen egg
white having antibacterial properties,9 Fleming characterized the first antimicrobial peptide:
lysozyme. 10 He reported that various physiological fluids of the human host contain lysozyme and
showed that lysozyme can cause lysis of a panel of bacterial species. He also showed that
lysozyme was abundantly present in phagocytes, thus connecting the antimicrobial properties of
phagocytes to a key HDP, lysozyme.'

1. 2. Antimicrobial Host-Defense Peptides (HDPs)
Antimicrobial HDPs generally contain several hydrophobic amino acid residues that
promote the formation of amphipathic secondary structures, allowing them to interact
simultaneously with membrane-associated lipids and the surrounding aqueous environment.
Generally speaking, 50% or more of their amino acids are cationic (+2 to +9 charge) due to an
abundance of Lys and Arg residues, allowing them to interact with negatively charged bacterial
membranes." AMPs can be broadly classified on the basis of the secondary structures they can
adopt in membrane-like environments, of which four classes exist: (1) a-helical (e.g. LL-37 in
humans), (2) P-sheet stabilized through disulfide bridges (e. g. defensins), (3) looped (e. g. insect
thanatin), and (4) extended peptides with a predominance of one or two amino acid residues (e.g.
PR-39 found in pigs).1 1-12
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Figure 1. 1. Schematic representing select roles of antimicrobial HDPs in the innate response.
Amongst many other functions, antimicrobial HDPs are involved in immune modulation, wound
healing, and nutrient sequestration. A subtype of antimicrobial HDPs, termed AMPs, are involved
in direct killing of pathogens through various mechanisms, including penetration into cells to
interfere with DNA/ RNA or inhibit key metabolic enzymes, or membrane disruption.
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It is worth noting that antimicrobial activity was originally considered to be the primary
function of HDPs.' 3 ' Over the years, a large body of evidence has emerged, indicating that
modulation of cellular function is an important role that HDPs play in preventing microbial
invasion. 2 -13"5 These immunomodulatory effects include: (1) neutralization of the induction of
proinflammatory cytokines by LPS/endotoxin and other microbial signatures, (2) leucocyte
recruitment, (3) chemokine and cytokine production, (4) increased wound healing, (5)
angiogenesis, (6) immune cell activation, and (7) promotion of enhanced and/or polarized
adaptive responses.121315 Other antimicrobial mechanisms of HDPs include generation of highly
reactive species (e.g. superoxide dismutase),

physical entrapping of pathogens (e.g. human

defensin 6),17-19 and sequestration of essential nutrients (e. g. lactoferrin). 20-2 1

1. 3. Human S100 Proteins are Antimicrobial HDPs
A multitude of HDPs are secreted by various host cells. They include some members of a
family of small proteins called S100 proteins, which are the emphasis of this thesis work.
Specifically, we focus on four S100 HDPs: calprotectin (CP, S100A8/S100A9 oligomer,
calgranulin A/B oligomer, MRP8/MRP14), S100A12 (calgranulin C), S100A7 (psoriasin), and
S100A15 (koebnerisin) (Figures 1. 2 and 1. 3).
Human S100 proteins have been associated with a variety of intracellular and
extracellular processes, including cytoskeletal interactions, protein phosphorylation, membrane
trafficking, calcium homeostasis, cell growth and migration, regulation of the cell cycle and
transcription factors, tissue development and repair, cell migration, chemotaxis, and innate and
adaptive immune responses. 22

4

During infection, certain S100 proteins act as damage-

associated molecular patterns (DAMPs), interacting with pattern recognition receptors and the
receptor for advanced glycation end products (RAGE) to modulate inflammatory responses.2

29

Furthermore, S100 proteins exhibit antimicrobial properties and thus play a key role in host
defense at the host-pathogen interface. Two antimicrobial mechanisms have been reported for
38

select S100 proteins: (i) metal-limitation3 0-4 2 and (ii) membrane disruption.4346 While metal
limitation is generally regarded as a microbiostatic process, membrane disruption is considered
microbicidal.
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Figure 1. 2. Sequence alignment of human S1OOA8, S1OOA9, S100A7, S100A15, and S10A12.
Secondary structural elements are presented above the alignment. The transition-metal-binding

residues are presented in red, and Cys47 and Cys96 of S1 00A7 and S10OA1 5 are highlighted in
blue.
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Figure 1. 3. Crystal structures of human CP, S100A12, S10OA7, and S100A15. (A, B) Structure
of Ni(ll)-, Ca(Il)- and Na(l)-bound CP tetramer and dimer (PDB 5W1 F). (C) Zoom-in view showing
the His3Asp (Site 1) and His8 (Site 2) motifs of CP (PDB 5W1 F). (D, E) Structure of Zn(ll)- and
Na(li)-bound S100A12 tetramer and dimer (PDB 2WC8). (F) Zoom-in view showing the His3Asp
motif of S100A12 (PDB 2WC8). (G) Ca(ll)-bound structure of S100A7 dimer (PDB 3PSR). (H)
Zn(li)- and Ca(lI)-bound structure of S10OA7 dimer (PDB 2PSR). (1) Zoom-in view showing the
His3Asp motif of S100A7 (PDB 2PSR). (J) Ca(lI)- and Zn(ll)-bound structure of S10OA15 dimer
(PDB 4AQI). (K) Zoom-in view showing the His3 motif of S100A15 (PDB 4AQI). Zn(lI), Ni(Il),
Ca(II), Na(I), and Cl- ions are shown as brown, teal, yellow, purple, and pink spheres respectively.
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The human S100 protein family of host-defense peptides includes 21 relatively small, ahelical, Ca(ll)-binding polypeptides (Figure 1. 2).2',4 Human S100 proteins have conserved EFhand domains for Ca(ll) binding and diverse C-terminal and hinge regions. 4 7-48 Each S100
polypeptide contains two EF-hands where the C-terminal EF-hand is described as "canonical"
and the N-terminal EF-hand is described as "non-canonical." This nomenclature originates from
a comparison of S100 EF-hands to those of calmodulin. The "canonical" EF-hand domains are
calmodulin-like and afford heptadentate coordination spheres for Ca(II). The "non-canonical" EFhands provide fewer donor atoms and bind Ca(II) with lower coordination number and reduced
affinity.47 Like the EF-hand domains of calmodulin, each S100 EF-hand region assumes a helixloop-helix motif, and binds Ca(II) via main-chain oxygen atoms and carboxylate side chains
(Figure 1. 3).
Another structural hallmark of S100 proteins is a propensity to self-associate and form
non-covalent oligomers. The homo- and heterodimers are each typified by a stable four-helix
15 A comparison of the structures of CP, S10OA12,
domain with a hydrophobic core."S10OA7,

and S100A15 highlights some additional similarities (Figure 1. 2). For instance, each hetero- or
homodimer exhibits two transition-metal-binding sites that are independent from the Ca(il)binding sites. The transition-metal-binding sites form at the homo- or heterodimer interface and
are composed of metal-binding residues from each subunit (Figure 1. 3). Despite similar overall
structural features, CP, S10OA1 2, S1OOA7, and S10OA15 possess different expression pattems;
Table 1. 1 lists examples of the cell types and organ systems where each of these proteins has
been observed. Furthermore, differences in their metal-binding properties also account for distinct
antimicrobial profiles and modes of action.
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Table 1. 1. Location of human CP, S10A12, S1OOA7, and S10A15 in humans
S100 protein

Detected in
Neutrophils and monocytes

CPD
(S 1 00A8/S1 00A9,
Calgranulin A/B)

Keratinocytes
Female reproductive tract
Cardiovascular system
Gut epithelium

49-54

S10OA12
(Calgranulin C)

Neutrophils and monocytes
Psoriatic skin and keratinocytes

25, 5461

Ref

Abnormal keratinocytes
Invasive squamous cell carcinoma
S10OA7
(psoriasin)

Female reproductive tract
Cerebrospinal fluids (bacterial meningitis, Alzheimer's
disease)
Microglial and meningeal cells (brain)

43, 4546, 6269

Basal keratinocytes
65, 70Psoriatic skin
Astrocytes and meningeal cells (brain)
The location where the S100 proteins are detected can be deceptive. In some cases, the
inflammation condition may prompt the immune cells to migrate to specific tissues and S100
proteins can be found at these inflammatory locations.
S10OA15
(koebnerisin)

1. 3. 1. Microbiostatic Properties of S100 Proteins through Zn (l)-Sequestration.
Zn(II) is a ubiquitous d-block metal ion that performs structural, catalytic, and signaling
roles in biology.72-73 in the context of the host/microbe interaction and infectious disease, invading
microbial pathogens must obtain this essential metal nutrient from the host to colonize and
promote virulence.74 75 The mammalian innate immune system, which provides a first line of
defense against pathogenic invaders, employs one of two opposing strategies to modulate Zn(ll)
levels at infection sites and thereby inhibit the growth of pathogens: Zn(ll) limitation and Zn(II)
intoxication.75-76 The former phenomenon is a component of the metal-withholding innate immune
response, and process is often termed "nutritional immunity". 20 77
, -78 in response to Zn(ll) limitation
and in an attempt to fulfill their nutritional requirements, pathogens express high-affinity Zn(Il)-
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__j

0
7 76
uptake systems to acquire Zn(II) from the host environment. 5- ,79-8 Thus, a tug-of-war for a

limited supply of metal nutrient occurs at the host/pathogen interface, and the outcome of this
competition impacts the progression of infection (Figure 1. 4). Zn(ll)-sequestering HDPs are
important contributors to this host/microbe interaction and, in humans, include CP, S100A7,
S10OA15, and S100A12. To the best of our knowledge, there are no extensive studies
documenting the Zn(ll)-binding and antimicrobial properties of SIOOA15, the presence of a Zn(ll)binding site in a crystal structure of S10OA15 provides a foundation for addressing its Zn(Il)binding properties (Figures 1. 2 and 1. 3).81-83

0
Bacteria

0
0

Co

.0
Competition
for Zn(Il)

Neutrophil

0

0

0

Fungi

0
0
15,

0

Epithelial cells
CP

s100 A12

8100A7ox/ S10OA7red

Zn(ll)

Figure 1. 4. Extracellular roles of CP, S100A12, and SIOOA7 in Zn(ll) sequestration. CP is
released from neutrophils and epithelial cells, S10OA12 is released from neutrophils, and SIOOA7
is released from epithelial cells. These proteins compete with microbes for bioavailable Zn(ll) in
the extracellular space. S10OA15 is excluded from this scenario since its role as a Zn(Il)sequestering protein has not been established.
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1. 3. 2. Microbicidal Properties of S100 Proteins through Membrane Interactions.
The production of peptides and proteins exerting microbicidal activity is considered to be
the most ancient mechanism of immunity. AMPs can direct antimicrobial activity against all
categories of microbes, including viruses, archaea, bacteria and fungi, as well as against
, AMPs are thought to act by inhibiting microbial proliferation within the
multicellular parasites.1 13

host through membrane or metabolic disruption, 84-85 and their synthesis and secretion can be
constitutive or inducible by microbial products or pro-inflammatory cytokines. Many AMPs target
more than one type of microbe and use multiple mechanisms to achieve microbial killing. The
antibacterial mechanisms of AMPs can be broadly divided into three categories based on whether
the primary target is membrane integrity, membrane-dependent processes such as cell wall
biosynthesis or division, or an intracellular component such as DNA.
Early studies of S100 proteins reported on their ability to physically associate with
parasites,6

87

providing a basis for their functions as AMPs. Strong evidence in the form of

solution studies carried out with S10OA7 has demonstrated its function as an AMP, and
contributed to an understanding of its bactericidal and fungicidal properties. Molecular details
regarding the role(s) of S100 proteins as AMPs are currently unclear and warrant further
investigations.

1. 4. Calprotectin
Human CP is produced and released by white blood cells and epithelial cells.88,89
Neutrophils constitutively express CP, which constitutes ~40% of total cytoplasmic protein in
these immune cells. Monocytes and macrophages also express this protein. 90-91 Apo CP exists
as a heterodimer of S1OOA8 (a, 10.8 kDa) and S1OOA9 (p, 13.2 kDa). Coordination of Ca(ll) ions
at the EF-hand domains, or a divalent transition metal ion at the His6 site, causes two
heterodimers to self-associate and form a a2P2 heterotetramer. 36 ,92 -95 CP exhibits broad-spectrum
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antimicrobial activity, and early studies identified a link between its growth inhibitory activity and

Zn(II). 9 - 00 Additional

investigations

have (i)

defined

how

CP

contributes

to Zn(ll)

sequestration,30 3, 7 (ii) examined how select microbial pathogens respond to Zn(ll) limitation
imposed by CP, 1 01 1 05 and (iii) uncovered that CP can withhold additional divalent first-row
transition metals, including Mn(ll),1 06~1 08 Fe(I1), 33 Ni(II),38 and Cu.42 More recent work has
demonstrated that CP can also act through a mechanism that does not involve withholding of Mn
or Zn from microbes, and instead requires a physical interaction between CP and microbes.1 09

1. 4. 1. Zn(II)-Sequestering Properties of CP.
Among the Zn(li)-chelating S100 proteins, CP is unique because of its heterooligomeric
(S1OOA8/SIOOA9) composition. This structural attribute affords four different EF-hand domains
and two transition metal-binding sites with different amino acid compositions per heterodimer
(Figure 1. 3A-C). Moreover, S10OA9 is the longest human S100 polypeptide and it exhibits a Cterminal extension or "tail" that we define as residues 96-114 (Figures 1. 2 and 1. 3). These
unusual features define the coordination chemistry of CP and its remarkable metal-sequestering
ability. The transition-metal-binding sites are located at the S100A8/S1OOA9 heterodimer
interface and are commonly referred to as site 1 and site 2. Site 1 is a His 3Asp motif composed
of His83 and His87 from S100A8, and His20 and Asp30 from S100A9 (Figure 1. 3C). Site 2 is a
biologically unprecedented His6 motif defined by His17 and His27 from S100A8, and His9l, His95,
His103, and His105 from S10OA9 (Figure 1. 3C).31,33-3437-38,41 His103 and His105 are located in
the flexible C-terminal tail of the S10OA9 subunit. Both sites coordinate Zn(ll) with high affinity
and provide a 2:1 Zn(Il):CP heterodimer stoichiometry, as described further below. Because no
crystallographic or solution structure of Zn(ll)-bound CP has been reported to date, current
understanding of Zn(ll) chelation by CP is based on results from solution studies.
A recent investigation established that the Zn(lI) ion coordinated at site 2 is ligated by the

six residues of the His6 motif. 37 Prior to this work, it was unclear whether His1 03 and His105 of
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the S10OA9 C-terminal tail contribute to Zn(II) binding at this site. During investigations of the
protease stability of CP, a serendipitous observation provided compelling evidence for the
existence of an unprecedented Zn(il)-His 6 site. Whereas proteinase K cleaved the S10OA9
polypeptide of Ca(ll)-bound CP after His104, addition of 2 equivalents of Zn(II) protected this
cleavage site.36 When the CP variants His103Ala and His105Ala were examined, proteinase K
cleaved the S10OA9 subunit of the Zn(ll)-free and Zn(ll)-bound protein after His104, suggesting
that both His103 and His105 are involved in coordinating Zn(II) at site 2. This notion was
supported by X-ray absorption spectroscopy of the Zn(ll)-bound AHis 3Asp variant of CP, which
has the four residues of the His 3Asp site mutated to Ala residues. The X-ray absorption near-edge
structure (XANES) region of the spectrum indicated that the Zn(ll) ion is coordinated in a sixcoordinate geometry, and the extended X-ray absorption fine structure (EXAFS) region was
consistent with Zn(ll) in a His 6 coordination environment.37 This result is consistent with studies
of Mn(II), Fe(ll) and Ni(ll) coordination at this site; the promiscuous His6 motif allows CP to
compete with microbes for multiple divalent first-row transition metal ions. 31 ,3 3,38 ,4 1 The
coordination number of Zn(ll) bound at the His3Asp site is currently unclear and a topic for future
investigation. In particular, whether the Asp residue is mono- or bidentate is unknown.
A variety of experiments have been performed to ascertain the Zn(ll)-binding affinities of

sites 1 and 2, including direct Zn(ll)-binding titrations monitored by isothermal titration calorimetry
(ITC) and Zn(Il) competition titrations (Table 1. 2). In the latter experiments, a fluorescent smallmolecule Zn(ll) sensor of known Zn(Il)-binding affinity (apparent dissociation constant value,
Kd,Zn(n1))

and CP are allowed to compete for Zn(II), and the fluorescence observed from the sensor

provides a quantitative measure of the relative affinities of the two competitors. Because CP also
binds Ca(ll) ions, titrations with Ca(il)-insensitive Zn(ll) sensors are important for interrogating the
effect of Ca(II) ions on Zn(ll) binding. In early work, the Ca(Il)-insensitive sensor Zinpyr- 4 (ZP4,
Kdzn(II)

= 650 pM, pH 7.0)110 revealed that Ca(Il) ions modulate the Zn(ll) affinities of both sites 1

and 2 (Table 1. 2)? In particular, ZP4 showed that Ca(Il)-bound CP coordinates Zn(II) with higher
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affinity than the Ca(ll)-free form. This discovery provided the foundation for the current model
where the Ca(II) ion concentrations in the cytoplasm and extracellular space modulate the
functional properties of CP (vide infra).30

Table 1. 2.Reported apparent dissociation constant values (Kd,Zn(I)) for human S100 proteins.
Ref.
Buffer conditions
Method
KZzn)
Protein
107
20 mM Tris, 100 mM NaCl, pH
ITC a
1.4 nM
CP
7.5
5.6 nM
stoichiometric Ca(l1) b,c
30
133 58 pM Competition e 75 mM HEPES, 100 mM NaCl,
CP-Ser d
7.5
pH
185 219
nM
75 mM HEPES, 100 mM NaCl,
< 10 pM
pH 7.5, 2 mM Ca(ll)
240 pM
90 366 fM
0.9 1 pM

Competition '

75 mM HEPES, 100 mM NaCl,
pH 7.0
50 equivalents Ca(ll)

37

CP AHis3Asp
variant g

3.4

1.2 nM

ITC 8

20 mM HEPES, 100 mM NaCl,
pH 7.5
Stoichiometric Ca(ll) b

41

CP AHis 4
Variant h

8.2

1.5 nM

ITCa

20 mM HEPES, 100 mM NaCl,
pH 7.5
Stoichiometric Ca(ll) b

41

CP-Ser
H103A/H104
A/H105A
variant

4 0.8 pM
22 3 pM

Competition'

75 mM HEPES, 100 mM NaCl,
pH 7.0
50 equivalents Ca(ll)

37

S10OA12

16 pM
83 pM

Tyr
fluorescence

25 mM Tris-HCl, pH 7.4 c

S10OA12

9 nM

Competition'

75 mM HEPES, 100 mM NaCl,
pH 7.0

35
Chapter 2

S1OOA7

100 pM

Equilibrium
dialysis

20 mM Tris, 150 mM KCI,
pH 7.4 c

111
Chapter 3

S100A7ox

430

Competition e

75 mM HEPES, 100 mM NaCl,
pH 7.0

39
Chapter 3

13 pM

29

47

S10OA7red

S1 00A7-Ser

S1 00A7-Ala

k

40 pM

Competition

660

56 pM

Competition e

420

41 pM

Competition e

700

58 pM

Competition"

370

11 pM

Competition e

500

69 pM

Competition e

490

21 pM

Competition I

*

580

75 mM HEPES, 100 mM NaCl,
pH 7.0
100 equivalents Ca(ll)
75 mM HEPES, 100 mM NaCI,
pH 7.0

39
Chapter 3

75 mM HEPES, 100 mM NaCl,
pH 7.0
100 equivalents Ca(ll)
75 mM HEPES, 100 mM NaCl,
pH 7.0

39
Chapter 3

75 mM HEPES, 100 mM NaCl,
pH 7.0
100 equivalents Ca(II)
75 mM HEPES, 100 mM NaCl,
pH 7.0

39
Chapter 3

75 mM HEPES, 100 mM NaCl,
pH 7.0
100 equivalents Ca(ll)

39
Chapter 3

39
Chapter 3

39
Chapter 3

39
Chapter 3

aIsothermal titration calorimetry (ITC) experiments were performed at 30 *C. Stoichiometric Zn(II)

binding was observed. 'The definition of stoichiometric Ca(II) relative to the CP concentration was
not specified. cMetal-buffer equilibrium is a variable when Tris buffer is employed for studies of
Zn(II) binding because Tris binds Zn(ll) with Kd,Zn = 104 M. 112 dCP contains two native Cys residues
that were mutated to Ser for these metal-binding studies. CP-Ser is a S10A8(C42S)/S1OOA9(C3S)
variant. eCP-Ser outcompetes ZP4 in the presence of Ca(ll), and the Kd,Zn(iI) values were reported
as upper limits. ' Competition experiments were performed with Zinpyr-4 (ZP4) at 25 *C. 9
Competition experiments were performed with HNBO-DPA at 25 *C. These titrations were
complicated by outcompetition and error. The fM Kd,zn(iI) value is considered to be an upper limit
and the pM Kd,zn(II) value is considered to be an estimate. The values were not assigned to particular
sites.

h

A variant of CP that only contains the His 6 site. i A variant of CP that only contains the

His 3Asp site. i Competition experiments were performed with FluoZin-3 (FZ3) at 25 *C. k A
S1 00A7(C47S)(C96S) variant. ' A S1 00A7(C47A)(C96A) variant. To determine the Kd,zn(iI) values
from competition experiments, the averaged data were fit to a two-site model where Kd1 Kd2 and
Kd1 = Kd2 for CP and S10OA7, respectively.

One limitation of the ZP4 competition experiments was that CP outcompeted ZP4 for Zn(l1)
in the presence of excess Ca(ll) ions; thus, only upper limits to the Zn(ll) affinities could be
determined from this method. Later, a new fluorescent Ca(Il)-insensitive Zn(II) sensor named
HNBO-DPA that binds Zn(ll) with higher affinity than ZP4 was reported (HNBO-DPA Kd,zn(II) = 12
pM, pH 7.0).113 Competition experiments performed with HNBO-DPA provided a new set of Kd,Zn(II)
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values of Ca(II)-bound CP, and indicated that Ca(II)-insensitive Zn(II) sensors with greater Zn(II)
affinity are needed because one Zn(ll)-binding site out-competed HNBO-DPA for Zn(ll) (Table
1).11 Moreover, Zn(II) competition titrations with HNBO-DPA and a variant of CP that has no His
residues in the S100A9 C-terminal tail (His103Ala/His104Ala/His1O5Ala variant) provided two
additional important insights: (i) the tail His residues of CP contribute to high-affinity Zn(II) binding
at the His 6 site and (ii) perturbation of the His6 site lowered the Zn(II) affinity of the His3Asp site.
The latter observation provided the first hint of allostery between sites 1 and 2.

Further defining

the Zn(Il)-binding affinities, assessing the binding order, and deciphering crosstalk between the
His 3Asp and His6 sites are avenues that warrant continued investigation. In summary, the

Kd,zn(n1)

values determined for CP to date are consistent with its role as a Zn(ii)-sequestering HDP. Indeed,
recent work demonstrated that both sites 1 and 2 of CP sequester Zn(Il) from microbes and
thereby contribute to its growth inhibitory properties. 37
As noted above, one major finding from the initial Zn(II) competition studies with ZP4 was
that the presence of excess Ca(II) ions enhances the Zn(II) affinities of both sites 1 and 2.30 This
-

work, as well as subsequent studies of how CP coordinates other divalent transition metals,3 2
33,108

indicated that CP morphs into its high-affinity, metal-sequestering form in the extracellular

milieu where Ca(ll) concentrations are orders of magnitude higher than those found in the
cytoplasm of resting cells (e.g. 10-100 nM versus ~2 mM). The molecular basis for how Ca(II)
complexation enhances the Zn(II) affinities requires elucidation. Ca(II) binding causes formation
of S10OA8/S100A9 tetramers 2 94 and enhances the proteolytic stability of the protein,36 which
suggests that changes in conformation or dynamics may be at work. These observations also
suggest that CP is predominantly a heterodimer when stored in the cytoplasm and forms
heterotetramers in the extracellular space (Figure 1. 4). In agreement with the notion that Ca(II)
ions enhance metal sequestration, several studies have shown that the presence of Ca(lI) ions
enhances the ability of CP to deplete transition metals from microbial growth medium and its
1 14
30 3 3 3 7
antimicrobial activity. , , ,106,
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1. 4. 2. Microbicidal Properties of CP.
Early work with CP documented its ability to physically interact with microbes, implicating

CP in direct host-pathogen interactions.8 7

05'1 1 5' 17"1 09
1'

Indeed, these studies found CP to interact

with cell wall-associated bacterial proteins, 05"1 5 the cell wall of adult worms,"7 and select bacterial
species.

'91

Immunohistochemistry results revealed that CP localized with macrophages within

nodules containing

Onchocerca

volvulus, which

is a filarial nematode

that causes

onchocerciasis. 7 In these studies, CP displayed a staining pattern that extended beyond the
margins of the cell nodule, and was found on the surface of the worm.87 The results from this
study suggested that CP may either (i) kill the worms through direct physical interaction, (ii) inhibit
their growth through an unknown mechanism, or (iii) act as a chemotactic signal to recruit host
cells.
Recently, work by the Culotta lab reported that CP interacts with Borrelia burgdorferi, a
bacterial pathogen that is the causative agent of Lyme disease. 09 B. burgdorferi cells exposed to
CP ceased to grow, and interestingly, an increase rather than a decrease in intracellular and
extracellular Mn and Zn levels was observed. Instead, they noted that CP inhibits B. burgdorferi
growth through a mechanism that requires physical association of CP with the bacteria, as
evidenced by the presence of CP in B. burgdorferi whole cell lysates. Investigations into the roles
that metal-binding plays in the activity of CP suggested that both transition metal-binding sites
contribute to the activity of CP towards B. burgdorferi; indeed, the authors observed that mutation
of either the His 3Asp or His 4 site of CP attenuated the activity of CP, and that mutation of both
sites rendered this CP variant inactive. Altogether, these findings demonstrated that CP exerts
antimicrobial function on B. burgdorferi through a mechanism that does not involve metalwithholding. Instead, CP is thought to physically interact with B. burgdorferi and cause hypotonic
stress.

09' 1' 5
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1. 5. S10OA12 (calgranulin C)
Human S1 00A1 2 (10.5 kDa) is also produced and released by neutrophils.5 6-57 This protein
is abundant, at least based on studies of porcine neutrophils, where it was found to constitute up
to 8% of total cytoplasmic protein.55 Other white blood cells including monocytes, macrophages
and eosinophils, as well as epithelial cells, also express S10OA12. 25

I,

11

1- 12 1

It is a 21-kDa

homodimer that self-associates into tetramers and hexamers in the presence of metal ions.28-29,
22124

Early studies implicated S100A12 as an anti-parasitic factor,6 12
, 5 and subsequent studies

35126
have demonstrated that S100A12 participates in Zn(Il)-mediated nutritional immunity. ,

1. 5. 1. Zn(i1)-Sequestering Properties of S100A 12.
The human S100A12 homodimer houses two His 3Asp sites at the dimer interface that are
composed of residues His1 5 and Asp25 of one subunit, and His85' and His89' of the other subunit
(Figure 1. 3. D-F). Five crystal structures of S10OA12 have been reported to date, including a
structure of the Zn(ll)-bound protein.-

2 92 2

-2 4 in this structure, each Zn(II) ion is coordinated at a

His 3Asp site in a distorted tetrahedral geometry, affording a 2:1 Zn(II):S100A12 stoichiometry.29
On the basis of crystallographic and solution studies, S100A12 exhibits complex oligomerization
behavior.82 - 2 9,12 2- 12 4 For instance, Zn(II) binding causes two S100A12 dimers to self-associate into
tetramers, and coordination of both Ca(II) and Zn(ll) results in the formation of hexamers.29 122
The crystal structure of Zn(ll)-bound S100A12 provided a foundation for recent solution
studies addressing its Zn(Il)-chelating properties. Zn(ll) competition experiments with a series of
small-molecule Zn(II) sensors, including the fluorescent Zn(II) sensor FZ3

(Kd,Zn(n1)

= 9 nM, pH

7.4),127 established that human S100A12 binds Zn(ll) with subnanomolar affinity (Table 1).31
These results are reminiscent of early studies of porcine S10OA12, which reported that this
orthologue binds Zn(II) tightly (Kd,zn(II)

=

10 nM)," and refute a prior study that employed intrinsic

protein emission to study human S10OA12 and reported

Kdzn(II) values

of >10 PM for each site.29

Although further work is required to determine the Kd,zn(i) values of S100A12 and determine how
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Ca(II) ions affect Zn(ll) binding, the current data are consistent with the notion that S10OA12
functions as a Zn(ll)-sequestering protein. Moreover, results from several other experiments
indicate that Ca(ll)-bound S10OA12 has higher Zn(ll) affinity than the apo protein. For instance,
selective Zn(ll) depletion from microbial growth medium by S10OA12 was enhanced when the
medium was supplemented with ~2 mM Ca(II). 5 Moreover, the antimicrobial activity of S10OA12
is enhanced in the presence of excess Ca(II) ions.35 These observations support the notion that
Ca(II) ions modulate the functional properties of S100A12 such that its Zn(II)-sequestering ability
is enhanced in the extracellular space.
Indeed, several recent reports provide compelling evidence that S10OA12 functions as a
Zn(Il)-withholding protein. One investigation revealed that S10OA12 is more prevalent within
Helicobacterpylori-infected gastric tissue compared to healthy tissue, and S10OA12 was shown
to inhibit the growth of H. pylori through a Zn(Il)-reversible sequestration mechanism.1 1 6 We also
identified S10OA12 as an antifungal agent that displays Ca(li)-dependent growth inhibitory activity
against Candida spp (Chapter 2).35 The antifungal activity of S100A12 was lost when the protein
was pre-incubated with 2 equivalents of Zn(ll), supporting a Zn(il)-starvation mode of action.
Although both S10OA12 and CP sequester Zn(II) and appear to have similar Ca(II)
dependence, there are marked differences in the antimicrobial profiles of these proteins. S10OA12
exhibits a relatively narrow spectrum of antimicrobial activity, whereas CP provides growth
5 37
inhibition against a variety of bacterial and fungal pathogens. 30 ,3
. The metal-sequestration

profiles of CP and S1 00A1 2 provide one explanation for this difference. CP is functionally versatile
because of its ability to sequester multiple first-row transition metals that are essential nutrients
at the His 6 site, whereas S100A12 (and the His 3Asp site of CP) is more selective and sequesters
Zn(II) but not Mn(II), Fe(II) and Ni(ll). 35 Thus, it appears that microbes that are more sensitive to
Zn(II) deprivation are more susceptible to S10OA12.
Because neutrophils produce and release S100A12 and CP, it is likely that these two
proteins act together in the extracellular space. Metal substitution experiments with CP indicate
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that the His6 site binds a divalent transition metal rapidly and with slow exchange, and that it will
entrap the metal it encounters first. 3 Given that Zn(II) is ubiquitous and relatively abundant, we
propose that Zn(II) sequestration by S10A12 may boost the ability of CP to capture other nutrient
metals like Fe(II), Mn(II), and Ni(II) at the His6 site. 5 Most studies consider S10OA12 and CP
independently, and investigating these two proteins together may improve our understanding of
metal sequestration by the host innate immune system.

1. 5. 2. Microbicidal Properties of S100A 12.
Early studies implicated S10OA12 as an anti-parasitic factor, when it was isolated from
Onchorcerca volvulus extracts obtained from tissues of onchocerciasis patients. However, to the
best of our knowledge, there are no published studies documenting the microbicidal properties of
S100A12.
Calcitermin

VAIALKAAHYHTHKE

Human S10OA12

... VAIALKAAHYHTHKE

Porcine S10OA12

...VTDVLITAHDNIHKE

*

*

**

***

Figure 1. 5. Comparison of primary amino acid sequence of calcitermin, human S10OA12, and
porcine S100A12. Calcitermin is 100% identical to human S100A12, and 47% identical to porcine
S10OA12. Identical residues are highlighted with asterisks, and underlined residues indicate the
Zn(il)-binding consensus sequence (HXXXH)
Interestingly, a peptide named calcitermin, which is a putative 15-residue C-terminal
cleavage fragment of S10OA12, was isolated from human nasal airways (Figure 1. 5).121
Calcitermin was found to possess microbicidal activity against Candida albicans, Escherichia coli,
Listeria monocytogenes, and Pseudomonas aeruginosa at pH 5.4, but not at pH 7.4. On the basis
of the primary amino acid sequence of calcitermin, it is reasonable to assume that the three His
residues of calcitermin become protonated at acidic pH. Thus, the concomitant increase in
positive charge on calcitermin may enhance the peptide's interaction with the negatively charged
groups on the bacterial cell walls. Furthermore, increasing the ionic strength and/or salinity of the
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buffer in which the killing assays were carried out attenuated the activity of calcitermin,
reminiscent of results obtained with another class of His-containing AMPs: clavanins.12 9 The effect
that Zn(ll)-binding has on the microbicidal activity of calcitermin is not conclusive. The killing
assays with calcitermin were performed with excess Zn(II) compared to calcitermin. Since the
stoichiometry of Zn(ll)-binding to calcitermin was not ascertained and the experiments were
carried out at acidic pH, it is possible that the excess unbound Zn(ll) was toxic and partially
accounted for the killing activity reported with the "Zn(ll)-bound" form of calcitermin.130 The killing
activity of a fragment of S1 OA1 2 is reminiscent of a "propeptide strategy" employed to modulate
the activity of other HDPs, such as human defensin 6 (HD6).1 7-1 9 Hence, it is possible that
proteolytic cleavage of S10OA12 by the host or microbes generates a potent S10OA12-derived
AMP. This mechanism is appealing as it would allow for spatial and temporal control of the growth
inhibitory and killing properties of S1 OA1 2.

1. 6. S10OA7 (psoriasin)
Human S100A7 (psoriasin) is a 22-kDa homodimer that is expressed by epithelial cells
and secreted into the upper epithelia.11

131 133

In contrast to CP and S100A12, higher-order

oligomers of S1 00A7 have not been observed. S1 00A7 has been identified as a bactericidal factor
of the skin,"4 tongue,64 and female genital tract.135 S1 00A7 is a well-established E. coli-cidal factor,
and recent studies reported that S100A7 possesses antifungal activity.46 To date, three different
mechanisms of action have been proposed for the host-defense function of S1 00A7 involving (i)
Zn(ll) sequestration,39 1, 4 (ii) membrane permeabilization,4'1

6 and

(iii) barrier function.137 The third

model for S100A7 in host-defense focuses on its ability to adhere to E. coli and keratinocytes,
and the occurrence of cross-linked S100A7 species in human wounds.1 38 This model proposes
that S100A7 functions as a solid-phase component of the physical barrier that protects the
epithelium from microbial invasion.138
1. 6. 1. Zn(I)-Sequestering Properties of S10OA7.
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The human S100A7 homodimer contains two His 3Asp motifs at the dimer interface." .13 1

4 These Zn(ll)-binding sites are composed of His87 and His9l from one monomer, and His18'
and Asp25' from the other monomer (Figures 1. 2 and 1.3G-1).132 1 33 Two crystal structures of
Zn(ll)-bound S10OA7 have been reported and both show that a 2:1 Zn(II):S100A7 stoichiometry
with each Zn(II) ion coordinated at a His 3Asp site in a distorted tetrahedral geometry.1 33
S1 00A7 has several unusual structural attributes. Its N-terminal EF-hand is truncated; thus,
the loop is three residues shorter than the corresponding loops of S100A12 and CP (Figure 1. 2).
The N-terminal EF hand also contains a Ser residue at position 30. This position corresponds to
an Asp/Glu residue that binds Ca(II) in S100A12, S100A8, and S10OA9 (Figure 1. 2). Another
striking structural feature of S10OA7 is that each polypeptide contains two Cys residues, Cys47
and Cys96, which can form an intramolecular disulfide bond (Figures 1. 2 and 1.3G-1).13 2 13 3 As a
result, the S10OA7 homodimer can exist in the reduced form (S1OOA7ed) with four free Cys
thiolates or in the oxidized from (S10OA7ox) with two intramolecular disulfide bonds. Moreover,
the Cys47-Cys96 disulfide bond is in close proximity to the Zn(Il)-binding motifs; Cys96 is
separated from the Zn(ii)-coordinating residue His9l by a Gly-Ala-Ala-Pro loop. These structural
features motivated examination of the effects of disulfide bond formation and Ca(II) ions on the
Zn(II)-binding properties and antibacterial activity of S100A7.39 Investigation of the disulfide redox
behavior of S100A7 revealed that (i) the midpoint potential of S100A7 falls in the physiological
range; (ii) Ca(II) binding depresses the midpoint potential by 40 mV from -255 mV for the apo
protein to -298 mV for the Ca(ll)-bound protein at pH 7.0; (iii) Zn(lI) coordination appears to further
depress the midpoint potential such that the value cannot be determined using standard redox
buffer systems, (iv) apo S100A7x is a substrate for the mammalian thioredoxin system (Trx/TrxR),
and (v) metal-bound S100A7ox is not readily reduced by Trx/TrxR.39 Taken together, these
observations indicated that both S1 0OA7ox and S10OA7red can exist under physiological conditions,
and that metal-bound S10OA7 is more likely to be in the oxidized form. The former conclusion
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agrees with prior ex vivo analyses that reported the isolation of S10OA7x and S10OA7red from skin
samples. 46' 1 39

Zn(ll) competition experiments demonstrated that S100A7ox and S10OA7red each
coordinate two equivalents of Zn(II) with sub-nanomolar affinity in the absence and presence of
Ca(II) ions (Table 1. 1), and that the cysteine thiolates in S10OA7red do not form a third high-affinity
Zn(II) site. 39 This work provided revision to a previously reported

Kd,zn(I)

value for S10OA7 of 100

pM." The results also refuted a prior hypothesis that a third high-affinity Zn(ll)-binding site
created by the Cys thiolates conferred antifungal activity to S10OA7red. 46 Moreover, Zn(ll)
competition titrations with ZP4110 revealed similar Kd,zn(II) values for S100A7x and S10OA7red in
both the absence and presence of excess Ca(II) ions (Table 1. 1). These results indicated that (i)
the redox state of the Cys residues in S1OOA7 has a negligible effect on the apparent Kd,zn(II)value
obtained using ZP4, and (ii) apo- and Ca(ll)-bound S100A7 have similar Zn(ll) affinities. The latter
observation indicates that S100A7 does not share the same Ca(ll) dependence as CP and
S1OOA12.
Although the Zn(ll) competition studies described above revealed negligible difference in
Zn(II) affinities of S100A7red and S100A7ox, several other lines of experimental evidence indicated
that S100A70 x is more effective at Zn(Il) sequestration than

S10OA7red.

For instance, experiments

that probed metal exchange at the His3Asp sites showed dinstinct metal substitution rates of
SI 00A7x compared to S10OA7red. Moreover, investigations of antibacterial activity indicated that
S100A70 x is more active than S10OA7red. 39 In total, these results suggest that S100A7 can exist
in a variety of forms depending on the redox environment and presence of divalent cations like
Ca(ll) and Zn(ll). Moreover, it appears that S10OA7 uses redox cues to tune its Zn(ll)sequestering ability and antibacterial activity (Figure 1. 4), and that S10OA7ox may be a more
important contributor to Zn(ll)-withholding in the extracellular space than S10OA7red. We expect
that further biophysical studies designed to elucidate how disulfide-bond formation and reduction
affects the protein scaffold and Zn(ll) coordination at the His 3Asp sites will be informative.
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1. 6. 2. Microbicidal Properties of S100A7.

S100A7 was first isolated from keratinocytes of psoriatic skin lesions in 1996.111131
Seminal studies reported that S100A7 has Zn(Il)-mediated antibacterial activity against
Escherichia coli, and later investigations revealed antifungal activity against filamentous fungi,
including the dermatophyte Trichophyton rubrum and Aspergillus fumigatus. These studies
implicated S100A7 as having direct killing properties, a mode of action further supported by a
recent report, indicating that S10OA7 can damage the cell membrane of Bacillus megaterium."
Subsequently, the frog orthologue of S100A7, which lacks the Zn(ll)-binding sites of human
S1 00A7, was shown to compromise the membrane of B. megaterium and Bacillus subtilis at acidic
pH.14 There are a few studies that have established S100A7 as an E. coli-cidal factor. However,
a molecular understanding of which structural features of S10OA7 account for its microbicidal
activity is unclear, and remain an avenue for future work.

1. 7. S10OA15 (koebnerisin)
Human S10OA15 (koebnerisin) is a 23-kDa homodimer that was first isolated from psoriatic
lesions in 2003.O While most S100 proteins share moderate sequence identity, 40 S10OA15 is
interesting as a comparison to S100A7. S10OA15 and S100A7 share 93% sequence homology
and are co-expressed in epithelial cells (Figure 1. 2). Intriguingly, S10OA15 and S100A7 display
divergent functions, and expression profiles differ during inflammation and infection.
Furthermore, S10OA15 houses a His 3 motif instead of the canonical His 3Asp motif observed in
the other S100s, including S10OA7.83 The scope of antimicrobial activity of S10OA15 is not
established, and prior work has suggested that S10OA15 may exhibit antibacterial activity against
E. coli; however, its mechanism of action remains elusive.8 1 We are not aware of prior work
documenting S100A15 as an AMP. However, on the basis of studies reporting the microbicidal
properties of S10OA7, and the high sequence identity that S10OA15 and S100A7 share, we

postulate that S10OA15 may possess bactericidal properties.
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1. 8. Outlook
Over the past decade, our understanding of how the host and pathogen compete for Zn(II)
and other essential metal nutrients has markedly advanced, and S1 00 proteins have emerged as
key players in the metal-withholding innate immune response. The remarkable coordination
chemistry exhibited by human CP, S100A12, and S100A7 provides new examples of how metalbinding properties can be tuned by environmental cues. Studies of Zn(II) chelation by CP revealed
that Ca(ll) binding enhances the Zn(II) affinity of this protein, and provided a paradigm for
considering how Ca(ll) ions affect its ability to sequester other metal nutrients as well as its
antimicrobial activity. Subsequent investigations of Zn(ll) sequestration by S100A12 and S100A7
built upon this work and afforded some similarities as well as striking differences, highlighting that
metal-sequestering S100 proteins must be evaluated on a case-by-case basis. Similar to CP,
current work indicates that Ca(II) ions modulate the Zn(II)-binding affinity of S100A12 and that
this protein has the capacity to sequester Zn(II) in the extracellular space. S100A7, in contrast,
appears to tune its Zn(ll)-sequestering capacity through intramolecular disulfide-bond redox
chemistry. Curiously, the disulfide bonds of S1 00A7 are more difficult to reduce when the protein
is Ca(ll) bound, which suggests an indirect modulatory effect of Ca(II) ions on the Zn(Il)-binding
properties of this protein. Taken together, a compelling picture emerges where CP, S100A12 and
S1 00A7 are exquisitely designed to limit Zn(I1) availability in the extracellular space.
Based on early studies of CP, S100A12, and S100A7 that implicate these proteins as
having microbicidal functions, and motivated by the structural similarities between CP, S100A7,
S10OA15, and S10OA12, we have investigated the bactericidal properties of these S100 proteins.
The results from our studies indicate that these S1 00 proteins possess similar patterns of behavior;
for instance, the proteins are generally more active at acidic vs neutral pH. Common to other
AMPs, the proteins lose bactericidal activity at high ionic strength and salinity, likely due to charge
neutralization of bacterial cell membranes. Interestingly, CP was found to be the most potent AMP
amongst this group of S100 proteins, followed by S100A7 and S10OA15. S100A12 showed
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negligible bactericidal activity under all conditions tested. Microscopy studies revealed that CP,
S100A7, and S10OA15 can damage bacterial cell membranes as evidenced by live-dead staining
assays, and the extent of membrane disruption observed by microscopy was consistent with the
activities of the proteins determined by solution studies. These results provide a basis for future
work to investigate the mode of action of S1 00s as AMPs. Furthermore, it will be informative to
ascertain whether these bactericidal activities are physiologically relevant.
In closing, 100 proteins are a noteworthy example of the multifunctionality of HDPs, and
warrant further investigation into their antimicrobial modes of action. However, a detailed
understanding of how their microbiostatic and microbicidal functions are intertwined and
modulated under (patho)physiological conditions are questions that remain to be addressed.

1. 9. Summary of Thesis
The goal of this dissertation is to understand the antimicrobial functions of a subset of
S100 proteins, namely CP, S100A12, S10OA7, and S10OA15. We have developed robust
purification and analytical methods that allow us to purify and work with various forms of the
proteins, which we employ throughout this work. We have shown that the functions of these S100
proteins are beautifully complex, and are modulated by extemal chemical and environmental
factors such as metal and salt levels, pH, and redox environment. We hope that the fundamental
insights obtained from this work contribute to a better understanding of host-pathogen interactions,
and set the stage for future studies investigating the multiple antimicrobial functions of these
proteins.
In Chapter 2, we present results from metal-binding studies and antimicrobial assays that
elucidate the role that Ca(II) ions play in modulating the Zn(Il)-binding and antimicrobial properties
of S100A12, and evaluate the scope of its antimicrobial activity. We carry out metal-depletion
studies to demonstrate that S1OOA12 specifically depletes Zn from bacterial and fungal growth
medium in a concentration- and Ca(il)-dependent manner. Motivated by the results from the
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metal-depletion experiments, we assess the antifungal activity of S10OA1 2 and demonstrate that
it has potent activity against Candida albicans, C. krusei, C. glabrata and C. tropicalis, all of which
cause human disease. We further expand on the scope of the antimicrobial properties of S100A12
by screening a series of bacterial pathogens, and show that S10OA12 exerts strain-dependent
antibacterial activity. We report that the antimicrobial activity of S100A12 is Ca(ll)-dependent, a
result that is consistent with the mechanism of action of its S100 counterpart, CP, and requires
the presence of the apo His 3Asp motifs, consistent with a mechanism of Zn(Il)-mediated growth
inhibition. Lastly, we evaluate the Zn(ll)-binding properties of S100A12 and confirm that S100A12
binds Zn(II) with a 2:1 stoichiometry with sub-nanomolar affinity binding. These findings are
consistent with its role as an extracellular Zn(li)-sequestering protein. Taken together, these data
support a model whereby S10OA12 uses Ca(II) ions to tune its Zn(li)-chelating properties and
antimicrobial activity, and effectively tum on these functions in the Ca(ll)-rich environment of the
extracellular space.
In Chapter 3, we examine the disulfide redox bond behavior and coordination chemistry
of S100A7. We determine the midpoint potential of the disulfide bond formed by Cys47 and Cys96
of S10OA7. We argue that both forms of the protein are physiologically relevant and that the
oxidized form of S100A7 is likely the predominant species existing in the extracellular space. Zn(Il)
competition experiments demonstrate that S10OA7ox and S10OA7red each coordinate two
equivalents of Zn(ll) with sub-nanomolar affinity and that, unlike CP and S10OA12, Ca(ll) ions
have negligible effect on the Zn(lI)-binding affinity of S1OOA7. The results from our metal-binding
studies with S10OA7 provide a revision on its reported Kd,zn(II), and refute a previous hypothesis
that a third high-affinity Zn(Il)-binding site created by the Cys thiolates confers antifungal activity
to S10OA7red. By carrying out antimicrobial studies, we show that S10OA7ox is a more potent
antimicrobial agent compared to S10OA7red, and that unlike CP and S100A12, the antimicrobial
properties of S100A7 are not directly modulated by Ca(II) levels. Altogether, we report a model
whereby the local redox environment of S100A7 tunes its Zn(li)-sequestration capacity through
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intramolecular disulfide-bond redox chemistry, and that Ca(II) ions exert an indirect modulatory
effect on the Zn(Il)-binding properties of this protein.
In Chapter 4, we carry out solution and microscopy studies to investigate the bactericidal
properties of CP. We show that CP displays bactericidal activity against E.coli with enhanced
activity at acidic pH, and that this activity is independent of metal sequestration. To the contrary,
we report that divalent metal-binding by CP attenuates its E. co/i-cidal activity. CP compromises
the cell membrane of E. coli cells and causes aberrant cell morphology phenotypes that include
cell distortion, cell wall protrusion, and cell lysis, and are all associated with cell membrane
permeabilization. Time-lapse imaging studies reveal that E. coli cells exhibit cell surface
roughness and distortion within 5-10 min of exposure to CP, protrusions appear later, and cell
lysis is the last step that results into cell death. Additionally, we employ E. coli cells expressing
GFP in the cytoplasm or the periplasm to show that CP causes leakage of periplasmic GFP, but
not cytoplasmic GFP, suggesting that CP affects the periplasmic content of E. coli cells.
Altogether, we propose that the function of CP as an AMP could point to one of its intracellular
functions, where levels of Ca(II) and transition metal ions are low. This putative function could
help prevent colonization by intracellular pathogens within host cells, as well as during
macrophage engulfment of pathogens.
In Chapter 5, we carry out a systematic screening to characterize the physiological
conditions under which CP, S10OA7, S10OA15, and S10OA12 display the higher bactericidal
activity .As a starting point, we screen the E. coli-cidal properties of the S100 proteins at varying
salt, metal, and pH, and find that the proteins are effective bactericidal factors under acidic
conditions, and remain active at salt levels that are physiologically relevant. We observed that
Ca(ll) supplementation attenuates the E. coli-cidal activities of the proteins to varying extents and
we propose that these trends may be related to differences in the Ca(ll)-binding properties of
S100 proteins. Microscopy studies reveal that similarly to CP, S10OA7 and S10OA15 can

compromise the bacterial cell membrane of E. coli cells, and induce aberrant cell morphology
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phenotypes. In this work, we further expand upon the scope of the bactericidal properties of the
proteins, and the results indicate that a select group of S100 proteins can be categorized AMPs
against Gram-negative strains. Lastly, we postulate that their mode of action involves binding to
the anionic LPS moieties on the cell outer-membrane of Gram-negative strains.
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Chapter 2: Calcium Ions Tune the Zinc-Sequestering Properties and
Antimicrobial Activity of Human S10OA12

This Chapter is adapted from Chem. Sci. 2016, 7 (2), 1338-1348.
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2. 1.

Contributions

Ms. Aleth Gaillard developed the initial overexpression and purification protocol for
S10OA12. She also carried out the Co(Il) titrations presented in this Chapter.

2. 2. Introduction
Neutrophils are an important cellular component of the innate immune system.1- 2 These
white blood cells are recruited to sites of infection and release antimicrobial factors into the
extracellular space that include reactive oxygen and nitrogen species, proteases, antimicrobial
peptides and metal-chelating proteins. In this work, motivated by the need to further elucidate the
interplay between neutrophils, metal homeostasis, and microbial pathogenesis, we combine
chemistry and biology to investigate a Ca(lI)- and Zn(ll)-binding protein named S10OA12 that is
housed in the neutrophil cytoplasm and deployed at sites of infection.
S10OA12 (also termed calgranulin C, P6, CGRP, CO-Ag, CAAF-1, EN-RAGE) was first
isolated from porcine granulocytes in 1994 and subsequently identified in specimens from other
mammals. 3-9 In 1995, the serendipitous discovery of S10OA12 in human neutrophils was
reported; 4 this work revealed that S100A12 constitutes =5% of total cytosolic proteins in resting
neutrophils, and further investigations provided its amino acid sequence and gene structure. 1011
S1 OA1 2 is associated with the inflammatory response and a variety of human pathologies that
include disorders of the gastrointestinal tract (e.g. Crohn's disease, ulcerative colitis),12 type 2
diabetes,13 arthritis,1 4 Alzheimer's disease,15 and cystic fibrosis.16 S100A12 can interact with the
receptor for advanced glycation end products (RAGE) 17 -18 and toll-like receptor 4 (TLR4).19 The
latter interaction is implicated in S100A12 activation of proinflammatory signaling in human
monocytes.
Moreover, S100A12 likely contributes to host defense against invading pathogens.,

20

Evidence for anti-parasitic activity was first suggested during studies of Onchocerca volvulus

extracts obtained from tissues of onchocerciasis patients. 9 These specimens were contaminated
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with various neutrophil proteins, including S100A12.

Subsequent investigations demonstrated

that S10OA12 possesses in vitro anti-parasitic activity against the parasite Brugia ma/ayi. 1
Recently, elevated S100A12 levels were observed in gastric biopsy samples from patients
colonized with Helicobacter pylori.2

Moreover, in vitro studies revealed that S10OA12 has

antibacterial activity against H. pylori and inhibits the activity of its Cag type-IV secretion system,
both of which involve Zn(ll) chelation by S10OA12.2' Taken together, these clinical and biological
investigations indicate that S100A12 is an abundant and important player in human biology, and
provide multiple avenues for further exploration at the molecular and physiological levels. From
the perspective of metals in biology, understanding how S100A12 contributes to metal
homeostasis in broad terms, and elucidating whether its metal-bound forms are relevant players
in human health and disease, is of particular interest.
Human S100A12 (92-residues, 10.5 kDa monomer) is a member of the S100 family of
Ca(ll)-binding peptides that harbors two EF-hand domains and forms homooligomers. Five crystal
structures of human S100A12 are available and provide insight into its oligomerization properties
and coordination chemistry. 22-25 The first crystal structure revealed a homodimer with four Ca(II)
ions bound at the EF-hand domains. 22 This structure also revealed two His 3Asp motifs formed at
the homodimer interface, which are comprised of Hisi 5 and Asp25 of one subunit and His85 and
His89 of the other subunit. The crystal structures of Cu(ll)- and Ca(ll)-bound S100A12 and Zn(ll)bound S100A12 established a 2:1 M(ll):S100A12 homodimer stoichiometry (M = Cu, Zn) with
each M(II) ion coordinated by a His3Asp motif (Figure 2. 1).21 Comparison of the available apo
and holo structures shows that metal binding modulates the oligomerization properties of
S10OA12 .22-25 For instance, apo S100A12 crystallized as a dimer whereas the Zn(Il)-bound form
crystallized as a tetramer. 25 Thereafter, solution studies showed that Zn(ll) and Ca(ll) binding to
S10OA12 provide varying oligomeric states that include dimers, tetramers and hexamers. These
studies exemplify the complex speciation of S100A12, and suggest a model whereby different
forms afford functional diversity.2 7
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Figure 2. 1. Crystal structures of metal-bound human S100A12 and amino acid sequence
alignment of S10OA12 orthologues. (A) Structure of the Ca(ll)- and Cu(Il)-bound S100A12
homodimer. Cu(ll) ions are shown as teal spheres, and Ca(ll) ions as yellow spheres (PDB:
10DB).24 (B) View of the His3Asp motif of S10OA12 taken from the structure of the Zn(il)-bound
form (PDB 2WCB). 25 The Zn(ll) ion is shown as a brown sphere. (C) Structure of 25the Zn(ll)-bound
S10OA12 homodimer. Zn(ll) ions are shown as brown spheres (PDB: 2WCB). (D) Sequence
alignment of human, porcine, and bovine S1 OOA1 2. The secondary structural elements presented
above the alignment are for the human form. The transition-metal binding residues are presented
in orange.
Beyond crystallographic characterization of the Cu(ll)- and Zn(ll)-bound forms, only
limited information about how S100A12 coordinates Zn(ll) and other first-row transition metal ions
in solution is available, and some of the data appear contradictory. A seminal investigation of
porcine S100A12 revealed stoichiometric Zn(ll) binding (Kd < 10 nM), and found that Zn(ll)
3
coordination enhanced the affinity of this protein for Ca(ll) by several orders of magnitude. More

recently, a study of Zn(ll) binding by human S100A12 reported Kd values for Zn(ll) in the
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micromolar range (Kdl = 16 IM,

Kd2 =

83 pM). 26 Given that the pig and human forms share 70%

sequence identity and have conserved His 3Asp motifs, we had difficulty reconciling these data.
Moreover, the study of human S1 00A1 2 in H. pylori infection supported a role for this protein in
Zn(ll) sequestration, 20 a function that requires formation of a high-affinity Zn(ll) complex.
These observations indicate that re-evaluation of the Zn(ll)-binding properties of human
S10OA12 is necessary. Moreover, S10OA12 chelates both Ca(ll) and Zn(ll) at different sites
(Figure 2. 1), and whether Ca(Il) ions influence the Zn(Il)-binding properties of S10OA12 is
unknown. In prior work, we discovered that human calprotectin uses Ca(ll) to modulate its M(ll)binding (M = Mn, Fe, Zn) properties and exhibits enhanced M(II) affinities in the presence of high
Ca(II) concentrations. 8 30 We hypothesized that S10OA12 may exhibit similar behavior given its
accepted function as an extracellular Zn(ll)-chelating protein.20 26 Many outstanding questions
regarding the antimicrobial activity and host-defense function of S10OA12 also remain. To the
best of our knowledge, no extensive studies detailing the in vitro antimicrobial activity of S100A12
are available in the literature. This situation contrasts the wealth of data reported for other factors
produced by human neutrophils, including calprotectin and the a-defensins.1

32

The limited in

vitro data available for Staphylococcus aureus and H. pylor indicate that human S10OA12 has
strain-selective antibacterial activity and support its contribution to the host metal-withholding

response.20,32
In this work, we address these issues and examine the metal-binding properties and
antimicrobial activity of human S100A12 under conditions of low and high Ca(II). In the presence
of excess Ca(II), S10OA12 readily sequesters Zn(II) from standard microbial growth media,
exhibits growth inhibitory activity against a variety of pathogenic fungi, and provides antibacterial
activity against the human gastrointestinal pathogen Listeria monocytogenes. Our data support a
model where S10OA12 responds to the local Ca(ll) concentration to modulate its Zn(ll)-
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sequestering ability and antimicrobial activity, and effectively turn on these functions in the Ca(ll)rich environment of the extracellular space.

2.3.

Experimental Section

2. 3. 1. Design of the Synthetic Genes for Human SIOOA12-AH is3Asp
The synthetic gene for human S100A12(H15A)(D25A)(H85A)(H89A) was optimized for E.
coli codon usage and ordered from DNA 2.0. A Ndel restriction site was placed at the 5' end. A
stop codon and a Xhol restriction site were placed at the 3' end. This gene was received in the
pJ201 vector from DNA 2.0. The gene was sub-cloned into the Ndel and Xhol sites of pET41 a to
afford pET41a-SIOQA12(H15A)-(D25A)(H85A)(H89A) for protein expression.

Nucleotide sequence for Ndel-SOOAI 2(HI 5A(D25A)(H85A)(H89A)-STOP-Xhol
CATATGACGAAGCTGGAAGAACACTTGGAAGGTATCGTGAACA1TITTGCCCAGTACTCCG
TTCGTAAGGGCCACTTTGCGACCCTGAGCAAGGGTGAGCTGAAACAGCTGCTGACCAAAG
AACTGGCGAATACCATTAAGAACATCAAGGACAAAGCAGTGATTGATGAGATTTTCCAGGG
CCTGGACGCGAATCAAGATGAGCAAGTTGACTTCCAAGAGTTCATCAGCCTGGTCGCAATC
GCCTTGAAAGCGGCTGCGTATCATACGGCAAAAGAGTAACTCGAG
The restriction sites are underlined. The stop codon is in bold.
Amino acid sequence for S10OA12(HI5A(D25A)(H85A)(H89A)
MTKLEEHLEG IVNIFAQYSV RKGHFATLSK GELKQLLTKE LANTI
KNIKD KAVIDEIFQG LDANQDEQVD FQEFISLVAI ALKAAAYHTA
K E Stop LE
The residues of the restriction sites are underlined. The mutated residues are highlighted in yellow.

2. 3. 2. Materials and General Methods
All solvents and chemicals were obtained from commercial suppliers and used as received.
All aqueous solutions were prepared using Milli-Q water (18.2 Mfocm, 0.22-ptm filter).
Protein concentrations were routinely quantified by using the calculated extinction
1
coefficients for the S10OA12 homodimer (ProtParam, E2no = 5960 M cm'). All protein
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concentrations and reported stoichiometries are relative to the S1 OA1 2 homodimer

(a2).

For the microbiology assays, Luria-Bertani (LB) medium, Tryptic Soy Broth (TSB) medium,
Yeast Peptone Dextrose (YPD) medium, deMan, Rogosa and Sharpe (MRS) medium, Brain Heart
Infusion (BHI) medium, and agar plates were prepared with Milli-Q water. A Beckman Coulter DU
800 spectrophotometer thermostatted at 25 *C with a Peltier temperature controller or an Agilent
8453 diode-array spectrophotometer controlled with manufacturer-supplied software and
thermostatted at 25 0C by a circulating water bath were employed for the OD600 measurements of
bacterial and fungal cultures.
For metal-binding experiments, HEPES buffer was prepared with Ultrol grade HEPES
(free acid, Calbiochem) and TraceSELECT NaCl (Sigma). TraceSELECT aqueous NaOH (Sigma)
was used to adjust the pH. To reduce metal-ion contamination, Teflon-coated or plastic spatulas
were used to transfer buffer reagents, and buffers were treated with Chelex 100 resin (Bio-Rad,
10 g/L) by stirring in a polypropylene beaker for at least 1 h. The Chelex resin was removed by
passing the buffer through a 0.22-pm filter, and all buffers were stored in polypropylene containers.
All metal-binding studies were conducted at pH 7.0 in 75 mM HEPES, 100 mM NaCl. A Tris buffer
(1 mM Tris, pH 7.5) prepared from Tris base (J. T. Baker) was used for circular dichroism (CD)
spectroscopy experiments. This buffer was treated with Chelex resin for 1 h (10 g/L), filtered

through a 0.22-rm filter, and the pH was readjusted to 7.0 with hydrochloric acid.
Cobalt stock solutions (100 mM) were prepared from 99.999% CoC 2 hydrate (Sigma) and
Milli-Q water, and zinc stock solutions (100 mM) were prepared from 99.999% anhydrous ZnC1 2
(Sigma) and Milli-Q water. The metal stock solutions were prepared in acid-washed volumetric
glassware and transferred to sterile polypropylene tubes for long-term storage. The working
solutions were prepared by diluting the stock solutions in Milli-Q water.
FluoZin-3 (FZ3) and Mag-Fura-2 (MF2) were purchased from Invitrogen. Zincon
monosodium salt was purchased from Sigma-Aldrich. Stock solutions of Zincon (=10 mM) were
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prepared in anhydrous DMSO (Sigma), aliquoted into 50-ptL portions and stored at -20 0C. Stocks
of FZ3 (=2 mM), and MF2 (=2 mM), were prepared in Chelexed-treated Milli-Q water, aliquoted
into 50-pL portions, and stored at -20 *C. Each aliquot was thawed only once, and experiments
with these reagents were performed in the dark.

2. 3. 3. Cloning, Mutagenesis, Overexpression, and Purification of SI1OA 12, SIOOA12 AHis2 Asp,
and CP-Ser
The pET41a-SOOA12 expression plasmid was previously described.33 A synthetic gene
containing the E. coli optimized nucleotide sequence for human S100A12(H15A)(D25A)(H85A)(H89A), hereafter S100A12 AHis 3Asp, was obtained in the pJ201 vector from DNA 2.0
(see Design of the Synthetic Gene). The plasmid was subcloned into the Ndel and Xhol sites of
pET41a using T4 DNA ligase. The plasmid identity was confirmed by DNA sequencing (MIT
Biopolymers).
For protein expression, the pET41a-SI00A 12 and pET41a-SIOA 12(H15A)(D25A)(H85A (H89A) expression plasmids were transformed into chemically competent E. coli BL21 (DE3)
cells prepared following standard in-house protocols. Cultures from single colonies were grown
to saturation in LB medium containing 50 pg/mL kanamycin (37 C with agitation, t =16-20 h), and
freezer stocks were prepared by diluting the overnight cultures 1:1 (v/v) in 50% glycerol/water and
stored at -80 C.
The reconstitution and purification of human S100A12 and S100A12 AHis 3Asp were
performed following a modified published protocol.3 3 For larger-scale protein preparations, the
purification protocol was modified to avoid pressure limit issues with the AKTA Purifier FPLC
system (GE Life Sciences). The complete modified protocol is detailed below.
Frozen cell pellets (=3 g from a 2-L culture) were thawed on ice for =20 min and
resuspended in 10 mL/g of lysis buffer (50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM
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PMSF, 0.5% Triton X-100). The resulting suspension was sonicated on ice using a Branson
sonicator (40% amplitude for 2.5 min, 30 sec on / 10 sec off), and the crude lysate was clarified
by centrifugation (13,000 rpm, 10 min, 4 *C). The supernatant was poured into a beaker on ice.
The insoluble cell pellet was resuspended in lysis buffer (30 mL), and the sonication,
centrifugation, and resuspension steps were repeated twice. The supernatant from the three
rounds of lysis and centrifugation were combined, and transferred to the 4 0C cold room. For
cell pellets from a 2-L culture, the volume of the supernatant was typically 100 mL. To remove
contaminating protein in the soluble lysate, ammonium sulfate (37.5 g for 100 mL of lysate)
was slowly added over the course of 20 min with constant stirring to provide a 60% ammonium
sulfate solution, and precipitation of protein was observed. S100A12 is soluble in up to 80%
ammonium sulfate and therefore remains in solution. The 60% ammonium sulfate mixture was
allowed to stir for an additional 1 h, and the insoluble contaminating protein fraction was
pelleted by centrifugation (13,000 rpm, 10 min, 4 *C). After centrifugation, a greasy layer of
precipitate remained suspended and was carefully removed using a spatula. The supernatant
was dialyzed (3500 MWCO, Spectropor3) against 2 x 4 L of 20 mM HEPES, pH 8.0 at 4 0C for
at least 12 h each prior to further purification.
A thin layer of precipitate formed in the dialysis tubing, and the dialysate was centrifuged

(13 000 rpm, 10 min, 4

0C).

The supernatant was passed through a 0.45-pm syringe filter and

loaded onto a 150-mL Superloop (GE Lifesciences). Chromatographic purification of S100A12
was conducted using an AKTA Purifier FPLC system (GE Life Sciences) housed in a 4

0C

cold

room. Homodimeric S100A12 was first purified by anion-exchange chromatography using a
MonoQ 10/100 GL column. A gradient of 0-10 % B over 8 column volumes (Eluent A, 20 mM
HEPES, pH 8.0; Eluent B, 20 mM HEPES, 1 M NaCl, pH 8.0) was employed. This step allowed
for separation of homodimeric S10OA12 from higher oligomeric and aggregated species of
S100A12. Fractions containing S10OA12 (as determined by SDS-PAGE, 15% Tris-HCI gel) were
pooled, concentrated to ~10 mL, and purified by size-exclusion chromatography (SEC) using a
86

HiLoad 26/600 S75 pg column (GE Lifesciences). For purified protein that was used in metalbinding experiments, the running buffer of the SEC was 20 mM HEPES, 100 mM NaCl, pH 8.0.
For protein that was employed in microbiology assays, the running buffer was 20 mM Tris, 100
mM NaCl, pH 7.5. Fractions containing S10OA12 were pooled and dialyzed against I L of the
appropriate buffer (20 mM HEPES, 100 mM NaCi, pH 8.0, or 20 mM Tris, 100mM NaCI, pH 7.5)
containing -10 g Chelex resin (Bio-Rad) at 4 *C for -12 h. The protein was concentrated using a
10K MWCO Amicon spin concentrator (3750 rpm, 4 *C). The concentration of S10OA12 was
determined using its calculated extinction coefficient

(8280)

(Table 2. 1.). S100A12 was then

aliquoted into sterile microcentrifuge tubes in 100-iL portions, flash frozen in liquid N 2, and stored
at -80 *C. This procedure was performed using cell pellets from 2-L cultures to afford yields of
-100-170 mg.

Table 2. 1. Molecular weights and extinction coefficients for S100A12 monomers.
Protein

Molecular Weight

8260 (M.1 cm4)b

(Da)'
2980
10575.0
S10OA12
2980
10332.8
S10OA12 AHis3Asp
8 Molecular weights were calculated by using the ProtParam tool available on the ExPASy server
(http://web.expasy.org/protparam). These values include the N-terminal Met residue. No m/z
corresponding to loss of the N-terminal Met residue was observed. bExtinction coefficients (280
nm) were calculated by using the ProtParam tool.

2. 3. 4. Protein Characterization
S10OA12 and S100A12 AHis3Asp were characterized by SDS-PAGE, mass
spectrometry, analytical size exclusion chromatography, and circular dichroism (CD)
spectroscopy as described for calprotectin. 1
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2. 3. 5. Metal Analysis (ICP-MS)
To remove contaminating metals from materials used in these experiments, 5-mL
centrifuge tubes (Argos Technologies Inc.) were washed with 3% HNO 3 (Sigma) and allowed to
air-dry, and 4-mL spin concentrators (10K MWCO, Amicon) were washed with EDTA (300 PM in
water, 1x) and Milli-Q water (3x), and allowed to dry overnight.
For these studies, two types of growth media were analyzed. The Tris:YPD medium was
composed of a 32:68 (v:v) ratio of YPD and AMA buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5).
The Tris:TSB medium was composed of a 32:68 (v:v) ratio of TSB and AMA buffer.
For the metal-depletion experiments, 2.5 mL of AMA medium (either Tris:TSB or Tris:YPD)
were transferred to the washed 5-mL centrifuge tubes. Protein samples were buffer exchanged
into AMA buffer using 0.5-mL 10 MWCO Amicon spin concentrators, and diluted to final
concentrations of 62.5, 125, 250, and 500 pg/mL in the AMA medium. Untreated AMA medium
containing no protein and the S100A12-treated media samples were incubated for 20 h (30 *C,
150 rpm). The samples were filtered using the 4-mL Amicon spin concentrators. The flow through
was collected and acidified to 3% HNO 3 by addition of 70% HNO 3. Samples were analyzed at
either the Microanalysis Laboratory at the University of Illinois at Urbana-Champaign (UIUC) (one
set of samples for Tris:YPD incubated with S100A12) or the Center for Environmental Health

Sciences (CEHS) Core Facility at MIT (all other samples). At UIUC, the concentrations of Mn, Co,
Ni, Cu, and Zn were quantified by inductively coupled plasma-mass spectrometry (ICP-MS), and
the metal concentrations of Mg, Ca, and Fe were quantified by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). For samples analyzed at MIT, the concentrations of Mg, Ca,
Fe, Mn, Co, Ni, Cu, and Zn were quantified by an Agilent 7900 ICP-MS used in Helium mode
outfitted with integrated autosampler (I-AS). An internal standard of erbium or terbium (Agilent)
was used to control for sample effects, and the concentrations of analyte were calibrated using
standards prepared by serial dilution of the Agilent Environmental Calibration Standard mix. All
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experiments were performed at least three times with four different starting stocks of media. The
mean and SEM values are reported.

2. 3. 6. Westem Blot of S1OQA 12-treated medium (YPD)
To ensure that the S100A12 present during treatment of growth medium did not pass
through the spin filter, western blot analysis was performed on the retentate and flow through
obtained from each sample following the spin-filtration step. Sodium dodecyl sulfate-PAGE (SDSPAGE) was performed on a 15% glycine gel. The proteins were transferred to a nitrocellulose
membrane following the manufacturer's procedure (BioRad). S100A12 was blotted with a 1:1000
dilution of monclonal mouse IgG2b to human S100A1 2/EN-RAGE (161205) (R&D Systems). The
antibody was blotted with a 1:10,000 dilution of infrared dye-labeled goat anti-mouse IgG (LI-COR
Biosciences), and the blot was visualized using a LI-COR Odyssey Scanner.

2. 3. 7. Antifungal Activity Assays
The growth inhibitory activity of S100A12 against Candida albicans SC5314, C. glabrata
ATCC 200918, C. krusei ATCC 200917, and C. tropicalis ATCC MYA-3404 was investigated by
following previously published protocols for culturing these organisms.3 Fungal strain stocks were
stored at -80 *C in YPD medium containing 25% glycerol. Ovemight cultures were inoculated into
10 mL of YPD in a 250-mL baffled flask from single colonies on agar plates and grown overnight
(37 *C, 150 rpm, t =20 h) on a rotating wheel. The overnight cultures were then diluted 1:50 to a
final volume of 10 mL in a 250-mL baffled flask and allowed to grow to mid-log phase at an OD600
= 1 (t =3.5 h). The cultures at mid-log phase were diluted 1:500 into Tris:YPD medium (32:68 (v:v)
ratio of YPD and AMA buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5)), and 90 PL of the dilution
added to a well containing 10 ptL of the 10x protein stock in 96-well plates (Corning, Inc.). For
samples containing a Ca(lI) supplement, the Tris buffer was supplemented with 3 mM Ca(II). Each
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condition was repeated in three wells to obtain an average value for each time point for each trial.
To avoid evaporation, the plate was covered with a wet paper towel and wrapped with Saran wrap.
The plate was then incubated in an incubator-shaker (37

0C,

150 rpm, t =30 h). The growth was

monitored by OD 6oo at regular intervals using a Synergy HT plate reader (BioTek). To resuspend
cultures that formed clumping at the bottom of the wells, the plates were shaken vigorously prior
to OD600 measurement. Each set of experiments was performed at least three times with at least
two different protein and medium stocks. The mean and SEM are reported.

Table 2.2. Strains and growth conditions employed in this work
Strain
Source

Culture conditionsa

Tris:YPD (32:68 v/v),

Candida albicans SC5314

Linquist Lab (Whitehead)

Candida glabrata ATCC 200918

ATCC

Tris:YPD (32:68 v/v),
37 0C, 150 rpm

Candida krusei ATCC 200917

ATCC

Tris:YPD (32:68 vlv),
37 *C, 150 rpm

Candida tropicalis ATCC MYA-3404

ATOC

Tris:YPD ((32:68 vv),

Escherichia coli K-1 2

Keio Collection

Tris:TSB (32:68 vlv),
37 *C, 150 rpm

Escherichia coli K-1 2 AznuA

Keio Collection

(: 150 m

37

37 *C, 150 rpm

37 0C, 150 rpm

Tris:T SB (32:68 v/v),
37

00

150 m

37 *C, 150 rpm

Tris:MRS (32:68 v/v).
30 0C, 150 rpm
Listeria monocytogenes
ATCC
Tris:BHI (32:68 v/v),
ATCC 19115
30 0C, 150 rpm
Pseudomonas aeruginosa
Tris:TSB (32:68 v/v),
PA01
Manoil Laboratory"
37 0C, 150 rpm
Pseudomonas aeruginosa
Tris:TSB (32:68 v/v),
PA01 AznuA
Manoil Laboratory"
37 *C, 150 rpm
Staphylococcus aureus
ATCC
Tris:TSB -dextrose,
ATCC 25923
37 *C, 150 rpm
aTSB-dextrose and BHI were obtained from Becton Dickinson (BD). YPD was prepared in-house.
All medium contained dextrose. These are the culture conditions employed for the antimicrobial
activity assays. b University of Washington (Seattle, WA).
Lactobacillus plantarum WCSF1

ATOC
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2. 3. 8. Antibacterial Activity Assays

The growth inhibitory activity of S1 00A1 2 against bacterial strains was investigated by
following previously published protocols.2 83 0 Bacterial strain stocks were stored at -80 *C in media
containing 25% glycerol. AMA medium (Tris:TSB) was prepared using sterile technique. TSB was
used for S. aureus ATCC 25923, E. coli K-12, and P. aeruginosa PAO1, MRS was used for L.
plantarum WCSF1, and BHI was used for L. monocytogenes ATCC 19115. Overnight cultures
were inoculated into 5 mL of growth medium in a culture tube (TSB, MRS, or BHI) from single
colonies from agar plates (TSB, MRS, BHI) and grown overnight (37

0C,

t =16 h) on a rotating

wheel. The overnight cultures were then diluted 1:100 in a 5-mL culture tube and allowed to grow
to mid-log phase at an OD600 ~ 0.6 (t =2 - 4.5 h).
The assays performed with L. plantarum and L. monocytogenes were modified as follows.
L. plantarum cultures were grown at 30 *C, 150 rpm in MRS medium, and modified AMA medium
composed of MRS medium and Tris buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5) (Tris:MRS
32:68 (v:v)) was used. L. monocytogenes cultures were grown at 30

0C,

150 rpm in BHI medium,

and modified AMA medium composed of BHI medium and Tris buffer (Tris:BHI 32:68 (v:v)) was
used. The AMA medium for S. aureus, E. coli, and P. aeruginosa was composed of TSB medium
and Tris buffer (Tris:TSB 32:68 (v:v)). The cultures at mid-log phase were diluted 1:500 into the
corresponding AMA medium, and 90 pL of the dilution added to a well containing 10 PL of the 1Ox
protein stock. For samples containing a Ca(ll) supplement, the Tris buffer was supplemented with
3 mM Ca(ll). Each condition was repeated in three wells to obtain an average value for each time
point for each trial. The plate was covered with a wet paper towel and wrapped with Saran wrap.
The plate was then allowed to incubate in an incubator-shaker (37 *C, 150 rpm, t =20 h). The
growth was monitored by OD6 oo at regular intervals using a plate reader. Each set of experiments
was performed at least three times with at least two different protein and media stocks. The mean
and SEM are reported.
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2. 3. 9. Antimicrobial Activity Assays with Zinc Preincubation
The Zn(II) preincubation assays with C. albicans were performed following analogous
protocols for studying the effects Mn(ll) and Fe(ll) addition to calprotectin.0 '3

Overnight cultures

were inoculated with 10 mL of YPD in a 250-mL baffled flask from single colonies on agar plates,
and grown overnight on an incubator-shaker (37 *C, 150 rpm, t =20 h). The overnight cultures
were then diluted 1:50 in a 250-mL baffled flask and allowed to reach an OD6 00 =1.0 after =3.5 h,
corresponding to its mid-log phase. To prevent precipitation of protein (125 pg/mL) upon addition
of 2 equiv. of Zn(II), the dilution factors were adjusted in this experiment. The mid-log phase
cultures were diluted 1:56 into AMA medium (Tris:YPD containing a 2 mM Ca(ll) supplement),
and 10 pLt of the dilution added to a well containing 90 iL of 1.1x of protein prepared in the same
AMA medium, preincubated with two equivalents of Zn(ll). The 96-well plate was covered with a
wet paper towel, wrapped with Saran wrap, and allowed to incubate in an incubator-shaker (37
*C , 150 rpm, t =30 h). Fungal growth was monitored by OD6 oo at regular intervals using a plate
reader. To resuspend cultures that formed clumping at the bottom of the wells, the plates were
shaken vigorously prior to OD6oo measurement. Each set of experiments was performed at least
three times with at least two different protein and media stocks. The mean and SEM are reported.

2. 3. 10. Optical Absorption and Fluorescence Spectroscopy
Optical absorption

spectra

were

collected

on

a Beckman

Coulter

DU

800

spectrophotometer thermostatted at 25 *C with a Peltier temperature controller. Fluorescence
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 *C.
This instrument was controlled by the FelixGX software package. Quartz cuvettes with 1-cm path
lengths (Starna) were employed for all optical absorption measurements. Due to the large number
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of cuvettes needed for the experiments with FZ3, poly(methyl methacrylate) (PMMA) cuvettes

(Fisher Scientific) were employed for the fluorescence experiments with this Zn(II) sensor. All
optical absorption and fluorescence spectroscopic experiments were performed at least in
triplicate.

2. 3. 11. Zinc Competition with SIOOA12 and Zincon
A 2-mL solution containing 10 pM S100A12 or S100A12 AHis 3Asp and 20 pM Zincon was
prepared in a quartz cuvette (75 mM HEPES, 100 mM NaCl, pH 7.0). The solution was titrated
with 0-4.5 equivalents of Zn(II) (1 ptL of a 2 mM Zn(II) solution per addition) at room temperature.
The samples were allowed to equilibrate for 2 min after each Zn(II) addition, and the optical
absorption spectra were collected from 200 to 800 nm. The absorbance at 621 nm was plotted
35 36
versus the [Zn(lI)] / [S100A12] ratio. Zincon has reported Kd,zn values of 12.6 and 5.8 pM. ,

2. 3. 12. Zinc Competition with SIOOA 12 and MF2
A 2-mL solution containing 10 pM S100A12 or S100A12 AHis3Asp and 10 pM MF2 was
prepared in a quartz cuvette (75 mM HEPES, 100mM NaCl, pH 7.0) and titrated with 0-4
equivalents of Zn(II) (1 pL of a 2 mM ZnCl 2 aqueous solution per addition) at room temperature.
The samples were allowed to equilibrate for 2 min after each Zn(II) addition, and the optical
absorption spectra were collected from 200 to 800 nm. The absorbance increase at 325 nm and
decrease at 366 nm were plotted versus the [Zn(Il)] / [S100A12] ratio. Reported Kd,Zn values of
MF-2 are 20 and 36 nM. 37 38

2. 3. 13. Zinc Competition with SIOOA 12 and FZ3
Solutions (1 mL) containing FZ3 (2 pM) and S100A12 (2 pM) or S100A12 AHis 3Asp (2 pLM)
were prepared in PMMA cuvettes (75 mM HEPES, 100 mM NaCl, pH 7.0). Each solution was
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mixed gently and incubated for 1 h in the dark at room temperature. The emission spectrum of
each solution was then recorded. One equivalent of Zn(II) was subsequently added to each
sample, and the solutions were gently mixed and incubated for 2.5 h in the dark at room
temperature. The emission spectrum of each solution was then recorded. The samples were
excited at 494 nm, and the emission was monitored from 500-650 nm (-Zn(ll) samples) or 507650 nm (+Zn(II) samples). Emission spectra from a representative trial are presented. The
apparent Kdzn of FZ3 is 9 nM. 39

2. 4.

Results and Discussion

2. 4. 1. Protein Characterization
The purity and integrity of S100A12 and S100A12 AHis 3Asp were characterized by SDSPAGE gel (Figure 2. 2), mass spectrometry (Table 2. 3), CD (Figure 2. 3), and analytical sizeexclusion chromatography (SEC) (Figure 2. 4, Table 2. 4). A single band was observed on the
SDS-PAGE gel of S100A12 and S10OA12 AHis 3Asp, confirming the purity of the preparations.
The bands are consistent with the molecular weights of the monomers of 10.5 and 10.3 kDa for
S100A12 and S10OA12 AHis3Asp respectively (Figure 2. 2). ESI-MS afforded the expected mass
for each protein (Figure 2. 3). Furthermore, the CD spectra showed local minima at 208 and 220
nm, confirming the expected a-helical secondary structure, and the shape of the spectra are
consistent with prior reports for other S100 proteins. 28 , 2 9 Lastly, Analytical SEC demonstrated that
S100A12 and S100A12 AHis 3Asp have elution volumes of 12.4 and 12.1 mL respectively,
corresponding to homodimeric species (Figure 2.4, Table 2. 4). A shift towards a lower elution
was observed upon addition of Ca(ll) (Figure 2. 4, Table 2. 4) indicative of slight conformational
changes upon Ca(ll) binding.
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Figure 2. 2. SDS-PAGE (15% acrylamide Tris-HCI, glycine gel) visualized with Coomassie Blue
of purified S10OA12 (lane 1) and AHis3Asp (lane 2) used in this study. The ladder is P7712S from
New England BioLabs.

Table 2. 3. Mass spectrometric analysis of S100A12 and S10OA12 AHis3Asp.
Protein

Calculated Mass (Da)

S10OA12

10575.0
21150.0
10332.8
20665.6

S1 00A1 2 AHis3Asp

(monomer)
(dimer)
(monomer)
(dimer)

Observed Mass (Da)
10575.6
21150.2
10332.8
20665.9

(monomer)
(dimer)
(monomer)
(dimer)
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A
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E
"D
E
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4104
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-

ZaII)

-

+ Zn(II)

2 104
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4 104 1

+

Ca(lI)

No metal added
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Figure 2. 3. Circular dichroism spectra of 10 pM S10OA12 (A) and S10OA12 AHis 3Asp (B) in the
absence and presence of divalent cations (1 mM Tris-HCI, pH 7.0, T = 25 *C). Black trace, without
metal addition; blue trace, in the presence of 20 IM Zn(ll); red trace, in the presence of 2 mM
Ca(ll); purple trace, in the presence of 20 pIM Zn(ll) and 2 mM Ca(ll).
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Figure 2.4. Analytical SEC chromatograms of 30 pM S10OA12 (A) and 30 pM S10OA12 AHis3Asp
(B) in the absence (black) and presence (red) of 2 mM Ca(ll) in the sample and running buffer (75
mM HEPES, 100mM NaCl, pH 7.0).
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Table 2. 4. Analytical SEC elution volumes and calculated molecular weights.'
S100A12
S100A12

Ca(II)

Elution Volume (mL)

Calculated Molecular Weight (kDa)

-

12.4
12.2

24.2
26.4

+

AHis 3Asp
12.1
27.6
25.8
12.3
AHis 3Asp
+
a Each sample contained 30 pM protein (75 mM HEPES, 100 mM NaCl, pH 7.0). The +Ca(II)
samples contained 1.2 mM (40 equiv.) Ca(II) in the sample and running buffer. The experiments
were performed at 4 C.
2. 4. 2. Human S10OA12 Depletes Zn(l) from Microbial Growth Medium
To probe which metal ions S10OA12 sequesters from microbial growth medium, we
conducted a series of metal depletion experiments. We treated standard growth media employed
for in vitro antifungal (YPD-based medium) or antibacterial (TSB-based medium) activity assays
with varying concentrations of S100A12 (0 - 250 ig/mL, t = 20 h, T = 30 *C). Following treatment
of the medium with S100A12, we employed spin filtration to separate the protein from the treated
medium. Western blot analyses confirmed that SIOOA12 remains in the retentate and does not
leak into the flow-through, thus confirming that the flow-through only contained metals that were
not bound by S10OA12 (Figure 2. 5). We quantified the amount of unbound metal in the treated
medium by inductively coupled plasma-mass spectrometry (ICP-MS). Because the protein and
treated medium were separated by spin filtration, this procedure does not afford an equilibrium
measurement because the metal concentrations in the filtered sample are not precisely the "free"
metal concentrations in a solution at equilibrium. Nevertheless, it provides an assessment of
which metal ions can be sequestered by S100A12 in complex samples. To determine whether
the presence of Ca(II) influences metal sequestration, we prepared and analyzed samples with
and without a ~2-mM Ca(II) supplement.
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25 kDa22 kDa-17 kDa-W
11 kDaLadder 1 2 3 4 5 6 7 8 9 10 11 12 13
Figure 2. 5. Western blot of the retentate and flow through obtained from S10OA12-treated
Trs:YPD medium. Medium without S10OA12 treatment retentate (lane 2), medium without
S10OA12 treatment flow through (lane 4), Medium treated with 250 pg/mL S10OA12 -Ca(ll)
retentate (lane 6), Medium treated with 250 pg/mL SI OOA1 2 -Ca(ll) flow through (lane 8), medium
treated with 250 pg/mL S1 0OA1 2 +Ca(ll) retentate, (lane 11), medium treated with 250 pg/mL
S1OOA12 +Ca(ll) flow through (lane 13). No sample was loaded in the other lanes (lanes 1, 3, 5,
7, 9, 10, and 12). The ladder is P7712S from New England BioLabs.

The Tris:YPD medium employed for antifungal activity assays (vide infra) contains
relatively high concentrations of Fe (-3.5 pM) and Zn (-7 pM), and lower concentrations of Mn
(-100 nM), Co (-130 nM), Ni (-100 nM) and Cu (-150 nM) (Figure 2. 6A, Table 2. 5). With the
exception of Zn, SI OOAI 2 treatment had negligible effect on the concentrations of the first-row
transition metals present in the Tris:YPD medium. Zinc depletion occurred, and the extent of Zn
depletion depended on the concentration of S10OA12 and whether the medium was
supplemented with Ca(ll). The Ca(ll) effect was most obvious at 62.5 and 125 pg/mL S10OA12.
For instance, at 125 pg/mL SI 0OAI 2, the Zn concentration in the treated medium decreased by
a factor of f3 (-Ca) or -10 (+Ca).
The Trs:TSB medium employed for antibacterial activity assays (vide infra) also contains
relatively high concentrations of Fe (-3 pM) and Zn (m5 pM), and the other first-row transition
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metals are markedly less abundant (Figure 2. 6B, Table 2. 10). S10OA12 treatment resulted in
Ca(li)-dependent depletion of Zn, but not the other transition metals, from this medium. The Ca(ll)
effect was most pronounced at 62.5 pg/mL S10OA12 where negligible Zn(II) depletion occurs in
the absence of the Ca(II) supplement and -4-fold reduction in total Zn occurs in the presence of
Ca(II). To confirm that the His3Asp sites are essential for Zn(ll) depletion, we treated Tris:YPD
and Tris:TSB with S100A12 AHis 3Asp (250 pg/mL), a variant that harbors the point mutations
H15A, D25A, H85A, and H89A. This variant cannot bind metal ions at the His 3Asp sites because
the four metal-chelating residues are replaced by non-coordinating alanine moieties. No metal
depletion was observed for the AHis 3Asp variant in either Tris:YPD or Tris:TSB (Figure 2. 6).
These results demonstrate that the His 3Asp sites are essential for Zn(II) depletion from microbial
growth media, as expected based on the Zn(Il)-S100A12 crystal structure.
These metal depletion results illuminate three key points about the metal-sequestering
properties of S10OA12: (i) S10OA12 binds Zn(II) with sufficient affinity to deplete it from growth
medium; (ii) S1 OA1 2 appears to select for Zn(II) over other first-row transition metal ions, at least
under these experimental conditions; and (iii) S10OA12 uses Ca(ll) ions to modulate its Zn(Il)binding properties, and the presence of Ca(II) results in more effective Zn(II) depletion from the
medium. Moreover, the Tris:TSB metal-depletion profile of S10OA12 is markedly different from
that of calprotectin, a metal-sequestering S100 family member that harbors two different sites for
transition metal ions (His 3Asp and His 4/His 6 ) and reduces the levels of Mn, Fe, Ni, Cu, and Zn
from this medium.3 0 The apparent Zn(II) selectivity of S10OA12 is consistent with prior solution
studies of this protein, which provided no evidence for the formation high-affinity Mn(Il)-SIOOA12
and Fe(ll)-S100A12 complexes in the absence or presence of Ca(l1). 3 0, 13 The selective Zn(ll)
depletion is also reminiscent of studies of a AHis 4 variant of calprotectin that only harbors an
interfacial His 3Asp site for chelating transition metals. This variant only depleted Zn(ll) from
Tris:TSB mixtures.30
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Figure 2.6. S100A12 depletes Zn(II) from microbial growth media. (A) Metal analysis of Tris:YPD
medium treated with 0-250 pg/mL S100A12 or 250 pig/mL S10OA12 AHis3Asp. (B) Metal analysis
of Tris:TSB medium treated with 0-250 pg/mL S100A12 or 250 pg/mL SIOOAI2 AHis3Asp. The
experiments were conducted in the absence (light gray bars) and presence (dark gray bars) of a
=2-mM Ca(ll) supplement (mean SEM, n 2 3).
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Table 2. 5. Metal analysis of untreated Tris:YPD medium in the absence and presence of a 2-mM
Ca(ll) supplement (mean SEM, n = 4).
-Ca(II), ppm
+Ca(II), ppm
+Ca(Il), pM
Element
-Ca(ll), AM
3.3 0.2
3.1 0.2
130 8
Mg
135 8
0.2
1800 400
3.7
70 15
Ca
92 5
Mn
0.009 0.001
0.12 0.05
0.006 0.002
0.100 0.002
2.3 0.2
0.20 0.02
Fe
3.5 0.4
0.126 0.007
0.11 0.01
0.007 0.001
0.009 0.001
Co
0.14 0.02
0.13 0.03
Ni
0.005 0.003
0.008 0.001
0.09 0.02
0.163 0.001
0.009 0.001
Cu
0.008 0.002
0.14 0.02
0.42 0.01
6.4 0.2
0.47 0.02
Zn
7.2 0.4

Table 2. 6. Metal analysis of Tris:YPD medium treated with 62.5 Ig/mL of S10OA12 in the
presence and absence of a 2-mM Ca(II) supplement (mean

Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

-Ca(ll), ppm
3.1 0.2
3.5 0.2
0.009 0.001
0.22 0.02
0.001 0.000
0.003 0.003
0.008 0.001
0.29 0.01

-Ca(ll), pIM
130 9
88 4
0.16 0.01
3.9 0.3
0.17 0.000
0.06 0.06
0.120 0.02
4.4 0.2

SEM, n = 4).

+Ca(lI), ppm
3.1 0.3
3.4 0.2
0.010 0.000
0.20 0.02
0.01 0.004
0.0008 0.003
0.006 0.001
0.16 0.01

+Ca(II), pM
133 7
82 3
0.17 0.02
3.8 0.03
0.17 0.004
0.14 0.06
0.99 0.02
2.4 0.1

Table 2. 7. Metal analysis of Tris:YPD medium treated with 125 gg/mL of S1 OQA1 2 in the absence
and presence of a 2-mM Ca(II) supplement (mean SEM, n = 4).
+Ca(II), pIM
-Ca(ll), pM
+Ca(Il), ppm
Element
-Ca(II), ppm
130 10
3.1
0.2
120 8
Mg
3.0 0.2
2100 400
85 16
78 2
Ca
3.13 0.06
0.23 0.04
0.15 0.01
0.013 0.002
Mn
0.008 0.001
2.3 0.7
0.13 0.04
2.3 0.1
Fe
0.129 0.006
0.12 0.02
0.007 0.001
0.007 0.001
0.110 0.007
Co
0.23 0.07
0.014 0.004
0.14 0.02
0.009 0.001
Ni
0.14 0.03
0.009 0.002
0.17 0.06
0.011 0.003
Cu
0.62 2
0.040 0.1
2.4 0.5
Zn
0.15 0.09
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Table 2. 8. Metal analysis of Tris:YPD medium treated with 250 ptg/mL of S100A12 in the
presence and absence of a 2-mM Ca(ll) supplement (mean SEM, n = 4).
Element
+Ca(ll), pM
-Ca(ll), ppm
+Ca(II), ppm
-Ca(II), pMl
Mg
3.6 0.4
150 21
4.1 0.8
170 33
Ca
3.9 0.6
2900 300
100 17
120 11
Mn
0.009 0.001
0.17 0.02
0.14 0.05
0.008 0.003
Fe
0.16 0.02
2.9 0.4
0.16 0.02
2.9 0.3
Co
0.008 0.001
0.14 0.02
0.14 0.02
0.008 0.001
Ni
0.012 0.002
0.20 0.04
0.013 0.005
0.21 0.08
Cu
0.010 0.002
0.15 0.03
0.009 0.003
0.12 0.03
Zn
0.07 0.03
1.1 0.5
0.7 0.2
0.05 0.01

Table 2. 9. Metal analysis of Tris:YPD medium treated with 250 pg/mL of S10OA12 AHis 3Asp in
the absence and presence of a 2-mM Ca(II) supplement (mean SEM, n = 4).
Element
-Ca(II), ppm
-Ca(II), plM
+Ca(II), ppm
+Ca(II), pM
Mg
3.62 0.06
148 2
3.8 0.2
158 7
Ca
4.0 0.1
100 3
121 4
3000 80
Mn
0.007 0.003
0.14 0.05
0.007 0.002
0.13 0.02
Fe
0.14 0.01
2.6 0.2
0.160 0.007
2.8 0.1
Co
0.008 0.000
0.040 0.000
0.009 0.000
0.043 0.002
Ni
0.016 0.000
0.271 0.009
0.020 0.000
0.313 0.005
0.01
0.13
0.01
0.006
0.000
0.09
Cu
0.008 0.000
Zn
0.48 0.06
7.3 0.6
0.46 0.06
7.2 0.6

Table 2. 10. Metal analysis of untreated Tris:TSB medium in the absence and presence of a 2-

mM Ca(ll) supplement (mean
Element
-Ca(ll), ppm
Mg
3.5 0.2
Ca
3.5 0.1
Mn
0.01 0.00
Fe
0.16 0.02
Co
0.022 0.001
Ni
0.02 0.00
Cu
0.01 0.00
Zn
0.35 0.02

SEM, n = 4).
-Ca(ll), plM
140 6
90 2
0.14 0.01
2.9 0.3
0.037 0.002
0.28 0.07
0.14 0.04
5.3 0.2

+Ca(II), ppm
3.7 0.2
90 12
0.006 0.002
0.17 0.01
0.002 0.000
0.001 0.000
0.009 0.002
0.34 0.01

+Ca(II), pM
150 10
2300 300
0.150 0.009
3.0 0.2
0.04 0.01
0.211 0.009
0.12 0.04
5.1 0.2
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Table 2. 11.
absence and
Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

Metal analysis of Tris:TSB medium treated with 62.5 ptg/mL of S100A12 in the
presence of a 2-mM Ca(II) supplement (mean SEM, n = 4).
+Ca(ll), pM
+Ca(II), ppm
-Ca(ll), pM
-Ca(ll), ppm
140 13
3.4 0.3
140 9
3.3 0.2
2400 200
97 7
90 5
3.5 0.2
0.15 0.02
0.008 0.001
0.17 0.05
0.009 0.002
2.4 0.5
0.14 0.03
2.5 0.4
0.14 0.02
0.033 0.002
0.002 0.000
0.037 0.003
0.002 0.000
0.26 0.02
0.015 0.001
0.39 0.03
0.023 0.002
0.13 0.02
0.008 0.002
0.13 0.03
0.008 0.002
1.4 0.4
0.02
0.09
0.3
5.8
0.38 0.02

Table 2. 12. Metal analysis of Tris:TSB medium treated with 125 pg/mL of S100A12 in the
absence and presence of a 2-mM Ca(II) supplement (mean

Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

-Ca(II), ppm
3.8 0.3
3.2 0.2
0.007 0.002
0.16 0.01
0.022 0.000
0.025 0.009
0.008 0.001
0.227 0.02

-Ca(ll), pM
160 13
80 6
0.13 0.04
2.8 0.2
0.040 0.002
0.4 0.1
0.13 0.02
3.5 0.3

SEM, n = 4).

+Ca(II), ppm
3.9 0.3
110 20
0.007 0.001
0.14 0.02
0.003 0.000
0.014 0.001
0.009 0.002
0.190 0.004

Table 2. 13. Metal analysis of Tris:TSB medium treated with 250 pg/mL
absence and presence of a 2-mM Ca(II) supplement (mean SEM, n = 4).
+Ca(II), ppm
-Ca(ll), pM
-Ca(ll), ppm
Element
3.7 0.4
150 10
3.5 0.3
Mg
110 10
73 8
2.9 0.3
Ca
0.007 0.002
0.13 0.02
0.007 0.001
Mn
0.15 0.2
2.2 0.4
0.12 0.02
Fe
0.002 0.000
0.027 0.002
0.002 0.000
Co
0.013 0.001
0.26 0.03
0.015 0.002
Ni
0.007 0.001
0.12 0.02
0.008 0.002
Cu
0.019 0.003
0.9 0.6
0.06 0.04
Zn

+Ca(II), pM
160 14
2700 400
0.13 0.02
2.5 0.03
0.047 0.008
0.24 0.02
0.15 0.03
0.29 0.06

of S10OA12 in the
+Ca(II), plM
150 20
2800 300
0.13 0.03
2.7 0.3
0.035 0.003
0.224 0.008
0.10 0.01
0.29 0.04
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Table 2. 14. Metal analysis of Tris:TSB medium treated with 250 ptg/mL of S10OA12 AHis 3Asp in
the absence and presence of a 2-mM Ca(I) supplement (mean SEM, n = 4).
Element
-Ca(ll), ppm
-Ca(Il), plM
+Ca(II), ppm
+Ca(ll), jM
Mg
3.62 0.06
148 2
3.8 0.2
158 7
Ca
4.0 0.1
100 3
121 4
3000 80
Mn
0.007 0.003
0.14 0.05
0.007 0.002
0.13 0.02
Fe
0.14 0.01
2.6 0.2
0.160 0.007
2.8 0.1
Co
0.002 0.000
0.040 0.000
0.003 0.000
0.043 0.002
Ni
0.016 0.000
0.271 0.009
0.020 0.000
0.313 0.005
Cu
0.012 0.002
0.20 0.02
0.010 0.000
0.16 0.01
Zn
0.36 0.02
5.4 0.3
0.36 0.02
5.5 0.3

2. 4. 3. Human SIOQA 12 Exhibits Calcium-Dependent Antifungal Activity
Fungi have a significant Zn(II) requirement, and Zn(ll) acquisition by fungal pathogens is
important for virulence.4

We therefore questioned whether S100A12 exhibits antifungal

activity that would result from its ability to bind Zn(II). To the best of our knowledge, an antifungal
activity for S10OA12 has not been reported. We evaluated the growth inhibitory activity of
S10OA12 against four Candida strains that cause human disease. C. albicans is a commensal
organism of the human gastrointestinal tract and opportunistic human pathogen that can invade
the mucosa and cause bloodstream infections. 4647 C. krusei, C. glabrata, and C. tropicalis are
emerging human health threats, form biofilms, and exhibit resistance to antifungals such as the
fluconazoles.4 -50 When cultured in the Tris:YPD medium employed in the metal-depletion studies
(Figure 2. 6), each fungal strain grew to an OD60 0 value of =0.6 in the absence and presence of a
-2-mM Ca(ll) supplement (Figure 2. 7). Addition of S100A12 (0 - 500 pg/mL) to C. albicans
resulted in concentration-dependent growth inhibition, and this effect was enhanced when Ca(ll)
was present in the medium (Figure 2. 8A). The Ca(ll) enhancement was most striking at 125
pg/mL S100A12 where the OD600 value decreased to =0.3 in the absence of Ca(ll), and negligible
C. albicans growth was observed when Ca(II) was included in the medium.
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Figure 2. 7. Growth curves of C albicans SC 5314 (A), C. glabrata ATCC 200918 (B), C. krusei
ATCC 200917 (C) and C. tropicalis ATCC MYA-3404 (D) in the absence (black trace) and
presence (red trace) of a 2-mM Ca(ll) supplement (mean t SEM, n = 3).

S10OA12 also displayed Ca(il)-dependent growth inhibitory activity against C. krusei, C.
glabrata, and C. tropicalis (Figure 2. 8B-D). As observed for C. albicans, the presence of the Ca(ll)
supplement enhanced the antifungal activity of S100A12 against these three strains. Moreover,
strain-to-strain variability in S10OA12-mediated growth inhibition occurred in both the absence
and presence of the Ca(ll) supplement. In the absence of a Ca(ll) supplement, C. albicans and
C. glabrata were more susceptible to S10OA12 than C. krusei and C. tropicalis. Indeed, neither
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C. krusei nor C. tropicalis exhibited growth inhibition in the presence of 500 pg/mL S10OA1 2 when
the Ca(ll) supplement, was omitted, whereas C. albicans and C. glabrata growth was inhibited to
varying degrees at this S10OA12 concentration. Taken together, these data establish that (i)
S10OA12 exhibits in vitro antifungal activity against a number of Candida strains, (ii) enhanced
fungal growth inhibition occurs under conditions of high Ca(II), and (iii) the susceptibility of
Candida spp. to S10OA12 is strain-dependent.
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Figure 2. 8. Human S10OA12 exhibits Ca(ll)-dependent antifungal activity in mixed Tris:YPD
medium. (A) C. albicans SC 5314, (B) C. glabrata ATCC 200918, (C) krusei ATCC 200917, and
(D) C. tropicalis ATCC MYA-3404. Black, Candida spp. treated with S100A12 in the absence of
a Ca(ll) supplement. Red, Candida spp. treated with S10OA12 in the presence of a w2-mM Ca(ll)
supplement. The OD600 values were recorded at t = 30 h (mean SEM, n = 3).
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2. 4. 4. The His3Asp Motifs Are Essential for Antifungal Activity
We reasoned that the Ca(li)-dependent antifungal activity of S100A12 results from Zn(II)
sequestration. We performed two additional assays to test this hypothesis and evaluate the
requirement of the His3Asp sites for the antifungal activity against C. albicans. First, to determine
whether the His3Asp sites are essential, we compared the antifungal activity of S1 00AI 2 and the
AHis3Asp variant (Figure 2. 9A). This assay revealed that S10OA12 AHis3Asp (I mg/mL, +Ca) has
no effect on C. albicans growth relative to the untreated control. To confirm that the antifungal
activity originates from apo His3Asp sites of S10OA12 and not a transition-metal-bound form, we
pre-incubated S100A12 with two equivalents of Zn(II) to obtain Zn(ll)-S100A12. Similar to the
AHis3Asp variant, Zn(ll)-S100A12 (125 pg/mL, +Ca) did not inhibit C. albicans growth (Figure 2.
9B).

A Candida albicans

B Candida albicans

+Ca(fl)

0.6

0.5

0.7

o 0.5

o

0.2

+Ca(ll)

80.4,

W
0 0.3
0.2

0.1
0.0

0.1i

i

Figure 2. 9. The His 3Asp motifs of S100A12 are essential for antifungal activity against C.
albicans. (A) Antifungal activity of 1000 pg/mL S100A12 and S10012 AHis3Asp (t =20 h, mean
SEM, n = 3). (B) Antifungal activity of 125 pg/mL S100A12 and Zn(ll)-S100A12 (t =30 h, mean
SEM, n = 3). The Zn(II)-S100A12 sample was prepared by pre-incubating S100A12 with 2 equiv.
of Zn(ll) (11.9 pM) prior to the assay. The bar labeled "Zn(ll)" indicates the growth of a culture
where 11.9 plM Zn(ll) was added to the Tris:YPD medium. For each assay, the Tris:YPD medium
contained a 2-mM Ca(ll) supplement.
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A comparison of the S10OA12 concentrations (125 ptg/mL, -5 pM S10OA12 or =10 pM
His3Asp sites) required for maximum antifungal activity with the Zn(II) content (=7 pM) in the
Tris:YPD medium is informative. This comparison indicates that an excess of Zn(ll)-binding sites
relative to the Zn(II) content in the growth medium is required for S10OA12 to exert its full growth
inhibitory activity against Candida spp. under these assay conditions. The metal depletion studies
indicated that 125 pg/mL S100A12 reduces the Zn level in Tris:YPD to baseline (=620 nM) when
Ca(II) is present in the medium. Taken together, these observations suggest that the Candida
strains evaluated in this work compete with S100A12 for Zn(ll) available in the growth medium.

2. 4. 5. Human SIOOA12 Exhibits Strain-Specific Antibacterial Activity
To further evaluate the in vitro antibacterial activity of human S10OA12, we examined its
growth inhibitory activity against a panel of five bacterial strains that included E. coli K-12,
Pseudomonas aeruginosa PAQ1, S. aureus ATCC 25923, Listeria monocytogenes ATCC 19115,
and Lactobacillus plantarum WCSF1. Because a prior investigation reported that S1 00A1 2 lacked
antibacterial activity against S. aureus Neuman, 32 we screened for bacterial growth inhibition
using a high concentration (1000 ptg/mL) of S10OA12 in Tris:TSB or Tris:MRS (for L. plantarum
only) medium with or without a =2-mM Ca(II) supplement (Figure 2. 10). In agreement with prior
work,32 we observed that S10OA12 ( Ca) had no effect on S. aureus growth. Likewise, S100A12
afforded negligible growth inhibition for E. coli K-12 or P. aeruginosa PAO1. In contrast, cultures
of L. monocytogenes and L. plantarum treated with S10OAl 2 exhibited Ca(Il)-dependent growth
inhibition. Negligible growth of L. monocytogenes occurred, and the growth of L. plantarum was
markedly attenuated, when the medium contained the Ca(II) supplement. On the basis of the
metal depletion studies, we reason that the strains susceptible to S100A12 are more sensitive to
Zn(II) deprivation. Future studies are required to address this notion on a strain-by-strain basis.
We note that the inhibited growth of L. plantarum by S100A12 is in general agreement with our
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prior work, which found that the His3Asp site of calprotectin accounts for the full antibacterial
activity against this strain in vitro.3 Moreover, the negligible activity of S10OA12 against S. aureus
and E. coli is reminiscent of the calprotectin AHis 4 variant, which only has a His 3Asp site at the
S10OA8/S100A9 interface and exhibits attenuated antibacterial activity against S. aureus and E.
coli in mixed Tris:TSB medium.
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Figure 2. 10. Antibacterial activity of human S10A12 (1000 ptg/mL) against S. aureus ATCC
25923 (Sa), E. coli K-12 (Ec), P. aeruginosa PA01 (Pa), L. monocytogenes ATCC 19115 (Lm),
and L. piantarum WSCF1 (Lp) in the absence and presence of a ~2-mM Ca(ll) supplement. The
assays were performed in mixed Tris:TSB medium (t = 20 h, T = 30 *C).

2. 4. 6. Bacteria with Defective Zinc Acquisition Machinery Are Susceptible to SIOQA 12
To evaluate whether bacterial strains with defective Zn(ll) uptake machinery exhibit
enhanced susceptibility to S10OA12, we performed antibacterial activity assays with AznuA
mutants of E. coli K-12 and P. aeruginosa PA01 obtained from the Keio Collection 51 and Seattle
Pseudomonas aeruginosa PA01 Transposon Mutant Library,5 2 respectively. ZnuABC is a highaffinity Zn(II) uptake system employed by Gram-negative bacteria. 3 -s ZnuA is the periplasmic
Zn(ll)-binding protein that captures Zn(II) and delivers the ion to ZnuBC, which are located in the

inner membrane. 57 Bacterial strains with defective ZnuABC transport machinery are more
susceptible to Zn(II) deprivation than their native counterparts.54 ,18 Indeed, S100A12 completely
attenuated the growth of E. coli AznuA at 125 pg/mL in both the absence and presence of a Ca(ll)
supplement (Figure 2. 11). P. aeruginosa AznuA also exhibited enhanced sensitivity to S10OA12;
however, the growth inhibition was only partial and required the presence of Ca(II) in the medium
(Figure 2. 12). A similar observation was reported in studies examining the in vitro antimicrobial
activity of calprotectin against P. aeruginosa PA14.

In this prior work, calprotectin did not provide

complete growth inhibition of the wild-type strain or AznuA mutant, but the growth of the AznuA
strain was impaired relative to the wild-type strain.5 These results afforded a new hypothesis
where P. aeruginosa PA14 has additional and as-yet undiscovered Zn(ll) acquisition machinery
that allows for Zn(ll) uptake in the absence of ZnuA.

Subsequent investigations of P. aeruginosa

PA01 and a AznuA strain cultured under conditions of low Zn(II) revealed the expression of genes
associated with additional import pathways associated with Zn(II) acquisition as well as upregulation of genes that encode Zn(II)-independent proteins, which prokaryotes can employ in
place of Zn(il)-containing proteins when Zn(II) is limited (e.g., Zn(Il)-independent ribosomal
proteins). 59 The current results with S10OA12 are also consistent with these studies.
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Figure 2. 11. S100A12 exhibits antibacterial activity against E. coli with defective Zn(ll) uptake
machinery in Tris:TSB medium. (A) Antibacterial activity of S10OA12 against Escherichia coli K12. (B) Antibacterial activity of S100A12 against E. coli K-12 AznuA. Black, E. coli treated with
S10OA12 in the absence of a Ca(ll) supplement. Red, E. coli treated with S10OA12 in the
presence of =2 mM Ca(II). The OD600 values were recorded at t = 20 h (mean SEM, n = 3).
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Figure 2. 12. P. aeniginosa PA01 * antimicrobial activity data for S1 00A1 2 in the absence (black)
and presence (red) of a 3 mM Ca(ll) supplement, t = 20 h (mean SEM, n = 3).
* The znuA gene is not annotated in the Seattle Pseudomonas aeniginosa PA01 Mutant Library.
The znuA gene was found by searching "znuA" at pseudomonas.com. Gene with locus tag
PA5498 is annotated with the name "znuA." BLAST analysis revealed that this gene is a
homologue to other znuA genes. The Seattle Pseudomonas aeruginosa PAO1 Transposon
Mutant Library was searched and five strains with a znuA mutation were found. One of these
strains (mutant: phoAbp01q2A01, gene: PA5498) was employed in this study. The sequence of
the ZnuA protein deduced from gene PA5498 for P. aeruginosa PA01 was blasted against two
proteins identified as ZnuA transporters (accession numbers EOT09947 and EOT14059) in P.
aeruginosa PA14. ZnuA PA5498was found to share 100% and 72% sequence homology with the
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ZnuA proteins EOT09947 and EOT14059, respectively. A recent report also identified PA5498 as
ZnuA."
2. 4. 7. Human S100A12 Is a High-Affinity Zinc Chelator
The metal-depletion and antimicrobial activity assays presented in this work indicate that
S10OA12 coordinates Zn(II) with sufficient affinity to sequester the ion and that Ca(ll) ions
accentuate this function. Prior studies have examined the Zn(Il)-binding properties of S10OA12 in
solution. In seminal characterization of porcine S100A12, metal-binding titrations that monitored
the intrinsic fluorescence of S10OA12 revealed stoichiometricZn(II) binding (Kd,zn

10 nM).3 More

recently, intrinsic fluorescence was employed to study Zn(II) chelation by human S10OA12.26 In
this work, titration of human S1 00A1 2 with Zn(II) resulted in a gradual change in protein emission,
and this titration curve was fit to afford Kd,zn values of 16 and 83 p!M for the two His3Asp sites. 26 It
was difficult for us to reconcile how the Zn(II) dissociation constants for these two orthologues
could vary by several orders of magnitude, and our conclusions from the metal-depletion studies
and antifungal activity assays are contradicting the prior study of the human orthologue. As a
consequence, we decided to further evaluate the metal-binding properties of human S1 QOA1 2 in
solution using techniques we employed to characterize the Zn(ll)-binding properties of
calprotectin.28
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Figure 2. 13. Optical absorption spectra of S1 00A1 2 (200 pM) titrated with 0-4 equiv. of Co(II) at
pH 7.0 (75 mM HEPES, 100 mM NaCl) and 25 *C, in the absence (A) and presence (B) of 40
equiv. of Ca(ll). Optical absorption spectra of S100A12 AHis 3Asp (200 pM) titrated with 0-4 equiv.
of Co(ll) at pH 7.0 (75 mM HEPES, 100 mM NaCl) and 25 *C, in the absence (C) and presence
(D) of 40 equiv. of Ca(II).
We first employed Co(ll) as a probe for the His3Asp sites because it exhibits rich
spectroscopic properties as a result of its 3d7 electronic configuration.6 Addition of Co(II) to
S10OA12 caused the solution to change from colorless to pink (75 mM HEPES, 100 mM NaCl,
pH 7.0), and the optical absorption spectrum of Co(ll)-S100A12 exhibited ligand field transitions
centered at 563 nm (c = 820 M-Icm-1) (Figure 2. 13). This spectroscopic signature is reminiscent
of four- or five-coordinate Co(II) species,' including Co(lI)-calprotectin where the optical features
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in the d-d range are dominated by Co(ll) bound at the His3Asp site. 28 Moreover, Co(ll)-binding
titrations revealed that the intensity of this signal increased until two equivalents of Co(lI) per
S10OA12 homodimer were added. The sharp inflection point indicates a 2:1 Co(ll)/S1OOA12
stoichiometry (Figure 2. 14A), in agreement with two His3Asp sites per homodimer. As expected,
when the Co(ll)-binding studies were repeated with the S10OA12 AHis3Asp variant, no change in
the absorbance spectrum due to Co(ll) binding was observed (Figure 2. 13C, 13D, Figure 2. 14B).
These results confirm that the His3Asp motifs in S10OA12 are required for transition-metal binding.
The Co(ll)-binding studies were performed in the absence and presence of excess Ca(ll) and
comparable spectra were obtained under both sets of conditions (Figure 2. 13, Figure 2. 14).
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Figure 2. 15. Optical absorption spectra showing displacement of Co(Il) from 200 pLM S100A12
by Zn(ll) addition at pH 7.0 (75 mM HEPES, 100 mM NaCI) and T = 25 *C. The increase in

baseline with Zn(lI) addition indicates the formation of some precipitate.

Addition of Zn(ll) to Co(ll)-S100A12 resulted in loss of the absorption feature (Figure 2.
15), which indicates that S10OA12 binds Zn(ll) with higher affinity than Co(II). This behavior is
expected based on the Irving-Williams seres.61 To confirm the Zn(ll)-S10OA12 stoichiometry and
further investigate the Zn(ll) affinity, we successfully competed S10OA12 with three different
chromophoric Zn(ll) chelators. Zincon is a colorimetric Zn(ll) indicator with a dissociation constant
in the micromolar range (Kd,zn

$

10 pM).3-" In both the absence and presence of excess Ca(Il),

no change in Zincon absorbance occurred until after two equivalents of Zn(II) per S10OA12
homodimer were added, demonstrating that S10OA12 outcompeted Zincon for Zn(ll) (Figure 2.
16). These titrations confirmed the expected 2:1 Zn(Il):S100A12 homodimer stoichiometry and
indicated that S10OA12 coordinates Zn(ll) with sub-micromolar affinity. Next, we examined the
competition of S1 00A1 2 with the fluorescent Zn(ll) sensors MF2 (K.zn w 20 nM)R'- and FluoZin3 (Kzn = 9 nM).39 These experiments were performed only in the absence of Ca(ll) because both
MF2 and FZ3 exhibit a fluorescence response to this divalent cation. S10OA12 outcompeted MF2
(Figure 2. 17) as well as FZ3 (Figure 2. 18), suggesting that S10OA12 coordinates two equivalents
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of Zn(ll) with low- or sub-nanomolar affinity in the absence of Ca(ll). Taken together, the outcomes
of these Zn(ll) competition titrations are in general agreement with prior characterization of
porcine S100A12 where stoichiometric Zn(II) binding (Kd,zn

<

10 nM) was observed,3 as well as

the metal-depletion studies presented in this work.
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(blue trace) and in the presence of AHis3Asp (red trace) upon addition of 1 equiv. of Zn(ll).
Negligible fluorescent response is observed for FZ3 in the presence of S10OA12 (green trace)
upon addition of 1 equiv. of Zn(ll) ( Inset: Expansion of the y-axis). (B) integrated emission values
for the data presented in panel A and replicates. The maximum emission for FZ3 in the presence
of I equiv. of Zn(ll) was normalized to an integrated emission value of 100, and the remaining
emission spectra were scaled accordingly (mean SEM, n=3).

The metal depletion studies and antimicrobial activity assays indicate that the Zn(ll)binding properties of S10OA12 are modulated by Ca(lI) ions. In prior studies of the Zn(ll)-binding
properties of human calprotectin, we employed a Ca(ll)-insensitive Zn(ll) sensor named Zinpyr-4
(ZP4, Kdazn = 650 pM),62 and discovered that CP exhibits enhanced Zn(ll) affinity in the presence
of Ca(ll).28 We sought to employ the same strategy to further elucidate how Ca(ll) modulates Zn(ll)
chelation by S10OA12; however, our preliminary S10OA12/ZP4 experiments were plagued by
artifacts that precluded using ZP4 in a quantitative or reliable manner (data not shown). In
particular, mixtures of ZP4, S10OA12 and Zn(ll) exhibited unstable emission. The origin of this
confounding behavior is unclear, and various issues can arise when employing competitors in
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metal-binding titrations. 6 3 We note that formation of the Zn(Il)-S100A12 complex contributed to
the problem because stable emission was observed for ZP4/S100A12/Zn(ll) mixtures that
contained the AHis3Asp variant. As a result, it is possible that (i) formation of ternary complexes
involving Zn(ll)-bound S10OA12 and ZP4 occurred, and/or (ii) Zn(ll)-dependent oligomerization of
S10OA12 causes ZP4 to associate with the protein. Regarding the latter scenario, the selfassociation properties of S100A12 are complex. Zinc binding is reported to cause the homodimer
to self-associate and form tetramers and hexamers, 26 and the Zn(ll)-S100A12 crystal structure
revealed exposure of a hydrophobic patch with Zn(II) binding. 25 On the basis of the metaldepletion studies and antimicrobial activity assays, we expect that the presence of Ca(II) ions
increases the binding affinity of S10OA12 for Zn(II), as we discovered for calprotectin, 28 and asyet unidentified competitors or alternative methods are required to probe this notion further.

2. 5. Summary and Outlook
This work informs current understanding of how S10OA12 contributes to metal
homeostasis and innate immunity. We present the discovery that S100A12 uses Ca(II) ions to
modulate its Zn(ii)-sequestering properties and antimicrobial activity. We also report the discovery
that S10OA12 has in vitro antifungal activity. We hypothesize this activity results from the fungi
succumbing to Zn(II) deprivation. These studies provide a guide for future investigations of human
S100A12 in the contexts of the host/microbe interaction, metal homeostasis, and innate immunity.
S100A12 is co-packaged with its fellow metal-sequestering S100 protein calprotectin in
the cytoplasm of human neutrophils, which indicates that the proteins are co-released at sites of
infection and inflammation. Our current work illuminates similarities and differences between the
metal-chelating properties of these two human S100 proteins. Both employ Ca(ll) ions to tune the
affinities for transition metal ions, which are bound at sites that form at the interface between two
subunits. The heterooligomeric nature of calprotectin affords two different sites at the
S100A8/S100A9 interface.4 One site is a His3Asp motif similar to the sites of S10OA12, whereas
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the other is an unusual histidine-rich motif. Like S100A12, the His3Asp site of calprotectin binds
Zn(II) with high affinity and has markedly lower affinity for Mn(II) and Fe(II). 2

30 The

histidine-rich

motif was first identified as a His 4 motif in the crystal structure of Ca(ll)-bound calprotectin and
,

30 3 2 3 3
later determined to provide a hexahistidine coordination environment for Mn(ll) and Fe(ll). , 65

The histidine-rich site coordinates Mn(Il), Fe(II) and Zn(Il) with high affinity and the metal

selectivity of this site (Mn(II) < Fe(II) < Zn(II)) is in agreement with the Irving-Williams series.61 We
recently proposed that kinetics also contribute to metal sequestration at this site, enabling
calprotectin to retain bound Mn(II) and Fe(ll). 3 0 On the basis of the current studies, we now
question whether Zn(II) chelation by S10OA12 reduces the Zn(II) available for capture by
calprotectin in the extracellular milieu and thereby boosts the ability of calprotectin to capture
other nutrient metals like Mn(ll) and Fe(ll) at the His6 site.
S10OA12 is often described as a Cu(Il)- and Zn(Il)-chelating protein, as evidenced by
crystallographic characterization (Figure 2. 1). The Tris:YPD and Tris:TSB growth medium
employed in the metal depletion studies contains markedly greater levels of Zn (=5 pM) relative
to Cu (=100 nM), and we observed negligible depletion of Cu for either medium as a result of
S10OA12 treatment. This latter result may stem from the relative metal concentrations in the
growth medium, and additional investigations are required to clarify the origin of this observation.
In particular, investigations of Cu(Il)-S100A12 are limited and the Cu(lI) affinity of S10OA12 is
unknown, making further solution studies of copper binding to S10OA12 an important avenue for
future work. We note here that a proposal in which Cu-S100A12 generates reactive oxygen
species and thereby affords anti-parasitic activity has been put forth. 2 4 ,27 To the best of our
knowledge, the reported experimental support for this proposal is insufficient and limited to the
fact that S100A12 can bind Cu(II).
From the perspective of human S10OA12 structure and function, the results presented in
this work augment prior studies that evaluated the biophysical properties of this protein. The

reported solution studies and crystallographic characterization of apo and metal-bound S100A12
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delineate that the protein has the capacity to exist in many different states. 22 -2 7 This complex
speciation may give S100A12 functional diversity that is important for cell signaling and the
immune response.18 26 ,66 The data presented in this work that reveal S1OOA12 uses Ca(II) binding
to its EF-hand domains to tune its Zn(Il)-chelating properties at the His3Asp sites add another
dimension to this behavior. This observation is reminiscent of studies of porcine S100A12, which
showed that the presence of Zn(ll) increased the Ca(ll) affinity by several orders of magnitude.3
Conditions of high Ca(II) enhance the Zn(II)-sequestering ability and antimicrobial
activities of S100A12. These observations support a model whereby S1OOA12 responds to local
Ca(lI) concentrations to tune its Zn(Il)-binding properties and are consistent with its function as
an extracellular Zn(li)-chelating protein. The extracellular space contains Ca(II) ions at
concentrations that are orders of magnitude greater than those found in the cytoplasm of resting
cells.67 We reason that the low Ca(II) levels in in resting neutrophils allow S100A12 to maintain
an apo state in the cytoplasm, and the high Ca(II) levels in the extracellular space allow S1OOA12
to sequester Zn(lI) once it is deployed at a site of infection or inflammation. In prior work, we put
forth the same model for the behavior of calprotectin. Whether this model is general for all S100
proteins that chelate transition metals at interfacial sites is a topic for future investigation.
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Chapter 3: Biochemical and Functional Evaluation of the
Intramolecular Disulfide Bonds in the Zinc-Chelating Antimicrobial
Protein Human S10OA7 (Psoriasin)

This Chapter is adapted from Biochemistry 2016, 56 (43), 5726-5738.
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3. 1. Contributions
Dr. Megan Brophy optimized the purification protocol for S10OA7red. Miss Hope Flaxman
and Miss Grayson Rodriguez provided technical assistance with the purification of S10OA7X and
the Co(II) titrations respectively.

3. 2. Introduction
Epithelial surfaces are continuously exposed to a variety of microbial challenges and thus
maintain a complex biochemical barrier that prevents infections and preserves the ensemble of
microbes that constitute the normal microflora.1 The production and release of multiple innate
immune factors is one strategy employed by epithelial cells for barrier protection.

Human

S100A7 (psoriasin, Figure 3. 1) is a Ca(II)- and Zn(li)-chelating host-defense protein that is
expressed by epithelial cells and secreted into the upper layers of the epithelium.4 7 It contributes
to the innate immune response as well as cell differentiation, epidermal maturation, and epithelial
tumorigenesis., 8 9, S100A7 is recognized as an antimicrobial factor of the skin as well as the
human tongue, esophagus and female genital tract.10-13 Several mechanisms for the antimicrobial
activity of S100A7 have been proposed.1

012 1 415

Seminal studies reported that S100A7 has

antibacterial activity against Escherichia coli, a microbe that rarely colonizes the skin and oral
cavity.10

Later work revealed that S10OA7red and S10OA7ox have antifungal activity against
filamentous fungi, including the dermatophyte Trichophyton rubrum and Aspergillus fumigatus.12
These two investigations pointed to a role of the Zn(Il)-binding sites of S10OA7 in antimicrobial
function,10

12

and thus indicated a putative contribution to nutritional immunity, an innate immune

response that limits nutrient metal availability to microbes. 16 ~17 Furthermore, human S100A7
damages the cell membrane of Bacillus megaterium, suggesting an alternative model for its
antimicrobial activity by membrane permeabilization.

Along these lines, a putative frog

orthologue of S100A7, which lacks the Zn(Il)-binding sites of human S100A7, was shown to
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damage the cell membranes of B. megaterium and Bacillus subtiis." A third model for S100A7
in host-defense focuses on its ability to adhere to E. coli and keratinocytes, and the occurrence
of cross-linked S100A7 species in human wounds." This model proposes that S10A7 functions
as a solid-phase component of the physical barrier that protects the epithelium from microbial
invasion, as well as a soluble antimicrobial protein in wound fluids.14 Taken together, these studies
suggest that the host-defense function S10OA7 may be multi-faceted: the protein may exhibit
different antimicrobial activity depending on the environmental milieu and microbe. Herein, we
focus on the Zn(Il)-chelating ability of human S100A7 and its putative contributions to the metalwithholding innate immune response.
Human S1 00A7 is a 22-kDa homodimer and member of the S100 family of Ca(ll)-binding
proteins (Figure 3. 1). Each S100A7 subunit (101-aa, 11-kDa) contains two EF-hand domains
(Figure 3. 1D). The C-terminal EF-hand is "canonical" or calmodulin-like and binds Ca(II) in a 7coordinate geometry.6 The "non-canonical" N-terminal EF-hand domain provides a lower
coordination number and is a hallmark of S100 polypeptides.19 The N-terminal EF-hand of
S100A7 is particularly noteworthy because its loop region is three residues shorter relative to
those of other S100 polypeptides (e.g. S100A8, S100A9, S10OA12), and it contains a Ser residue
at position 30 (Figure 3. 1D). This residue aligns with a Glu/Asp residue in the other S100
polypeptides, a bidentate ligand that binds Ca(II) at the N-terminal EF-hand., 2 0 In addition to the
Ca(II) sites, the S10OA7 homodimer harbors two His 3Asp motifs at the dimer interface. His87 and
His91 of one monomer together with Hisl8 and Asp25 of the second monomer form each His3Asp
site. Amino acid sequence alignment shows that these residues align with the metal-coordinating
moieties of other human S100 polypeptides, including S10OA12 and the calprotectin subunits
S1OOA8 and S10A9 (Figure 3. 1D).
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Figure 3. 1. Crystal structures of human S1 00A7 and amino acid sequence alignment of S1 00A7

and select human S100 polypeptides. (A) Structure of the Ca(Il)-bound S100A7 homodimer (PDB
3PSR).6 (B) Structure of the Ca(ll)- and Zn(Il)-bound S100A7 homodimer (PDB 2PSR).6 (C)
Zoom-in view showing the His3Asp motif and Cys47-Cys96 disuffide. Ca(ll) ions are shown as
yellow spheres, and Zn(ll) ions as brown spheres. (D) Sequence alignment of human S100A7,
human S10OA8, human S10OA9, and human S10OA12. The secondary structural elements
presented above the alignment are for human S10OA7. The transition-metal binding residues are
presented in red, Ser3O is boxed in green, and Cys47 and Cys96 of S100A7 are highlighted in
blue.

Crystal structures of Ca(ll)-bound and Ca(ll)- and Zn(Il)-bound S10OA7 provide snapshots
of the Ca(ll)- and Zn(Il)-binding sites (Figure 3. 1A-C).8 These two structures were obtained using

132

20 equivalents of Ca(ll) in the crystallization conditions, and the C-terminal EF-hands contain
bound Ca(II) whereas the N-terminal EF-hands do not.6 The Ca(Il)- and Zn(lI)-bound S10OA7
structure reveals a 2:1 Zn(ll):S1OOA7 homodimer stoichiometry with a Zn(II) ion coordinated at
each His 3Asp site in a distorted tetrahedral geometry (Figure 3. 11B, 3. 1C). Another striking
structural feature of S10OA7 is the presence of Cys47 and Cys96, two cysteine residues that can
form an intramolecular disulfide bond in each subunit of the homodimer (Figure 3. 1 C). 6 2 0 Amino
acid sequence comparisons show that the ability to form an intramolecular disulfide in each
subunit differentiates S10OA7 from S100A8, S10OA9, and S10OA12 (Figure 3. 1D). Intra- and
intermolecular disulfide bond formation occurs for bovine S100B, a dimeric S100 protein abundant
in the brain that exhibits two Cys residues per S100 subunit.21 -24 Notably, the Cys47-Cys96
disulfide bond of S100A7ox is in close proximity to the Zn(ll)-binding site (Figure 3. 1C). Indeed,
Cys96 is separated from the Zn(li)-coordinating residue His9l by a Gly-Ala-Ala-Pro loop.
These observations highlight some fundamental questions pertaining to the disulfide bond
redox chemistry, structure, and function of S100A7. In particular, do SlOA7ed and S100A7x
exhibit different biophysical and functional properties? Are both the oxidized and reduced forms
physiologically significant? A recent analysis of extracts from lesional psoriasis scales identified
S10OA7red as an antifungal component of this mixture, indicating that the reduced form can exist
in vivo.12 This discovery motivated evaluation of the antimicrobial activity of S1 00A7ox, S1 00A7red
and the disulfide-null variant S10OA7-Ala, and resulted in a new proposal that the redox states of
the Cys residues in S100A7 modulate its functional properties.12
In this work, we address outstanding questions pertaining to the disulfide bond redox
chemistry, Zn(Il)-binding properties, and antibacterial activity of human S100A7. Because
S10OA7 is a Ca(ll)-binding protein that is secreted from the cytoplasm, where Ca(Il) levels are
low (i.e. nanomolar), to the extracellular space where Ca(II) levels are high (i.e. ~2 mM), 2 5.26 we
also consider the effects of Ca(II) ions on the behavior of this protein. To evaluate S1 OOA7X and

S1 OQA7red, we describe methods to prepare these two forms in high yield and purity following
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recombinant protein expression in E. coli. Because reported solution studies describing the Zn(lI)binding properties of S10OA7 are, to the best of our knowledge, limited to one equilibrium dialysis
experiment,' we probe its Zn(ll)-binding stoichiometry and affinity, and investigate whether
disulfide bond formation and Ca(II) ions affect Zn(ll) binding. Towards deciphering the
antibacterial activity of S100A7, we examine the metal-depletion profiles and growth inhibitory
activity of S10OA7ox and the disulfide-null variants S100A7-Ser and S1 00A7-Ala. We also employ
Co(ll)/Zn(ll) substitution experiments to examine metal exchange at the His 3Asp sites. Taken
together, our data provide fundamental insights into the disulfide bond redox behavior and
coordination chemistry of S100A7, and suggest that the disulfide bond may enhance Zn(II)
sequestration by the His 3Asp sites.

3. 3. Experimental Section
3. 3. 1. Design of the Synthetic Genes for Human SIOOA7 Variants
The synthetic gene for human S100A7 was previously described.27 Briefly, it was
optimized for E. coli codon usage and ordered from DNA 2.0. A Ndel restriction site was placed
at the 5' end. A stop codon and a Xhol restriction site were placed at the 3' end. This gene was
received in the pJ201 vector from DNA 2.0. The gene was sub-cloned into the Ndel and Xhol

sites of pET41a to afford pET41a-SIOOA7 for protein expression. Synthetic genes were designed
in the same manner for the variants S100A7-Ser, S100A7-Ala, and S100A7 AHis3Asp. The E. coli
optimized genes were sub-cloned into the Ndel and Xhol sites of pET41a.
1. For the S1 00A7-Ser variant
E. colioptimized nucleotide sequence for Ndel-S 1 00A7(C47S)(C96S)-Stop-Xhol:
CATATGAGCAACACCCAGGCAGAACGTAGCATTATTGGTATGATTGACATGTTTCACAAATA
CACGCGTCGCGATGACAAAATCGATAAGCCGAGCCTGTTGACCATGATGAAAGAGAACTTT
CCGAATTTTCTGAGCGCGTCTGATAAGAAGGGTACGAACTACCTGGCTGATGTTTTCGAGA
AGAAAGACAAGAATGAGGATAAGAAAATCGACTTCTCGGAATTCCTGAGCCTGCTGGGCG
ACATCGCGACCGACTATCATAAACAGAGCCACGGCGCAGCCCCGTCCAGCGGTGGTAGC
CAATAACTCGAG

134

Translated sequence for Ndel-S100A7(C47S)(C96S)-Stop-Xhol:
MSNTQAERSI IGMIDMFHKY TRRDDKIDKP SLLTMMKENF PNFLSASDKK GTNYLADVFE
KKDKNEDKKI DFSEFLSLLG DIATDYHKQS HGAAPSSGGS Q Stop L E
2. For the S100A7-Ala variant
E. col optimized nucleotide sequence for Ndel-S1 00A7(C47A)(C96A)-Stop-Xhol:
CATATGAGCAACACCCAGGCAGAACGTAGCATTATTGGTATGATTGACATGTTTCACAAATA
CACGCGTCGCGATGACAAAATCGATAAGCCGAGCCTGTTGACCATGATGAAAGAGAACTTT
CCGAATTTTCTGAGCGCGGCGGATAAGAAGGGTACGAACTACCTGGCTGATGTTTTCGAG
AAGAAAGACAAGAATGAGGATAAGAAAATCGACTTCTCGGAATTCCTGAGCCTGCTGGGC
GACATCGCGACCGACTATCATAAACAGAGCCACGGCGCAGCCCCGGCGAGCGGTGGTAG
CCAATAACTCGAG
Translated sequence for Ndel-S100A7(C47A)(C96A)-Stop-Xhol:
MSNTQAERSI IGMIDMFHKY TRRDDKIDKP SLLTMMKENF PNFLSAADKK GTNYLADVFE
KKDKNEDKKI DFSEFLSLLG DIATDYHKQS HGAAPASGGS Q Stop L E
3. For the SI0OA7 AHls 3Asp variant
E. coli optimized nucleotide sequence for Ndel-S1 00A7(H 18A)(D25A)(H87A)(H91 A)-StopXhol:
CATATGAGCAACACCCAGGCAGAACGTTCCATTATTGGTATGATTGATATGTTTGCGAAATA
CACCCGCCGTGACGCCAAGATCGATAAACCGAGCTTGCTGACGATGATGAAAGAGAACTT
CCCGAATTTCCTGTCGGCTTGTGATAAGAAGGGCACGAACTATCTGGCAGACGTTTTCGAG
AAGAAAGACAAAAATGAGGATAAGAAGATCGACTTTAGCGAATTTCTGAGCCTGCTGGGTG
ATATCGCGACCGACTACGCGAAACAGAGCGCCGGTGCGGCACCGTGCAGCGGCGGTTCT
CAATAACTCGAG
Translated sequence for Ndel- SI0OA7(H1 8A)(D25A)(H87A)(H91A)-Stop-Xhol:
MSNTQAERSI IGMIDMFAKY TRRDAKIDKP SLLTMMKENF PNFLSACDKK GTNYLADVFE
KKDKNEDKKI DFSEFLSLLG DIATDYAKQS AGAAPCSGGS Q Stop L E
For the nucleotide sequence, the restriction sites and stop codon are underlined and in bold,
respectively.
For the amino acid sequence, the mutated residues are highlighted in yellow.

3. 3. 2. Materials and General Methods
All solvents and chemicals were obtained from commercial suppliers as detailed below
and used as received. All aqueous solutions were prepared using Milli-Q water (18.2 M09cm,
0.22-pm filter). Protein concentrations were routinely quantified by using the calculated extinction
coefficients for the S10A7 homodimer (ProtParam:

S280

= 9190 M 1cm 1 for S100A7ox and
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S1 00A7Ax;

C280

= 8940 M-1cm 1 for S1 00A7red, S100A7-Ser, S100A7-Ala, and S10OA7Ared; Table

3. 1 includes &280 values for the S1 00A7 monomers). All protein concentrations are for the S1 00A7
homodimer, and all reported stoichiometries are relative to the S100A7 homodimer.

Commercial materials, buffers, and solution preparations. Human thioredoxin (Sigma-Aldrich and
Fisher Scientific) and rat liver thioredoxin reductase (Sigma-Aldrich) were stored according to
manufacturer protocols, and used as received. NADPH reduced form tetrasodium salt was
obtained from Tocris Bioscience; GSH from Sigma-Aldrich; GSSG from Alfa Aesar; guanidinium
hydrochloride (GuHCI) from Sigma-Aldrich. Solutions of GuHCI were filtered through a 0.22-ptm
millipax filter and stored in glass bottles. Chelex resin was purchased from Bio-Rad.
For metal-binding experiments and redox studies, metal-binding buffer (75 mM HEPES,
100 mM NaCl, pH 7.0) was prepared with Ultrol grade HEPES (free acid, Calbiochem) and
TraceSELECT NaCl (Sigma), and TraceSELECT aqueous NaOH (Sigma) was used to adjust the
solution pH. To reduce metal-ion contamination, plastic spatulas were used to transfer buffer
reagents. A Tris buffer (1 mM Tris-HCI, pH 7.5) prepared from Tris base (J. T. Baker) was used
for circular dichroism (CD) spectroscopy experiments. For experiments requiring anaerobic
conditions, the buffers were degassed for at least 1 h by Ar bubbling, and then transferred to an
anaerobic glovebox (Vac Atmospheres, N 2 atmosphere) where they were equilibrated for at least
24 h before an experiment and subsequently stored in the glovebox.
Stock solutions of COC12 (100 mM, 100 mL), CaC2 (1 M, 100 mL), and ZnCl 2 (100 mM,
100 mL) were prepared from 99.999% COC12 (Sigma), CaC2 (Sigma), and ZnC

2

(Sigma,

anhydrous) respectively, and Milli-Q water. The metal stock solutions were prepared in acidwashed volumetric glassware and transferred to sterile polypropylene tubes for long-term storage.
The working solutions were prepared by diluting the stock solutions in Milli-Q water.
For Zn(II) competition experiments, the competitors Zincon monosodium salt (Sigma-
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Aldrich), FluoZin-3 (FZ3, Fisher Scientific), and Zinpyr-4 (ZP4, Strem Chemicals) were employed.
Stock solutions (=1 0 mM) of Zincon and ZP4 (=2 mM) were prepared in anhydrous DMSO (Sigma),
aliquoted into 50-pL portions, and stored at -20 OC. Stocks of FZ3 (=2 mM) were prepared in MilliQ water, aliquoted into 10-pL portions, and stored at -20 *C. Each aliquot was thawed only once,
and experiments with these reagents were performed in the dark.
For the metal-depletion experiments and antibacterial activity assays, Tryptic Soy Broth
(TSB) medium (Becton Dickinson), deMan, Rogosa, and Sharpe (MRS) medium (Becton
Dickinson), and Brain Heart Infusion (BHI) medium (Becton Dickinson) were prepared with MilliQ water.

HD5X preparation and handling. HD5X was prepared and stored as described in the literature.28
The calculated extinction coefficient of E278 = 3181 M- 1cm~1 for HD5ox was employed to determine
peptide concentration.

Optical Absorption and Fluorescence Spectroscopy. Optical absorption spectra were collected on
a Beckman Coulter DU 800 spectrophotometer thermostatted at 25 *C with a Peltier temperature
controller. Quartz cuvettes with 1-cm path lengths (Stama) were employed for all optical
absorption measurements. Fluorescence 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 'C. This instrument was controlled by the FelixGX software package.
Either quartz (Starna) or PMMA (Fischer Scientific) cuvettes with 1-cm path lengths were
employed for fluorescence measurements.
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CD Spectroscopy. An Aviv Model 202 CD spectrometer was employed to collect CD spectra.
Protein was buffer exchanged into 1 mM Tris-HCI, pH 7.5 and then transferred (10 pM, 300 piL)
and transferred to a Hellma quartz cuvette (1-mm path length). The CD spectra were recorded
from 195 to 260 nm at 1-nm intervals. Each measurement was averaged for 3 sec, and three
independent scans were conducted. The averaged data are reported.

Analytical HPLC. Analytical HPLC was performed on an Agilent 1200 instrument equipped with a
thermostatted autosampler set at 4 0C, a thermostatted column compartment set at 20 *C, and a
multi-wavelength detector set at 220 and 280 nm (500 nm reference wavelength, 100 nm
bandwidth). A Proto C4 column (5-pm pore, 4.6 x 250 mm, Higgins Analytical Inc.) and a flow rate
of 1 mL/min with a gradient of 35-50% B over 30 min was employed for all analytical HPLC
experiments with S100A7. A Clipeus C18 column (5-pm pore, 4.6 x 250 mm, Higgins, Inc.) and a
flow rate of 1 mL/min with a gradient of 10-60% B over 25 min was employed all analytical HPLC
experiments with HD5ox. For all analytical HPLC, solvent A was 0.1% TFA/H 20 and solvent B was
0.1% TFA/MeCN.

LC-MS. An Agilent 1290 series LC system equipped with an Agilent 6230 TOF system housing
Agilent Jetstream ESI source was employed to perform high-resolution mass spectrometry. An
Agilent Poroshell 300SB-C18 column (5-pim pore) was employed. Solvent A was 0.1% formic
acid/H 20. Solvent B was 0.1% formic acid/MeCN. Protein samples (10 PM) were prepared in MilliQ water and 1 piL was injected for each analysis. Data was acquired by using the Agilent
MassHunter Workstation Data Acquisition software and processed with the Agilent MassHunter
Qualitative Analysis program. All ESI-MS spectra were acquired in positive ion mode.
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Analytical SEC. Analytical SEC was conducted using an AKTA purification system with a
Superdex 75 10/300 GL column (GE Healthcare Life Sciences) housed at 4

0C

as previously

described.27
3. 3. 3. Purification of Human S10OA7red, S10OA70 x and Variants
The synthetic gene for human S100A7 and the pET-41a-S100A7 vector were previously
described.2 7 The synthetic genes containing the E. coli optimized nucleotide sequence for human
S10A7-Ala, S100A7-Ser, and S100A7A were sub-cloned into the Ndel and Xhol sites of pET41a
by DNA 2.0. The identity of each plasmid was confirmed by DNA sequencing (MIT Biopolymers
or Quintarabio). Each S10OA7 protein was overexpressed in E. coli BL21(DE3) as previously
described for human S10OA7. 27 S100A7-Ser and S10A7-Ala were purified and stored using the
original protocol reported for S100A7.2 7 To obtain S1OOA7red and S100A7ox, as well as S100A7Ared
and S100A7A.x, the original purification protocol was also followed,2 7 and additional steps were
performed after the SEC step to fully reduce or fully oxidize the protein. In general, the protein
purifications for the S10OA7 variants were carried out starting from 2 L of E. coli cell culture.
For the purification of S100A7r,. and S100A7Ara from a 2-L culture, after the SEC step
(75 mM HEPES, 100 mM NaCI, pH 7.0, or 20 mM Tris, 100 mM NaCl, pH 7.5), fractions containing
S100A7 were pooled and transferred to a Spectropor3 3500 MWCO dialysis bag. The protein was
dialyzed against 1 L of 75 mM HEPES, 1 mM DTT, 100 mM NaCl, pH 7.0 containing =1 0 g Chelex
resin at 4

0C

for =12 h. The dialysate was passed through a 0.45-pm syringe filter to remove any

contaminating Chelex resin. The protein was concentrated using an Amicon 10-kDa MWCO spin
filter (3750 rpm, 4

0C)

to >500 pM, partitioned into sterile microcentrifuge tubes in 50-pL aliquots,

flash frozen in liquid nitrogen, and stored at -80 C.
For the purification of S1OOA7ox and S100A7Aox, the original S100A7 purification protocol
was followed except that the SEC was performed using a Tris running buffer (20 mM Tris, 100
mM NaCl, pH 7.5). Fractions containing S10A7 were pooled and diluted to 20 pM in 20 mM Tris,
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100 mM NaCl, pH 7.5, and the solution was transferred to a 150-mL glass beaker. For the Cu(Il)catalyzed oxidation of S100A7x, three equivalents of Cu(ll) (-90 pL from a 100-mM stock solution
of CuC 2 ) were added dropwise to the protein solution and the mixture was incubated at room
temperature for 2 h with stirring. The oxidation state of the protein was confirmed by HPLC
analysis. For the Cu(Il)-catalyzed oxidation of S10OA7A, two equivalents of Cu(ll) (=60 pL from a
100-mM stock solution of CuC2) were added dropwise to the protein solution, and the mixture
was incubated at room temperature for 2 h with stirring. A precipitate formed, and the mixture was
centrifuged (3750 rpm, 10 min, 4

0C)

to remove the precipitate. The resulting solution containing

soluble protein and copper was incubated overnight with stirring at room temperature. The
oxidation state of the protein was confirmed by HPLC analysis. The resulting protein solution
(S100A7ox or S10OA7AX) was then transferred to a Spectropor3 3500 MWCO dialysis bag and
dialyzed overnight against 1 L of 75 mM HEPES, 100 mM NaCl, pH 7.0 containing =10 g Chelex
resin (Biorad), and 1 mM EDTA at 4 0C. The EDTA was subsequently removed by dialysis against
75 mM HEPES, 100 mM NaCl, pH 7.0 (2 x 4 L, =12 h per dialysis, 4

0C).

concentrated using an Amicon 10-kDa MWCO spin filter (3750 rpm, 4 0C)

The protein was then

to >500 pIM, partitioned

into sterile microcentrifuge tubes in 50-pL aliquots, flash frozen in liquid nitrogen, and stored at
-80

0C.

The metal contents of the purified oxidized proteins were analyzed by ICP-MS and were

found to contain =0.03 and =0.04 equivalents of Cu and Zn, respectively (Table 3. 3).
These procedures afforded protein yields that ranged from =30-80 mg/L of cell culture. In
general the yields were 50-80 mg/L of S1 00A7-Ser and S1 00A7-Ala, and 30-50 mg/L of S1 00A7ox,
S10OA7red, S100A7Aox, and S100A7 Ared. Protein aliquots were freeze-thawed only once. All
experiments were performed with at least two independent batches of purified proteins. Tables
S1-S3 and Figures S2-S5 detail the purity, identity, and basic biochemical characterization of
these proteins.
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3. 3. 4. Thioredoxin Activity Assays

Solutions (500 pL) containing 5 pM S100A70 x, 1 pM human thioredoxin (Trx), 100 nM rat
liver thioredoxin reductase (TrxR), and 1 mM NADPH in 75 mM HEPES, 100 mM NaCl, pH 7.0,
were prepared and incubated at 37 OC. To initiate the reaction, Trx was added last. A 100-pL
aliquot was collected at each time point (t = 0, 15 and 120 min), immediately quenched with 10
pL of 6% TFA, followed by the addition of 50 piL of 6 M GuHCI. The quenched samples were
centrifuged (13 000 rpm x 5 min, 4 *C), and the resulting supematants (120 PL aliquot) analyzed
by HPLC. To investigate the effect of Ca(II) on the reduction of S100A7x by Trx/TrxR, these
experiments were also performed in the presence of 2 mM Ca(ll). To investigate the effect of Zn(II)
on the reduction of S10OA7ox by Trx/TrxR, Zn(ll) (1.9 equiv) was added to S100A7ox, and the
sample was incubated for at least 15 min prior to the start of the experiment. This Zn(II):S1OOA7
homodimer ratio was used to minimize the amount of unbound Zn(II) in the assay because Zn(II)
inhibits the activity of Trx/TrxR.2 ' Following optimization, each experiment was performed in
duplicate and HPLC traces from one experiment are presented.
The peptide HD5X, which we study in an independent initiative, binds neither Ca(II) nor
Zn(II) and is a substrate for Trx/TrxR.30 We used Trx/TrxR-catalyzed reduction of HD5ox to

HD5red

in control assays to confirm that the presence of Ca(ll) or Zn(lI)-bound S10OA7x did not cause
enzyme inhibition. In a first set of assays, HD5ox reduction in the absence and presence of 2 mM
Ca(II) was monitored over time (t = 0, 5, 10, 15 and 120 min). This assay was conducted as
described above using 10 pM HD5Ox. In a second set of assays, HD5ox was co-incubated with
Zn(ll)-bound S100A7x, and HD5ox reduction by Trx/TrxR was monitored over time (t = 0, 5, 10,
15 and 120 min). This assay was conducted as described above for the Zn(ll):S100A7x
experiment except that 10 LM HD5X was included in the assay mixture.
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3. 3. 5. Midpoint Potential (Em) Determination
These experiments were designed based on a reported procedure.3 0 All redox buffers
were prepared at room temperature in a glovebox, and the assays were performed in a glovebox.
In order to prepare buffers of defined redox potentials, aqueous stock solutions of GSH and GSSG
(10 mL, 10 mM) were prepared in the glovebox using volumetric flasks (75 mM HEPES, 100 mM
NaCI, pH 7.0,

2mM Ca(ll)). Using these solutions, buffers with redox potentials spanning the

-200 to -400 mV range were prepared in =7-mV increments using GSH and GSSG ratios
determined by the Nemst equation (75 mM HEPES, 100 mM NaCl, pH 7.0,

2 mM Ca(ll)). The

midpoint potential (Em) of S100A7 was determined by incubating S100A7x (10 IM) in each redox
buffer under anaerobic conditions at 37 *C. For the experiments with apo S10OA7ox, solutions of
S100A17ox (10 pM, 200 pL) were prepared in the appropriate redox buffers (-200 to -400 mV).
The samples were prepared in a 96-well plate with each well containing a sample at a specified
redox value. For experiments performed in the presence of 2 mM Ca(II), the samples were
prepared by the same procedure except that the buffer contained 2 mM Ca(II). The plate was
sealed, and incubated in a heat block at 37

0C

anaerobically for =96 h (4 days). Then, the samples

were quenched with 10 pL of 6% aqueous TFA. The quenched samples were removed from the
glovebox, transferred to microcentrifuge tubes, and centrifuged (13 000 rpm x 5 min, 4 'C). The
resulting supernatants (120 [tL aliquot) were analyzed by HPLC. The redox potential of the
S10OA7 disulfide bond was determined from the equilibrium between S10OA7X and S10OA7red as
quantified by HPLC (integration of peak areas). The Em values were first estimated from the data
plotted in Figure 3. 11 by determining the midpoint potential value that provides a 1:1 ratio of
S10OA7OX and S10OA7red. We did not include the S1 00A7-glutathione disulfide adduct that formed
(=1 5.9 min retention time, Figure S11) in the calculation because this equilibrium is independent
of the equilibrium between S100A7ox and S10OA7red. We did not perform experiments starting
from S10OA7red because, during trial assays, we observed marked formation of the protein-
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glutathione adduct that accounted for up to 30% of the total protein and did not obtain reproducible

results. Each experiment was performed at least three times, and errors are shown at SDM.

3. 3. 6. Nernst Equation Derivation
The midpoint potential (Em) of S100A7 was determined by incubating S10OA7ox in buffers
at defined redox potentials prepared using the reduced (GSH) and oxidized (GSSG) forms of
glutathione as described above. The [GSH] / [GSSG] ratio needed for a specified redox potential
value was calculated using the Nernst equation as follows:

Ebuffer = Em(GSHGSSG)

n

((GSSq.1

where Emo(GSH/GSSG) is the midpoint potential of the glutathione redox couple, R is the universal
gas constant (8.314 JK~ 1molV), T is the temperature (310.2 K), n is the number of moles of
electrons transferred (2 electrons per disulfide bond; n = 2 for glutathione and n = 2 per monomer
of S10OA7), and F is the Faraday constant (9.6485 x 10 4 Cmol'). At pH 7.0, E'(GsH/Gs

is -240

mV.31 Therefore, eq. 1 can be rewritten as follows:

Ebuffer = -240 mV - 61. log

(G~)

(eq. 2)

Attempts to obtain Em values of S100A7 in the absence and presence of Ca(ll) by fitting
the data to the Nernst Equation (eq. 3) resulted in poor fits as discussed in the main text.

(S1A7red/S1A7x)

(61 ) l0og

-240

mV - 615log

(GSH

(eq. 3)

143

3. 3. 7. Logistic Equation Derivation.
Data fitting showed that the midpoint data was not well fit using the Nemst equation because
conversion to 100% of S100A7ox could not be reached under the experimental conditions. We
therefore employed a logistic function (eq. 4) and allowed the calculated maxima to vary during
data fitting, which provided better fits for the midpoint potential determination of S100A7ox.
F(x) = %S1OOA7ox-max/(1 + exp(-k * (Ebuffer - Emn (S1OOA7red/S10OA7ox))))

(eq. 4)

where F(x) is percentage of S1 00A7X at a specified redox potential value ( Ebuffer),
%S100A70x-max is the maximum percentage of S100A7x obtained, k is a variable that accounts
for temperature, the universal gas constant, Faraday's constant, and moles of electrons
transferred, and Emn (SlOOA7red/SlOOA7ox) is the midpoint potential of S1 00A7.

3. 3. 8. Aerobic Reduction of S1OOA7ox by DTT, GSH, and TCEP
A 400-jiL sample containing 30 pM of S100A7ox (75 mM HEPES, 100 mM NaCl, pH 7.0)
was allowed to incubate at room temperature in the presence of 1 mM DTT, GSH, or TCEP (4 pL
from a 100-mM stock solution). A 45-pL aliquot was collected at each time point (t = 0, 5, 10, 15,
30, 60, and 120 min), immediately quenched with a mixture of 5 IL of 6% TFA and 100 piL of 6 M
GuHCI. The quenched samples were centrifuged (13 000 rpm x 5 min, 4 *C), and the resulting
supernatants (120 pL aliquot) analyzed by HPLC. For samples containing Zn(II), the protein was
allowed to incubate with 2 equivalents of Zn(II) for 15 min minutes prior to the addition of the
reducing agent. The reducing agents were prepared from powder stocks, and the pH of the
solutions confirmed to be 7.0.

3. 3. 9. Zinc Competition Titrations with S100A7 and Zincon
A 2-mL solution containing S1OOA7 (10 gM) and Zincon (20 plM) was prepared in a quartz
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cuvette (75 mM HEPES, 100 mM NaCl, pH 7.0,

2 mM Ca(ll)). The sample was titrated with

Zn(II) in 2.5 pM increments up to 50 ptM (1 pL from a 5-mM Zn(II) stock solution per addition). The
sample was equilibrated for 2 min before the optical absorption spectrum was collected. For the
titration with S1 0OA7red, the thawed protein sample was immediately buffer-exchanged to remove
contaminating DTT (3 x 5 min, 13 000 rpm), mixed with Zincon, and Zn(II) titrated in. We observed
no air-oxidation of S1 0OA7red over the time course of the titration (~20 min duration) as ascertained
by analytical HPLC. The absorbance at 621 nm versus the [Zn(ll)] / [S1OOA7] ratio was plotted.
Each experiment was performed in triplicate and data from representative trials are presented.

3. 3. 10. Zinc Competition Assays with S100A7 and FZ3
A 1-mL solution containing FZ3 (2 pM) and S100A7 (2 pM) was prepared in a PMMA
cuvette (75 mM HEPES, 100 mM NaCl, pH 7.0). The solution was mixed gently and incubated for
1 h in the dark at room temperature. The emission spectrum of the solution was then recorded.
An aliquot of Zn(II) was subsequently added to the sample to a final concentration of 2 pM, the
solution was gently mixed, and incubated for 2.5 h in the dark at room temperature. The emission
spectrum of the solution was then recorded. The sample was excited at 494 nm, and the emission
was monitored from 505-650 nm and integrated over this range. Each experiment was performed
in triplicate. The mean and SDM values are reported.

3. 3. 11. Zinc Competition Titrations with SIOOA7 and ZP4
Competition experiments with S1 00A7 and ZP4 were employed to determine the apparent
dissociation constant values of S100A7 for Zn(II) at pH 7.0. ZP4 (&506 = 61 000 Macm') 3 2 was
diluted to 2 ptM in a total volume of 2 mL (75 mM HEPES, 100 mM NaCl, pH 7.0.

2 mM Ca(lI)).

After the optical absorption and emission spectra of the ZP4 solution were recorded, S1 00A7 was
added to a final concentration of 5 pM, and the optical absorption and emission spectra were
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recorded again to check that they were unperturbed by addition of the protein sample. The
ZP4/S100A7 mixture was titrated with Zn(II) in 0.5 pM increments (1 ptL from a 1-mM Zn(ll) stock
solution), the emission spectrum was recorded from 505 to 650 nm (ex = 495 nm), and integrated
over this range. The samples were allowed to equilibrate for =2 min between each Zn(II) addition.
Normalized integrated emission versus the concentration of Zn(II) added was plotted, and the
resulting titration curve was fit to one- and two-binding site models using the DynaFit software
and a custom script previously described.33 Each titration was performed in triplicate. The mean
and SDM values are reported.

3. 3. 12. Co(lI)-binding Titrations and Metal Substitution Assays
Protein samples (300 ptM, 400 pL) were prepared in 75 mM HEPES, 100 mM NaCl, pH
7.0 and the absorption spectrum recorded. Co(ll) was then added in 75-pM increments (1 jL from
a 30-mM stock) and the solution was gently mixed. The optical absorption spectrum was recorded,
and the extinction coefficient calculated from the protein concentration. Co(Il)-binding titrations
with S10OA 7 red were carried out aerobically, and protein was analyzed by HPLC before and after
the titration to confirm that air oxidation of the disulfide bond did not occur during the experiment.
For metal substitution experiments, a solution containing S10OA7 (300 piM) and Co(II) (1.2 mM,
4.0 equiv) was prepared (75 mM HEPES, 100 mM NaCl, pH 7.0) and the optical absorption
spectrum recorded. Then, Zn(II) was added (1.2 mM, 4.0 equiv) from a 100-mM stock solution,
and the optical absorption spectra were recorded over a 20-h time period. For metal substitution
experiments with

S100A7ed,

the Co(ll)-bound protein sample was prepared anaerobically in a

septum-capped quartz cuvette in the glovebox. The sample was removed from the glovebox and
the absorption spectrum was recorded. An aliquot of Zn(ll) (1.2 mM, 4.0 equiv) was then added
by syringe transfer, and the optical absorption spectra recorded. The protein was analyzed by
HPLC before and after the displacement experiment to confirm that air oxidation of the disulfide
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bond did not occur. Each Co(ll)-binding titration and metal displacement experiment was

performed at least in duplicate and data from representative trials are shown.

3. 3. 13. Metal Analysis (ICP-MS)
For the metal-depletion experiments, 1 mL of TSB:Tris (32:68 (v:v) ratio) was transferred
to 5-mL centrifuge tubes (Argos). Protein samples were buffer-exchanged into AMA buffer (20
mM Tris-HCI, 100 mM NaCl, pH 7.5) using 0.5-mL 10 MWCO Amicon spin concentrators, and
diluted to final concentrations of 31.25, 62.5, 125, 250, and 500 pg/mL in the TSB:Tris medium.
Untreated TSB:Tris containing no protein and the S1 00A7-treated samples were incubated for 20
h (30 *C, 150 rpm). The samples were spin filtered using the 4-mL Amicon spin concentrators
(3750 rpm, 30 min). The flow through was collected (900 pL) and diluted 1:1 with 3% HNO 3 nitric
acid. Samples were analyzed at the Center for Environmental Health Sciences (CEHS) Core
Facility at MIT. The concentrations of Mg, Ca, Fe, Mn, Co, Ni, Cu, and Zn were quantified
employing an Agilent 7900 ICP-MS used in Helium mode outfitted with integrated autosampler (IAS). An internal standard of terbium (Agilent) was used to control for sample effects, and the
concentrations of analyte were calibrated using standards prepared by serial dilution of the Agilent
Environmental Calibration Standard mix. All experiments were performed three times with at least
two different starting stocks of media and protein. The mean and SDM values are reported.

3. 3. 14. Antibacterial Activity Assays (AMA)
For these studies, TSB:Tris, MRS:Tris, and BHI:Tris AMA media were composed of 32:68
(v:v) ratio of TSB/MRS/BHI and AMA buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5). The growth
inhibitory activity of S100A7 against bacterial strains was investigated by following literature
protocols. 33-34 Bacterial strain stocks were stored at -80 0C in media containing 25% glycerol. AMA
medium (TSB:Tris for Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa;
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MRS:Tris for Lactobacillus plantarum; and BHI:Tris for Listeria monocytogenes) was prepared
using sterile technique (Table 3. 1). The growth medium (TSB:Tris for E. coli, S. aureus, P.
aeruginosa; MRS:Tris for L. plantarum; and BHI:Tris for L. monocytogenes) was inoculated with
a single colony and grown overnight (37 C, t = 16 h) on a rotating wheel. The overnight cultures
were then diluted 1:100 in a culture tube containing 5 mL of medium and allowed to grow to midlog phase at an OD600 = 0.6 (t = 2 - 3 h). The cultures at mid-log phase were diluted 1:500 into
AMA medium, and 90 pL of the dilution was added to a well containing 10 IL of 10x protein in
AMA buffer in 96-well round-bottom plates (Corning, Inc.). For samples containing a =2-mM Ca(ll)
supplement, the Tris buffer was supplemented with 3 mM Ca(II). Each condition was repeated in
three wells. The plate was covered with a wet paper towel and wrapped with Saran wrap. The
plate was then allowed to incubate in an incubator-shaker (37
aeruginosa; 30

0C

0C

for E. coli, S. aureus, and P.

for L. plantarum and L. monocytogenes, 150 rpm, t=20 h). Bacterial growth

was monitored by 0D 6 oo at regular intervals using a plate reader. Each set of experiments was
performed at least three times with at least two different protein and media stocks. The mean and
SDM are reported.
The microdilution AMA presented in Figure 3. 28 was performed according to a literature
protocol. 10

Table 3. 1. Strains and growth conditions employed in this work
Source
Strain

Culture conditionsa

E coi K-1 2

Keio Collection 47

TSB/Tris (32:68 vlv),
TSB/Tris (32:68 v/v),

E. coli K-12 AznuA

Keio Collection4 7

37

E coi 2922

TCCTSB/Tris

00

150rp

(32:68 v/v),

37 0C, 150 rpm

MRS/Tris (32:68 v/v).
30 *C, 150 rpm
BHI/Tris (32:68 v/v),
30 *C, 150 rpm
P. aeruginosa PA01

Manoil Laboratoryb

TSB/Tris (32:68 v/v),
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37 C, 150 rpm

S. aureus ATCC 25923

ATCC

TSB/Tris (32:68 v/v),
37 00 150rp

37 *C, 150 rpm

'All media contained dextrose. These are the culture conditions employed for the antimicrobial
activity assays. I University of Washington (Seattle, WA).
3.4. Results and Discussion
3. 4. 1. Preparation of S100A 7 and Variants
We previously reported a procedure for obtaining apo human S100A7 in high yield
following recombinant expression in E. coli BL21 (DE3), column chromatography, and dialysis.2 7
This procedure afforded S100A7 in high purity based on SDS-PAGE. Nevertheless, analytical
HPLC revealed that this purification resulted in mixtures of S10OA7red and S100A7x, with the
reduced species being predominant. Thus, for the current work, we established protocols that
provide homogenous samples of S10OA 7 red and S100A7ox. We also employed these general
methods to obtain samples of S10OA7Ard and S100A7A.x, variants that lack the His 3Asp metalbinding sites because the four amino acids comprising the His 3Asp site (His18, Asp25, His87, and
His9l) site were replaced by non-coordinating Ala residues (Table 3. 2). These proteins serve as
non-Zn(ll)-binding controls.
We considered several approaches to obtain homogenous S10OA7ox. Starting from the
S10OA7red/S1OOA7ox mixture obtained from the original purification protocol, attempts to fully
oxidize the protein on a preparative scale by air oxidation or by using redox buffers containing
glutathione- or cysteine-based redox systems proved unsuccessful. In all instances, mixtures of
S10OA7red and S100A7ox were obtained. We subsequently evaluated a procedure involving Cu(ll)catalyzed oxidation of thiols to disulfides, which proved to be successful. Although an uncommon
method in protein purification, the Cu(ll)-catalyzed oxidation of thiols to form intra- and
intermolecular disulfides in proteins has been reported for bovine oxyhemoglobin,35 36 human
S100A8,37 and bovine S100B. 23 Initial analytical-scale trials revealed that addition of Cu(ll) to
S100A7 under aerobic conditions resulted in nearly quantitative conversion to S10OA7ox.
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Optimization of the procedure yielded homogenous S100A7ox with negligible Cu contamination.

Table 3. 2. Extinction coefficients for SI0OA7 monomers
Protein

Description

6280

(M1 cmI)a

S100A7ox

Oxidized; Cys47-Cys96 disulfide bond

4595

S1 0OA7Aox

(H1 8A)(D25A)(H87A)(H91A) variant
Oxidized; Cys47-Cys96 disulfide bond

4595

S10OA7re

Reduced; Cys47 and Cys96 free thiols

4470

S10OA7Amd

(H1 8A)(D25A)(H87A)(H91A) variant
Reduced; Cys47 and Cys96 free thiols

4470

S100A7-Ser

(C47S)(S96S) variant

4470

S1 00A7-Ala

(C47A)(S96A) variant

4470

coefficients (280 nm) were calculated by using the ProtParam tool available on the
ExPASy server (http://web.exrasy.orl/protparam).
a Extinction

For the Cu(il)-catalyzed oxidation, we first purified S10OA7 as previously described27
except that we employed a Tris buffer (20 mM Tris, 100 mM NaCl, pH 7.5) in the final column
purification by SEC. We selected a Tris buffer because precipitation occurred when the Cu(ll)catalyzed oxidation was carried out in the HEPES buffer that we routinely employ during S100
protein purification (75 mM HEPES, 100 mM NaCl, pH 7.0).27,38 We found that =100% conversion
to S1 00A7ox could be achieved by incubating the protein with three equivalents of Cu(ll) for 2 h at
room temperature (Figure 3. 2A). Excess Cu(ll) was employed in order to fully oxidize S100A7
because the two His 3Asp sites of S10OA7 bind Cu(Il). Following disulfide bond formation, the Cu
was removed by extensive dialysis. ICP-MS of the resulting protein revealed M0.03 and M0.04
equivalents of contaminating Cu and Zn, respectively, per S100A7ox homodimer (Table 3. 2).
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Figure 3.2. Analytical HPLC traces (220 nm absorption) showing the speciation of 9 pM S100A7
(A) and S1OOA7A (B) after different steps of the protein purification and following Cu(Il)-catalyzed
oxidation. The protein purification involves purification of S100A7 and S10OA7A by AEC and
SEC.2 7 Each trace was normalized to a maximum peak absorbance of 1. The shoulder peak
observed in the chromatograms of S10OA7x and S10OA7A . corresponds to the isoform of
S1 00A7 missing the N-terminal methionine.

We obtained S10OA7Aox using the same procedure except that (i) two equivalents of Cu(II)
were employed and (ii) a precipitate was removed by centrifugation after the 2-h incubation at
room temperature, and the resulting soluble fraction was stirred overnight at room temperature,
which yielded the completely oxidized protein (Figure 3. 2B).
We obtained homogenous S10OA7red and S10OA7Ared by simply dialyzing the S100A7
protein obtained from our reported procedure against Chelex resin in the presence of 1 mM DTT.
We also prepared two disulfide-null variants, S100A7-Ser (S100A7(C47S)(C96S)) and S100A7Ala (S100A7(C47A)(C96A)) using the original purification procedure.27 These two variants serve
as models for S10OA 7red because they allow for studies to be performed under aerobic conditions
in the absence of reducing agents. In addition, comparisons of S100A7r~e to variants with
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Cys->Ser/Ala substitutions allow monitoring for potential functions of the free thiolates in the
native protein.
We obtained the S10OA7 proteins in yields that ranged from 30-80 mg/L of culture. Each
protein was characterized by SDS-PAGE, analytical HPLC, ESI-MS, thiol quantification, CD
spectroscopy, analytical SEC, and ICP-MS. SDS-PAGE and analytical HPLC analysis revealed
that all proteins were obtained in high purity (Figures 3. 3 and 3.4), ESI-MS afforded the expected
mass for each protein, and free thiol quantification using DTDP further verified the redox states
of S1OOA7red (=4 free thiols per homodimer) and S100A7ox (=0 free thiol per homodimer) (Table
3. 4). The CD spectra showed local minima at 208 and 220 nm, confirming the expected a-helical
secondary structure (Figure 3. 5). Analytical SEC demonstrated that each apo protein was
isolated as a homodimer, and that each protein eluted as a homodimer in the presence of excess
Ca(II) and Zn(II), indicating that metal binding does not cause a change in quatemary structure
(Table 3. 5, Figure 3. 6). ICP-MS demonstrated low contaminating metal content in the purified
proteins (Table 3. 4).
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Table 3. 4. Characterization of S100A7 and variants
Free thiol b
HPLC
Protein
Retention Time

Calculated
Mass (Da)

Observed
Mass (Da)

(min) a

S100A7ox

16.4

0.11

0.03

11454.9

11445.4
11 324.0 (-MetI)

S100A7rw

18.4

4.16 0.45

11456.9

11457.4
11 326.0 (-Meti)

S10OA7-Ser

16.0

0.05 0.01

11424.8

11425.5
11 294.2 (-Met1)

S100A7-Ala

16.7

0.04 0.00

11 392.8

11 392.8
11 261.1 (-Met1)

S100A7Aox

21.0

0.14 0.04

11212.7

11212.9
11 082.0 (-Met1)

aThe purified proteins are mixtures of full-length S10OA7 and S10OA7 lacking the N-terminal Met
residue. In some chromatograms, partial separation of these two species is observed. The
retention time is for the major species, which corresponds to the isoform containing the N-terminal
Met residue. bFree thiol content determined by using the DTDP assay (mean SDM, n = 2).
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Table 3. 5. Metal analysis (ICP-MS) of S10OA7 from representative protein purifications
Metal
Protein (10 pM)
SI 00A7.x
S10OA7,ed
S100A7-Ser S100A7-Ala
S100A7Aox
Mg (M)
(equiv)

1.525
0.153

1.844
0.184

0.825
0.083

1.236
0.124

0.702
0.070

Ca (pM)

0.543

1.039

13.3

6.733

12.95

(equiv)

0.054

0.104

1.33

0.673

1.300

Mn (pM)

0.040

0.052

0.009

0.022

0.0174

(equiv)

0.004

0.005

0.000

0.002

0.002

0.379

0.486

0.086

0.965

0.0836

Fe (pM)

009
0.008

(equiv)
Co(pM)
(equiv)
Ni (pM)

(equiv)
Cu (pM)

(equiv)
Zn (pM)

(equiv)

0.038

W

0.001

0.002

0.003

0.001

0.002

0.000

0.000

0.000

0.000

0.000

0.314

0.324

0.077

0.205

0.065

0.031

0.03

0.008

0.021

0.007

0.057

0.033

0.045

0.427

0.018

0.006

0.003

0.005

0.043

0.002

0.416

0.383

0.602

0.604

0.030

0.042

0.038

0.06

0.060

0.003
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Figure 3. 3. SDS-PAGE purity gel (13% Trs-HCl, tricine gel) of the S1 00A7 variants employed in
this work. Ladder: P7712s color prestained protein standard broad range (New England Biolabs).
Ladder (lane 1), S10OA70 x (lane 2), S10OA7,. (lane 3), S10OA7-Ser (lane 4), S10OA7-Ala (lane
5), S10OA7Aox (lane 6), S10OA7A. (lane 7), and ladder (lane 8).
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Figure 3. 4. HPLC chromatograms (220 nm absorption) of S10OA7 variants: (A) S100A70 x, (B)
S10OA7-Ser, (C) S10OA7Aox, (D) S10OA7red, (E) S10OA7-Ala, and (F) S1OA7Ared. Conditions: 9
pM protein, 100 pL injection volume. An asterisk (*) indicates the position of the isoform of S1 00A7
missing the N-terminal methionine.
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Figure 3.5. CD spectra of 10 pM of (A) S100A7x, (B) S100A7-Ser, (C) S100A7Aox, (D) S10OA7d,
(E) S10OA7-Ala, and (F) S100A7Are in the absence and presence of divalent cations (1 mM TrisHCI, pH 7.5, T = 250C). Black trace, without metal addition; blue trace, in the presence of 20 pM
Zn(ll); red trace, in the presence of 2 mM Ca(ll); purple trace, in the presence of 20 pM Zn(II) and
2 mM Ca(ll).
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Table 3. 6. Analytical SEC elution volumes and calculated molecular weights'
Protein

Ca(ll)

S10OA70 x

Elution Volume (mL)

Calculated Molecular Weight (kDa)

12.7

24.2

S10OA7ox

+

12.7

26.4

S10OA7red

-

12.3

27.6

S10OA7red

+

12.4

25.8

S10OA7-Ser

-

12.0

22.1

S10OA7-Ser

+

12.2

23.1

S10OA7-Ala

-

11.9

21.4

S100A7-Ala

+

12.0

22.1

a Each

sample contained 30 pM protein (75 mM HEPES, 100 mM NaCl, pH 7.0). The +Ca(II)
samples contained 2 mM Ca(ll) in the sample and running buffer. The experiments were
performed at 4 0C.
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Figure 3. 6. Analytical size exclusion chromatography (SEC) of S100A7 (30 pM, 300 pL) in the
absence and presence of divalent cations (75 mM HEPES, 100 mM NaCl, pH 7.0). (A) S1 00A7x,
(B) S10A7re, (C) S10A7-Ser, and (D) S10OA7-Ala. For experiments containing Zn(II) and Ca(ll),
2 equiv of Zn(II) were added to the samples, and 2 mM Ca(lI) were added to the sample and
running buffer. The absorbance was monitored at 280 nm.
3. 4. 2. The Thioredoxin System Reduces Apo S1OOA7 0
In agreement with prior work,' 2 we observed that apo S10OA7ox is a substrate for the mammalian
thioredoxin system. Analytical HPLC of samples from enzymatic activity assays conducted at pH
7.0 containing apo S100A7ox, human Trx, rat liver TrxR, and NADPH revealed loss of S100A7ox
(16.4 min, MetI) and formation of S10OA7red (18.4 min, Metl) (Figure 3. 7A). At the final 2-h
time point, the reaction mixture predominantly contained S10OA7red. As expected, HPLC traces
for the no-enzyme control showed no S10OA7re formation over this time period (Figure 3. 7E-H).
This assay was performed aerobically, and it is possible that some background air oxidation of
S10OA7red occurred over the 2-h time course, which would regenerate the substrate (Figure 3. 8).
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Next, we examined the effect of Ca(II) on the Trx/TrxR-catalyzed reduction of the Cys47-Cys96
disulfide bond in S100A7x. When we included 2 mM Ca(II) in the assay buffer, we observed less
formation of S100A7red; integration of the peak areas revealed that the S10OA7 mixtures
contained only =12% and =22% S100A7re, at 15 and 120 min, respectively (Figure 3. 7B). Prior
investigations demonstrated that Ca(ll) does not affect the enzymatic activity of Trx/TrxR. 9 In
order to corroborate these results, we performed Trx/TrxR activity assays using HD5ox, a peptide
with three disulfide bonds that does not coordinate Ca(II), as a substrate and observed
comparable disulfide bond reduction in the absence and presence of 2 mM Ca(ll) (Figure 3. 9).
When we pre-incubated S10OA7x with 1.9 equivalents of Zn(II) to form the Zn(ll):S10OA7ox
complex, negligible formation of S10OA 7 red in the absence or presence of Ca(II) occurred (Figures
3. 7C and 3. 7D). Because Zn(ll) is an inhibitor of the thioredoxin system, 2 9 we designed a control
assay to probe whether the Zn(II) included in this assay poisoned the enzyme. Using the same
assay conditions, we spiked the reaction mixture with HD5ox, a Trx/TrxR substrate that does not
bind Zn(II). We observed comparable reduction of HD5ox to HD5red in the absence and presence
of Zn(ll)-S100A7x, indicating that the Zn(II) was bound to S10OA7ox and therefore did not inhibit
the thioredoxin system (Figure 3. 10). Thus, Zn(II) binding to S100A7x prevents intramolecular
disulfide bond reduction by Trx/TrxR.

Taken together, these data suggest that Ca(II) and Zn(II) depress the redox potential of
the intramolecular disulfide bonds in S100A7ox. An alternative scenario is that metal binding
causes a change in protein structure or dynamics that precludes enzymatic access to the disulfide
bonds. However, apo, Ca(li)-bound, Zn(Il)-bound, and Ca(Il)- and Zn(Il)-bound S10OA7ox are
homodimers and the Cys47-Cys96 disulfide bond is surface exposed in the crystal structures of
S1 00A7 (Figure 3. 1), making us favor the former possibility.
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Figure 3. 7. Analytical HPLC traces (220 nm absorption) from enzymatic activity assays
employing the mammalian thioredoxin system and S100A7ox as a substrate. Conditions: 5 pM
S100A70x, 1 pM human Trx, 0.1 pM rat liver TrxR, and 1 mM NADPH (75 mM HEPES, 100 mM
NaCl, pH 7.0, 37 *C) with (A) no metal added, (B) 2 mM Ca(II) added to the buffer, (C) 1.9 equiv
of Zn(ll) added, (D) 1.9 equiv of Zn(II) and 2 mM Ca(II) added to the buffer, (E) no metal added,
no enzyme added, (F) 2 mM Ca(II) added to the buffer, no enzyme added, (G) 1.9 equiv of Zn(II)
added, no enzyme added, and (H) 1.9 equiv of Zn(ll) and 2 mM Ca(II) added to the buffer, no
enzyme added. In each panel, the bottom chromatogram is a S10OA7red standard. The shoulder
peaks observed in the chromatograms of S100A7ox and S10OA7red correspond to S100A7
isoforms missing the N-terminal methionine.
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Figure 3. 8. Analytical HPLC (220 nm) showing air oxidation of S10A7ed over time (0, 2, 8, and
20 h). A 500-pL aliquot of 30 pM S10OA7red in 75 mM HEPES, 100 mM NaCl, pH 7.0 was
incubated at room temperature, and 100-pL aliquots were analyzed by HPLC at the specified
timepoints. The shoulder peak observed corresponds to the isoform of S10OA7 missing the Nterminal methionine.
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the effect of 2 mM Ca(ll) on the activity of the thioredoxin system. Conditions: 10 PM HD5OX, 1 pM
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Figure 3. 10. Analytical HPLC traces (220 nm) monitoring the reduction of HD5ox by Trx/TrxR in
the presence of Zn(Il)-bound S10OA7ox in the (A) absence and (B) presence of 2 mM added Ca(ll).
(1 mM NADPH in 75 mM HEPES, 100 mM NaCl, pH 7.0). These assays served as controls for
examining the effect of Zn(il)-S100A7ox on the activity of the thioredoxin system. Conditions: 10
plM HD5ox, 5 pM S100A7ox, 9.5 pM Zn(Il), 1 pM human Trx, 0.1 pM rat liver TrxR, 1 mM NADPH,
2 mM Ca(II).

3. 4. 3. Ca(l) Ions Depress the Midpoint Potential of S10OA7
In order to gain further insight into the redox behavior of S10OA7, we determined the
midpoint potential (Em) of S10OA7 at pH 7.0 in the absence and presence of 2 mM Ca(ll) (Figure
3. 11). We incubated anaerobic solutions of S1 00A7ox in glutathione-based buffers with defined
redox potentials spanning the -400 to -200 mV range for 96 h at 37 *C. To demonstrate that redox
equilibrium was reached, we verified that the protein speciation was unchanged at 96 h compared
to earlier and later time points (Figure 3. 12). Analytical HPLC of the equilibrium mixtures revealed
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varying ratios of peaks corresponding to S10A7ox and S10OA7red, and an S10OA7-glutathione
adduct was also identified (Figure 3. 13). The Em value of the S10OA7 disulfide bond was
determined from the equilibrium between S100A7ox and S10OA7red as quantified by HPLC. It was
first estimated by identifying the Em value that provided a 1:1 ratio of S10A7x and S10OA7red
(Figure 3. 11). This simple analysis yielded values of ca. -255 (-Ca) and -298 (+Ca) mV.
Subsequent data fitting showed that the data were not well fit using the Nernst equation (Figures
3. 14B and 3.14D). This poor data fitting occurred because all samples contained mixtures of
S100A7.x and S100A7red at equilibrium; the percentage of S100A7ox in solution maximized at
-200 mV where the mixtures contain -93 and ~96% S1007ox for apo and Ca(Il)-bound S10OA7,
respectively (Figure 3. 11). We therefore employed a logistic function and allowed the calculated
maxima to vary during data fitting. In agreement with the simple by-the-eye analysis, this analysis
provided Em values of -255 (-Ca) and -298 (+Ca) mV (Figures 3. 14A and 3. 14C). These values
fall within the range expected for disulfide-containing peptides and proteins. 30,36 ,3 9,4 0 Of note, this
work provides a foundation for future experiment that address how additional experimental
conditions of physiological relevance, such as changes in ionic strength, affect the redox
properties of S100A7.
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Figure 3. 11. Ca(lI) depresses the midpoint potential of S10OA7. Percentage of S10OA7x at
equilibrium following incubation of S100A7ox (10 pM) in buffers with defined redox potentials (75
mM HEPES, 100 mM NaCl, pH 7.0, 10 mM total [GSH] and [GSSG], 2 mM Ca(Il)) determined
from integration of HPLC peaks (mean SDM, n = 3). Black spheres: in the absence of Ca(II);
red spheres: in the presence of 2 mM Ca(II).
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Figure 3. 12. Percentage of S100A7ox at t = 24, 48, 96, and 120 h after incubation of 10 PM
S100A7ox in glutathione-based redox buffers with defined redox potentials (75 mM HEPES, 100
mM NaCl, pH 7.0), at 37 0C under anaerobic conditions.
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Figure 3. 13. Representative HPLC traces showing the speciation of S10OA7 after a 96-h
incubation of 10 pM S10OA7ox in glutathione-based redox buffers with defined redox potentials
(75 mM HEPES, 100 mM NaCI, pH 7.0). Peak 1 corresponds to a glutathione-S1OOA7 mixed
disulfide species, peak 2 corresponds to S100A7ox, and peak 3 corresponds to S10OA7red. The
identity of each peak was confirmed by LC-MS.
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Figure 3. 14. Midpoint potential data presented in Figure 4 were fit to a logistic function (A andC)
and the Nemst equation (B and D). This experiment was performed in the absence (A and B, blue
markers) and in the presence of 2 mM Ca(ll) (C and D, red markers). Derivations for the Nemst
and Logistic functions are presented in sections 3. 1. 6 and 3. 1. 7, respectively.
Further investigations are required to elucidate the molecular basis for how Ca(ll)
coordination depresses the Em value of S10OA7 by =50 mV. Overlaying the Ca(Il)-free' and
Ca(ll)-bound6 crystal structures suggests that Ca(II) binding by S100A7 does not cause a
significant structural re-arrangement. However, in solution, Ca(ll)-binding at the EF-hand domains
- and specifically the C-terminal EF hand, which is in closest proximity to the disulfide bridge
(Figure 3. 1D) - may affect protein dynamics such that intramolecular disulfide bond formation
is favored. Ca(ll) binding may also decrease entropy and cause the regions around Cys47 and
Cys96 to become more rigid, and thus prearrange these residues for disulfide bond formation
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Figure 3. 15. Representative HPLC traces showing the reduction of S100A7ox to S100A7md in the
absence (A-C) and presence (D-F) of Zn(Il) following addition of 1 mM GSH, DTT or TCEP over
time. Aliquots of 400 pL of 30 pM S100A7ox in were allowed to incubate with 1 mM of a reducing
agent at room temperature. Aliquots of 100 pL were analyzed by HPLC at the specified timepoints
(0, 5, 10, 15, 30, 60, and 120 min). For the Zn(II)-bound samples (D-F), S100A7x was preincubated with 1.9 equiv of Zn(Il) (60 pM) for 15 min prior to addition of the reducing agent.
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We attempted to determine the midpoint potentials of Zn(Il)- and Ca(Il)- and Zn(ll)-bound
S1OOA7. These experiments were unsuccessful because we were unable to reduce Zn(II)-bound
S10OA7Ox, even under the most reducing conditions provided by the glutathione redox buffer
system (-400 mV) (data not shown). We also observed that reduction of the disulfide bond in
Zn(Il)-bound S10OA7ox by addition of excess GSH, DTT or TCEP occurs less readily than for its
apo counterpart (Figure 3.15). Similarto the effect of Ca(ll) ions on the Em value of S10OA7, Zn(II)
coordination at the His 3Asp sites may stabilize or favor formation of the disulfide bridge.

3. 4. 4. Both S1OOA7 0 and SIOOA7red Have Two High-Affinity Zn(1)-binding Sites
The crystal structure of Ca(Il)- and Zn(Il)-bound S100A7ox shows a Zn(II):S100A70 x
homodimer stoichiometry of 2:1,6 which is expected because of the two His3Asp sites per
homodimer. Nevertheless, the Zn(il)-binding stoichiometry of S100A7red has not been ascertained,
and it was recently hypothesized that the free thiolates of Cys47 and Cys96 create a third highaffinity Zn(II) site in S10OA7red- 12 This notion originated from studies in which S100A7red exhibited
greater antimicrobial activity than S10OA7ox against the fungal pathogen A. fumigatus, which was
attributed to more effective Zn(ll)-sequestering activity by the reduced form.

To investigate the

Zn(ll)-binding stoichiometry of S100A7ox and S10OA7ed in solution, we performed Zn(II)
competition experiments with each protein and the colorimetric Zn(II) indicator Zincon

(Kd,Zn = 10

ptM). 41 -4 2 These titrations revealed that S10OA7x and S10OA7red outcompete Zincon for two
equivalents of Zn(II) in both the absence and presence of 2 mM Ca(ll) (Figures 3. 16), and that
the free Cys residues in S10OA7ed do not form a third high-affinity Zn(II) site.
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Figure 3. 16. Representative plot showing the response of 20 pM Zincon to Zn(ll) in the presence
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In the absence of Ca(ll). (B) In the presence of Ca(ll). The Zn(il)-Zincon complex exhibits an
absorbance maximum at 621 nm.

3. 4. 5. Both SI00A7ox and S1OOA7md Bind Zn(Il) with Sub-Nanomolar Affnity
To further probe the Zn(ll) affinity of S10OA7, we performed additional competition
titrations with S10OA7,x, S100A7.d, and the variants S10OA7-Ser, S10OA7-Ala, and S100A7A"x.
We examined the competition between S1 00A7 and the tum-on fluorescent Zn(ll) sensor Fluozin3 (FZ3, apparent Kdzn = 9 nM).43 Because FZ3 exhibits a fluorescent response to Ca(II), these
titrations were performed in the absence of Ca(ll). With the exception of S10OA7Aox, negligible
change in FZ3 emission was observed following addition of 2 pM Zn(II) to solutions containing 2
pM of FZ3 and 2 pM S10OA7 (Figure 3. 17). This result indicates that S10OA7 coordinates Zn(ll)
with higher affinity than FZ3. In contrast, fluorescent tum-on comparable to the FZ3-only control
was observed in the presence of S10OA7Aox, confirming the importance of the His3 Asp sites in
Zn(ll) coordination.

170

c 1.0
.0
E 0.8

0

U

No metal added
+Zn(ll)

W 0.6
'a
.

0.4

0.2
0.01

Figure 3. 17. S10OA7 outcompetes FZ3 for Zn(ll). Fluorescence response of 2 pM FZ3 to 2 pM
Zn(II) in the absence and presence of 2 pM S100A7ox, S10OA7-Ser, S10OA7-Ala, or S100A7Aox
at pH 7.0 (75 mM HEPES, 100 mM NaCI) and 25*C. Integrated emission values were normalized
to the maximum emission for FZ3 in the presence of 1 equiv. of Zn(ll) (mean SDM, n = 3).
We next conducted competition experiments by using a higher-affinity and Ca(ll)insensitive tum-on fluorescent Zn(ll) sensor, Zinpyr-4 (ZP4, apparent Kd,zn = 650 pM). 32 In
preliminary studies, we observed that ZP4 and the S100A7 proteins competed for Zn(Il) in both
the absence and presence of Ca(II). We therefore titrated Zn(II) into mixtures containing 5 pM
S10OA7 and 2 pM ZP4 (75 mM HEPES, 100 mM NaCl, pH 7.0) and fit the resulting data to obtain
apparent Kd,zn values (Figures 3. 18-3. 22, Table 3. 7). Because S10OA7 is a homodimer with
two identical His3Asp sites, we focus on a two-site binding model where Kd1

=

Kd2.

Nevertheless,

during our analyses, we also fit the data using a one-site model and a two-site binding model
where K1

K2 for the purpose of comparison (Table 3. 5, Figures 3.19-3. 22). We also simulated

fits using Kd values that are 2- to 10-fold lower and 2- to 10-fold higher than the values we
ascertained; these simulations support the validity of the reported fits (Figure 3. 23).
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Figure 3. 19. Zn(lI)-induced response of 2 pM ZP4 in the presence of 5 PM S10OA7ox at pH 7.0
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Figure 3.20. Zn(Il)-induced response of 2 pM ZP4 in the presence of 5 PM S100A7rW at pH 7.0
(75 mM HEPES, 100 mM NaCI) at 25 *C, in the absence (left panels) and presence (right panels)
of 100 equiv of Ca(ll). The integrated emission was normalized to the maximum response (mean
SDM, n = 3). The data were fit to a one-site binding model (A and B), two-sites binding model
with Kd1 = Kd2 (C and D), or a two-sites binding model with KdI Kd2 (E and F). In each panel, the
black and blue spheres correspond to the ZP4 only control and the ZP4 response in the presence
of S100A7m, respectively. The calculated apparent K values corresponding to the fits and the fit
parameters are listed in the bottom right of each plot.
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Figure 3. 21. Zn(ll)-induced response of 2 pM ZP4 in the presence of 5 pM S10OA7-Ser at pH
7.0 (75 mM HEPES, 100 mM NaCI) at 25 *C, in the absence (left panels) and presence (right
panels) of 100 equiv of Ca(ll). The integrated emission was normalized to the maximum response
(mean SDM, n = 3). The data were fit to a one-site binding model (A and B), two-sites binding
model with Ki1 = Kd2 (C and D), or a two-sites binding model with K * Kd2 (E and F). In each
panel, the black and blue spheres correspond to the ZP4 only control and the ZP4 response in
the presence of S100A7-Ser, respectively. The calculated apparent Kd values corresponding to
the fits and the optimized parameters are listed in the bottom right of each plot.
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Figure 3. 22. Zn(ll)-induced response of 2 pM ZP4 in the presence of 5 pM S10OA7-Ala at pH
7.0 (75 mM HEPES, 100 mM NaCI) at 25 *C, in the absence (left panels) and presence (right
panels) of 100 equiv of Ca(ll). The integrated emission was normalized to the maximum response
(mean SDM, n = 3). The data were fit to a one-site binding model (A and B), two-sites binding
model with Ki1 = K2 (C and D), or a two-sites binding model with Kd1 * K 2 (E and F). In each
panel, the black and blue spheres correspond to the ZP4 only control and the ZP4 response in
the presence of S10OA7-Ala, respectively. The calculated apparent Kd values corresponding to
the fits and the fit parameters are listed in the bottom right of each plot.
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Table 3. 7. Fits for apparent Kd,Zn values from ZP4 competition titrations with S10OA7 variants
Protein
Ca(ll) a
Apparent Kd,zn (pM)
One site

Two sites
Kd1

S100A70 x

S10OA7red

S100A7-Ser

S1 00A7-Ala

=

Two sites

Kd2

Kd,1

Kd2

20
31

-

400

14

430

13

290
580

+

605

20

580

40

320 28
1100 89

-

730

41

660

56

280 18
3500 310

+

400

20

420

41

300
570

-

740

49

700

58

470 77
2070 950

+

350

25

370

11

350
400

42
37

-

500

29

500

69

260
990

42
120

+

490

28

490

21

330
710

36
70

26
39

the +Ca(ll) samples, 100 equiv of Ca(II) (500 iM) were added to the buffer. For the -Ca(II)
samples, no Ca(l1) was added to the buffer. Metal analysis (ICP-MS) showed the buffer employed
in the -Ca(ll) experiments contained less than 100 nM Ca.
aFor
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Figure 3. 23 Simulated Zn(ll) competition curves for ZP4 and (A) S100A7ox, (B)
S100A7rw, (C) S100A7-Ser, and (D) S100A7-Ala in the absence and presence of 100
equiv Ca(II). Curves were simulated employing Kd values from 50 to 5000 pM. The data
were fit to a two-sites binding model with Kd1 = Ka. For all plots, the data are the black
circles (mean k SDM), and the reported fit is the black line. The colored dashed lines
indicate the simulated curves.
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The dataset obtained from the ZP4 competitions yields several noteworthy observations.
For the four S100A7 species examined, the apparent Kdzn values obtained from data fitting are
all within one order of magnitude, ranging from 430-700 pM and 370-580 pM in the absence and
presence of excess Ca(II) ions, respectively (Table 3. 7, Figure 3. 18). These results indicate that
(i) the absence or presence of the Cys47-Cys96 disulfide bond in each S100A7 subunit has
negligible impact on the apparent

KdZn

and (ii) the Ca(ll)-free and Ca(ll)-bound forms of S10OA7

have similar Zn(ll) affinities. We note thatthe titration curves for S100A7.x obtained in the absence
and presence of Ca(ll) are similar and suggest that Ca(ll) may slightly reduce the Zn(Il)-binding
affinity (Figure 3. 18A), whereas the corresponding titration curves for S10OA7red, S10OA7-Ser,
and S1 00A7-Ala show the opposite trend where the presence of Ca(ll) ions shift the titration curve
to the right, indicating slightly higher affinity binding (Figure 3. 18B-D). These comparisons also
suggest that Ca(ll) binding has greater influence on S100A7 when the Cys47-Cys96 disulfide
bond is reduced or removed by site-directed mutagenesis. Although the Ca(ll)-induced
perturbations observed by ZP4 is small, and arguably not functionally significant, it appears that
Ca(II) binding to S100A7 slightly enhances the Zn(Il)-binding affinity when the Cys47-Cys96
disulfide bond is absent. The overall conclusion from this dataset - a minor effect of Ca(ll) ions
on the Zn(Il)-binding affinities for S10OA7 -- differs from what is observed for calprotectin
(S100A8/S1OOA9 oligomer). In general, the metal-binding affinities of calprotectin increase by at
least several orders of magnitude in the presence of excess Ca(II) ions. 33 4 Lastly, the results
from the Zn(II) competition experiments and the apparent

KdZn

values obtained using ZP4 are

contrary to the Kd,zO value of 100 [M for S10OA7 that was previously reported from equilibrium
dialysis studies.'

3. 4. 6. Human SIOOA7 Selectively Depletes Zn(l) From Bacterial Growth Medium
With information about the Zn(ll):S1 00A7 stoichiometries and support for high-affinity Zn(ll)

binding in hand, we performed a series of metal-depletion experiments to ascertain which metal(s)
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is depleted from microbial growth media upon S100A7-treatment.41 We treated TSB:Tris growth
medium, which has been routinely employed in microbiology studies of related S100 proteins (e.g.
calprotectin, S100A12), 2 7,33-34,45 -46 with S100A7 (0-500 pg/mL) for 20 h with shaking at 30 0C and
then separated the protein from the treated medium by spin filtration. The concentrations of
unbound Mn, Fe, Ni, Cu and Zn in the treated medium were determined by ICP-MS (Figure 3.
24). Because of the spin filtration step, which can disrupt a mixture at equilibrium, these
experiments provide information about the metal ions that are likely to be sequestered by S1 00A7
rather than an equilibrium measurement.
The TSB:Tris medium prepared in our laboratory contains approximately 5 pM Zn, 3 pM
Fe, 200 nM Mn, 600 nM Ni, and 150 nM Cu (Table 3. 8, Figure 3. 24). We observed that S1OOA7ox,
S100A7-Ser and S10OA7-Ala depleted Zn from the medium in a concentration-dependent manner,
whereas the concentrations of the other transition metal ions were largely unperturbed (Figures
3. 24, Tables 3. 8-3. 23). Moreover, the presence of a 2-mM Ca(ll) supplement had negligible
effect on the metal depletion profile of each protein. These results illuminate two keys points: (i)
the absence or presence of 2 mM Ca(Il) and (ii) the presence or absence of the disulfide bond do
not significantly impact the ability of S100A7 to deplete Zn from TSB:Tris medium. Both
observations are reminiscent of the ZP4 competition experiments, which indicate similar apparent

Kd,Zn values for all proteins tested under conditions of low and high Ca(ll) (Table 3. 7). In general,
the metal-depletion profile of S10OA7 is similar to that of S10OA12, which selectively depletes
Zn(II) from TSB:Tris medium.4 However, one major difference is that the presence of excess
Ca(ll) ions enhances Zn(II) depletion by S10OA12.
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Figure 3. 24. S1 00A7 selectively depletes Zn(Il) from TSB:Tris medium. Metal analysis of
TSB:Trs medium treated with 0-500 pg mL' of S100A7ox, S100A7-Ser, and S100A7-Ala. Mn,
Fe, Cu, and Zn depletion profiles are shown for S1 0OA7. (A), S10A7-Ser (B), and S10A7-Ala
(C). The experiments were conducted in the absence (light gray bars) and presence (dark gray
bars) of a 2-mM Ca(ll) supplement (mean SDM, n = 3).
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Table 3. 8. Metal Analysis of untreated Tris:TSB medium in the presence and absence of a 2mM Ca(ll) supplement (mean SDM, n = 3)
Element
-Ca(Il) (ppm)
-Ca(ll) (pM)
+Ca(II) (ppm)
+Ca(II)(pM)
Mg
4300 400
180 17
4000 165
170 19
Ca
102 2.4
4100 95
9500 2600
2400 65
Mn
12 3.0
0.02 0.06
10 3.3
0.20 0.06
Fe
2.9 0.21
160 12
2.8 0.3
160 14
Co
2.8 0.31
0.050 0.006
2.5 0.23
0.040 0.004
Ni
39 6.9
0.67 0.12
434 10.3
0.750 0.18
Cu
0.16 0.039
10 2.5
0.16 0.05
10 2.9
Zn
260 37
4.0 0.56
260 20
3.9 0.30

Table 3. 9. Metal Analysis of Tris:TSB medium treated with 31.25 pg/mL of S100A7x in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
Element
-Ca(II) (ppm)
-Ca(II) (pM)
+Ca(II) (ppm)
+Ca(II) (ptM)
Mg
4400 400
180 18
4200 330
170 13
Ca
4300 230
110 6.1
10000 8500
2500 210
Mn
12 2.8
0.2 0.05
12 5.7
0.2 0.10
Fe
3.0 0.16
160 11
2.8 0.29
160 16
Co
2.8 0.29
0.050 0.005
2.7 0.41
0.050 0.007
Ni
40 12
0.7+0.21
44 12.2
0.70 0.21
Cu
0.150 0.043
9 2.7
0.15 0.052
10 3.3
Zn
230 39
3.5 0.60
190 54
2.9 0.83

Table 3. 10. Metal Analysis of Tris:TSB medium treated with 62.5 Ig/mL of S10OA7ox in the

presence and
Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

absence of a 2-mM
-Ca(ll) (ppm)
4300 160
4200 200
15 4.5
170 9
2.8 0.17
39 7.7
0.15 0.05
82 15

Ca(II) supplement (mean SDM, n = 3)
-Ca(II) (pLIM)
+Ca(ll) (ppm)
+Ca(ll) (pM)
178 7
4100 59
170 3
106 5
10100 4500
2430 17
0.26 0.08
11 3.0
0.20 0.05
3.0 0.16
170 11
3.0 0.20
0.047 0.003
2.6 0.23
0.04 0.004
0.7 0.13
46 8.4
0.8 0.14
10 3.1
0.15 0.056
10 3.6
1.3 0.22
110 29
1.8 0.44
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Table 3. 11 Metal Analysis of Tris:TSB medium treated with 125 pig/mL of S100A7ox in the
presence and absence of a 2-mM Ca(Il) supplement (mean SDM, n = 3)
Element
-Ca(lI) (ppm)
-Ca(II) (jpM)
+Ca(II) (ppm)
+Ca(II) (pM)
Mg
4200 170
175 7
4200 250
175 10
Ca
4300 300
107 8
97000 680
2500 110
Mn
13 3.4
0.23 0.06
14 4.7
0. 0.10
Fe
172 6
3.1 0.10
176 4
3.15 0.07
Co
2.8 0.17
0.049 0.004
2.6 0.23
0.049 0.003
Ni
40 7.7
0.7 0.13
37 3.7
0.63 0.063
10 3.1
0.015 0.048
10 3.4
Cu
0.15 0.034
Zn
44 9.4
0.7 0.14
60 20
0.9 0.31

Table 3. 12. Metal Analysis of Tris:TSB medium treated with 250 Ig/mL of S10OA7ox in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
+Ca(II) (pM)
+Ca(II) (ppm)
-Ca(II) (ppm)
-Ca(ll) (pM)
Element
170 2.5
170 19
4200 250
Mg
4000 170
2430 17
101000 4500
4200 200
110 13
Ca
12 3.4
0.21 0.06
Mn
12 3.1
0.21 0.06
3.1 0.26
170 15
3.0 0.38
Fe
170 21
0.049 0.003
0.049 0.006
2.8 0.17
2.9 0.22
Co
0.63 0.019
37 1.1
Ni
44 6.9
0.7 0.12
10 2.9
0.015 0.046
9 2.2
0.14 0.034
Cu
0.6 0.28
0.6 0.25
43 18
Zn
39 16

Table 3. 13. Metal Analysis of Tris:TSB medium treated with 500 pg/mL of S100A7ox in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
+Ca(II) (ppm)
+Ca(lI)(jiM)
-Ca(lI) (pLM)
-Ca(II) (ppm)
Element
165 4
4000 80
166 7
4200 460
Mg
2400 170
9500
6700
2370
65
4300
530
Ca
0.19 0.06
10 3.6
11 3.2
0.21 0.06
Mn
2.91 0.03
162 2
160 11
2.9 0.20
Fe
0.049 0.008
2.8 0.29
0.049 0.004
2.5 0.23
Co
0.64 0.072
0.63 0.024
38 4.2
37 1.4
Ni
8 1.7
0.12 0.026
9 2.3
0.14 0.036
Cu
0.58 0.05
38 3.2
0.56 0.04
36 2.8
Zn
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Table 3. 14. Metal Analysis of Tris:TSB medium treated with 31.25 pg/mL of S10A7-Ser in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
Element
+Ca(ll) (ppm)
+Ca(II) (pM)
-Ca(II) (pm)
-Ca(ll) (ppm)
Mg
4400 550
180 23
4100 360
170 15
Ca
4100 360
102 9.1
95000 7400
2400 190
Mn
11 3.2
0.21 0.058
10 3.6
0.19 0.065
Fe
160 11
2.9 0.20
162 2
2.91 0.03
Co
3.0 0.21
2.6 0.38
0.051 0.004
0.044 0.006
Ni
43 6.5
0.73 0.11
44 4.9
0.75 0.084
Cu
9 2.3
0.14 0.04
10 2.0
0.15 0.032
Zn
140 47
2.2 0.72
140 50
2.1 0.77

Table 3. 15. Metal Analysis of Tris:TSB medium treated with 62.5 pg/mL of S100A7-Ser in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
Element
+Ca(II) (pM)
+Ca(ll) (ppm)
-Ca(II) (pM)
-Ca(ll) (ppm)
Mg
4400 320
180 13
180 11
4400 250
Ca
4000 420
100 10
104000 5600
2600 140
Mn
13 3.8
0.22 0.068
12 2.6
0.22 0.047
Fe
170 19
3.1 0.34
171 6
3.1 0.11
2.94 0.04
0.050 0.001
Co
2.9 0.29
0.049 0.005
Ni
45 3.2
0.77 0.054
49.3 0.5
0.840 0.007
Cu
13 3.0
0.21 0.047
12 1.2
0.18 0.019
Zn
40 18
0.7 0.27
80 44
0.7 0.18

Table 3. 16 Metal Analysis of Tris:TSB medium treated with 125 pg/mL of S100A7-Ser in the

presence and
Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

absence of a 2-mM
-Ca(II) (ppm)
4300 420
4000 280
12 3.0
177 7
29.0 0.27
46 5
10 3.4
44 9.9

Ca(ll) supplement (mean SDM, n = 3)
-Ca(ll) (pM)
+Ca(II) (ppm)
+Ca(II) (pM)
180 18
4300 270
180 11
100 10
102000 4300
2500 110
0.21 0.06
11 2.6
0.21 0.048
3.2 0.13
170 16
3.1 0.29
0.05 0.001
2.7 0.18
0.045 0.003
0.78 0.086
47 3.3
0.80 0.056
0.15 0.053
12 1.2
0.18 0.018
0.7 0.15
40 12
0.67 0.18
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Table 3. 17. Metal Analysis of Tris:TSB medium treated with 250 pg/mL of S10A7-Ser in the
presence and absence of a 2-mM Ca(II) supplement (mean SDM, n = 3)
Element
-Ca(II) (ppm)
-Ca(ll) (pM)
+Ca(Il) (ppm)
+Ca(II) (pM)
Mg
4300 480
180 18
4400 270
180 11
Ca
4200 320
100 7
104000 4900
2600 120
Mn
11 2.9
0.20 0.052
11 2.9
0.20 0.053
Fe
172 2
3.07 0.036
170 22
3.0 0.39
Co
3.0 0.33
0.049 0.005
2.9 0.23
0.049 0.004
Ni
47 3.3
0.80 0.06
46 3.9
0.78 0.066
Cu
12.4 0.4
0.194 0.005
12 0.6
0.186 0.009
Zn
40 15
0.7 0.23
40 11
0.63 0.16

Table 3. 18. Metal Analysis of Tris:TSB medium treated with 500 ptg/mL of S100A7-Ser in the
presence and absence of a 2-mM Ca(II) supplement (mean

Element
Mg
Ca
Mn
Fe
Co
Ni
Cu
Zn

-Ca(ll) (ppm)
4500 550
4600 720
11 1.6
180 15
3.1 0.38
46 4.1
11 1.1
37 2.9

-Ca(Il) (pM)
180 20
105 8
0.21 0.028
3.2 0.26
0.050 0.006
0.78 0.07
0.18 0.017
0.56 0.044

SDM, n = 3)

+Ca(II) (ppm)
4300 267
102000 5100
11 3.1
174 9
2.9 0.20
52.0 0.34
12 1.3
37 5.5

+Ca(ll) (pM)
180 11
2600 130
0.19 0.056
3.1 0.16
0.049 0.004
0.886 0.006
0.19 0.020
0.57 0.083

Table 3. 19. Metal Analysis of Tris:TSB medium treated with 31.25 pg/mL of S1 00A7-Ala in the
presence and absence of a 2-mM Ca(l) supplement (mean SDM, n = 3)
+Ca(ll) (PIM)
+Ca(lI) (ppm)
Element
-Ca(II) (ppm)
-Ca(II) (PM)
180 25
150 14
4200 600
Mg
3700 350
94750 480
2400 325
Ca
90 7.5
3600 300
0.196 0.011
0.21 0.017
10.8 0.7
Mn
12 0.9
2.8 0.17
2.7 0.21
159 10
Fe
150 12
0.051 0.005
3.0
0.28
0.049 0.004
2.9 0.23
Co
0.8 0.11
46 6.0
0.7 0.16
Ni
45 9.3
0.20 0.026
13 1.7
0.18 0.05
Cu
11 3.2
1.7 0.26
1.7
0.41
100
17
26
Zn
110
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Table 3. 20. Metal Analysis of Tris:TSB medium treated with 62.5 Ig/mL of S10OA7-Ala in the
presence and absence of a 2-mM Ca(ll) supplement (mean SDM, n = 3)
Element
-Ca(II) (ppm)
-Ca(II) (pM)
+Ca(II) (ppm)
+Ca(II) (pM)
Mg
3900 440
170 19
4100 140
170 5.8
Ca
4000 340
99 8.4
96300 830
400 430
Mn
11.8 0.9
0.22 0.029
12 1.4
0.21 0.025
Fe
160 14
2.8 0.25
160 9.5
2.8 0.17
Co
3.0 0.30
0.051 0.005
2.9 0.13
0.051 0.005
Ni
40 10
0.65 0.17
44 4.0
0.76 0.068
Cu
10 2.3
0.16 0.037
11 1.7
0.2 0.27
Zn
38 4.2
0.60 0.066
42 9.2
0.7 0.15

Table 3. 21. Metal Analysis of Tris:TSB medium treated with 125 pg/mL of S100A7-Ala in the
presence and absence of a 2-mM Ca(II) supplement (mean SDM, n = 3)
Element
-Ca(II) (ppm)
-Ca(II) (jpM)
+Ca(II) (ppm)
+Ca(II) (pM)
Mg
4200 640
170 27
4100 300
170 12
Ca
37100 680
90 17
97000 7300
2400 180
Mn
13 1.6
0.23 0.029
12 2.0
0.21 0.036
Fe
160 12
2.8 0.21
160 6.9
2.9 0.122
Co
3.1 0.36
0.053 0.006
3.0 0.25
0.051 0.004
Ni
42 1.2
0.72 0.02
45 6.4
0.8 0.11
Cu
11 3.2
0.18 0.050
11.2 0.8
0.18 0.012
Zn
34 2.1
0.53 0.033
37 4.4
0.6 0.70

Table 3. 22 Metal Analysis of Tris:TSB medium treated with 250 Ig/mL of S100A7-Ala in the

presence and absence of a 2-mM
Element
-Ca(II) (ppm)
Mg
4000 440
Ca
3700 470
Mn
13 1.8
Fe
180 31
Co
3.1 0.39
Ni
40 5.2
Cu
10 2.2
Zn
40 17

Ca(II) supplement (mean SDM, n = 3)
-Ca(ll) (pM)
+Ca(II) (ppm)
+Ca(II) (pIM)
170 19
4200 109
174 4.5
90 12
100000 3400
2500 180
0.24 0.046
12 2.7
0.22 0.047
3.2 0.55
180 26
3.2 0.47
0.053 0.006
3.1 0.17
0.051 0.004
0.69 0.089
47 3.1
0.80 0.053
0.16 0.035
10.0 0.4
0.161 0.002
0.7 0.27
30.9 0.90
0.49 0.014
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Table 3. 23. Metal Analysis of Tris:TSB medium treated with 500 pIg/mL of S100A7-Ala in the
presence and absence of a 2-mM Ca(II) supplement (mean SDM, n = 3)
Element
-Ca(II) (ppm)
-Ca(ll) (pM)
+Ca(ll) (ppm)
+Ca(II) (pM)
Mg
3900 320
160 13
4300 320
180 13.
Ca
61000 490
1830 12
100000 3400
1000 200
Mn
13 2.5
0.23 0.033
12 2.6
0.22 0.050
Fe
180 29
3.2 0.51
180 28
3.2 0.49
Co
3.1 0.39
0.052 0.006
3.1 0.17
0.054 0.006
Ni
44 8.7
0.7 0.15
50 1.6
0.8 0.28
Cu
10 2.2
0.16 0.035
10.2 0.11
0.161 0.002
Zn
37 9.8
0.6 0.15
31.2 0.5
0.491 0.008

3. 4. 7. Evidence for a Contribution of the Intramolecular Disulfide Bonds to Antibacterial Activity
We next evaluated the antibacterial activity of S10OA7ox, S100A7-Ser and S10OA7-Ala

against E. coli K-1 2 and the AznuA mutant obtained from the Keio Collection4 7 (Figure 3. 25, Table
3. 22). The ATP-binding cassette transport system ZnuABC is a high-affinity Zn(II) uptake system
of E. co/i.4 8 ZnuA is the periplasmic Zn(ll)-binding protein that delivers Zn(II) to the inner
membrane transporter ZnuBC. E. coli that lack functional ZnuABC are more susceptible to Zn(II)
deprivation compared to the parent strain." We previously used the AznuA mutant as tool for
probing Zn(II) sequestration by human S100A12, 4 and reasoned that experiments with this
mutant would inform our understanding of S100A7. Thus, we investigated the growth inhibitory
activity of S100A7x, S100A7-Ser and S10OA7-Ala under conditions routinely used to study metalsequestering host-defense proteins such as calprotectin and S100A12.2 7 33 ,'4 , 4 , We employed
TSB:Tris medium with and without a 2-mM Ca(ll) supplement. These conditions differ from the
majority of experiments that report on the antimicrobial activity of S100A7 and employ phosphate
buffer supplemented with 1% growth medium.10 1 2,1 5 We did not consider S100A7red in these
assays because S10OA7red converted to S100A7ox during the 20-h incubation in TSB:Tris medium,
even in the presence of an exogenous reducing agent (Figure 3. 26).
Under these assay conditions, untreated E. coli K-1 2 grew to an OD600 =0.45. Treatment
of E. coli K-12 with 1000 ptg/mL (40 pM) S100A7ox resulted in some growth inhibition at the 8-h
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time point (0D60 ~0.2, iCa), but full growth was observed at the 20-h time point (Figure 3. 25A).
The presence of 1000 pg/mL S10OA7-Ser or S1 00A7-Aia had negligible effect on E. coli growth.
In contrast, all three proteins inhibited growth of the AznuA mutant (Figure 3. 25B). Whereas full
growth inhibition occurred following treatment with 1000 pg/mL S100A7x, the S10OA7-Ser and
S100A7-Ala variants inhibited growth to a lesser degree at the 20-h time point (OD600 =0.2). The
2-mM Ca(Il) supplement had negligible effect in all cases. Taken together, these results indicate
that ZnuABC can outcompete S10OA7 for Zn(II) under these growth conditions. The data also
suggest that, in the absence of a functional ZnuABC transport system, S100A7ox is more effective
than the disulfide-null variants at inhibiting E. coli growth.
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Figure 3. 25. Growth inhibitory activity of S10A7 against E. coli K-12 and the AznuA mutant in
TSB:Tris medium in the absence and presence of a 2-mM Ca(Il) supplement (t = 8 or 20 h, T =
37 *C). (A) E. coli K-1 2 parent strain. (B) E. cofi AznuA. The OD6oo values were recorded at t = 8
and 20 h (mean SDM, n = 3).
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Figure 3. 26. Speciation of S10OA7 after incubating a =1:1 mixture (125 pg/mL) of S10OA7red and
S100A7ox for 20 h at 37 *C in (A) TSB:Trs medium without bacteria and (B) TSB:Tris medium
with E. coli K-12. Trace (1) is Trs:TSB medium only, trace (2) is the S100A7 mixture in AMA
buffer (20 mM Tris, 100 mM NaCl, pH 7.5) that serves as a standard, trace (3) is S10OA7 after
20 h at 37 0C, trace (4) is S10A7 after 20 h at 37 *C in medium supplemented with 2 mM Ca(l1),
trace (5) is S1 00A7 after 20 h at 37 *C in medium supplemented with 5 mM P-mercaptoethanol,
trace (6) is S10OA7 after 20 h at 37 *C in medium supplemented with 2 mM Ca(ll) and 5 mM fpmercaptoethanol.
To further evaluate the in vitro antibacterial activity of S10OA7, we screened the growth
inhibitory activity of S10OA7ox and variants against five additional bacterial strains. On the basis
49
33
34
0
of prior antimicrobial activity studies of S100A7' as well as S100A12 ,4 and calprotectin, ,44,4,

we selected E. coli ATCC 25922, Pseudomonas aeruginosa PAQ1, Staphylococcus aureus
ATCC 25923, Listeria monocytogenes ATCC 19115, and Lactobacillus plantarum WSCF1 . We
treated bacteria with 1000 pg/mL protein and monitored growth by ODeoo following a 20-h
incubation (Figure 3. 27). In general, the presence of S1 00A7 had negligible effect on the ODeWO
values for the E. coli, P. aeruginosa, and S. aureus strains, although slight growth inhibition was
observed for P. aeruginosa treated with S1 00A7x. Growth of L. monocytogenes and L. plantarum
was inhibited upon treatment with S100A7ox in the absence and presence of a 2-mM Ca(ll)
supplement, respectively. In contrast, S10OA7-Ser, S10OA7-Ala, and S100A7A0x did not inhibit
the growth of these two microbes.
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Figure 3.27. Antibacterial activity of S10OA7 (1000 gg/mL) against (A) P. aeruginosa PAOI, (B)
E. coli ATCC 25922, (C) S. aureus ATCC 25923, (D) L. monocytogenes ATCC 19115, and (E) L.
plantarumWSCF1.The experiments were conducted in TSB:Trs (E. coli and S. aureus), BHI:Trs
(L. monocytogenes), and MRS:Tris (L. plantarum) in the absence (light gray bars) and presence
(dark gray bars) of a 2-mM Ca(ll) supplement (T = 30 or 37 *C, Table 3. 22). The OD600 values
were recorded at t = 20 h (mean SDM, n = 3).
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A comparison of these data to the results from prior studies of the antimicrobial activity of
S100A12 and calprotectin is informative. S100A12 contains two His 3Asp sites at the dimer
interface and sequesters Zn(ll),4 whereas calprotectin harbors one His 3Asp and one His6 site.465
The latter site allows calprotectin to sequester multiple first-row transition metals." This work
shows that the antibacterial activity spectrum of S10OA7ox is similar to that of S10OA1 2. Under the
assay conditions employed in this work, both proteins exhibit growth inhibitory activity against E.
coli AznuA, L. monocytogenes, and L. plantarum but not P. aeruginosa, S. aureus, and E. coli K12. A caveat to this comparison is that the lack of a Ca(II) effect for S1OOA7 observed in this work
and also by others," 11 '1 3 which differs from the Ca(Il)-enhanced antimicrobial activity reported for
S10OA12.4 In contrast to S10OA7ox and S10A12, calprotectin displays growth inhibitory activity
against all of the bacterial species considered in this work.3 3 ,44,46 ,4 9 Both S10OA7ox and S100A12
are selective and sequester Zn(ll), whereas calprotectin is versatile and sequesters multiple
divalent first-row transition metal ions (e.g. Mn, Fe, Ni, Zn). Thus, it is likely that organisms that
exhibit inhibited growth in the presence of S10OA7x and S10OA12 are less able to compete with
Zn(ll)-chelating proteins for this metal ion and more susceptible to Zn(II) deprivation, at least
under the growth conditions employed in this work, than the strains that are resistant to these
proteins.
Under the antibacterial assay conditions employed in this work, we observed negligible
growth inhibition of E. coli K-12 and ATCC 25922 by S100A7. Prior studies of S10OA7 have
reported that S100A7 possesses antibacterial activity against E. coli. 10 These contrasting
outcomes likely result from different experimental conditions employed in the current work and
previous studies, and suggest that S10OA7 exerts condition-dependent antimicrobial activity.
Previous assays employed a microdilution assay in which E. coli cultures (1

x

104 - 105 CFU/mL)

were incubated in 10 mM phosphate buffer containing 1% growth medium (e.g. TSB or LB) and
treated with S1 00A7 for 3 h at 37 OC, followed by serial dilution and plating on agar. We performed

this microdilution assay with S100A7ox, and consistent with prior work, we observed a =2-log fold
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reduction in the CFU/mL of E. coli K-12 and ATCC 25922 when the cultures were treated with
1000 pg/mL (a40 pM) of protein (Figure 3. 28). We tentatively propose that S10OA7 exhibits
different antimicrobial mechanisms under different assay conditions, and evaluating this notion is
an avenue for future work.
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+E co# K- 12
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S100A70 x (pM)
Figure 3. 28. Microdilution antimicrobial activity assay of S100A7. and E. coli. E. coil ATCC
25922 (blue) and E. coli K-12 (red) are killed by S100A7o under these assay conditions (3 h, 37
*C, 150 rpm; 10 mM phosphate buffer pH 7.4 supplemented with 1% TSB).
3. 4. 8. The Redox State of Human S10OA7 Influences Metal Displacement at the His3 Asp Sites
Overall, our studies of Zn(ll) binding and metal depletion reveal that S100A7ox and the
disulfide-null variants display similar Zn(ll) competition with ZP4 and Zn(Il) selectivity. However,
the antibacterial activity assays suggest that S100A7ox is more effective at Zn(ll) sequestration
than the disulfide-null variants. To address this matter further, we interrogated the metal-binding
properties of S10OA7 by monitoring Co(ll) binding and probing metal substitution at the His3Asp
sites by using Co(ll) as a spectroscopic probe. We first performed Co(ll)-binding titrations in the
absence and presence of excess Ca(lI) (Figures 3.29 and 3. 30). In all cases, solutions of S10OA7
changed from colorless to pink upon addition of Co(ll). The optical absorption spectra of the Co(ll)S10OA7 variants exhibited d-d transitions centered at 563 nm (&sws' 500 to 580 Mcm-) (Figures
3.29 and 3.30). This spectroscopic signature is similar to the Co(ll)-bound His3Asp sites of human
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calprotectin and S10OA2.a3-During each Co(Il)-binding titration, the absorbance at 563 nm

increased until =2 equivalents of Co(II) were added, indicating the expected 2:1 Co(ll):S100A7
stoichiometry (Figures 3. 29 and 3. 30). The similar results obtained in the presence and absence
of added Ca(ll) confirm that the stoichiometry of binding of S10OA7 is independent of Ca(lI)
binding (Figure 3. 30).
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Figure 3. 29. Co(ll)-binding titrations with S10OA7 variants (S100A7ox, S10OA7rd, S10OA7-Ser
and S1 00A7-Ala). Optical absorption spectra titrations (top panels) and E563 versus equivalents of
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25 *C.
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We subsequently examined metal substitution at the His 3Asp sites of S1 00A7 by
monitoring the displacement of Co(II) from Co(Il)-S100A7 following Zn(II) addition. On the basis
of our prior Co(Il)-binding studies of calprotectin 33 and S100A12,3 as well as the Irving-Williams
series,5 we expected that the His 3Asp sites have thermodynamic preference for Zn(ll) over Co(1).
Addition of Zn(II) to a solution of Co(II)-S100A7ox resulted in a gradual color change from pink to
colorless, and loss of the absorbance feature centered at 563 nm, consistent with loss of Co(Il)
from the His 3Asp sites and formation of Zn(Il)-bound S100A7x (Figure 3. 31). After a 20-h
incubation at room temperature, =20% of S10OA7ox remained Co(II) bound. In contrast, addition
of Zn(II) to Co(l)-S100A7red resulted in a comparatively rapid loss of Co(I) from the His3Asp sites
(Figure 3. 31). A comparison of the spectra obtained at the 1-h time point indicates almost
complete metal substitution for S100A7red whereas =80% of S100A7x remains Co(ll) bound. This
difference in metal substitution occurred both in the absence and presence of Ca(ll). Addition of
Zn(II) to Co(II)-S100A7-Ser and Co(Il)-S100A7-Ala afforded trends similar to that of S10OA7red
(Figure 3. 31). These results suggest that the disulfide bond decreases the kinetic lability of Co(II)
ions bound to S100A7. It is possible that the Cys47-Cys96 disulfide bond limits the
conformational flexibility of the S100A7 C-terminus, which pre-organize the His 3Asp binding site
or stabilizes the Co(Il)-bound form of the protein. Since Zn(II) and Co(II) bind to the same His 3Asp

sites of S100A7, it is also possible that a similar trend occurs for Zn(Il)-bound S100A7 with
S1 00A7x more effectively entrapping the Zn(ll) ion than S1 0OA7rd.

194

'I

S10OA70 x

0.25 .S100A70 x

+Zn(II)

0.20

M0.15

.

0.15

n

0.15

Uw

0.101

U 0.10

0.05

0.05

0.00

0.00

0.25

S100A7e

0.20

0.25

+Zn(Il)

CC

S100A7rq

+Zn(II)

0.20

0.15

0.15

0.10

0.10

0.05

0.05
0.00

1

0.25

SI0OA7-Ser

0.25
0.20

+Zn(II)

0.20 .

0.15

.

0.15

0.10

.

-1
0~i0.10

0.05 .

0.05

0.00

0.00

0.25 - S100A7-Ala
0.20 CI

C 0.15
2e0

0.10

C

0.15

+Zn(II)

0

.

,0.10

0.05

0.05 .

0.00

+Zn(II)

0.25 S10OA7-Ala
0.20 -

+Zn(ll)

.C

S100A7-Ser

.

0.001

0

+Zn(II)

0.20 -

.

C

.

0.25

+Ca(II)

B

-Ca(lI)

A

450

600
550
500
Wavelength (nm)

650

0.00

450

600
550
500
Wavelength (nm)

650

Figure 3.31. Optical absorption spectra showing the substitution of Co(lI) for Zn(ll) at the His 3Asp
sites of S10OA7 in the absence (A) and presence (B) of 2 mM Ca(ll). Black trace: spectrum of
S100A7 (400 pM) in the presence of Co(ll) (1.6 mM, 4.0 equiv) at pH 7.0 (75 mM HEPES, 100
mM NaCl, 2 mM Ca(ll)). Additional traces: after 1.6 mM Zn(ll) was added to the sample. For
S100A70 x, time points were collected at 5, 60, 360, and 2400 min. For S10OA7red, S10OA7-Ser
and S1 00A7-Ala, time points were collected at 5, 20, 30 and 60 min. For all proteins, the spectrum
collected at the 60 min time point is shown in red.
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Furthermore, we noted a subtle but reproducible effect of Ca(ll) addition for variants where
the Cys47-Cys96 disulfide bond is reduced or removed by site-directed mutagenesis. For
instance, an inspection of the spectra obtained 20 min after Zn(II) addition reveals that the
absorbance signal corresponding to Co(II) binding was weaker in the absence of Ca(ll) compared
to the samples containing Ca(II) for S10OA7red, S10OA7-Ser, and S10OA7-Ala. This observation
indicates that the Co(1) ion bound to these protein species is less readily substituted by Zn(ll)
when Ca(ll) ions are present. This behavior is reminiscent of the ZP4 titration curves of S10OA7red,
S10OA7-Ser, and S10A7-Ala which indicated slightly higher Zn(Il) binding affinity in the presence
of excess Ca(II) (Figure 3. 18B-D). Together, these data suggest that Ca(ll) binding provides
some enhancement of transition-metal-binding affinities at the His3Asp sites when the disulfide
bond is not present.

3. 5. Summary and Outlook
In this work, we have examined the interplay between disulfide-bond redox chemistry,
Zn(ll)-binding properties, and antibacterial activity of human S10OA7. Our studies provide several
insights about the structure and antibacterial role of this protein and illuminate avenues for further
exploration. The current data indicate that Ca(ll) ions affect the redox behavior of the Cys47Cys96 disulfide bond. By depressing the Em value, Ca(II) binding causes the disulfide bond to be
more difficult to reduce, and this phenomenon may be relevant to in vivo speciation and
physiological function(s) of S100A7. In particular, the antibacterial activity assays and metal
substitution experiments provide clues that S100A7ox and S100A7re exhibit differing metalsequestering abilities with the oxidized protein showing enhanced antimicrobial activity against E.
coi AznuA and relatively slow metal substitution at the His 3Asp sites. S100A7 is a cytoplasmic
protein that is released from epithelial cells into the extracellular milieu where Ca(ll) levels are
orders of magnitude higher than those found in the cytoplasm.25 26 Hence, we reason that Ca(ll)bound S10OA7 exists in the extracellular space. It is conceivable that the high Ca(II) levels in this
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environment favor the formation and persistence of S10OA7x, tuning the Zn(ll)-binding and

antibacterial properties of this protein for optimal function. We also observed that Zn(II)
coordination impedes disulfide bond reduction; this behavior may indicate another related strategy
that S100A7 uses to ensure that Zn(II) remains bound. Whether Ca(II) or Zn(ll) binding facilitates
the oxidation of S10OA7red to S10OA7ox and persistence of the latter species in vivo merits
investigation. It is also possible that metals ions and disulfide bond formation have additional and
as-yet unexplored consequences for S100A7. For example, Ca(II) and transition metal binding
confers protease resistance to human calprotectin,

and it is possible that metal binding and

disulfide bond formation influence the stability and biological lifetime of S10OA7 by modulating its
proteolytic susceptibility. Moreover, the complex speciation of S100A7 may provide this protein
with as-yet unappreciated functional versatility.
The ideas presented above differ from a model presented recently that focuses on
S10OA7red. 12 Both S10OA7ox and S100A7ed have been isolated from samples of human skin, and
in this prior work, S10OA7red was identified as an antifungal component of lesion psoriasis scale
extracts. 1 0'12 Subsequent antifungal susceptibility testing indicated that S10OA7red has greater
antifungal activity than S10OA7ox. 12

The epidermis contains high levels of thioredoxin and

thioredoxin reductase,53 .- and S100A7x was shown to be a substrate for the thioredoxin system
in vitro, providing a potential mechanism for S100A7red to persist in the extracellular space and
confer antifungal activity.12 Our results suggest that metal-bound S10OA7ox is not readily reduced
by the thioredoxin system, and that apo S10OA7ox can be effective at inhibiting bacterial growth

than S10OA7red.
Several different antimicrobial mechanisms for S100A7 have been proposed that include
Zn(II) withholding, 01

bacterial membrane permeabilization,15 and a contribution to epithelial

barrier protection by forming cross-links and cellular adherence." A comparison of the current
antibacterial activity assays and prior studies reveal differences in experimental outcomes

depending on the assay conditions. Although the current results support a role for S100A7 in the
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human Zn(Il)-withholding response, further studies are required to investigate this putative
function and additional antimicrobial mechanisms that may be at work. We note that there is no
murine orthologue of S1 00A7, which limits the utility of murine model of infection for studying this
protein.
The molecular basis for bacterial membrane disruption by S100A7 is unclear, and whether
metal ions influence this activity remains largely unexplored. Metal ions have been shown to
modulate the antimicrobial activity of other peptides that damage membranes. For example,
clavanin A is a Zn(Il)-binding peptide expressed by the tunicate Styela clava that displays
enhanced pore-forming activity against E. coli in the presence of Zn(ll).55 It is possible that Ca(ll)
and Zn(II) binding modulate the ability of S100A7 to damage membranes, and further explorations
of a link between metals ions and this bactericidal mode of action are warranted.
In closing, the results presented herein inform our understanding of the S100 protein
family and highlight key differences between human S100A7, S100A12, and calprotectin (vide
supra), three abundant metal-chelating human host-defense proteins. Although each protein
binds Ca(II) ions at EF-hand domains, the consequences of Ca(ll) ion coordination differ. Ca(ll)
ions modulate the quaternary structure, metal-binding properties, and antimicrobial activity of
calprotectin 3344,56-59 and S10OA12,346o whereas Ca(ll) ions appear to have negligible influence on
these three properties for S100A7. Instead, Ca(II) ions affect the redox behavior of the
intramolecular disulfide bonds in S100A7. Nevertheless, our data suggest that this effect may
provide a means for enhancing Zn(ll) chelation and antibacterial activity through nutrient
deprivation in the extracellular space.
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Chapter 4: Investigation of the Bactericidal Properties of the HostDefense Protein Human Calprotectin
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4. 1. Introduction

The human host is continually exposed to potentially pathogenic microorganisms, and the
innate immune system forms a first line of defense against microbial invasion. In addition to the
removal of pathogens and cell debris by phagocytes, the production of peptides or proteins that
can limit infection is considered the most ancient mechanism of immunity.' Such peptides/proteins
include antimicrobial host-defense peptides/proteins (HDPs)." The modes of actions of
antimicrobial HDPs are diverse; they are involved in wound healing, immune modulation,
generation of reactive oxygen species, and nutrient withholding. 45 Alternatively, these peptides
and proteins can act directly against microbial pathogens through intracellular targeting or
membrane destabilization. In this work, we refer to the antimicrobial HDPs as antimicrobial
peptides (AMPs) when talking about their bactericidal activities. Of note, in addition to their
antimicrobial properties, antimicrobial HDPs also possess antiviral or anticancer properties, and
are now recognized to play significant immunomodulatory roles in innate immunity.6
In this regard, the human metal-sequestering protein calprotectin (CP), which belongs to
the S100 family of proteins, is an noteworthy example of an antimicrobial HDP. CP is a
heterodimer of two S100 monomers; S100A8 (93 aa, 10.8 kDa) and S100A9 (114 aa, 13.2 kDa)
(Figure 4. 1A). Two transition metal-binding sites are housed at the S1008A/S100A9 heterodimer
interface. One site is a His 3Asp motif (site 1) comprising H83 and H87 of S100A8 and H20 and
D30 of S100A9 (Figure 4. 1B). The second site is a His6 motif (site 2) formed by H17 and H27 of
S100A8 and H91, H95, H103, and H105 of S10OA9 (Figure 4. 1B). Site 2 is particularly noteworthy
due to its biologically unprecedented hexahistidine coordination motif. Each monomeric unit
possesses two Ca(ll) EF-hands domains (Figures 4. 2D and 4. 2E). The C-terminal EF-hand of
each monomer provides a calmodulin-like, seven-coordinate Ca(Il)-binding site, whereas the Nterminal EF-hands are noncanonical and exhibit a five- or six-coordinate Ca(ll)-binding site. Ca(II)
binding by CP causes the protein to heterotetramerize, and is an important aspect of the current

working model for how CP functions as a metal-sequestering HDP.
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A
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Site 2

Site 1
His87

Asp30

His17
His91

HiS95 His105

His83

Non-canonical
Ni(il)-, Ca(li), and Na(I)-bound CP

Canonical

Site i

E

Overlay of CP and S10OA7 dimers

Site 2

Non-canonical

Caoil

Figure 4. 1. Crystal structure of human calprotectin (CP) (PDB ID5W1F). (A) CP dimer, with
S10OA8 subunit shown in green, and S10OA9 subunit shown in blue. (B) Zoom-in view showing
the His3Asp (site 1) and His8 (site 2) sites (C) Overlay of CP (blue and green) and S1 00A7 (pink,
PDB 2PSR) dimeric structures showing the similarities in secondary structural features. (D) and
(E) Canonical and non-canonical EF-hand domains of CP.
In the current working model, CP is released from the cytoplasm of myeloid cell types
(neutrophils, monocytes, and macrophages), as well as epithelial cells at infection sites.7-11 The
cytoplasmic space contains relatively low levels of Ca(ll), and upon release into the extracellular
space which contains orders of magnitude higher Ca(l1).12 Ca(ll) coordination results in the
formation of a tetrameric species with enhanced affinity for transition metals. 3 20 The Ca(li)-bound
and tetrameric form of CP employs its metal-sequestering properties to starve microbes of
essential metal nutrients, such as Zn, Mn, Ni, Cu, and Fe, resulting into growth-inhibition of
208

microbes. 1316 18 19 ,21

23

This process is often termed nutritional immunity. 24-26 CP is recognized to

be a broad-spectrum bacteriostatic agent, and has been reported to have growth-inhibitory activity
against microbial pathogens that include Candida albicans,,

21,27

Staphylococcus aureus,2 22 3

13 6 8
Pseudomonas aeruginosa, and Escherichia coli. ,1 ,1

The above-mentioned antimicrobial activity of CP can be accomplished without the need
for physical interaction between the protein and microbe of interest, since the activity of CP comes
from its ability to modify bioavailable metal levels in the extracellular environment encountered by
the microbe. Intriguingly, there are studies of CP that have documented its ability to directly
interact with various pathogenic microorganisms. Early studies have revealed that CP localizes
with macrophages within nodules containing Onchocerca volvulus, a filarial nematode that causes
onchocerciasis. CP displayed a staining pattern that extended beyond the margins of the cell
nodule, and was found on the surface of the worm.28 CP was also found to associate with
Echinococcus granulosus larva. 29 The bacterial pathogen Finegoldia magna employs its surface
binding protein, protein L, to bind CP, thus protecting the pathogen from the antimicrobial action
of CP;3 consistent with this hypothesis, growth of F. magna strains lacking protein L was inhibited
upon CP treatment. 3 Strains of Neisseria, the etiological agent of the sexually transmitted
infection gonorrhea, can coordinate both apo and Zn(Il)-bound CP through its CpbA receptor, to
use it as a nutrient Zn(II) source.3 1
Recent work by the Culotta group has demonstrated that CP interacts with Borrelia
burgdorferi, a bacterial pathogen that is the causative agent of Lyme disease.3 2 They reported
that CP inhibits B. burgdorferi growth through a mechanism that requires physical association of
CP with the bacteria, as evidenced by the presence of CP in B. burgdorferi whole cell lysates.
Based on their findings, the authors postulated that CP inhibits growth of B. burgdorferi through
a mechanism that does not involve metal-withholding. Instead, CP is thought to physically interact
with B. burgdorferi and cause hypotonic stress.32
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Altogether, these studies implicate CP in a host-defense function beyond a metalwithholding response. We therefore considered the possibility that CP may function as an AMP
and exert bactericidal activity because of its capability to physically interact with cell walls of
microbes, its cationic charge (pl = 6.10), and its alpha helical character; all features that are
characteristic of AMPs. Moreover, another member of the S100 family of proteins, S10OA7
(psoriasin) has been identified as a bactericidal factor of the skin,3 3 tongue,4 and female genital
tract. 35 As such, the structural similarities between CP and S1 00A7 indicate that CP may possess
microbicidal properties (Figure 4. 1C).
Herein, we investigate the bactericidal properties of CP. We report that CP possesses
bactericidal activity against E. coli as well as other Gram-negative species, but not Gram-positive
species. We speculate that the selectivity of CP for Gram-negative bacteria results from an
interaction between CP and negatively charged moieties on the bacterial cell surface, and further
experiments are needed to test this notion. We observe that CP is most active under acidic
conditions (pH 5.1) and in the absence of excess Ca(II), and retains activity at high salt
concentration. Microscopy studies reveal that CP can damage the membrane of Gram-negative
strains, and cause abnormal cell phenotypes in E. coli that include cell surface roughness,
distortion, and protrusions. We also explore the roles that Zn(Il)- and Ca(ll)-binding play in the
activity of CP and the structural features of CP that contribute to its killing activity. Our results
indicate that CP may act as an AMP, and we consider physiological scenarios in which the killing
activity of CP may be relevant.
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4. 2. Experimental Section

4. 2.1. Materials and General Methods
All solvents and chemicals were obtained from commercial suppliers and used as received.
All aqueous solutions were prepared using Milli-Q water (18.2 MQ-cm, 0.22-im filter).

Commercial materials, buffers, and solvents. All precautions were taken to minimize metal ion
contamination. Monobasic phosphate buffer of molecular biology grade and MES free acid
ULTROL grade were obtained from Sigma-Aldrich and Calbiochem respectively. Only Teflon
coated spatulas were employed to transfer reagents and make stock solutions.
For the membrane permeabilization assays, solutions of 10 mM MES (pH 5.1, 5.5, 6.0),
10 mM phosphate buffer (pH 6.5, 7.0, and 7.4) and AMA buffer (20 mM Tris, 100 mM NaCl, pH
7.5) were prepared with Milli-Q water. The pH of the buffer solutions were adjusted with potassium
hydroxide, sterile-filtered (0.2-pm filter), and stored in polypropylene bottles. Stock solutions of
Ca(II) (1 M, Sigma), Zn(II) (100 mM, Sigma, anhydrous), and NaCl (1 M, Sigma) were prepared
with Milli-Q water. The metal stock solutions were prepared in acid washed volumetric glassware
and transferred to sterile polypropylene tubes for long-term storage. The working solutions were
prepared by diluting the stock solutions in Milli-Q water. For the membrane permeabilization
assays, Tryptic Soy Broth (TSB) medium (Becton Dickinson) was prepared with Milli-Q water, and
added to a final concentration of 1% to the buffer of choice (phosphate or MES) for the broth
microdilution assays.

4. 2. 2. Protein purification and Characterization.
Protein concentration was routinely quantified by using the calculated extinction
coefficients for CP of 18,450 M-'cm' (Calculated from ProtParam (E280)). CP and its variants were
purified following a protocol we have previously published.13 The CP-variants employed are listed
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in Table 4. 1.

Table 4. 1. Protein nomenclature and extinction coefficients
(M 1 cm-)

Protein

Description

8280

CP-Ser

S1 00A8(C42S)
S1 00A9(C3S)

18450

wtCP
(wildtype CP)

S10OA8,S100A9
Cys42 and Cys3 as free thiols

18450

AHis 3Asp

S1 00A8(C42S)(H83A)(H87A)
S1 00A9(C3S)(H20A)(D30A)

18450

AHis 4

S1 00A8(C42S)(H1 7A)(H27A)
S1 00A9(C3S)(H91 A)(H95A)

18450

AA

S1 00A8(C42S)(H 1 7A)(H27A)(H83A)(H87A)
S1 00A9(C3S)(H20A)(D30A)(H91 A)(H95A)

18450

CP(C42S)

S100A8(C42S)
S100A9

18450

FL-CP
(fluorescein-CP)

S100A8(C42S)
S1 00A9-Fluorescein

35,000

4. 2. 3. Preparation and Characterization of Fluorescein CP (FL-CP).
Purification of FL-CP. Fluorescein 5-iodoacetamide (F51) was purchased from MilliporeSigma,
and CP(C42S) was purified following the standard CP purification protocol.13 The preparation
protocol of FL-CP was adapted from a method previously reported (Nakashige, Annual Report,
2013) and a protocol used for the purification of biotinylated CP.36 The running buffers employed
during the purification contained 5 mM 1,4-dithiothreitol (DTT, G Biosciences). Following
purification, CP(C42S) was dialyzed overnight against 20 mM HEPES, 100 mM NaCl, pH 7.5 (1
x 4 L for 12 h, 4

0C).

To a 10-mL solution of 50 pM CP(C42S) (-10 mg of protein), 50 pM of 50
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pM tris(2-carboxyethyl)phosphine (TCEP, Alfa Aesar) was added and allowed to incubate for 15
min. F51 was dissolved in MeOH, and added to the reduced CP(C42S) solution to a final
concentration of 150 pM. The mixture was covered in aluminum foil, and allowed to incubate on
a rocking platform at r.t. for 1.5 h. Another aliquot of F51 was added to a final concentration of
150 pM and the mixture allowed to incubate for an additional 3.5 h, after which the mixture was
quenched with 5 mM BME. Excess F51 was removed by dialyzing the mixture extensively against
20 mM HEPES, 100 mM NaCl, pH 7.5 (3 x 4L, 12 h each, 4 'C). The resulting protein was purified
by preparative SEC (20 mM HEPES, 100 mM NaCl, pH 7.5). The resulting fraction containing FLCP were combined, and dialyzed overnight against SEC buffer + chelex (20 mM HEPES, 100 mM
NaCl, pH 7.5, 10 g chelex, 4

0C).

The purified protein was concentrated to -500 PM, flash frozen

in liquid nitrogen, and stored in 50-pL aliquots at -80

0C.

The purity and integrity of FL-CP was

confirmed by circular dichroism (CD), and SDS-PAGE analysis (Figure 4. 16).

Quantum yield determination of FL-CP. For characterizing the quantum yield ( ) of FL-CP, we
used fluorescein (* = 0.95 in 0. 1 N NaOH) as a standard.37 The absorbance spectra of the
samples were recoded, and the concentrations of fluorescein and FL-CP were adjusted such that
they had equal absorbance values at the maximum excitation wavelength. The emission spectra
of the samples were then recorded. This experiment was performed only once, and needs to be
repeated for reproducibility. The quantum yields of two FL-CP stocks were found to be as listed
in Table 4. 2.
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Table 4. 2. Quantum yield determination of FL-CP
1
8280 (M cm')
k.m (nm)
X.. (nm),
Protein

*

Standard

)

a (M cm 1
493,
74,000

517

35,000

0.788

Fluorescein
(1 N
NaOH)

FL-CP stock 2 a 493,
74,000

517

35,000

0.596 b

Fluorescein
(1 N
NaOH)

FL-CP stock 1

a Stock 2 was purified by Dr. Toshiki Nakashige
bThe

lower -value appears to be due to the age of stock 2 (-2years)

Quantum yields were calculated using the equation:
std)

*unk = +std * (Funk / Fstd) * (Astd / Aunk) * (rjunk

2

2

F is the integrated emission, A is the absorbance at Xex (equal to 1 when Astd = Aunk), and 11 is the
refractive index of the solvent (assume refractive index of buffer is equal to that of water).

4. 2. 4. Metal Analysis (ICP-MS)
For these studies, 1-mL aliquots of the incubation medium for the broth microdilution
assays (10 mM MES buffer pH 5.1 + 1% TSB and 10 mM phosphate buffer pH 7.4 + 1% TSB)
were treated with 40 pM of CP-Ser. The mixture was allowed to incubate for 3 h at 37 *C, with
shaking at 150 rpm. The samples were filtered using the 4-mL Amicon spin concentrators (10
MWCO). The flow through was collected and acidified to 2.5% HNO 3 by addition of 1 mL of 5%
HNO 3 . Samples were analyzed at either the Center for Environmental Health Sciences (CEHS)
Core Facility at MIT with an Agilent 7900 ICP-MS used in Helium mode outfitted with integrated
autosampler (I-AS). An intemal standard of terbium (Agilent) was used to control for sample
effects, and the concentrations of analyte were calibrated using standards prepared by serial
dilution of the Agilent Environmental Calibration Standard mix. This experiment was performed
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twice with two different starting stocks of incubation medium. The mean and SDM values are

reported.

4. 2. 5. Membrane Permeabilization Assays
The membrane permeabilization assays were carried out following an adapted broth
microdilution assay. 38 E. coli 25922 was employed for the initial solution studies to study the
antimicrobial activities of S100 proteins as a function of pH, Ca(II) and NaCl, concentration,
growth phase of the cell culture, and Zn(II) and/or Ca(ll)-binding by the S100 proteins.
Prior to every assay:
(i)

Phosphate and MES buffer were sterile-filtered through a 0.2 pm filter, and TSB
%

was added to a final concentration of 1
(ii)

Unless otherwise noted, S100 proteins were buffer-exchanged three times into
Milli-Q water (5 min, 13 000 rpm) to a final concentration range between 800-2000
PM

E. coli 25922 was grown overnight (37

0C,

14-16 h) with shaking in 5 mL of TSB. The

overnight culture was diluted 1:100 in 5 mL of fresh TSB and grown for -2 h at 370C with shaking
until OD600= 0.6. A 2-mL aliquot of the culture was then transferred to two 1.5-mL microcentrifuge
tubes (1 mL per tube), and centrifuged at 3000 rpm for 10 min. The supernatant was discarded
and the pellet washed with 1 mL of 10 mM phosphate buffer, pH 7.4 , centrifuged at 3000 rpm for
10 min. This procedure was repeated for a total of three times. The cell pellet was then
resuspended to an OD600 of 0.6 (2.5 x 10' CFU/mL) in 10 mM phosphate buffer pH 7.4 + 1 % TSB.
The cell suspension was subsequently diluted to 1:2500 in four serial dilution steps (1:2.5, 1:10,
1:10, 1:10) to a final CFU count of 1 x 10' CFU/mL. A schematic of the wash and dilution steps
is shown in Figure 4. 2.
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ixio CFU/rnL

__-_

1

Resuspend

Phosphate, pH 7
3ooo rpm, 5 min

Phosphate + %TSB

OD 6. = o.6
-2.5 h
culture
(37 OC, shaking) (37 *C, shaking)

Overnight

Serial dilutions

wash 3x

1:100

pH 7.4

:5,3x:0

Phosphate + 1%TSB, pH 7.4
oD 6o= o.6
8
2-5x'o CFU/mL

or
MES +i%TSB, pH 5.1

Figure 4. 2. Schematic of the wash, resuspension, and dilution steps of E. coli 25922 cultures for
the membrane permeabilization assays.
(i) pH titration assay. For the pH titration assay, the washed cell suspension (2.5 x 108 CFU/mL
in 10 mM phosphate buffer pH 7.4 + 1% TSB) was serially diluted by a factor of 1:2500 in four
steps (1:2.5, 1:10, 1:10, 1:10) to a final bacterial density of 1 x 105 CFU/mL. The first two dilutions
were done in phosphate buffer pH 7.4 + 1% TSB as followed; 1:2.5 (400 pL in 600 pL) and 1:10
in (100 pL in 900 pL). The next two dilutions were carried out in the appropriate buffer as followed;
2 x 1:10 dilution (100 pl- in 900 pL) in 10 mM MES buffer pH 5.1/5.5/6.0 + 1% TSB or 10 mM
phosphate buffer pH 6.5/7.0/7.4 + 1% TSB. For experiments requiring more than I mL of cell
suspension, the volume of the last dilution was scaled accordingly. A 100-pL aliquot of the diluted
cell suspension (1 x 105 CFU/mL) was then added to a 96-well plate well containing the protein
of interest. The plate was incubated for 3 h at 37 *C, with shaking at 150 rpm.

(ii) Protein titration assay. The protein titration assay was carried out at pH values of 5.1 and 7.4.
The washed cell suspension (2.5 x 108 CFU/mL in 10 mM phosphate buffer pH 7.4 + 1% TSB)
was serially diluted by a factor of 1:2500 in four steps (1:2.5, 1:10, 1:10, 1:10) to a final bacterial
density of 1 x 105 CFU/mL. The first two dilutions were done in phosphate buffer pH 7.4 + 1%
TSB, and the following two dilutions were done in the appropriate buffer (10 mM MES buffer pH
5.1 + 1% TSB or 10 mM phosphate buffer pH 7.4 + 1% TSB). For experiments requiring more
than 1 mL of cell suspension, the volume of the last dilution was scaled accordingly. A 90-pL
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aliquot of the diluted cell suspension (1 x 10' CFU/mL) was then added to a 96-well plate well
containing the 10 pL of the protein of interest at a 1 Ox concentration. The proteins were tested at
the following concentrations: 0, 2.5, 5, 10, 20, and 40 pM. The plate was incubated for 3 h at 37
*C, with shaking at 150 rpm. The % growth reported in the plots corresponding to this assay was
calculated as follows:
% growth = ((log(CFUprotein-treated)- 2.301)

- (log(CFUuntreated) - 2.301)) * 100

(iii) Na(l) titration assay. The Na(l) titration assay was carried out at pH values of 5.1 and
7.4. The washed cell suspension (2.5 x 108 CFU/mL in 10 mM phosphate buffer pH 7.4 + 1 % TSB)
was serially diluted by a factor of 1:2500 in four steps (1:2.5, 1:10, 1:10, 1:10) to a final bacterial
%

density of 1 x 10' CFU/mL. The first two dilutions were done in phosphate buffer pH 7.4 + 1

TSB, and the following two dilutions were done in the appropriate buffer (10 mM MES buffer pH
5.1 + 1% TSB or 10 mM phosphate buffer pH 7.4 + 1% TSB) containing 0, 5, 10, 50, 100, 150
mM NaCl. For experiments requiring more than 1 mL of cell suspension, the volume of the last
dilution was scaled accordingly. A 100-pL aliquot of the diluted cell suspension (1 x 10 5 CFU/mL)
was then added to a 96-well plate well containing the protein of interest. The plate was incubated
for 3 h at 37

0C,

with shaking at 150 rpm.

(iv) Ca(I) titration assay. The Ca(II) titration assay was carried out at pH values of 5.1 and 7.4.
The washed cell suspension (2.5 x 108 CFU/mL in 10 mM phosphate buffer pH 7.4 + 1% TSB)
was serially diluted by a factor of 1:2500 in four steps (1:2.5, 1:10, 1:10, 1:10) to a final bacterial
density of 1 x 105 CFU/mL. The first two dilutions were done in phosphate buffer pH 7.4 + 1%
TSB, and the following two dilutions were done in the appropriate buffer (10 mM MES buffer pH
5.1 + 1% TSB or 10 mM phosphate buffer pH 7.4 + 1% TSB) containing 0, 50, 100, 500, 1000, or
2000 pM CaCl 2 . For experiments requiring more than 1 mL of cell suspension, the volume of the

last dilution was scaled accordingly. A 100-pL aliquot of the diluted cell suspension (1 x 10 5
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CFU/mL) was then added to a 96-well plate well containing the protein of interest. The plate was
incubated for 3 h at 37 *C, with shaking at 150 rpm. (Due to precipitation issues arising from the
low solubility of CaCl 2 in phosphate buffer (pKsp = 28.939), we did not carry out the titrations with
1000 and 2000 jiM Ca(ll) at pH 7.4).

(v) Ca(I) and Zn(I) preincubation assay. The goal of this experiment was to determine whether
metal-binding by the S1 00 proteins affects their antimicrobial activities. We therefore decided to
test the effect of Zn(II) and/or Ca(II) binding on their activities. Because we were not able to
ascertain the Zn(ll)-binding properties of S100 proteins at pH 5.1, the metal preincubation assay
was carried out at pH 7.4 only. The washed cell suspension (2.5 x 108 CFU/mL in 10 mM
phosphate buffer pH 7.4 + 1% TSB) was serially diluted by a factor of 1:2500 in four steps (1:2.5,
1:10, 1:10, 1:10) to a final bacterial density of 1

x

105 CFU/mL. The first two dilutions were done

in phosphate buffer pH 7.4 + 1% TSB, and the following two dilutions were done in 10 mM
phosphate buffer pH 7.4 + 1% TSB without or with a 500-pM Ca(ll) supplement. Of note, we did
not use a higher Ca(ll) concentration due to precipitation issues observed in phosphate buffer,
pH 7.4. For this assay, the buffer-exchanged S100 proteins were diluted to a 1Ox concentration
and preincubated with either (i) 1.9 equiv of Zn(ll), (ii) 500 pM Ca(II), or (iii) 1.9 equiv of Zn(II) and

500 pM Ca(ll) at r.t. for at least 15 min prior to addition into the 96-well plate. A 90-pL aliquot of
the diluted cell suspension (1 x 105 CFU/mL) was then added to a 96-well plate well containing
10 pL of 1 Ox protein of interest. The plate was incubated for 3 h at 37 *C, with shaking at 150 rpm.

The membrane permeabilization assays were carried out in 96-well plates (Coming).
Unless otherwise noted, each well contained 2-5 pL of CP at 20-50X concentration and 100 IL
of cell suspension at 1

x

105 CFU/mL. CP was added to a final concentration of 1000 pg/mL.
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Immediately after setting up the experiment, a 20-pL aliquot of the remaining and diluted
cell suspension (1 x 10' CFU/mL) was serially diluted into 180 pL of buffer (4 x 1:10 in 10 mM
phosphate buffer pH 7.4) in a 96-well plate. Aliquots of 5 pL from the 1:10, 1:100, and 1:1000
dilution were each plated three times on TSB/agar plates; this sample was used as the t = 0
timepoint. After the 3-h incubation, another 20 pL aliquot of the cell suspension under all the
conditions tested was serially diluted into 180 pL of buffer (4 x 1:10 in 10 mM phosphate buffer
pH 7.4) in a 96-well plate. Aliquots of 5 ptL from the 1:10, 1:100, and 1:1000 dilution were each
plated three times on TSB/agar plates.
The TSB/agar were allowed to incubated at 37

0C

for 12-14 h. Each experiment was

performed at least three times with at least two different protein and buffer stocks. Errors represent
a 95% confidence interval. The limit of detection of this assay is equal to 1 x 102 CFU/mL (1 colony
at the highest dilution).
For the organism screen assays, microbes were grown in the appropriate growth medium,
and diluted to a final density of 1 x 10 5 CFU/mL based on the dilution factors reported in Table 4.
3. Cultures of A. baumannii were grown in MRS, phosphate and MES buffers were supplemented
with 1% MRS, and the cultures were plated on MRS/agar plates (Table 4. 3). Cultures of L.
monocytogenes were grown in BHI, phosphate and MES buffers were supplemented with 1%
BHI, and the cultures were plated on BHI/agar plates. The plates L. monocytogenes were
incubated for 20 h (Table 4. 3).
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Table 4. 3. Strains and growth conditions
Dilution
Source
Strain
factor
3 x 1:10
ATCC
A. baumannil
ATCC 17978

Growth conditions
Overnight: MRS medium
Incubation medium: buffer + 1% MRS
Plating conditions: MRS/agar plate, 12 h

E. coli
ATCC 25922

ATCC

1:2.5,
3 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

E. coli UT189

ATCC

1:2.5,
3 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

E. coli cyto-GFP

MG1655/pDKR2
(dsbAss-sfgfp)
transformed in

1:2.5,
3 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

pBBR1(MCS5)Pia-GFP
transformed in

1:2.5,
3 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

L. monocytogenes ATCC
ATCC 19115

1:5,
3 x 1:10

Overnight: BHI
Incubation medium: buffer + 1% BHI
Plating conditions: BHI/agar plate, 20 h

P. aeruginosa
PAO1

ATCC

1:4,
2 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

S. aureus
USA300 JE2

ATCC

3 x 1:10

Overnight: TSB
Incubation medium: buffer + 1% TSB

E. cofi K12 40

E. coli cyto-GFP

E. coll K124 1

4. 2. 6. Assay and imaging Conditions for Phase-Contrast and Fluorescence Microscopy
Imaging was performed at the W. M. Keck Biological Imaging Facility of the Whitehead
Institute (Cambridge, MA). For microscopy studies, unless otherwise noted, the standard
membrane permeabilization assays were performed in 96-well plates (100-pL sample volume per
well) using 1 x 108 CFU/mL of bacteria incubated with 100 IM of protein. The cell culture aliquots
were washed in 10 mM phosphate buffer pH 7.4, resuspended in the appropriate buffer (10 mM
MES buffer pH 5.1 + 1% TSB) and diluted to a bacterial density of 1 x 108 CFU/mL.
LIVE/DEAD staining Assay. Following a 3h-incubation (37 0C, 150 rpm), a 5-gL sample from each
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condition was placed on an agarose pad (1 % w/w agarose/Milli-Q water) positioned on a

microscope slide (VWR Cat.No. 16004-368). The sample was then covered with a coverslip (VWR
Cat.No. 1600-308), and taken for imaging. A LIVE/DEADTM BacLight Bacterial Viability Kit cell
from ThermoFisher Scientific (Cat.No. L7012) was employed for viability staining of cells following
the supplier instructions. The Live-Dead stain mix was added to each well 15 min before the 3-h
incubation timepoint, and the sample 96-well plate covered with aluminum foil during the 15-min
incubation. A Zeiss Axioplan2 upright microscope equipped with a 100x oil-immersion objective
lens was employed for this experimental setup. The fluorescence images were obtained using
the Texas Red (XEx: 532-587 nm, kEm: 608-683 nm) and GFP (XEx: 457-487 nm, XEm: 502-538 nm)
channels.

Fluorescence Imaging of E. coli cyto- and per-GFP. The sources of E. coli cyto- and per-GFP are
listed in Table 4. 3. After a 3h-incubation (37 *C, 150 rpm), a 5-ptL sample from each condition
was placed on an agarose pad (1 % w/w agarose/Milli-Q water) positioned on a microscope slide
(VWR Cat.No. 16004-368). The sample was then covered with a coverslip (VWR Cat.No. 1600308), and imaged with an Zeiss Axioplan2 upright microscope equipped with a 1 00x oil-immersion
objective lens was employed for this experimental setup. The fluorescence images were obtained
using the Texas Red

(Ex:

532-587 nm,

XEm:

608-683 nm) and GFP (XEx: 457-487 nm, XEm 502-

538 nm) channels.

Time-lapse Studies. The time-lapse studies were carried out using poly-D-lysine coated MatTek
glass bottom petri dishes of 35 mm, with a 14-mm microwell, and a No 1.5. coverglass (Part no.
PG35GC-1.5-14-C). In this assay, the untreated bacteria (1

x

108 CFU/mL in 10 mM MES + 1%

TSB, pH 5.1) were incubated at 37 *C on MatTek plates for 15 min and excess unbound bacteria
were removed by three gentle wash steps with AMA buffer (3 x 3 mL). Next, a 2-mL portion of
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100 ptM CP-Ser in 10 mM MES + 1% TSB, pH 5.1 was added to cover the microwell and petri
dish. The petri dish was sealed with parafilm, and quickly positioned onto the microscope stage,
which is found within an incubation chamber thermostatted at 37 *C. Image acquisition was
initiated immediately. For every experiment, 10 frames were imaged at 5 min intervals over 3h.
The images were collected on a Nikon-TE 2000 U wide-field inverted microscope equipped with
a 1 00x oil-immersion objective lens.

Microscopy studies with FL-CP. For the fluorescence imaging studies with FL-CP, poly-D-lysine
coated MatTek glass bottom petri dishes of 35 mm, with a 14-mm microwell, and a No 1.5.
coverglass (Part no. PG35GC-1.5-14-C) were employed. The bacteria (180 ptL of a 1 x 108
CFU/mL culture in 10 mM MES buffer + 1% TSB, pH 5.1) were placed on a poly-D-lysine coated
MatTek petri dish, and 20 ptL of a 1Ox protein stock solution was added to a final concentration Of
100 pM. The petri dish was wrapped in aluminum foil, and allowed to incubate at 37

0C

for 3 h

without shaking. Following the incubation, the petri dish was quickly and gently washed with AMA
buffer (3 x 3 mL), which removed detached bacteria and excess FL-CP. Then, 3 mL of AMA buffer
was added and the plate was covered and sealed with parafilm. The remaining immobilized cells
were imaged with a Nikon-TE 2000 U wide-field inverted microscope equipped with a 100x oilimmersion objective lens. FL-CP was visualized with the GFP channel

(XEx:

457-487 nm,

XEm:

502-538 nm).

4. 2. 7. Image Analysis for Phase-contrast and Fluorescence Microscopy Image Analysis.
The microscopy images were analyzed with the FIJI software. For fluorescence images,
fluorescence background subtraction was performed using a rolling ball method with a radius of
150 pixels, 8-bit image types were analyzed, and the brightness intensity was set from 0-350.
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4. 2. 8. Characterization of CP Variants from the Broth-Microdilution Assay Supernatant

In order to confirm the integrity of the CP variants employed in the broth microdilution
assays, the culture supernatant was analyzed after the 3-h incubation of the assay. A 90-pL
aliquot from each well was transferred to a microcentrifuge tube, and centrifuged at 13000 rpm
for 5 min, after which a 70-pL aliquot was transferred into another clean microcentrifuge tube. A
1 0-tL portion from that aliquot was used for SDS-PAGE gel analysis, and the rest of the mixture
was diluted to a final volume of 240 pL (10 pM protein) into 10 mM MES + 1% TSB, pH 5.1. This
sample was used for circular dichroism (CD) analysis.

4. 2. 9. Statistical Analyses
In this chapter, we represent errors as 95% confidence interval (CI) error bars in order to
facilitate the assessment of the significance between values; error bars that do not overlap
therefore indicate a statistical difference between values (P < 0.005).42-43

4. 3. Results and Discussion
4. 3. 1. CP is an E. coli-cidal Factor
Initial studies we carried outwith CP (CP-Ser) revealed that it was most active underacidic
conditions and displayed reduced-activity as a function of increasing pH (Figure 4. 3A). At pH 5.1,
CP caused complete killing of E. coli cultures at concentrations of 5 PM and higher, whereas a 2fold decrease in log (CFU/mL) was observed with 40 pM CP under neutral conditions (Figure 4.
3B). The pH dependency of CP-Ser is reminiscent of other AMPs including human S100A7,
human defensin 5, and clavanin A that are also documented to have enhanced microbicidal
activity at lower pH.1, 33, 44-46 The oriain of this behavior is likely due to increased electrostatic
interactions between the cationic AMP and the negatively charged bacterial cell surface.
Additionally, the concentration range at which CP is active is comparable to other AMPs 4418 and
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consistent with its known physiological concentration." Further screening showed that at acidic
pH, CP is resistant to high NaCl levels; indeed, CP retained complete killing activity when
supplemented with up to 50 mM NaCl, and remained moderately active in the presence of 100
mM NaCl (Figure 4. 4A). At pH 7.4, CP was only slightly active, causing a 2-fold reduction in the
log (CFU/mL) compared to the untreated control (Figure 4. 4B). Interestingly, the addition of
excess NaCl did not affect the activity of CP at neutral pH, hinting at the possibility that CP
functions differently as a function of pH.
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Figure 4.3. CP displays bactericidal activity against E. coli. (A) pH-dependency of CP-Ser activity;
black trace show the untreated control, and blue trace shows the CP-treated conditions. Buffer
10 mM MES pH 5.1, 5.5, 6.0 + 1% TSB, or 10 mM phosphate pH 6.5, 7.0, 7.4 + 1% TSB. (B)
Concentration titration of CP-Ser; E. coli cultures were incubated with 0-40 pM CP-Ser (grey
trace). Buffer: 10 mM MES pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1% TSB. E. coli
ATCC 25922 cultures (1 x 105 CFU/mL) were incubated with CP for 3 h at 37 *C with shaking at
150 rpm. Cultures were plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and
colonies counted for CFU determination. (mean 95% Cl, n = 3).
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Figure 4. 4. Effect of NaCl concentration on the E. colh-cidal activity of CP. E. coli ATCC 25922
cultures (1 x 105 CFU/mL) were incubated with 40 M CP-Ser (blue) at (A) pH 5.1 and (B) pH 7.4
for 3 h at 37 0C with shaking at 150 rpm. Cultures were plated on TSB/agar plates, incubated for
12-14 h at 37 *C, and colonies counted for CFU determination. Buffer: 10 mM MES pH 5.1, or 10
mM phosphate 7.4 + 1% TSB containing 0, 5, 10, 50, 100, and 150 mM NaCl. The CFU count of
the starting and untreated cultures are shown as striped and grey bars respectively. (mean 95%
CI, n = 3).
4. 3. 2. The Bactericidal Activity of CP is Independent of Metal Sequestration
CP possesses distinct Ca(ll) and transition-metal binding sites (Figure 4. 11B), and the
bacteriostatic effect of CP has been widely ascribed to its metal-sequestering abilities. The
incubation medium used in our assay conditions are nutrient-poor. As such, we don't expect that
the bactericidal activity of CP arises from its metal-sequestering properties. Nevertheless, we
carried out metal-depletion experiments with CP and the incubation medium (10 mM MES + 1%
TSB, pH 5.1, or 10 mM phosphate + 1% TSB, pH 7.4) under conditions similar to the broth
microdilution assay. In this assay, CP was added to the incubation medium for 3 h (37 0C, with
shaking at 150 rpm); the protein was then removed from the treated medium using spin filtration.
We quantified the amount of unbound metal in the treated medium by inductively coupled plasma225

mass spectrometry (ICP-MS). This method provides an assessment of which metal ion can be
sequestered by CP, and not an equilibrium measurement.
The phosphate and MES media, as expected are nutrient poor and, contain -2 IM total
transition metals (Table 4. 4). The Ca(II) concentration of the buffers is in the single-digit
micromolar range, suggesting that CP likely exists as a dimer under those assay conditions. CP
treatment resulted in no measurable metal depletion at the pH values tested, corroborating the
notion that CP cannot sequester Ca(II) and any of the transition metals analyzed under our assay
conditions (Table 4. 4). As such, we propose that the bactericidal activity of CP is not as a result
of its metal-withholding capabilities.
We also considered the possibility that a fraction of CP may exist in the metal-bound form
even if it cannot sequester away metals from the incubation medium. In this scenario, metalbound CP may interact with and affect bacterial membranes in a way that causes killing and/or
growth inhibition. Notably, this mechanism was put forward to explain the antimicrobial effect of
CP against B. burgdoferi, the causative agent of Lyme disease.12 A back-of-the-envelope
calculation, which is based on CP and transition metal concentrations in our assays, revealed that
-3% of CP (1 ptM) could potentially be metal-bound (assuming a metal:CP binding stoichiometry
of 2:1). It is therefore unlikely that this small fraction of metal-bound CP would significantly

contribute to the bactericidal effects of CP we observed.
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Table 4.4. Metal analysis of MES and phosphate buffers in the absence and presence of
40 pM CP-Ser (mean SDM, n = 2).
10 mM phosphate + 1% TSB, pH 7.4
Element 10 mM MES + 1% TSB, pH 5.1
+ CP-Ser

- CP-Ser

+ CP-Ser

Na

(pM)
4400 800

(pM)
3300

(pM)
16930

(pM)
15940

Mg

6 2

14

K

530 160

350

Ca

7 2

47

Mn

0.05 0.06

0.016

Fe

1

Co

0.006

Ni

0.4 0.4

Cu

0.028 0.004

Zn

0.6

- CP-Ser

600

3.34 0.06

3
110
6
0.002

1.4 0.1

0.3
0.005

0.1

50

7 4
274

1

4.8 0.9

20

10

0.007 0.001

0.014

293

0.48

1

0.02

1.4

0.002

0.000

0.003

0.4 0.2

0.074

0.004

0.3

0.2 0.1

0.014

0.001

0.053

0.003

0.7

0.001

0.3

30

0.29

0.01

0.4

0.002
0.3
0.000
0.006
0.003
0.01

4. 3. 3. Divalent Metals Attenuate the E. coli-cidal Activity of CP
To further assess if metal-binding contributes to the bactericidal activity of CP, we
examined the bactericidal activity of CP in the presence of Ca(ll) and Zn(II). Ca(II) binding causes
3
the two CP heterodimers to self-associate and form a (S1OOA8/S1OOA9)2 heterotetramer1 that

shows increased resistance to proteases. 49 These features caused by Ca(Il)-binding are likely
relevant with respect to the function of CP as an AMP and warrant further examination. We tested
the activity of CP in the presence of increasing Ca(II) levels, which revealed that the activity of
CP was attenuated as a function of increasing Ca(ll) levels under acidic conditions (Figure 4. 5A).
Indeed, there was a significant reduction in the activity of CP in the presence of 50 PM Ca(II), and
no further attenuation at Ca(lI) concentrations of 100 pM and higher (Figure 4. 5A). At pH 7.4, CP
was mostly unaffected by Ca(ll) supplementation (Figure 4. 5B).
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Figure 4. 5. Effect of Ca(ll) concentration on the E. coli-cidal activity of CP. E. coli ATCC 25922
cultures (1 x 105 CFU/mL) were incubated with 40 pM CP-Ser (blue) at (A) pH 5.1 and (B) pH 7.4
for 3 h at 37 *C with shaking at 150 rpm. Cultures were plated on TSB/agar plates, allowed to
incubate for 12-14 h at 37 *C, and colonies counted for CFU determination. Buffer: 10 mM MES
pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1% TSB containing 0, 50, 100, 500, 1000, and
2000 pM Ca(II). The CFU count of the starting and untreated cultures are shown as striped and
grey bars respectively. (mean 95% Cl, n = 3). * The calcium titration could not be performed
under those conditions due to precipitation issues (see Experimental).' 9
The distinct trends observed from the Ca(ll) titrations at pH 5.1 and 7.4 are curious, and
the molecular basis for these differences remain unclear. We postulate that Ca(ll)-binding may
affect either the charge distribution of CP or its structural and oligomerization state in a pHdependent manner, and thus impact the bactericidal properties of CP differently at pH 5.1 vs 7.4.
It is also possible that Ca(ll) ions interact with the negatively charged lipopolysaccharides (LPS)
molecules or lipoproteins on the cell surface of E. cofi and weaken electrostatic interactions,
resulting in an attenuation of CP activity. However, this scenario does not account for the pH
dependency observed with Ca(ll) supplementation, or the resistance that CP shows to high NaCl
levels, which presumably have a similar overall effect as Ca(ll) on E. coli cell surface charge.
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Zn(ll)-binding has been shown to potentiate the antimicrobial activity of clavanin A, a Hiscontaining helical AMP. 46 In this study, substoichiometric Zn(II) (relative to the peptide
concentration) was sufficient to enhance the bactericidal activity of clavanin A against E. coli, as
seen by a reduction in cell viability compared to the apo peptide. CP is a Zn(ll)-binding protein
and, similarly to Ca(II) binding, CP self-associates into a tetramer upon Zn(II) coordination.

A

Zn(ll) and Ca(ll) preincubation assay was therefore designed to probe the effect of Zn(II) binding
on the bactericidal activity of CP. Because we were not able to ascertain the Zn(ll)-binding
properties of CP under acidic conditions, we carried out the Zn(Il)-preincubation assay at pH 7.4
only since we expect that CP is able to coordinate Zn(ll) with at least picomolar affinity at this
pH. 8 Excess Zn(II) inhibits the acquisition of other essential metals, such as Mn(ll), resulting in
Zn(II) toxicity to microbes,' and consistent with this notion we found that 10 PM free Zn(II)
possesses bactericidal properties under our assay conditions. To avoid this complication and
ensure that there is no free Zn(II) that may contribute E. coli killing, CP was preincubated with
substoichiometric Zn(II) (1.9 equiv relative to protein concentration) in the absence or presence
of excess Ca(II) for 15 min prior to the assay. The Zn(ll)-bound protein was then incubated with
E. co/i. As expected, the untreated cells that incubated with Zn(II) only, or Zn(II) and Ca(II) resulted
in complete killing of E. coli due to the toxic effects of Zn(ll) (Figure 4. 6). Consistent with the
Ca(ll) titration experiments, the addition of 500 pM Ca(II) weakened the activity of CP (Figure 4.
6). The Zn(ll)-bound and Zn(Il)- and Ca(ll)-bound forms of CP also exhibited significantly reduced
activity compared to the apo form (Figure 4. 6). Similar to Ca(II), we propose that Zn(Il)coordination by CP likely affects its oligomerization and/or electrostatic properties in a way that
diminishes the E. cofi-cidal properties of CP. Altogether these results suggest that CP is most
active when in the apo form, and that divalent-metal binding abolishes the bactericidal activity of
CP.
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Figure 4. 6. Effect of divalent metal-binding on the E. coli-cidal activity of CP. CP-Ser was
preincubated with 1.9 equiv of Zn(ll) in the absence and presence of 500 pM Ca(ll). E. coli ATCC
25922 cultures (1 x 105 CFU/mL) were then treated with Zn(ll)-bound CP for 3 h at 37 *C with
shaking at 150 rpm. Cultures were plated on TSB/agar plates, allowed to incubate for 12-14 h at
37 *C, and colonies counted for CFU determination. Buffer: 10 mM phosphate 7.4 + 1% TSB. The
CFU count of the starting and untreated cultures are also shown to demonstrated the bactericidal
properties of free Zn(lI) (mean 95% Cl, n = 3). * No growth was observed under these conditions
due to the bactericidal properties of free Zn(ll).
4. 3. 4. CP Induces Concentration-dependent Motphological Changes in E. coli
Next, we employed microscopy to examine the cell phenotypes caused by CP treatment.
In order to allow for the visualization of enough cells, we adapted the broth microdilution by
employing a greater number of cells (1 x1 08 CFU/mL). We also used a higher CP concentration
of 100 pM for the imaging studies; this concentration was high enough to induce noticeable
morphological cell phenotypes (Figure 4. 7), and below the MIC value of CP such that there were
enough cells present for visualization (Figures 4. 7 and 4. 8). In general, CP-treated cells
displayed various phenotypes that included: (i) distortion and roughness of cell wall, (ii) cell lysis,
as well as (iii) cell membrane protrusions (Figure 4.9). A quantitative analysis of these phenotypes
revealed that CP treatment induced cell distortion in over 70% of cells, cell wall protrusions in
-15% of the cells, and caused cell lysis in -10% of the cells (Figure 4. 10). While the molecular
basis for these cell morphology phenotypes remains unknown, it is likely related to a perturbation
of the outer and/or inner membrane architecture,51 an effect that has been reported with other
AMPs.4 5 2
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Figure 4.7. Effect of CP on E. coli cell morphology. E. cofi ATCC 25922 cultures (1 x 108 CFU/mL)
were treated with 100 pM CP for 3 h at 37 *C with shaking at 150 rpm. Buffer: 10 mM MES 5.1
1% TSB. Scale bar is 5 ptm.
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Figure 4. 8. Effect of CP concentration on E. coli cells. E. coli ATCC 25922 cultures (1 x 108
CFU/mL) were treated with the specified CP-Ser concentrations for 3 h at 37 *C with shaking at
150 rpm. Cultures were plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and
colonies counted for CFU determination. Buffer: 10 mM MES 5.1 + 1% TSB. The CFU count of
the starting and untreated cultures are shown as striped and grey bars respectively. (mean 95%
CI, n = 2).
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Figure 4. 9. CP induces aberrant cell morphology phenotypes in E. coli. (A) Distortion and cell
wall roughness, (B) Cell lysis, and (C) Cell wall protrusions. E. coli ATCC 25922 cultures (1 x 108
CFU/mL) were treated with 100 pM CP for 3 h at 37 *C with shaking at 150 rpm. Live-Dead stain
was added to the cells 15 min prior to imaging. Buffer: 10 mM MES 5.1 + 1% TSB. Scale bar is 5
pm.
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Figure 4. 10. Quantification of the CP-induced CP morphology phenotypes in E. coli. E. co/iATCC
25922 cultures (1 x 108 CFU/mL) were treated with 100 jM CP-Ser for 3 h at 37 *C with shaking
at 150 rpm. Buffer: 10 mM MES 5.1 + 1% TSB. A total of -500 cells were counted for each
condition, (n = 3).
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We obtained temporal information about the cell morphology phenotypes by carrying realtime microscopy imaging studies of E. coli cells treated with CP, and examining the appearance
of CP-caused cell phenotypes. As expected, the untreated cells remained smooth and divided
one to two times over the 3-h incubation (Figure 4. 11). In contrast, no cell division was observed
for the CP-treated cells. The cells were impaired in their ability to divide, resulting into cell
distortion and elongation (Figures 4. 12D and 4. 12E). The first phenotype to appear within 15
min of treatment with CP was cell wall roughness, followed by cell wall protrusions which
appeared between 15 and 60 min. Cell elongation occurred later as the cells were attempting to
divide. We were not able to obtain temporal information on the cell lysis process of the cells
because the cells went out of focus during that process. Altogether, the real-time imaging
experiments provide valuable insights on the nature and magnitude of the membrane
permeabilizing effects of CP, and corroborate that CP can be a membrane-permeabilizing factor.
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Figure 4. 11. Time-lapse imaging of select untreated E. coli cells. E. coli ATCC 25922 cultures (1
x 108 CFU/mL) were incubated for 3 h at 37 *C with shaking at 150 rpm. Buffer: 10 mM MES 5.1
+ 1 % TSB. Scale bar is 2 pm, (n = 1).
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Figure 4. 12. Time-lapse imaging of select CP-treated E. coli cells. E. coli ATCC 25922 cultures
(1 x 108 CFU/mL) were incubated with 100 pM CP for 3 h at 37 0C with shaking at 150 rpm. Buffer:
10 mM MES 5.1 + 1% TSB. Scale bar is 2 pm, (n = 1).

4. 3. 5. CP Binds and Permeabilizes the Bacterial Membrane
A Live-Dead staining kit was utilized to identify whether the CP-induced cell phenotypes
were associated with a disruption of membrane integrity and loss of cell viability. Based on this
staining kit, cells with compromised membranes stain red or yellow, whereas cells with intact
membranes stain green. The results from Live-Dead staining indicated that all the CP-induced
cell phenotypes we identified were associated with a disruption of membrane integrity, as
evidenced by the cell red staining (Figure 4. 9). Furthermore, an analysis of the CP-treated cell
population showed that 90% of cells had a compromised cell wall compared to the untreated cells
that predominantly intact, with over 90% of cell staining green (Figures 4. 13). Taken together,
these results suggest that CP is able to permeabilize the cell wall of E. coli cells, affect their
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viability, and induce aberrant cell morphology phenotypes associated with a disrupted cell wall.
While the majority of CP-treated cells stained red, which is indicative of cell membrane
permeabilization, CFU counts showed that the effect of CP did not result in significant cell killing
(Figure 4. 6). We propose two possible explanations for these results: (i) CP may either act by a
mechanism whereby membrane permeabilization is not direct the cause of cell killing, 5'-l5 "Mor (ii)
the cells are able to recover (likely during the plating step) from CP treatment. The former
phenomenon is not uncommon; certain AMPs have been shown to form transient pores in the
outer cell membrane of bacteria at sub-MIC levels,5 whereas others have been reported to bind
to and insert into bacterial membranes without causing significant permeabilization, and instead
53 5 57
reaching intracellular targets. , 5-
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Figure 4. 13. Live-Dead staining of CP-treated E. coli. (A) Phase-contrast and fluorescence
images of untreated and CP-treated cells. (B) Quantification of cells with intact and compromised
cell wall in the absence and presence of added CP-Ser. E. coli ATCC 25922 cultures (1 x 108
CFU/mL) were treated with 100 pM CP for 3 h at 37 0C with shaking at 150 rpm. Live-Dead stain
was added to the cells 15 min prior to imaging. Buffer: 10 mM MES 5.1 + 1% TSB. Scale bar is 5
pm.
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4. 3. 6. CP Treatment Causes Leakage of Periplasmic GFP
E. coli strains expressing GFP in select compartments have been used to obtain insights
into the mode of action of various AMPs.58-6 1 Guided by these studies, we utilized E. coli K12
strains expressing GFP in the cytoplasm (E. coli cyto-GFP) and the periplasm (E. coli peri-GFP)
to visualize which cell compartment CP affects. Mid-log phase E. coli cyto-GFP and E. coli periGFP cells were treated with CP and examined by fluorescence microscopy. For the E. coli cytoGFP expressing cells, the untreated cells exhibited a uniform green GFP emission pattern over
the whole cell surface (Figure 4. 13). A similar GFP emission and localization pattern was noted
for CP-treated cells (Figure 4. 13), suggesting that CP does not affect the cytoplasmic content of
E. co/i. In the case of E. coli peri-GFP cells, the untreated cells exhibited a more intense green
halo around the cell corresponding to the periplasmic space, and a dimmer and pigmented
fluorescence pattern over the whole cell, characteristic of E. coli peri-GFP cells (Figure 4. 14).5859,61

CP-treated cells had lost this green halo and instead displayed only a mild, textured and

pigmented fluorescence pattern, which was markedly less intense than the E. coli cyto-GFP cells,
likely due to peri-GFP leaking and diffusing into the cytoplasm (Figure 4. 14). This effect has been
well-reported with AMPs capable of causing periplasmic GFP diffusion due to either osmotic
stress 58 or membrane permeabilization, 59,6' and implicate a function for CP in periplasmic

diffusion/disruption.
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Figure 4. 14. Treatment of E. coli peri-GFP with CP. E. coli K12 peri-GFP cultures (1 x 108
CFU/mL) were treated with 100 pM CP for 3 h at 37 *C with shaking at 150 rpm. Buffer: 10 mM
MES 5.1 + 1% TSB. Scale bar is 5 pm, (n = 2).

239

Phase

Fluorescence

-Io

0)

C')

Figure 4. 15. Treatment of E. coli cyto-GFP with CP. E. coli K12 cyto-GFP cultures (1 x 108
CFU/mL) were treated with 100 piM CP for 3 h at 37 *C with shaking at 150 rpm. Buffer: 10 mM
MES 5.1 + 1% TSB. Scale bar is 5 pm, (n = 2).

4. 3. 7. Synthesis and Characterization of Fluorescein-CP-Ser (FL-CP)
To probe the cellular localization of CP, we synthesized a fluorescein-CP (FI-CP)
conjugate. The preparation protocol of FL-CP was adapted from a method previously reported
(Nakashige, Annual Report, 2013) and a protocol used for the purification of biotinylated CP. 36
Briefly, the purified CP variant CP(C42S), which contains an intact Cys residues at position 3 in
S100A9, was purified under reducing conditions and subsequently coupled to fluorescein-5iodoacetamide (F51) (Table 4. 1). The protein mixture was then dialyzed overnight to remove
excess F51, and FL-CP purified by preparative SEC. The purified FL-CP was dialyzed against
Chelex, concentrated to -500 pM, and stored in 50-pL aliquots at -80 *C.
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Figure 4. 16. Characterization of FL-CP. (A) SDS-PAGE (15% acrylamide Trs-HCI, glycine gel)
visualized with Coomassie Blue of purified FL-CP. The ladder is P7712S from New England
BioLabs. (B) Circular dichroism spectra of 10 pM of two FL-CP. Buffer: 1 mM Tris-HCl, pH 7.0.
(C) Broth microdilution assay of FL-CP and CP-Ser at pH 5.1 and 7.4 against E. cofi. E. cofiATCC
25922 cultures (1 x 105 CFU/mL) were treated with the specified CP concentrations for 3 h at 37
*C with shaking at 150 rpm. Buffer: 10 mM MES 5.1 + 1% TSB, (n = 2).

The purity of FL-CP was confirmed SDS-PAGE, which showed two distinct bands at -12
and -17 kDa, corresponding to S10OA8 and FL-SIOOA9 respectively (Figure 4. 16A). Circular
dichroism (CD) analysis revealed that FL-CP was properly folded with the expected overall ahelical character for CP (Figure 4. 16B). We noted that the CD spectra of FL-CP exhibited
markedly higher ellipticity compared to CP 13 resulting from the added absorbance of the
fluorescein moiety. To assess if the added fluorophore impacts the bactericidal activity of FL-CP,
we carried out broth microdilution assays of FL-CP and compared it to the activity of CP-Ser. We
found that the two protein variants exhibited similar E. coli-cidal activity at acidic pH, suggesting
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that FL-CP can be used as a CP analogue for microscopy studies (Figure 4. 16.C). At neutral pH,
FL-CP was slightly more potent than CP-Ser (Figure 4. 16.C); it is possible that the added charge
from the fluorescein moiety enhances the killing activity of CP, or that it causes CP to undergo
conformational changes that also enhances its killing activity.

4. 3. 8. FL-CP Localizes on The Bacterial Cell Surface of E. coli
For the microscopy studies with FL-CP, E. coli cells adhered to a poly-D-lysine coated
culture dish were first treated with FL-CP (3 h, 37

0C,

150 rpm), followed by a gentle wash step

with AMA buffer (20 mM Tris, 100 mM NaCl, pH 7.5) (3 x 3 mL), and then analyzed by microscopy.
One caveat we encountered with this experimental setup was that there were not many cells that
remained adhered to the poly-D-lysine culture dish after the wash step, thus precluding the
analysis of a meaningful number of cells. As such, the data presented in this subsection are
preliminary and more cells need to be analyzed before making conclusive statements. As
expected, the untreated cells displayed no GFP emission (Figure 4. 17A). For the FL-CP-treated
cells, GFP emission was observed on the entire E. coli cell surface(Figures 4. 17B, 4. 17C). The
fluorescence pattern covered the whole cell, such that we were not able to infer on specific binding
targets of CP, as well as its cellular localization. Interestingly, cells that exhibited GFP emission

also displayed cell-morphology phenotypes were have shown earlier to be associated with CPtreatment (Figure 4. 9). We noted that one of the FL-CP-treated cells imaged (Figure 4. 17B)
displayed a morphology phenotype that resembled a bleb, a phenotype usually associated with
antibiotic exposure. 48 5 1 62-63 A closer inspection of the phase-contrast image revealed that what
appeared as a bleb in the fluorescence image is an artifact of the image, and seems to be an outof-focus lysed-cell (Figure 4. 17B). Based on these initial results, we reason that CP physically
interacts with E. coli and that this interaction results in membrane permeabilization
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Figure 4. 17. Treatment of E. coli peri-GFP with FL-CP. E. co/i ATCC 25922 cultures (1 x 108
CFU/mL) were treated with 100 pM FL-CP for 3 h at 37 0C without shaking. The cells were gently
washed with AMA buffer (20mM Tris, 100 mM NaCl, pH 7.5) (3 x 3 mL), and imaged. (A) Untreated
cells, (B) and (C) FL-CP-treated cells. Scale bar is 5 pm.
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4. 2. 9. CP Exhibits Broad-Spectrum Bactericidal Activity against Gram-negative Strains
Select studies have shown that CP can associate with the cell wall of various microbes
including parasites 28 ,64

5

and bacterial pathogens. 3 0-32 66
, However, to the best of our knowledge,

there have been no studies examining the scope of the bactericidal activity of CP. Therefore, we
screened CP against a panel of bacterial species previously employed to examine the metalmediated growth-inhibitory properties of cP.13 14 16
, ,18 2 0 This panel of strains included the Gramnegative strains Acinetobacter baumannii ATCC

17978, Escherichia coli UT189, and

Pseudomonas aeruginosa PAO1, and the Gram-positive strains Listeria monocytogenes ATCC
19115 and Staphylococcus aureus USA300 JE2 (Table 4. 3). We have observed from our prior
studies that CP exhibits metal-mediated bacteriostatic activity against all the strains in this panel,
13
and it will be informative to assess how the bactericidal properties of CP compare.-

4 16

, ,

20

In agreement with the results obtained from the broth microdilution assays with E. coli
ATCC 25922, CP was generally more active under acidic conditions (Figure 4. 18). The three
Gram-negative strains A. baumannii, E. coli UT189, and P. aeruginosa, were all susceptible to
CP-treatment, with complete killing of the cultures observed at pH 5.1 (Figure 4. 18). On the other
hand, growth of the two Gram-positive strains L. monocytogenes and S. aureus was unaffected
by CP treatment (Figure 4. 18). Concordant with results from the broth microdilution assays,

microscopy studies carried out at acidic showed that the CP-treated Gram-negative cultures were
composed of a high percentage of cells with a compromised cell wall (red cells), whereas for the
Gram-positive strains, the ratio of intact (green) to compromised (red) cells were comparable to
the untreated conditions (Figure 4. 19). Furthermore, the CP-treated Gram-negative strains
displayed cell morphology phenotypes similar to the ones observed with E. coli ATCC 25922,
whereas the Gram-negative strains displayed no obvious cell morphology phenotypes. A.
baumannii cells, E. coli UT189, P. aeruginosa cells were distorted with a rough outer-membrane
and cell surface protrusions, and a significant number of cells were lysed as seen by the cell
debris present (Figure 4. 19). Interestingly, the difference between the susceptibilities of the
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strains against the bacteriostatic vs the bactericidal effects of CP indicate that the mode of action
of CP as an AMP is distinct from its function as a metal-sequestering protein.
Altogether, the results from the bacterial screen suggest that CP exhibits broad-spectrum
bactericidal activity against Gram-negative bacteria through a mechanism of membrane
permeabilization mediated by a physical interaction between CP and the bacterial cell wall.
Bacterial cell wall components are well-documented binding partners and targets for AMPs, thus
supporting this our hypothesis.7 -8 We consider several scenarios to explain the interaction
between CP and Gram-negative bacteria: It is possible that CP interacts with the negativelycharged moieties found on the outer-membrane of Gram-negative strains.69-70 Accordingly, the
resistance of L. monocytogenes and S. aureus to CP is consistent with the fact that the cell
envelope of Gram-positive bacteria is not comprised of LPS moieties, and is instead made of a
peptidoglycan layer coated with teichoic acids. 69-70 Furthermore, both classes of bacteria have
other important amphiphiles, such as lipoproteins, which may also contribute to the selectivity of
CP towards Gram-negative strains over Gram-positive strains. An additional scenario involves
the interaction between CP and specific cell surface proteins, as it has been reported with
3 16 6
Neisseira species and F. magna.30- ,
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Figure 4.18. Bactericidal activity of CP proteins against a panel of bacterial strains. Cells cultures
(1 x 105 CFU/mL) of A. baumanni ATCC 17978 (A.B), E. coli UT189 (E.C), P. aeruginosa PA01
(P.A), L. monocytogenes ATCC 19115 (L.M), and S. aureus USA300 JE (S.A) were incubated
with 40pM CP for 3 h at 37 *C with shaking at 150 rpm. Cultures were plated on TSB/agar plates,
allowed to incubate for 12-20 h at 37 *C, and colonies counted for CFU determination. Buffer: 10
mM MES pH 5.1, or 10 mM phosphate 7.4 + 1% TSB. (mean 95% Cl, n = 3).
246

+ CP

-CP

Phase

Fluorescence

Phase

Fluorescence

U#

A.b

E.c

I

Pa

I

L.m

S.a

I

Figure 4. 19. Effect of CP-treatment on the morphology and membrane integrity on a panel of
bacterial strains. Cells cultures (1 x 108 CFU/mL) of A. baumannii ATCC 17978 (A.B), E. coli
UT189 (E.C), P. aeruginosa PA01 (P.A), L. monocytogenes ATCC 19115 (L.M), and S. aureus
USA300 JE (S.A) were incubated with 100 pLM of CP for 3 h at 37 0C with shaking at 150 rpm.
Live-Dead stain was added to the cells 15 min prior to imaging. Buffer: 10 mM MES 5.1 + 1%
TSB. (n = 2) scale bar is 5 pam.
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4. 3. 10. The Transition Metal-binding Sites of CP Contribute to its Function as an AMP
In an attempt to start to understand which structural features of CP contribute to its
bactericidal activity we examined the activities of a series of CP variants against E. coli ATCC
29522 (Table 4. 1). The variants employed included the single-site knockout variants, AHis3Asp
and AHis 4 , which are defective in their abilities to coordinate transition metals, the double-site
knockout variant, AA, which is missing both transition-metal binding sites and is thus incapable of
coordinating transition metals, as well as the WT reduced form of CP, wtCP (wildtype CP), which
contains the two original Cys residues Cys3 and Cys42. This last variant allows us to understand
the contribution that the presence of Cys residues play on the activity of CP. All the CP variants
were tested at acidic and neutral pH. This structure-activity assay revealed that at acidic pH wtCP
and AHis 3Asp were comparably active to CP-Ser, whereas AHis4 was slightly less active, and AA
was completely inactive (Figure 4. 20). At neutral pH, the activities of all the variants were
attenuated except for wtCP which displayed complete killing even at a neutral pH (Figure 4. 20).
The results obtained with the site variants are intriguing as they suggest that the transition
metal-binding sites in CP contribute to its function as an AMP. We have shown that the incubation
medium used in these assays are metal-poor and that CP-Ser is not capable of sequestering
metals under those conditions (Table 4. 4), if anything metal-binding by CP results in an
attenuation or loss of the bactericidal function of CP. Based on these observations, we reason
that the presence of the site variants may contribute to AMP function by providing added protein
stability or a more rigid fold. In order to test this notion, we recovered the remaining protein in the
culture supernatant at the end of the assay to test this hypothesis. Circular dichroism (CD)
analysis demonstrated that all the protein variants displayed the expected a-helical fold for CP
suggesting that they are all properly folded under our assay conditions (Figure 4. 21). We ran an
SDS-PAGE gel of the culture supernatant, which showed that all the protein variants were of
comparable concentrations with two bands of similar intensities between 11 and 17 kDa,
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corresponding to the S10OA8 and S100A9 monomers (Figure 4. 22). These diagnostic
experiments are helpful as they suggest that the proteins are not degraded over the course of the
assay. However, they provide no information on the oligomerization state of the proteins, and their
corresponding CD do not report on subtle or local conformational changes within the protein that
may be caused by the site mutations. This overall trend is reminiscent of recent work reporting on
the growth-initiatory properties of CP against B. burgdorferi. In this work, the author found that
the antimicrobial activity of CP was not a result of metal-sequestration.

However, the presence

of the transition metal-binding sites in CP was found to contribute to the antimicrobial activity of
CP. The authors proposed that metal binding causes stabilization or self-association of CP, which
in turn promoted CP association with B. burgdorferi. Lastly, a noteworthy observation is related
to the potent activity of wtCP at both acidic and neutral pH (Figure 4. 20). This behavior stands
out from the other CP variants and underlines the importance of the Cys residues in CP. The
functions that the Cys residues play in modulating the function CP as an AMP is an avenue for
future work, and these initial results motivate us to work with wtCP in future studies.

249

7.

pH 5.1

26.
E
5
U-

o3
2

7
26.

pH 7.4

E
D5
04

0CM3
2
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CFU/mL) were incubated with 40 pM CP for 3 h at 37 *C with shaking at 150 rpm. Cultures were
plated on TSB/agar plates, allowed to incubate for 12 h at 37 *C, and colonies counted for CFU
determination. Buffer: 10 mM MES pH 5.1, or 10 mM phosphate 7.4 + 1% TSB. (mean 95% Cl,
n = 3).
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In this work, we build on prior work that documented the ability of CP to physically
associate with microbial cell surfaces.

2

6 We
6 "~eu

evaluate the bactericidal properties of CP,

and show that CP functions as an AMP under a set of specific conditions, which include acidic pH
and low divalent metal levels. We initiated phase-contrast and fluorescence microscopy studies
to image the cell morphology phenotypes caused by CP, which include cell surface roughness,
distortion, and protrusion, as well as cell lysis. These phenotypes have been observed for other
AMPs, and indicate that OP compromises the cell membrane architecture of E. coil. It remains
unclear which specific compartments are affected by OP treatment, as well as what the cellular
target of OP is. The Live-Dead staining showed that OP compromises the cell membrane of E.
coci cells, and fluorescence imaging studies demonstrated that OP affects the periplasmic integrity
of E. col cells, as evidenced by the diffusion of penplasmic GFP. However, the pore-forming
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ability of CP did not correlate with direct killing as measured by CFU count, and it is possible that
CP forms transient pores. Alternatively, CP can also interact reversibly with porins, as it was
shown for lactoferrin.
The bactericidal activity of CP was demonstrated towards a number of Gram-negative
bacterial strains, whereas Gram-positive strains were not affected by CP treatment. The
underlying molecular details for this interaction are currently unclear, and we speculate that it is
mediated by electrostatic interactions between CP and the negatively-charged LPS moieties
found on the outer-membrane of Gram-negative strains, or other cell surface lipoproteins. At
present, it is not clear whether differences in LPS types play an important role in modulating the
bactericidal properties of CP. The outer-membrane of E. coli ATCC 25922 and E. coli K12 are
composed of smooth and rough LPS respectively. Therefore, it will be informative to examine how
the MICs of CP for these two strains compare.
Furthermore, we provide initial results looking at structure-function relationship of CP and
show that despite the fact that the bactericidal activity of CP does not result from its metalsequestering properties, the presence of the transition the metal-binding sites in CP are important
contributors to its function as an AMP. We noted that wtCP displays pH-independent activity,
implicating the Cys residues in the function of CP as an AMP. Our preliminary results with wtCP
and the documented importance that Cys residues play in modulating in AMP activity serve as a
motivation for exploring the bactericidal properties of wtCP. 5 .4 4 .72 -75 The presence of disulfide
bridges is essential for the antimicrobial functions of human defensin 5 and human defensin 6, as
they confer secondary structure to the peptides and allow for proper electrostatic interactions
between the peptide and bacterial cell membrane, or within the peptide itself.5 44,72-74 Lactoferricin
B is a proteolytic fragment of lactoferrin that contains a loop region held together by a disulfide
bridge. The presence of a loop within this peptide was found to be important in the antimicrobial
activity of this peptide, by conferring rigidity and stability to the peptide, as observed for cyclic

peptides.78
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CP is a Ca(ll)-binding protein and its antimicrobial function in the extracellular space is
well established. The metal-sequestering properties of CP are modulated by extracellular Ca(ll)
levels, and CP exhibits enhanced antimicrobial activity in the presence of excess Ca(ll)."3 77- 79 In
this work, we reported that excess Ca(lI) attenuates the E. coli-cidal properties of CP, suggesting
that the bactericidal properties of CP is likely not physiologically pertinent in the extracellular
space. The intracellular functions of CP are not well understood and are connected to aspects of
Ca(ll) homeostasis, cell differentiation and regulation, and energy metabolism. 0 - 1 Within an
intracellular context where Ca(ll) levels are low, it is possible that CP can function as an AMP
upon invasion by intracellular pathogens, or during phagocytosis of pathogens when the
conditions are acidic. 2 -83 Intracellular pathogens have evolved elaborate ways to evade the host
defense and detection mechanisms,4 and the validity of this model needed to be tested.
Therefore, an evaluation of the bactericidal activity of CP against canonical intracellular
pathogens such as Shigella and Salmonella spp. will be informative.
In closing, we propose that the antimicrobial function of the human host-defense protein
calprotectin is multifaceted, and modulated by environmental and chemical factors such as pH,
NaCl and Ca(II) concentrations. The multifunctionality of antimicrobial HDPs has been reported
for other metal-sequestering proteins, such as lactoferrin,5 ,24 ,71,7s-7,8

5-86

and we noted numerous

similarities between the AMP functions of CP and lactoferrin. For example, both proteins display
enhanced bactericidal properties at acidic pH, both are resistant to high NaCl concentrations, and
both are most active in the apo state. Remarkably, lactoferrin interacts with the lipid A region of
LPS, and we speculate that a similar interaction is relevant to the function of CP as an AMP.
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Chapter 5: Biochemical Investigation of the Bactericidal Properties of
Four Human S100 Proteins: Calprotectin, S10OA7, S10OA15, and
S10OA12
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5. 1. Introduction.
Antimicrobial peptides (AMPs), which are a subgroup of host-defense peptides (HDPs),
are an evolutionarily conserved component of the innate immune response. They are found
across all the classes of life and defend against invading bacteria, fungi, and viruses.1-4 With the
rise of hospital-acquired and multidrug resistant (MDRs) infections, peptide-based antibiotics are
widely considered a potential answer to the growing problem of resistance to conventional
antibiotics.5 7 As such, fundamental research on the chemistry and biology of these peptides can
be used as a paradigm for the design of antibiotic analogues. Furthermore, increasing efforts
must be devoted to elucidate host-defense systems, and membrane-protein interactions within
the context of infectious diseases. Decades of intensive study have shown that the mechanisms
by which AMPs kill specific microbes exhibit remarkable variety from peptide to peptide. Clear
relationships between AMP structure and killing mechanisms have not yet emerged, and further
investigations in their structure-function activities are needed.
AMPs act by rapidly inhibiting microbial proliferation within the host through metabolic or
membrane disruption. 8-9 Their synthesis and secretion can be constitutive or inducible by
microbial products or pro-inflammatory cytokines, and the modes of action by which they kill
microbes are varied and may differ for different bacterial species. AMPs can destabilize biological
membranes,1 form transmembrane channels," withhold essential nutrients from pathogens,1 2 13
and have the ability to enhance immunity by functioning as immunomodulators.

4

Alternatively,

AMPs can also penetrate into cells to interfere with DNA and RNA,1 5 target intracellular processes
such as protein synthesis and folding,1 6 cell wall synthesis, 17-18 and inhibit key metabolic
enzymes.19
One of the commonly studied AMPs include the host-defense protein S100A7. S100A7 is
part of the human S100 protein family of proteins, which includes 21 relatively small (~10 kDa)
a-helical Ca(ll)-binding host-defense peptides,202 including CP, S10OA15, and S10OA12. The
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S100 proteins are found in the human host and play key roles in innate immunity. They are
multifaceted, and at least two distinct mechanisms of action have been proposed to explain the
antimicrobial activities of CP, S10OA7, and S10OA12. One involves metal-mediated growth
inhibition, whereby the proteins are able to starve pathogen of essential metal nutrients, namely
Mn, Fe, Cu, Ni, and Zn. This mode of action is a common them observed amongst the S100
proteins and is often termed nutritional immunity.22- 31 This metal-mediated growth inhibitory
mechanism is generally thought to be a bacteriostatic one that does not require a physical
interaction between the protein and pathogen, The other mechanism of action is a microbicidal
activity, resulting in direct killing of pathogens. The molecular details for this mode of action are
currently unclear.
The S1 00 proteins are interesting candidates as potential AMPs due to their high helical
character, overall cationic charge, relatively small size, and localization patterns (Figure 5.1 ).20,3233 A comparison of the structure of S10OA7 (pl = 6.27) to its S100 counterparts, namely CP (pl =
6.11), S100A12 (pi = 5.81), and S10OA15 (pl = 6.89) highlights noteworthy structural similarities.
In the apo state, the four S100 proteins exist as homodimers, or as a heterodimer in the case of
CP, of comparable sizes (21-24 kDa), with each dimer forming a stable four-helix domain with a
hydrophobic core (Figure 5. 1). Each S100 polypeptide contains two EF-hand domains where the

C-terminal EF-hand is described as "canonical" or "calmodulin-like" and the N-terminal EF-hand
is described as "non-canonical." A "canonical" EF-hand domain affords a heptadentate
coordination sphere for Ca(ll), whereas a "non-canonical" EF-hand binds Ca(II) with lower
coordination number.2 1 Furthermore, each dimer exhibits two transition-metal-binding sites,
distinct from the Ca(lI)-binding sites. The transition-metal-binding sites form at the dimer interface
and are composed of metal-binding residues from each subunit (Figure 5.1).
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Figure 5. 1. Crystal structures and charge electrostatics of (A, B) CP (PDB SW1 F)), (C, D)

S100A7 (PDB 2PSR), (E, F) S100A15 (PDB 4AQI), and (G, H) S100A12 (PDB 2WC8). Electron
potential maps are shown from -75 (red) to +73 (blue).
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A few studies of CP and S100A12 have shown that the proteins are capable of physically
interacting with the cell walls of microbes,34-38 while studies with S100A7 have established that it
possesses membrane-permeabilizing properties. 39-41 Human S10OA7 (psoriasin) was first
isolated as an AMP from keratinocytes of psoriatic skin lesions in 1 9 9 6 ,43 and is recognized as
an antimicrobial factor of the skin as well as the human tongue, esophagus and female genital
tract.39 ,4 1' 4

Early studies of CP detected the protein associated with the cell surface of larva, a

and CP and S10OA12 have been shown to interact with the surface of adult Onchocerca
volvulus.46-47 Furthermore, studies have documented the ability of CP to physically interact with
the bacterial cell wall, 45 as well as cell wall-associated bacterial proteins,36-37,48 We recently
studied the microbicidal properties of CP as described in Chapter 4, and demonstrated that CP
possesses broad-spectrum bactericidal activity against Gram-negative bacteria, while it is
generally less active or inactive against Gram-positive bacteria. The bactericidal activity was
condition-specific; CP was found to be most active at acidic pH, and its activity is attenuated in
the presence of high salinity, a behavior typical of AMPs. 49-50 Fluorescence microscopy studies
revealed that CP physically interacts with cell surface of E. coli, further supporting the notion that
CP can affect the cell wall integrity of Gram-negative bacteria.
On the basis of studies with CP, S1 00A7 that implicate these proteins as having
microbicidal functions, and motivated by the structural similarities between CP, S10A7, S1 00A1 5,
and S10OA12, we decided to (i) further probe the scope of the bactericidal activities of these four
proteins, (ii) investigate the chemical and environmental factors that affect their antimicrobial
properties, and (iii) employ microscopy studies to further understand the molecular basis of their
activities. In the experiments presented below, we employ an experimental setup that involves
broth microdilution assays slightly modified from an established protocol in order to study the
bactericidal properties of the S100 proteins. 51 This work is a systematic screen for the bactericidal
.

properties of the S100 proteins and highlights similarities and differences between these HDPs

Throughout this study, we compare the activities of the S100 proteins to CP and other AMPs. As
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a starting point, we screened the E. coli-cidal properties of the S1 00 proteins at varying salt, metal,
and pH, factors that are pertinent to the physiological environments of the proteins. We found that
the proteins were most active at acidic (pH 5.1) in the absence of added NaCl and Ca(ll), against
cultures in the mid-log phase. We therefore employ these conditions for all our solution studies,
and microscopy studies. Furthermore, we employ microscopy to visualize protein-specific cell
phenotypes, and probe the scope of the bactericidal activities of the proteins.

5. 2. Experimental Section
5. 2.1. Materials and General Methods
All solvents and chemicals were obtained from commercial suppliers and used as received.
All aqueous solutions were prepared using Milli-Q water (18.2 Mf)*cm, 0.22-pLm filter). Protein
concentrations were routinely quantified by using the calculated extinction coefficients as followed:

)

Table 5. 1. Protein extinction coefficient
Extinction coefficient* (M 1cm 1
Protein
(per dimer)
CP (CP-Ser, calprotectin)

18, 450

S100A12

5960

S1OOA7 (S100A7ox)

9190

S10OA15 (S100A15x)
*Calculated from ProtParam

9190
(E280)

The S10OA7 and S10OA15 protein variants in this study are the oxidized forms of the
proteins, with the Cys residues 47 and 96 forming an intramolecular disulfide bond within each
monomer. We confirmed by HPLC that the proteins remained oxidized over the time course of
the experiments presented in this chapter.
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5. 2. 2. Purification of CP, SIOOA7, SIOOA 15, and S1OOA12
The S100 proteins were prepared following the protocols listed below:
Table 5. 2. Purification protocols for S100 proteins

*

Protein

Reference

CP (CP-Ser, calprotectin)

52

S100A12

53

S10OA7 and variants

54

S1 00A1 5 and variants

54

The membrane permeabilization assays were carried out as reported in Section 4. 2. 5
of Chapter 4.

*

The microscopy studies and analysis were carried out as reported in Sections 4. 2. 6 and
4. 2. 7 of Chapter 4

*

The list of bacterial strains employed and the conditions used for growth are listed in Table
4. 3 of Chapter 4.

*

For the broth microdilution assays, the protein of interest (POI) was used at a final
concentration of 1000 pg/mL (40 pM for CP, S100A7, S100A15, and 44 pM for S100A12).

*

For the microscopy experiments, the protein of interest (POI) was used at final
concentration of 100 pM.

5. 3. Results and Discussion
Our solution and microscopy studies revealed that CP and S100A7 were most potent,
followed by S10OA15. S100A12 was negligibly active under any of the conditions tested. We
therefore focus our discussion on CP, S100A7, and S10OA15.
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5. 3. 1. The E. coli-cidal Activity of the S100 Proteins are pH-Dependent
As a first step, we decided to test the bactericidal activities of the four S100 proteins, CP,
S100A7, S10OA15, and S10OA12 over pH values ranging from 5.1 to 7.4. Based on the studies
carried out with S1 00A7, we speculated that the S100 proteins would be generally more active at
acidic pH, and our data agree (Figure 5. 2). Additionally, in Chapter 4, we showed that CP displays
a pH-dependent activity where the protein becomes more potent under acidic conditions. Upon
incubation with 1000 ig/mL of the protein at acidic pH, we observed complete bacterial killing
with CP and S100A7, significant cell killing with S10OA15, and no killing with S100A12 (Figure 5.
2). As the pH of the buffer was increased, the activities of the CP, S100A7, and S10OA15 were
attenuated. At pH of 7.4, CP and S100A7 were moderately bactericidal, while S10OA15 was
almost inactive. The pH-dependent bactericidal activities of CP, S100A7, and S10OA15 are
consistent with the studies on the antimicrobial activity of clavanins against E. coli ML-35p.50
Clavanins are a class of His-rich amidated a-helical AMPs originally isolated from leukocytes the
tunicate, Styela clava. In vitro assays have shown that clavanins are generally more active under
acidic conditions.2 1 0'13,40,50 Furthermore, the MICs (minimal inhibitory concentration) of CP,
10 13 17
S100A7, and S10OA15 are in the micromolar range and comparable to other AMPs, . ,

suggesting that the proteins may function as AMPs in a physiological milieu. Since we observed
the most significant difference in the activities of the proteins at pH 5.1 and 7.4, we decided to
carry out future screening tests probing the effects of salt and Ca(ll) concentrations at these two
pH values.
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Figure 5. 2. Effects of pH on the E. coli-cidal activity of the S100 proteins. E. coli ATCC 25922
cultures (1 x 101 CFU/mL) were incubated with 1000 pg/mL of CP (blue), or S100A7 (pink), or
S100A15 (green), or S10OA12 (grey) for 3 h at 37 *C with shaking at 150 rpm. Cultures were
plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and colonies counted for
CFU determination. Buffer: 10 mM MES pH 5.1, 5.5, 6.0 + 1% TSB, or 10 mM phosphate pH 6.5,
7.0, 7.4 + 1% TSB. The untreated cultures are shown in light grey. (mean 95% Cl, n = 3).

5. 3. 2. The E. coli-cidal Activity of S100 Proteins are Concentration-Dependent
Next, we investigated how the bactericidal properties of the proteins vary as a function of
their concentration. We expected that these results would allow us to compare the activities of
the S100 proteins relative to one another. Indeed, all of the S100 proteins, except for S10OA1 2,
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displayed concentration-dependent bactericidal activities and enhanced activity at acidic pH
under all concentrations tested (Figure 5. 3). CP was the most potent protein, exhibiting 100%
killing at pH 5.1 at concentrations of 125 pg/mL and higher. S100A7 and S10OA15 exhibited 100%
and 60% killing respectively at 1000 jg/mL under acidic conditions (Figure 5. 3). At 1000 pg/mL
of protein, we were able to detect differences in the protein activities relative to one another, and
therefore decided to employ this protein concentration value in our next assays.
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Figure 5. 3. Effects of protein concentration on the activity of the SIOO proteins. E. coli ATCC
25922 cultures (1 x 105 CFU/mL) were incubated with 0-1000 pg/mL of CP (blue), or S10OA7
(pink), or S100A15 (green), or S1OOA12 (grey) for 3 h at 37 *C, with shaking at 150 rpm. Cultures
were plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and colonies counted
for CFU determination. Buffer: 10 mM MES pH 5.1, or 10 mM phosphate 7.4 + 1% TSB. Errors
are displayed as shaded regions and show 95% Cl of the mean ( n = 3).
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5. 3. 3. Ionic Strength and Salinity Affect the E. coli-cidal Activities of S100 Proteins
Prior work by others showed that S10OA7 retains its bactericidal activity at high NaCl
levels,39 and we reported a similar behavior with CP in Chapter 4. To further examine the notion
that resistance to high salt is an inherent property of the S1 00 proteins, we tested the activities of
the S100 proteins against a range of NaCI concentrations from 0 to 150 mM. CP retained full
activity in the presence of 50 mM NaCl; S10OA7 displayed a gradual loss in activity, and remained
moderately active in the presence of up to 100 mM of NaCl, consistent with previously published
studies; 39 S10OA15 exhibited a salt-dependent behavior similar to S10OA7, whereas S10OA12
was inactive under all the conditions tested (Figure 5. 4). These results are noteworthy as they
suggest that the proteins are active at salt concentrations present in sweat, which are in the range
between 18 and 60 mM. 59 Increasing the NaCl levels did not significantly affect the activities of
CP, S10OA7, and S10OA15 at pH 7.4 (Figure 5. 4).
The S100 proteins are Ca(Il)-binding proteins and their functions are pertinent to their local
Ca(II) concentrations. For instance, when found in the intracellular space, Ca(lI) levels are
relatively low, in the sub-micromolar range. Once the S100 proteins are secreted into the
extracellular space, they experience Ca(II) concentrations that are orders of magnitude higher. 0
Therefore, we decided to investigate the effect of Ca(Il) supplementation on the bactericidal
activities of the proteins. We previously reported that at acidic pH, excess Ca(ll) weakens the E.
coli-cidal activity of CP (Chapter 4). Indeed, there was a significant reduction in the activity of CP
in the presence of 50 pM Ca(II), after which its activity did not diminish further (Figure 5. 5). We
observed similar trends as CP for S1 00A7 and S1 00A1 5, under acidic conditions (Figure 5. 5).
Interestingly, the degree of attenuation for S10OA7 and S10OA15 was lower than CP; S10OA7
and S10OA15 both retained full activity when incubated with up to 50 and 100 pM of Ca(II)
respectively (Figure 5. 5).
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Figure 5.4. Effects of NaCl concentration on the E. coli-cidal activity of the S100 proteins. E. coli
ATCC 25922 cultures (1 x 105 CFU/mL) were incubated with 1000 pg/mL of CP (blue), or S1 00A7
(pink), or S10OA1 5 (green), or S1 00A1 2 (grey) for 3 h at 37 *C with shaking at 150 rpm. Cultures
were plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and colonies counted
for CFU determination. Buffer: 10 mM MES pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1%
TSB. The untreated cultures are shown in light grey. (mean 95% Cl, n = 3).

The results obtained from the Ca(ll) titrations point to differences in the Ca(ll)-binding
properties of S10OA7 and S100A15 compared to CP. Along those lines, the N-terminal EF-hand
domains of S10OA7 and S10OA15 are particularly noteworthy because their loop region is three
residues shorter when compared to those of S10OA8, S10OA9, and S100A12. In addition, they
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contain a Ser residue at position 30,5' 56

,61

whereas at this position, the other S100 proteins have

a Glu/Asp residue, which is a bidentate ligand that binds Ca(II) at the N-terminal EF-hand. 61 These
structural features suggest that the N-terminal EF-hands of S10OA7 and S100A15 may be
defective in Ca(II) binding. Hence, it is possible that the attenuated effect that Ca(II) has on the
activities of S100A7 and S10OA15 is due to their lower affinities for Ca(ll) as a result of their nonfunctional or defective N-terminal EF-hands. Alternatively, Ca(II) supplementation may neutralize
the negatively charged E. coli cell membrane and disfavor protein-membrane electrostatic
interactions, thus weakening the killing activities of the S100 proteins. The latter explanation is
unlikely since addition of NaCl, which presumably has a similar effect as Ca(II) on the cell surface
charge, did not affect the activities of the S100 proteins at concentrations as high as 50 mM
(Figure 5. 4).
Different from the trends observed under acidic conditions, addition of Ca(II) had no
apparent effect on the activities of the S100 proteins at neutral pH (Figure 5. 5). The origins of
this discrepancy are not clear, and similarly to what we proposed with CP in Chapter 4, it is
possible that the proteins undergo distinct structural changes upon Ca(ll) binding at pH 5.1 and
7.4 that affect their killing activities differently.
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Figure 5. 5. Effects of Ca(ll) concentration on the E. colh-cidal activity of S100 proteins. E. coli
ATCC 25922 cultures (1 x 105 CFU/mL) were incubated with 1000 pg/mL of CP (blue), or SIOOA7
(pink), or SI OOAI 5 (green), or S1 00A1 2 (grey) for 3 h at 37 *C with shaking at 150 rpm. Cultures
were plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and colonies counted
for CFU determination. Buffer: 10 mM MES pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1%
TSB. The untreated cultures are shown in light grey. (mean 95% Cl, n = 3). * The Ca(ll) titration
could not be carried out at these Ca(ll) concentrations due to precipitation issues.
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5. 3. 4. Growth Stage of E. coli Cultures Affects the Activities of the S100 Proteins
In agreement with previous studies looking at other AMPs, the S100 proteins were found
to be less active against cultures in the stationary phase over mid-log phase at acidic pH (Figure
5. 6).2" Whilst the degree of attenuation was not negligible, CP and S10OA7 still retained
substantial activity at pH 5.1 against E. coli cultures in the stationary phase (Figure 5. 6). At pH
7.4, CP, S10OA7, and S10OA15 all had comparable activities against cultures in the mid-log and
stationary phase (Figure 5. 6).

8 - Stationary, pH 5.1

Stationary, pH 7.4

-

6

4E
32A
L.

Figure 5. 6. Effects of E. coil growth stage on the activity of the 5100 proteins. E. coil ATCC
25922 cultures (1 x I105 CFU/mL) were incubated with 1000 pg/mL of CP (blue), or SI1OOA7 (pink),
or S100A15 (green), or S100A12 (grey) for 3 h at 37 *C with shaking at 150 rpm. Cultures were
plated on TSB/agar plates, allowed to incubate for 12-14 h at 37 *C, and colonies counted for
CFU determination. Buffer: 10 mM MES pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1%

TSB. The untreated cultures are shown in light grey. (mean

95% Cl, n = 3).
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Taken together, the results from our solution studies suggest that CP, S100A7, and
S100A15 possess E. co/i-cidal properties, and are the most active at acidic pH against cultures
in the mid-log phase. The proteins seem relatively resistant to the effect of high salt but are
inactivated in presence of excess Ca(lI) under acidic conditions. Interestingly, Ca(ll) or NaCI
supplementation, as well as the growth stage of the E. coli cultures did not affect the killing
activities of the proteins at pH 7.4. This observation is unusual as it contrasts to the behaviors of
the proteins at acidic pH, and hints at the possibility of different antimicrobial mechanisms of
action at pH 5.1 vs 7.4. How those mechanisms differ is not clear. However, a scenario whereby
the proteins turn on their functions as metal-sequestering factors at pH 7.4, and display a
bacteriostatic mechanism of action is plausible. For instance, Lactoferrin, a well-recognized hostdefense peptide possesses both bacteriostatic and bactericidal properties. 12

5. 3. 5. The S100 Proteins Compromise the Bacterial Membrane of E. coli
On the basis of the results from our solution studies, we then conducted microscopy
studies to investigate the effects S1 00 proteins on E. coli cells. Phase-contrast and fluorescence
microscopy were previously employed to probe the effect of CP treatment on cells (Chapter 4).
CP was found to permeabilize the cell wall of E coli and other Gram-negative strains, cause
distinct morphological cell phenotypes, and physically interact with E. coli cells under acidic
conditions. In order to facilitate the visualization of more cells per microscopy experiment, we
modified the broth microdilution assays that employed mid-log phase bacteria at 1 x 10*5 CFU/mL.
Instead, we used a greater number of cells (1 x 108 CFU/mL) and higher protein concentration
(100 pM), and carried out the microscopy studies at pH 5.1. Under those conditions, CP, S1 00A7,
and S10OA15 were at concentrations below their MICs, and were nonetheless capable of
permeabilizing the membrane of cells resulting into morphological phenotypes. Therefore, these
conditions allowed us to visualize enough cells as well as quantify cell morphology phenotypes.
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Figure 5. 7. Effects of CFU on the activity of the S100 proteins. E. coli ATCC 25922 cultures
were incubated with 1000 pg/mL of CP (blue), or S1 00A7 (pink), or S1 OOAI 5 (green), or S10OA1 2
(grey) for 3 h at 37 *C with shaking at 150 rpm. Cultures were plated on TSB/agar plates, allowed
to incubate for 12-14 h at 37 *C, and colonies counted for CFU determination. Buffer: 10 mM MES
pH 5.1 + 1% TSB, or 10 mM phosphate pH 7.4 + 1% TSB. The untreated cultures are shown in
light grey. (mean 95% Cl, n = 3).
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First, a Live-Dead stain was employed to quantify the number of cells with compromised
membranes due to S100 treatment; cells with compromised membranes stained red or less
frequently yellow, and cells with intact membranes stained green. As expected, the untreated
cells were found to stain mostly green, with less than 10% of cells staining red (Figure 5. 8, Figure
5. 9). Upon treatment with CP, S100A7, and S10OA15, 88%, 77%, and 62% of cells had
compromised cell membranes respectively, whereas only 16% of cells stained red upon S1 0OA1 2
treatment (Figure 5. 8, Figure 5. 9). The number of cells with a compromised cell wall was
consistent with the results on the E. coli-cidal activities of the proteins determined by the broth
microdilution assays (Figure 5. 2). It is worth noting that under this experimental setup we found
that the Live-Dead stain did not directly report on live and dead cells, but instead reported on cells
with compromised cell walls as evidenced by CFU titrations where we observed no decrease in
CFU cound at the two highest CFU tested (Figure 5. 7). We have reported a similar observation
with CP in Chapter 4, and postulate that the membrane pores caused by the S100 proteins may
not be the direct cause of their E. coli-cidal activity. This phenomenon has been reported with a
multitude of other AMPs that can bind and insert into bacterial membranes without causing
significant permeabilization.12 6- 5 The discrepancy between the membrane-permeabilizing and
effective killing properties of the S100 proteins are unclear and warrant further exploration.
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Figure 5. 8. The S100 proteins affect the cell wall integrity of E. coli ATCC 25922. Phase-contrast
and fluorescence imaging of E. cofi 25922 (1 x 108 CFU/mL) in the absence and presence of 100
pM of S1 00 protein. Cells were incubated for 3 h at 37 *C and shaking at 150 rpm prior to imaging.
The Live-Dead stain was added 15 min prior to imaging. Buffer: 10 mM MES pH 5.1 + 1% TSB,
(n = 3). Scale bar is 5 gm.
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Figure 5. 9. Effects of S1 00 treatment on E. coli ATCC 25922 cell wall integrity. Number of cells
staining green, yellow, or red was counted. E. coli ATCC 25922 (1 x 108 CFU/mL) were treated
with 100 pM of S100 protein. Cells were incubated for 3 h at 37 *C and shaking at 150 rpm prior
to imaging. The Live-Dead stain was added 15 min prior to imaging. The number above each bar
indicates the number of cells counted. Buffer: 10 mM MES pH 5.1 + 1 %TSB (n = 3).

5. 3. 6. The S100 Proteins Induce Morphological Changes in E. coli
E. coli cells treated with S10A7 and S10OA15 exhibited membrane curvature, distortion,
and roughness (Figure 5. 9, Figure 5. 10), phenotypes that were observed with CP treatment
(Chapter 4); these phenotypes are likely caused by a perturbation in the outer and/or inner
membrane morphology.' In the case of S100A7, the occurrence of protrusion from the cell wall
at cell division sites was also observed (Figure 5. 9). While these morphology studies do not
provide direct information on the mechanisms of actions of S10OA7 and S10OA15, they suggest
that the proteins are able to bind and interact with the bacterial cell membrane of E. coli, and
cause the observed morphological changes. Interestingly, S10OA12-treated cells were
indistinguishable from the untreated cells, and displayed a comparable Live-Dead staining pattem
(Figure 5. 8, Figure 5. 9).
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A Phenotype 1: Cell membrane curvature and roughness

B Phenotype 2: Protrusion at cell division site

Figure 5. 10. S1OOA7 causes distinct morphological changes to E. cofi cells. Phase-contrast and
fluorescence imaging of E. cofi 25922 (1 x 108 CFU/mL) in the absence and presence of 100 pM
S10OA7. (A) Curvature, roughness, and distortion of cells observed upon S10OA7 treatment. (B)
Protrusions on the cell surface of cells observed upon S10OA7 treatment. Cells were incubated
for 3 h at 37 *C, with shaking at 150 rpm prior to imaging. The Live-Dead stain was added 15 min
prior to imaging. Buffer: 10 mM MES pH 5.1 + 1% TSB, (n = 3). Scale bar is 5 pm.

A Phenotype 1: Cell membrane curvature

Figure 5. 11. S10OA15 causes distinct morpholo ical treatment on E. col cells. Phase-contrast
and fluorescence imaging of E. cofi 25922 (1 x 10 CFU/mL) in the absence and presence of 100
pM S10OA15. (A) Curvature of cells observed upon S100A7 treatment. Cells were incubated for
3 h at 37 *C, with shaking at 150 rpm prior to imaging. The Live-Dead stain was added 15 min
prior to imaging. Buffer: 10 mM MES pH 5.1 + 1% TSB, (n = 3). Scale bar is 5 pm.
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5. 3. 7. The S 100 Proteins Affect the Cell-Length Distribution of E. coli
Because the S100-treated cells were a mix of cells staining green, red, and yellow, we
divided the S100-treated cells into two categories based on their Live-Dead staining. Cells that
stained red or yellow were considered to have a compromised cell wall, and grouped together as
"red" cells (Figure 5. 12A), while cells that stained green were considered to have an intact cell
wall and grouped together as "green" cells (Figure 5. 12B). This categorization simplified the
analysis for the cell length distribution for S100-treated and untreated cells. To further simplify our
analysis, we only considered cells that stained green for the untreated cell population, as less
than 10% of the untreated cells stained red (Figure 5. 9).
A comparison of the bacterial cell length distribution of CP- and S100A7-treated "red" cells
to the untreated cells showed that these two cell populations were statistically different from the

untreated population (P < 0.001), whereas the S10OA15- and S10OA12-treated cell populations
were not (P > 0.05) (Figure 5. 12A). These trends are consonant with the killing activities of the
S100 proteins reported from the broth microdilution assays, whereby CP and S10OA7 are the
most potent ones, followed by S100A15, while S100A12 displayed no killing activity (Figure 5. 2).
On average, the CP-treated red cells were longer than the untreated cells (2.34
S100A7-treated red cells were shorter than the untreated cells (2.09

0.05 pm), and

0.07 pm) (Figure 5. 13).

When this comparison was extended to S100-treated "green" cells, we remarked that S100treated "green" cells were on average shorter than the untreated control (Figure 5. 13).
Interestingly, the cell length profile of green cells treated with S100A7, S100A15, and S100A12
were statistically different (P< 0.001) from the untreated cells (Figure 5. 12B), whereas CP-treated
cells were not (Figure 5. 12B, Figure 5. 13). We speculate that the root of this discrepancy is due
to the small number of CP-treated "green" cells (n = 70). Taken together, these results show that
CP-treated cells with a compromised cell wall display aberrant cell phenotypes in the form of cell
elongation. On the other hand, S100A7, S10OA15 and S10OA12 treatment results in cell
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shortening, implying that the proteins inhibit cell growth and may act through a bacteriostatic mode
of action.
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Figure 5. 12. Cell length profile upon S100 treatment. The cell length of untreated cells were
compared to S100-treated "green" (A) and "red" (B) cells. E. col ATCC 25922 (108 CFU/mL) were
treated with 100 pM of SIOO protein. Cells were incubated for 3 h at 37 *C and shaking at 150
rpm prior to imaging. The Live-Dead stain was added 15 min prior to imaging. Buffer: 10 mM MES
pH 5.1 + 1% TSB (n = 3). The number in the bottom left corner indicates the number of cells
measured. *** P < 0.001.
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Figure 5. 13. Cell length average of untreated and S1 00-treated cells. The cell length average of
untreated cells were compared to S1 00-treated "green" and "red" cells. E. coli ATCC 25922 (108
CFU/mL) were treated with 100 pM of S100 protein. Cells were incubated for 3 h at 37 *C and
shaking at 150 rpm prior to imaging. The Live-Dead stain was added 15 min prior to imaging.
Buffer: 10 mM MES pH 5.1 + 1% TSB (mean 95% Cl, n = 3). The values presented in the plot
represent the cell length mean (pm) for each condition.

5. 3. 8. The S100 Proteins Display Broad-Spectrum Bactericidal Activity against Gram-negative
Strains
The scope of the bactericidal activities of the S100 proteins are limited to a few studies
and warrant further assessment. Early studies of CP and S100A12 have documented that they
7
can associate with the cell surface of parasites5.4-4 and bacterial pathogens,38 but no direct

evaluation of their killing activities was provided. In the case of S10OA7, it is well documented to
be an E. coli-cidal factor,3 " 0 and a study reported that it was slightly active against Bacillus
megaterium. 40 To the best of our knowledge, there have been no studies documenting the
microbicidal activities of S100A12 and S10OA15. We recently probed the bactericidal activity of
CP against a panel of bacterial strains and found that it was a broad-spectrum Gram-negative
AMP, whereas it was less active or inactive against Gram-positive strains (Chapter 4). We
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therefore decided to expand upon the scope of the bactericidal activities of S10OA7, S10OA15,
and S1 00A1 2 by testing them against the same panel of bacterial strains that was used with CP.
This panel of strains included the Gram-negative strains Acinetobacter baumannii ATCC 17978,
Escherichia coli UT189, and Pseudomonas aeruginosa PAO1, and the Gram-positive strains
Listeria monocytogenes ATCC 19115 and Staphylococcus aureus JE2.
In agreement with the results obtained from our assays with E. coli, the proteins were
generally more active at acidic pH, and S100A12 was found to be inactive against all the strains
tested (Figure 5. 14). Treatment of A. baumannii, E. coli, and P. aeruginosa with CP, S10OA7,
and S10OA15 resulted into complete killing of the cultures under acidic conditions, while the
growth of the Gram-Positive strains L. monocytogenes and S. aureus were unaffected (Figure 5.
14). There results suggest that the bactericidal properties of CP, S10A7, and S100A15 can be
generalized to include Gram-negative strains but not Gram-positive strains. Of note, L.
monocytogenes was found to be slightly susceptible to CP, S10OA7, and S100A15 at neutral pH
but not at acidic pH. The origins of this trend remain unknown, but could point to a mechanism of
Zn(ll)-mediated growth-inhibition, a mechanism previously described for CP, S100A7, and
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Figure 5.14. Antibacterial activities of the S100 proteins against A. baumanniiATCC 17978 (A.b),
E. coli UT189 (Ec), P. aeruginosa PA01 (P.a), L. monocytogenes ATCC 19115 (L.m), and S.
aureus JE (S.a). Cell cultures (1 x 108 CFU/mL) were incubated with 1000 pg/mL of CP (blue), or
S10A7 (pink), or S10OA15 (green), or S10A12 (grey) for 3 h at 37 *C with shaking at 150 rpm.
Cultures were plated on TSB/agar plates, allowed to incubate for 12-20 h at 37 'C, and colonies
counted for CFU determination. Buffer: 10 mM MES pH 5.1 + 1% TSB, or 10 mM phosphate pH
7.4 + 1% TSB. The untreated cultures are shown in light grey. (mean 95% Cl, n = 3).
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5.4. Summary and Outlook
In summary, we have screened the bactericidal properties of four S100 proteins that
include CP, S100A7, S10OA15, and S100A12, and have shown that all but S100A12 possess
bactericidal properties. We have characterized conditions under which they are most active and
have found that the proteins are effective bactericidal agents under acidic conditions, and remain
active at salt concentrations that are physiologically relevant. CP, S100A7, and S10OA15 were
found to be active against all the Gram-negative strains tested suggesting that they are broadspectrum AMPs against Gram-negative strains. We postulate that such activity is as a result of
the electrostatic interaction between the cationic the S1 00 proteins, and anionic LPS moieties on
the cell outer-membrane of Gram-negative strains."
S100A12 stands out from the other S100 proteins as the only one that does not possess
bactericidal activity under any of the conditions tested. S100A12 possess similar secondary
features and pi value as the other S100 proteins (Figure 5. 1), and the molecular basis for this
difference in activity is not apparent to us. Prior studies have reported that a C-terminal fragment
of S1 00A1 2 isolated from human nasal airways named calcitermin, possesses bactericidal activity
against Candida albicans, E. coli, L. monocytogenes and P. aeruginosa at acidic pH." Hence, it
is possible that while the full-length S100A12 is inactive as an AMP, proteolytic cleavage of

S10OA12 by the host or microbes generates a potent S10OA12-derived AMP. This strategy of
AMP activation upon proteolytic processing has been observed with other AMPs, including human
defensin 6 (HD6), dermcidin-1, and lactoferrin.2 , 2 707
, 1 Indeed, HD6 it is stored as a premature
inactive form with an N-terminal extension, and subsequent cleavage of this region by trypsin
generates an active form of the peptide with host-defense function.70 ,72 -7 1 Dermcidin-1 (DCD-1) is
a processed form of dermcidin, a human AMP secreted by sweat glands, which shows
antimicrobial activity against a variety of pathogen microorganisms.71 In the case of lactoferrin,
Saito and coworkers demonstrated that limited acid proteolysis of bovine lactoferrin yielded a
hydrolysate that had greater antibacterial activity than lactoferrin,

and Bellamy and coworkers
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described the generation of lactoferrin fragments from pepsin hydrolysis, termed lactoferricins,
that showed enhanced bactericidal activity but no iron-binding capacities.7 76
- As such, proteolytic
cleavage products of S10OA12 and other S100 proteins warrant consideration since this
regulation would conveniently allow for spatial and temporal activation of S1 00-derived AMPs.
Taken together, this work demonstrates the multifunctionality of the antimicrobial functions
of the S1 00 proteins, and sets the groundwork for understanding factors that modulate the killing
activities of the S100 proteins. However, several unanswered questions remain and warrant
further investigation; it is unclear what processes regulate the bacteriostatic and bactericidal
activities of the S100 proteins. Furthermore, the synergistic effect on the antimicrobial activities
of the S100 proteins is another avenue for future investigation since CP and S100A12, and
S100A7 and S10OA15 are co-expressed and co-released.58 617779 Therefore, efforts to further
investigate these notions will be informative.
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Appendix A: Preparation of the Oxidized and Reduced Forms of
Psoriasin (S100A7)

This Chapter is adapted from Meth. Mol. Biol. 2018, Accepted.
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A. 1. Introduction

Human S10OA7 (psoriasin), is a metal-chelating host-defense protein that is a member of
the S100 family of Ca(li)-binding proteins." 4 Its antimicrobial activity has been the subject of
several investigations. S1OOA7 has been reported to be an E. coli-cidal factor on the skin, human
tongue, and female genital tract,5 7 and to have the capacity to permeabilize bacterial
membranes.' Furthermore, S10OA7 has been shown to exhibit Zn(Il)-mediated growth inhibitory
properties against select bacterial and fungal species.',1 S100A7 may also act as a solid-phase
barrier at the surface of epithelial cells, thus preventing microbial invasion during wound healing.
These examples indicate that the contributions of S1 00A7 to host defense are complex and multifaceted, and we reason that further biochemical and biophysical studies of the protein will inform
the molecular basis for how it performs known and as-yet unidentified biological functions.
In its native state, apo S1 00A7 exists as a 22-kDa homodimer composed of two noncovalently linked antiparallel monomer subunits (101 residues, 11 kDa).1 2'

13

Each S10OA7

monomer contains two Ca(ll)-binding EF-hand domains. The C-terminal EF-hand domain is
referred to as "canonical" and binds Ca(II) in a 7-coordinate manner. The "noncanonical" Nterminal EF-hand coordinates Ca(II) in a 6-coordinate geometry.'

14

In addition to the Ca(ll)-

binding sites, S10OA7 houses two His3Asp motifs at the dimer interface, composed of residues

His87 and His9l of one monomer, and residues His18 and Asp25 of the other monomer. The
His 3Asp sites each coordinate Zn(II) in a distorted tetrahedral geometry to afford a 2:1
Zn(II):S1OOA7 homodimer complex.13
Each S100A7 polypeptide contains two Cys residues, Cys47 and Cys96, that can exist as
free thiols (S100A7re), or can form an intramolecular disulfide bond (S1O0A70 x). Cys96, and
hence the disulfide bond, is in close proximity to His9l of the metal-binding motif,12 14 and disulfide
bond formation and reduction are reported to affect the transition-metal-binding properties and
antimicrobial activity of S100A7.' 10 Furthermore, both S10OA7.x and S10OA7red have been
detected in human specimens, 5-7'1 0 and biochemical studies support the notion that both redox
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forms of S1 00A7 are physiologically relevant.9' 10
Herein, we present a procedure for the purification of S10OA7.x and S10OA7red, and
provide an overview of methods that can be employed to evaluate the redox state and integrity of
the purified proteins. These methods are based on published biochemical studies of S10OA7. 9
Briefly, S100A7 is obtained in high yield and purity following recombinant expression in E. coli
BL21(DE3) cells, two chromatography steps, and dialysis. The chromatography steps involve
anion-exchange chromatography (AEC), followed by size-exclusion chromatography (SEC).
S1 0OA7red is obtained by dialyzing and storing the protein in the presence of DTT, and a procedure
that involves the Cu(ll)-catalyzed oxidation of thiols to disulfides is employed to obtain S100A7x.
While unusual, this oxidation method has been utilized to generate intra- and intermolecular
disulfide bonds in other proteins, including S100B and oxyhemoglobin. 15-17 The assays described
in this chapter include analytical RP-HPLC, mass spectrometry, thiol quantification, and a
competition titration for determining the stoichiometry of Zn(ll) binding by S10OA7.

A. 2. Materials
1. All solvents and chemicals are obtained from commercial suppliers and used as received.
2. All aqueous solutions are prepared using Milli-Q water (18.2 M9 *cm, 0.22-Im filter).
3. Protein concentrations are routinely quantified by using the calculated extinction
coefficients for the S100A7 homodimer (ProtParam: E280= 9190 M' 1cm 1 for S100A7ox and
E280

= 8940 M-1cm' for S100A7red). All protein concentrations are for the S10OA7

homodimer and reported stoichiometries are for the S1 00A7 homodimer.

A. 2. 1. Commercial Materials and Reagents Preparations
1.

The S100A7 synthetic gene is obtained from ATUM (formerly DNA2.0).
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2. The pET41a expression vector is obtained from Invitrogen.
3. To reduce metal-ion contamination,' plastic spatulas are used to transfer reagents.
4. All metal stock solutions are prepared in acid-washed volumetric glassware and
transferred to sterile polypropylene tubes for long-term storage.
5. Stock solutions of Zn(II) (100 mM, 100 mL) and Cu(II) (100 mM, 100 mL) are prepared
from 99.999% anhydrous ZnCl 2 and 99.999% CuC 2 , respectively, and Milli-Q water.2
Working solutions are prepared by diluting the stock solutions in Milli-Q water.
6. Stock solutions of Ca(II) (1 M, 100 mL) are prepared from 99.999% CaC 2 and Milli-Q
water. Working solutions are prepared by diluting the stock solutions in Milli-Q water.
7. Reagents employed for the indicated purposes were purchased from the following
suppliers:

Purpose

Reagent

Supplier

Protein
overexpression &
purification

Luria Bertani (LB)
99.5% HEPES
TraceSELECT NaCl
Guanidinium hydrochloride (GuHCI)
Dithiothreitol (DTT)

Becton Dickinson
MilliporeSigma
MilliporeSigma
MilliporeSigma
VWR Life Science

EDTA disodium salt dehydrate

VWR Life Science

Chelex resin

Bio-Rad

Solution studies

Ultrol grade HEPES (free acid)
Tris Hydrochloride
DMSO
Zincon monosodium salt'

Calbiochem
J. T. Baker
MilliporeSigma
MilliporeSigma

pH adjustment

TraceSELECT aqueous NaOH

Fisher Scientific
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A. 2. 2. Zincon preparation
For the Zn(ll) competition titration experiment, the competitor Zincon is employed.'

19

1. Stock solutions (=10 mM) of Zincon are prepared in methanol, aliquoted into 200-pL
portions, and lyophilized to dryness.3
2. Each aliquot is thawed only once and dissolved in 200 pL of Milli-Q water.
3. The Zincon concentration is confirmed (=10 mM) by preparing a sample of Zn(Il)-bound
Zincon (=20 pM) and using the reported extinction coefficient of this complex at 621 nm. 8
20

A. 2. 3. Buffer for Protein Purification

Buffers employed for the purification of S100A7 are prepared with the compositions
described below, and sterile-filtered through a 0.22-pm bottle-top filter prior to use.

Buffer (1 L)

Composition

lysis buffer A:

50 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100,
pH 8.0, 5 mM DTT, 1 mM PMSF*

lysis buffer B:

50 mM Tris, 100 mM NaCl, 4 M GuHCI, pH 8.0

MonoQ buffer A:

20 mM HEPES, pH 8.0

dialysis buffer:

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 7.5

75 mM HEPES, 100 mM NaCl, pH 7.0
metal-bindina
buffer:
* PMSF stock solutions (100 mM) are prepared in ethanol, stored at -20 *C, and
added to lysis buffer A prior to lysis.
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A. 2. 4. Equipment for Protein Purification.
1. An AKTA purifier (GE Lifesciences) housed at 4 0C and outfitted with a 150-mL Superloop
(GE Lifesciences) is employed for chromatographic purification.
2. S100A7 is purified in two chromatographic steps: anion-exchange chromatography (AEC)
is first performed using a MonoQ 10/100 GL column (GE Lifesciences), followed by sizeexclusion chromatography (SEC) using a Superdex 75 10/300 GL column (GE
Lifesciences).

A. 2. 5. Equipment for Optical Absorption Spectroscopy.
1. Optical absorption spectra are collected on a Beckman Coulter DU 800 spectrophotometer
thermostatted at 25 *C with a Peltier temperature controller.
2. Quartz cuvettes (1-cm path length, Starna) are employed for all optical absorption
measurements of samples of purified proteins.
3. Plastic cuvettes (1-cm path length, VWR) are employed for monitoring bacterial culture
growth by the culture optical density at 600 nm (OD 6oo).
4. Observed OD600 values are reported throughout this protocol as benchmarks; however,
these values will vary from instrument to instrument.

A. 3. Methods
The general methods described in this section can be used to purify S10OA7 variants obtained
by site-directed mutagenesis, as well as S10OA15.4 S10OA15 shares high sequence homology
with S10A7, and the S100A15 homodimer has two His 3 sites that coordinate Zn(l1).21

4

A. 3. 1. Design of the synthetic gene for S100A7. A synthetic gene for human S10OA7 optimized
for E. co/i codon usage includes an N-terminal Ndel restriction site (N-terminal Met residue
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encoded by the Ndel site) and a C-terminal stop codon followed by an Xhol restriction site.
E. coli optimized nucleotide sequence Ndel-S100A7-Stop-Xhol:
CATATGAGCAACACCCAGGCAGAACGTAGCATTATTGGTATGATTGACATGTTTCACAAAT
ACACGCGCCGTGATGATAAGATCGACAAACCGTCGCTGCTGACGATGATGAAAGAGAACT
TCCCGAATTTTCTGTCTGCCTGCGATAAGAAAGGCACCAATTATCTGGCGGACGTGTTCGA
AAAGAAAGACAAAAACGAGGACAAGAAGATCGACTTTAGCGAGTTCTTGTCCCTGCTGGGT
GATATCGCGACCGATTACCATAAGCAAAGCCACGGCGCTGCGCCGTGTAGCGGTGGTAGC
CAGTAACTCGAG
Translated sequence for Ndel-S100A7-Stop-Xhol: H M S N T Q A E R S I I G M I D M F H K Y
TRRDDKIDKPSLLTMMKENFPNFLSACDKKGTNYLADVFEKKDKN
E D K K I D F S E F L S L L G D I A T D Y H K Q S H G A A P C S G G S Q Stop L E

A. 3. 2. Sub-cloning of the Human SIOOA7 Gene

1. The codon-optimized gene is obtained in the pJ201 vector from DNA 2.0.
2. The gene is amplified by PCR, digested with NdelIXhol, ligated into the pET-41a vector
with T4 DNA ligase to afford pET41a-SIOOA7, and the resulting plasmids are transformed
into chemically-competent E. coli TOP10 cells. This plasmid affords full-length S10OA7
with no tags attached.
3. The pET41a-SIOOA7 expression plasmids (verified by DNA sequencing) are transformed
into chemically-competent E. coli BL21 (DE3) cells for protein overexpression.
4. Cell stocks of E. co/i BL21(DE3) containing pET41a-S100A7 are prepared by growing E.
coli in LB containing 50 pg/mL kanamycin to saturation. Aliquots were frozen in 25%
glycerol and stored at -80 *C.

A. 3. 3. Purification of Human SIOOA 7
The protein purification is described for an overexpression carried out in 2 L of culture,
and the procedure affords protein yields that range from ~30-50 mg/L.

Day 1 - Plating of E. coli BL2 I (DE3)
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1. Using an inoculating loop, streak E. co/i BL21(DE3) that contain pET41a-SIOOA7 onto a
LB/agar plate containing 50 pg/mL kanamycin and incubate the plate for =20 h at 37 OC.

Day 2 - Ovemight culture
2. To a sterile 250-mL baffled flask, add 40 mL of LB medium supplemented with 50 pg/mL
kanamycin, inoculate the medium with a single colony from the LB/agar plate, and
incubate the culture ovemight (14-16 h, 37

0C,

150 rpm).

3. Prepare and autoclave 2 L of LB medium in a 4 L flask, and incubate the medium overnight
at 37 *C.

Day 3 - Overexpression
4. Measure the optical density of the overnight culture at 600 nm (OD600 ), which should be
=1.5-2.5.
5. Add 50 pg/mL kanamycin (final concentration, 1:100 dilution from a 50 mg/mL stock
solution in water) into the 4-L baffled flask containing 2 L of LB medium, and dilute a 20mL volume (1:100 dilution) of the overnight culture into the medium. Transfer the resulting
culture to an incubator-shaker (37

6.

0C,

150 rpm).

Record the OD600 of the bacterial culture every 30 min and induce overexpression at
OD600 = 0.4 by adding IPTG to a final concentration of 125 pM. The cultures should reach
an OD600 = 0.4 after about =1.5 h if the LB medium was pre-warmed overnight.

7. Incubate the culture (37 C, 150 rpm) for an additional 4-4.5 h after induction, and measure
the OD600 of the cell culture, which should be =3.
8. Harvest the cells by centrifugation (3210 g, 15 min, 4

0C)

and discard the supernatant.

9. Transfer the cell pellet to a sterile 50-mL centrifuge tube. Flash freeze the pellet in liquid
nitrogen and store at -80

0C

until future use.
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This procedure typically yields ca. 4 g of cells / 2 L of culture (wet weight), which can be
stored at -80 *C for up to four months. 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. Successful overexpression should show an intense band at ~-11 kDa
in the post-induction sample, corresponding to the S10OA7 monomer (Figure A. 1).

Days 4-5 - Cell lysis and protein refolding
The following steps should be carried out at 4

0C

and buffers should be equilibrated and stored

at 4 0C (in a cold room or on ice).
10. Thaw a cell pellet from a 2-L culture on ice, and resuspend the pellet in 100 mL of lysis
buffer A.
11. Transfer the resuspension to an ice-cold stainless-steel beaker and sonicate the
resuspension on ice at 40% amplitude for 5 min (30 s on, 10 s off).
12. Centrifuge the resulting cell lysate (20,200 g,10 min, 4 0C).
13. Transfer the supernatant, which contains soluble aggregated S100A7, to a 150-mL glass
beaker housing a magnetic stir bar in the 4 *C cold room.
14. Weigh out 38 g of ammonium sulfate, and slowly add the entire portion to the supernatant
over 15-20 min with constant stirring. This step yields a 60% saturated ammonium sulfate
solution and causes contaminating proteins to precipitate.5
S100A7 is soluble in up to 80% saturated ammonium sulfate and remains in the soluble portion
of the mixture.
15. Once the entire portion of ammonium sulfate has been added, allow the solution to stir
gently at 4

0C

for 60 min.

16. Centrifuge the mixture (20,200 g, 10 min, 4

0C)

and quickly transfer the supematant to an

ice-cold clean glass beaker. If necessary, use a plastic spatula to remove any greasy

clumps.
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17. Weigh out 25 g of ammonium sulfate, and slowly add the entire portion to the supernatant
over 10 min while stirring to bring the final saturation level of ammonium sulfate to 90%.
S1 00A7 precipitates at an ammonium sulfate saturation level of 90%.
18. Once the entire portion of ammonium sulfate has been added, allow the solution to stir
gently at 4 0C for 60 min.
19. Centrifuge the mixture (20,200 g, 10 min, 4 0C). Quickly decant the supernatant to prevent
the pellet, which contains S100A7, from re-dissolving.
20. Keep the pellet at 4 *C, and add a 1 00-mL portion of lysis buffer B to resolubilize the pellet.
Incubate the mixture on ice or in the cold room with occasional and gentle swirling to
dissolve the S10OA7 pellet.
This steps typically requires ca. 30 min and affords S10OA7 in a soluble and denatured state. The
following step allows for the refolding of S10OA7.
21. Transfer the resulting supernatant, which contains denatured S10OA7, to a dialysis bag
(Spectropor3 10 KDa MWCO) for three rounds of dialysis against 4L of dialysis buffer
for >12 h each. Include 1 mM DTT in the dialysis buffer for the first round of dialysis, but
not for the latter rounds.6

After dialysis, the refolded protein is purified by AEC and SEC - see Days 6-7.
22. The day before the chromatography steps, pre-equilibrate the S75 column with 1 column
volume (CV) of S75 buffer.7

Days 6-7 - Protein purification using an FPLC AKTA purifier (AEC and SEC)
Over the course of the refolding process described above, a small portion of S100A7 forms an
insoluble aggregate and accumulates at the bottom of the dialysis bag as a white precipitate.
23. Pellet the precipitated protein from the dialysate by centrifugation (20,200 g, 10 min, 4 CC).
Decant and vacuum filter the supernatant using a 0.22-pm bottle-top filter.8
24. Load the filtrate (~120 mL) onto the Superloop.
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25. Wash the MonoQ column with 2 CV of Milli-Q water, followed by equilibration with 2 CV
of MonoQ buffer A, 2 CV of MonoQ buffer B, and 2 CV of MonoQ buffer A (2 mL / min flow
rate).
26. Load =60 mL of the protein solution from the Superloop onto the MonoQ column and elute
the proteins with a gradient of 0-10% B (A: MonoQ buffer A, B: MonoQ buffer B) over 12
CV at a flow rate of 2 mL / min. (Figure A. 2). This step should take between 110-130 min
depending on the injection volume. The fractions corresponding to the folded S100A7
homodimer elute at =5% B (Figure A. 2).
27. Repeat steps 25 and 26, loading the rest of the protein sample from the Superloop.
28. Collect and pool the fractions containing dimeric S100A7 (Figure A. 2) and concentrate
the protein by centrifugation to a final volume of =10 mL (15-mL Amicon 10-kDa MWCO
spin filter). This step typically requires 2-3 rounds of centrifugation (3210 g, 20 min per
round, 4

0C).

29. Load the concentrated S100A7 sample onto the pre-equilibrated S75 column,vi and elute
the protein over 1 CV at a flow rate of 1 mL / min.
30. Collect and pool the fractions containing S10OA7 (Figure A. 3) and measure the protein
concentration using the calculated extinction coefficient for S10OA7red. At this stage, the
protocol should yield =20-25 mL of -90 pM protein that is predominantly S1 00A7red (Figure
A. 4).
Steps 31-35 describe the step to obtain homogeneous S10OA7red and S100A7ox.9
31. For S10OA7red, dialyze the purified protein against 1 L of metal-binding buffer, containing
1 mM DTT and =10 g Chelex resin (Biorad), at 4

OC

for =12 h (Spectropor3 3500 Da

MWCO dialysis bag). Analytical HPLC (Table A. D. 1, Figure A. 4) may be employed to
ascertain the speciation of S100A7 and confirm it is fully reduced prior to the next steps.
32. The dialysate containing S10A7red is then passed through a 0.22-pm syringe filter to
remove any contaminating Chelex.
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33. Go to step 38 for the storage of S1OOA7red.
34. For the Cu(Il)-catalyzed oxidation to obtain S100A7ox, dilute the purified protein from step
30 =4-fold to =20 pM in S75 buffer (equilibrated at room temperature), and transfer the
solution to a 150-mL glass beaker.
35. Add three equivalents of Cu(II) (60 pL from a 100-mM Cu(Il) stock solution for 100 mL of
20 pM S100A7) dropwise to the protein solution, and incubate the mixture at room
temperature for 2 h with stirring.1 0 Some precipitate may form over the course of the
oxidation, and can be removed by centrifugation (3210 g, 10 min, 4 0C). After 2 h, analyze
a reaction aliquot by analytical RP-HPLC to confirm that the reaction reached completion
(Figure A. 4).
36. Transfer the resulting solution of S100A7ox to a Spectropor3 3500 MWCO dialysis bag and
dialyze overnight against 1 L of metal-binding buffer containing -10 g Chelex resin, and 1
mM EDTA at 4 *C.
37. Remove the EDTA by two rounds of dialysis against the metal-binding buffer (2 x 4 L, =1 2
h per dialysis, 4 *C).
38. Following dialysis, S10OA7red and S100A7ox are concentrated using a 15-mL Amicon 10kDa MWCO spin filter (3210 g, 4

0C)

to >500 pM, partitioned into sterile microcentrifuge

tubes as 50-pL aliquots, flashed frozen in liquid nitrogen, and stored at -80 *C until further
use. Prior to any experiments, the proteins are analyzed by SDS-PAGE and analytical RPHPLC (Figure A. 5).11

A. 3. 4. Zinc Competition Titration between SIOOA7 and Zincon
This procedure allows for the Zn(Il):S100A7 homodimer stoichiometry to be ascertained. The
titration should provide a 2:1 stoichiometry. This titration can be performed at 25

0C

or room

temperature. Experiments with Zincon are performed in the dark.
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1. In an acid-washed quartz cuvette, prepare a 2-mL solution containing Zincon (20 pM) from
the Zincon stock solution in the metal-binding buffer,

2 mM Ca(II), and record the optical

absorption spectrum. Check that the spectrum agrees with the literature spectrum of the
metal-free Zincon.2 0
2. Add an aliquot of the S100A7 stock solution (10 pM final concentration, reduced or oxidized
form) to the Zincon solution, gently swirl the cuvette to mix the sample, and record the optical
absorption spectrum of this mixture. Provided a negligible dilution factor, the Zincon spectrum
should be unchanged in the absence and presence of apo S1OOA7.
3. Titrate the mixture containing Zincon and S100A7 with Zn(II) by adding Zn(ll) in 2.5 pM
increments until the Zn(II) concentration is 40 pM (1 pL from a 5-mM Zn(II) stock solution per
addition). After each Zn(ll) addition, gently swirl the cuvette and allow the sample to equilibrate
for 2 min before the optical absorption spectrum is collected.
4. Plot the absorbance at 621 nm versus the [Zn(lI)J / [S100A7] ratio.
For the competition titration with S10OA7red, the thawed protein sample must be immediately

buffer-exchanged to remove DTT (3 x 5 min, 20,200 g, 4 *C), mixed with Zincon, and then titrated
with Zn(II). We observed no air-oxidation of S10OA7red over the course of the titration (=30 min)
as ascertained by analytical RP-HPLC.

A. 4. Biochemical characterization of human S10OA7
Following the purification of S1 00A7, we recommend employing standard biochemical techniques
to evaluate the integrity of the purified protein.9 These methods include SDS-PAGE, mass
spectrometry, metal analysis by inductively-coupled plasma mass spectrometry (ICP-MS),
analytical RP-HPLC, thiol quantification assays using DTDP (Table A.1, Figure A. 5). The
experimental conditions for these procedures, as well as circular dichroism spectroscopy and
inductively coupled plasma mass spectrometry, are found in reference 9.
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Moreover, a competition titration between S10OA7 and the colorimetric Zn(ll) indicator
Zincon

(Kd,zn

~1 0 M) 18, 19 should be carried out to confirm that the purified protein has the correct

Zn(ll)-binding stoichiometry (Section 3.4). Zincon is a colorimetric probe that displays an increase
in absorbance at 621 nm upon binding Zn(ll) (Figure A. 6). When Zn(ll) is titrated to a solution
mixture containing Zincon and S10OA7, both S100A7x and S100A7red outcompete Zincon for two
equivalents of Zn(ll). This behavior is expected because the protein has two His 3Asp sites that
coordinate Zn(II) with sub-nanomolar affinity.9'

12, 13

If the competition shows that S10OA7

outcompetes Zincon for less than two equivalents of Zn(II), then the purified protein may have a
metal contamination.

A. 5. Notes
1. Because S1 00A7 is a metal-binding protein, we employ high-purity buffer reagents and plastic
or Teflon-coated spatulas to minimize the risk of metal contamination from buffers. These
precautions, as well as extensive dialysis against Chelex resin (and EDTA for S100A7ox
obtained by Cu(Il)-catalyzed oxidation), afford apo S100A7 in high yield and purity.
2. ZnC1 2 is hygroscopic and is therefore stored in a desiccator to prevent exposure to moisture.
3. We have found that the quality of the Zincon reagent depends on the supplier. We recommend

purchasing Zincon monosodium salt from MilliporeSigma. Furthermore, we have observed
decomposition of the compound when stored at -20
at -20 or -80

0C,

0C

in DMSO. If stored as a stock solution

we recommend checking the integrity of the Zincon stock solution by optical

absorption spectroscopy prior to use. We also recommend storing Zincon as a powder at -80
0C

if the reagent will be used infrequently, and we recommend making a new stock solution

(10 mM) immediately prior to each experiment.
4. The expression and purification procedure described herein can be adapted for other S100A7
variants as follows:
a.

For non-Cys containing variants of S100A7, including S10OA7-Ala and S100A7314

Ser that contain Cys47->Ser/Ala and Cys96-+Ser/Ala mutations,9 the protocol for
purification of S10OA7red can be followed, with the addition of DTT in the first
dialysis step after SEC (Step 31) omitted.
b. We have designed and evaluated S100A7A, a variant of S100A7 that lacks the
His 3Asp metal-binding sites because the four residues that comprise the His 3Asp
motif of S100A7 (His18, Asp25, His87, and His9l) have been replaced by
noncoordinating Ala residues.9 S10OA7Aox can be obtained by modifying the
Cu(Il)-catalyzed oxidation protocol for S10OA7 such that two equivalents of Cu(ll)
are employed rather than three equivalents. During the oxidation reaction, a
precipitate will slowly appear. Following a 2-h incubation at room temperature, the
precipitate is removed by centrifugation, and the resulting soluble protein-Cu
mixture is allowed to stir overnight at room temperature. This procedure results in
the complete oxidation of S100A7A to S10OA7A0 x.
c. The protocols described for preparing S10OA7ox and S10OA7red can be used to
obtain S10OA15ox and S10OA15red (unpublished work). The Cys residues of
S100A7 are conserved in S10OA15.
5. This step should be carried out with caution by slow addition of ammonium sulfate in a scoopby-scoop manner and gentle stirring, in order to minimize S1 00A7 precipitation.
6. For the dialysis procedure described in Step 21, DTT is preferred as a reducing agent over
TCEP because it is less expensive and because more protein precipitation occurs during the
refolding process when TCEP is employed. Furthermore, we find that including 1 mM DTT
only in the first round of dialysis minimizes protein precipitation during refolding, as well as
formation of an S10OA7 adduct (observed by SDS-PAGE) that appears to form and persist
when DTT is included in two or more rounds of dialysis (data not shown). We suspect that the
identity of the protein-adduct is S100A7-DTT.
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7. We chose to purify S100A7 in Tris buffer for the SEC step (S75 buffer; 20 mM Tris, 100 mM
NaCl, pH 7.0) because we observed significant precipitation during the subsequent Cu(Il)catalyzed oxidation step when using HEPES buffer.
8. We recommend using vacuum filtration over gravity filtration for step 23 because the sample
tends to clog the filter membrane, making gravity filtration more time-consuming.
9. The protein collected after SEC can be split into two batches for subsequent purification of
S100A7x and S10OA7red. The volume given in Step 34 (100 mL of 20 pM S100A7) assumes
that the protein batch is not split at step 30.
10. Upon addition of Cu(II), the clear and colorless solution turns yellowish. The origin of this color
change is unclear.
11.The metal content of purified S10OA7ox can be analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS). We routinely find that S1 00A7ox contains =0.03 and =0.04 equivalents
of Cu and Zn, respectively. These results indicate that the dialysis step removed the Cu(II)
introduced during the oxidation step.
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A. 6. Figures and Tables
Table A.1. Characterization of S10OA7
HPLC Retention Time
Protein
(min)*

Free thlolb

S100A7ox

16.4

0.11

S10OA7rw

18.4

4.16

0.03

Calculated
Mass
(glmol)

Observed
Mass
(glmol)c

11454.9

11455.4
11 324.0 (-

0.45

11456.9

Meti)
11457.4
11 326.0 (-

Meti)
pM protein was
30
of
aliquot
45-pL
A
RP-HPLC.
analytical
by
a Retention times determined
centrifuged
was
sample
The
TFA.
aqueous
6%
of
pL
5
and
GuHCI,
mixed with 100 pL of 6 M
HPLC vial.
an
to
transferred
was
supematant
of
portion
120-pL
a
(5 min, 20,200 g, 4 *C) and
250 mm,
x
4.6
pore,
(5-pm
column
C4
Proto
a
using
performed
Analytical RP-HPLC was
min, and
30
over
B
35-50%
of
a
gradient
volume,
injection
I
00-pL
an
Higgins Analytical Inc.),
b Free
TFA.
0.1%
+
MeCN
B:
solvent
TFA,
0.1%
+
water
A:
a flow rate of 1 mt/min (solvent
9 The reported errors are the SDM (n=2). c
assay.
DTDP
the
using
by
thiol content determined
High-resolution mass spectrometry was performed on an Agilent 1290 series LC system
equipped with an Agilent 6230 TOF system housing Agilent Jetstream ESI source. An Agilent
Poroshell 300SB-C18 column (5-pm pore) was employed with a flow rate of 0.2 mL / min
(solvent A: water + 0.1% formic acid, solvent B: MeCN + 0.1% formic acid). Protein samples
(10 pM) were prepared in Milli-Q water and 1 pL was injected for each analysis.
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Figure A. 1. Expression of S10OA7. SDS-PAGE gel (15% Tris-HCI, tricine gel) of pre- and postinduction samples of S10OA7. Protein Ladder (PL): P7712s color prestained protein standard
broad range (New England Biolabs).
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Figure A. 2. Elution profile of S1OOA7 from the MonoQ column. (A) SIOOA7 was eluted over
12 CV with a gradient of 0-10 % MonoQ buffer B at a flow rate of 2 mL/min. Fractions 15-17 were
collected and pooled for the next chromatography step. (B) SDS-PAGE gel (15% Trs-HCI, tricine
gel) of select fractions from the MonoQ purification step. Protein Ladder (PL): P7712s color
prestained protein standard broad range (New England Biolabs). As a precaution, the flow
through is routinely collected, which corresponds to fractions 1-10.
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Figure A. 3. Elution profile of SIOOA7 from the S75 column. (A) S1 00A7 was eluted over 1

CV in S75 buffer at a flow rate of 1 mUmin. Fractions 33-37 were collected and pooled for the
subsequent step. (B) SDS-PAGE gel (15% Tris-HCI, tricine gel) of select fractions from the S75
purification step. Protein Ladder (PL): P7712s color prestained protein standard broad range
(New England Biolabs).
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Figure A. 4. Analytical HPLC traces showing SIOOA7 over the course of the purification
and Cu(li)-catalyzed oxidation. A 45-pL aliquot of 30 pM protein was mixed with 100 pL of 6 M
GuHCI, and 5 pL of 6% aqueous TFA. The sample was centrifuged and a 120-pL portion was
transferred to an HPLC vial. An 100-pL aliquot was injected onto the HPLC outfitted with a C4
column. A gradient of 35-50% B over 30 min at 0.5 mL / min was employed. Solvent A: water
0.1 %TFA, solvent B: MeCN + 0.1 % TFA.
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Figure A. 5. SDS-PAGE purity gel and analytical HPLC traces of S10OA7ox and S1OA7,.M.
(A) SDS-PAGE purity gel (15% Tris-HCI, tricine gel) of S100A7ox and S100A7md. Protein Ladder
(PL): P7712s color prestained protein standard broad range (New England Biolabs). (B) and (C)
HPLC chromatograms (220 nm absorption) of S100A7ox and S10OA7red, respectively. A 45-pL
aliquot of 30 pM protein was mixed with 100 pL of 6 M GuHCI, and 5 pL of 6% aqueous TFA. The
sample was centrifuged and a 120-pL portion was transferred to an HPLC vial. An 100-pL aliquot
was injected onto the HPLC outfitted with a C4 column. A gradient of 35-50% B over 30 min at
0.5 mL / min was employed. Solvent A: water + 0.1 % TFA, solvent B: MeCN + 0.1 % TFA. An
asterisk (*) indicates the position of the isoform of S100A7 missing the N-terminal methionine.
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Figure A. 6. S100A7 outcompetes Zincon for two equivalents of Zn(II). Representative plot
showing the response of 20 pM Zincon to Zn(II) in the presence of 10 pM S10OA7 proteins in
metal-binding buffer at 25 *C.
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Appendix B: S10OA12 and Pral: Competition for Zn(II) at the HostPathogen Interface
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B. 1. Introduction
In order to survive in a nutrient starved environment, such as in the human host, and
cause infection, pathogens have developed elaborate ways to acquire essential metal ions from
the host, through the use of high-affinity metal transporters and metallophores.1'2 High-affinity
metallo-transporters can be upregulated under conditions of growth within the host. One example
includes the high-affinity metal transporter of C. albicans, Zrtl that has been found to be
upregulated under in vitro growth conditions in Zn(Il)-deprived medium.' 4 Metallophores are small
molecules or proteins that are released in the extracellular space to scavenge essential metal
ions-such as Zn(Il)-and deliver the metal of interest back to the pathogen through a transporter
system. C. albicans possesses a zincophore system, whereby it secretes a scavenger protein
Pral, which goes in the extracellular space and coordinates Zn(II).' 6 Pral can then deliver Zn(II)
to C. albicans by associating with the high-affinity Zn(II) transporter Zrtl, and hand off Zn(II) to
Zrtl, which then transports Zn(II) into the fungus (Figure B. 1).6 The host fights back by releasing
a number of antimicrobial factors at sites of infection to combat the growth of invading pathogens
by sequestering Zn(II) and other essential metal ions.7 This process is often termed nutritional
immunity.1,2, 7 One such antimicrobial factor is S10OA12. S10OA12 is released from neutrophils,
and possesses antifungal activity as a result of Zn(II) sequestration.8 We therefore question

whether treatment of C. albicans cultures with S10OA12 would result in the upregulation of Pral
and/or other components of the Zn(II) uptake machinery of C. albicans. We postulate that the
Zn(Il)-starved environment created by S100A12 encourages deployment of such fungal factors.
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Figure B. 1. Schematic of Zn(II) competition between C. albicans and S10OA12 at the hostpathogen interface. Pra 1 (blue) competes with S10A12 (grey) for bioavailable Zn(ll).
In order to test the notion that Pral and S100A12 compete under our assay conditions,
we obtained single knockout strains of C. albicans PRA14 and ZRT14, which are missing the
proteins Pral and Zrtl respectively.' We expect that these single knockout strains will be more
susceptible to S10OA12 if these proteins are involved in Zn(ll) acquisition and competition against
S1 OO A12 under our assay conditions. To the best of our knowledge, there has been no thorough
characterization of the Zn(ll)-binding properties of Pral, and there are no available crystal
structures of Pral that inform us on structural features of the protein, such as its oligomerization
state, and/or the coordination and stoichiometry of Zn(II) binding.
The set of preliminary data obtained so far provides evidence for competition between
Pra1 6-the first fungal metallophore characterized-and S100A12, and suggests that these two
players may compete for Zn(ll) at sites of infections.
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B. 2. Experimental Section
B. 2. 1. Antifungal Assays with S10OA12
The antifungal activity of S100A12 was tested against the C. albicans SC5314 WT strain,
and the single knockout strains, PRA 1- and ZRT1'. Fungal strains were stored as glycerol stocks
(75% YPD, 25 % glycerol) at -80

0C.

For assays performed in Zn(ll)-replete conditions, the

medium used for the overnight culture was YPD, and the medium used for antifungal assays was
AMA medium (Tris:YPD). The recipe for the AMA medium is as follows; 32:68 (v:v) ratio of YPD
and AMA buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5). For antifungal assays under Zn(ll)deplete conditions, the overnight cultures were grown in Zn(ll)-depleted YPD, and the antifungal
assays performed with Zn(II)-depleted AMA medium. Briefly, YPD or AMA medium (Tris:YPD)
was depleted of Zn(II) by pretreating it with 125 pg/mL of S10OA12 for 1 h at r.t. The samples
were then centrifuged (3750 rpm, 20 min) using a spin filter with MWCO of 10 kDa to separate
S10OA12 from the medium. The flow-through was collected and used as a Zn(ll)-depleted
medium. ICP-MS analysis revealed that Zn(ll)-depleted YPD and Zn(ll)-depleted AMA medium
typically contained about 1-1.5 pM and 400-600 nM Zn respectively. Overnight cultures were
inoculated from single colonies on agar plates into 10 mL of YPD or Zn(ll)-depleted YPD in a 250mL baffled flask and grown for 20-24 h (37

0C,

150 rpm). The next day, the overnight cultures

were diluted 1:50 into 10 mL of YPD or Zn(Il)-depleted YPD and allowed to grow to mid-log phase
(OD 600 = 1.0) in a 250-mL baffled flask (37

0C,

150 rpm). The cultures took about 3.5 h and 6 h to

reach mid-log phase in YPD and Zn(li)-depleted YPD respectively. The cultures were then diluted
1:500 into Tris:YPD or Zn(ll)-depleted Tris:YPD medium. A 90 ptL aliquot of the dilution added to
a well containing 10 pL of the 10x protein stock in 96-well plates (Corning, Inc.). For samples
containing excess Ca(Il), the AMA buffer was supplemented with 3 mM Ca(II). Each condition
was repeated in three wells, and values for each experiment was averaged from these three wells.
The plates were then covered with a wet paper towel, and wrapped in saran wrap to minimize
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evaporation over the course of incubation. The plates were incubated in an incubator-shaker (37
'C, 150 rpm, t = 24 h). The growth was monitored by OD6 oo at regular intervals using a Synergy
HT plate reader (BioTek). To resuspend cultures that formed clumping at the bottom of the wells,
the plates were shaken vigorously prior to OD600 measurement. Each set of experiments was
performed twice with two different protein and medium stocks. The mean and SEM are reported.

B. 2. 2. Extraction of RNA and Synthesis of cDNA from C. albicans Cultures Treated with SIOQA 12
Antifungal assays were set up as described for the antifungal assays with S100A12 (vide
supra), except for the steps described below. In order to obtain enough genomic RNA, these
assays were set up in 24-well plates (Coming, Inc.), and each well contained 2 mL of culture.
Only one well per condition was setup. Instead of adding 90-pt of C. albicans culture and 10 pt
of 10x protein, 2 mL of C. albicans culture (previously diluted 1:500 in Tris:YPD) was added to
the well, and concentrated S100A12 (previously buffer-exchanged into AMA buffer) was added
directly to the well to a final concentration of 125 pg/mL (-Ca(ll)) and 62.5 pg/mL (+Ca(ll)).
Typically, less than 50 pL of protein was added per well. The plates were then covered with a wet
paper towel, and wrapped in saran wrap to minimize evaporation over the course of incubation,
and were incubated in an incubator-shaker (37 *C, 150 rpm, t = 24 h). In order to analyze the
effect of S10OA12 on the transcriptional levels of Zn(Il)-acquisition-related machinery in C.
albicans, total RNA was extracted from C. albicans after 24 h of incubation with the MasterPure
Yeast RNA Purification Kit (Epicentre).10 cDNA was generated from 1 pg of extracted RNA by
using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher)." cDNA samples were
stored at -80 "C until use. Each set of experiments was performed at least three times with at
least two different protein and medium stocks. The mean and STD are reported.
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B. 2. 3. Quantitative Real-time PCR
All oligonucleotide primers used in these experiments are listed in Table B.1. Real-time
PCR was performed using the LightCycler 480 SYBR Green I Master (Roche, Indianapolis, IN)
and the Roche Lightcycler 480 11 Real-time machine (MIT MicroBio Center) with the following run
protocol: 50 0C (2 min), 95 0C (3 min), and then 45 cycles of 95 *C (15 s), 50 *C (15 s), and 60 0C
(1 min). Cycle threshold (CT) values were obtained and used for analysis. The efficiency of each
PCR

reaction

was

calculated

using

Real-time

PCR

Miner

online

software

(http://ewindup.info/miner/index.htm).1 2 Fold changes were calculated using the AA-CT method in
comparison to the average transcription levels of reference genes ACT1 and PMA1." The CT
values were obtained using two pairs of primers for each gene. The experiments were conducted
in three independent trials and the results are presented with errors shown as STD.

Table B. 1. List and sequences of primers used for qRT-PCR
analysis.
Primer Name

Sequence

Pral F1

TAGCTAACATGCCAGGGAC

Pral R1

ACCTCAGCACTTGCAGTCTC

Pral F2

TACAGGTTACGATTGGCGGG

Pral R2

TGAGCTTCTTGCAACCCAGT

Zrt1 F1

AGCTGACCCCTACTGATGGT

Zrtl R1

AGCAGACAGGTTCAGTGGTG

Zrt1 F2

TCCATGCTGGTGTTGAGCAT

Zrt1 R2

GGACCAAAAGACCCGATACCA

Gat2 F1

GTCTACCGTTGGCGGTACTT

Gat2 R1

ACTTTGACAGGCAATGTAGGTG

ZrtI F1

GATCCAGACGTGATGGGGAC

Zrt2 R1

AACCGCCAAAGCAAGACCTA

Zrt1 F2

TAGGTCTTGCTTTGGCGGTT

Zrt2 R2

CTGGCCAATTGGTAGTTGC
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B. 3. Results and Discussion
We have previously reported that S10OA1 2 possesses antifungal activity and acts through
a mechanism of Zn(II) sequestration. We therefore questioned whether a major fungal pathogen,
C. albicans, responds to Zn(II) deprivation, and what acquisition systems it can utilize to fight back.
We obtained C. albicans strains PRA14 and ZRT1' from the Noble collection.9 The PRA1- and
ZRT'1 strains are defective in expressing the Zn(ll) uptake proteins Pral and Zrtl, respectively.
We expect them to be more susceptible to S10OA1 2 treatment compared to the WT strain if they
are functionally relevant with respect to Zn(ll) acquisition. Upon S10OA1 2 treatment, we observed
a Ca(II) effect with the three strains, whereby S10OA12 has enhanced antifungal in the presence
of excess Ca(ll) (Figure B. 2. A). This trend is consistent with the reported mechanism of action
of S10A12.8 Under our Zn(Il)-rich conditions (Tris:YPD medium), the three strains were equally
susceptible to S100A12 in the absence of Ca(II), which suggests that at high Zn(II) levels, Pral
and Zrtl are not being utilized for Zn(Il) acquisition under these in vitro conditions (Figure B. 2.
A). In the presence of excess Ca(I1), Sl1OA1 2-treatment of the parent and ZRTI-1 strains resulted
in growth inhibition to OD600 values of 0.2 and 0.25 respectively, while the PRA'1 strain was
slightly more susceptible to Al 2 treatment compared to the parent and ZRT11 strains (Figure B.
2. A). C. albicans possesses intracellular Zn(Il)-storage compartments,4 and we speculate that no
significant growth defect compared to the parent strain was observed due to use of these Zn(II)
storage sources.
The difference in growth observed in the presence of Ca(II) across the three strains tested
are within the experimental errors of this assay. We decided to repeat this experiment with various
S10OA12 concentrations in a Zn(ll)-depleted growth medium in an attempt to parse out
differences in susceptibilities of the strains to S10OA12. A Zn(ll)-depleted growth medium was
made by pretreating Tris:YPD with 125 pg/mL of S10OA12 for 1h at r.t. The medium was then
spin filtered to remove S10A12, and ICP-MS analyses confirmed the Zn content of the resulting

Zn(Il)-depleted medium to be between 400-600 nM.
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Figure B. 2. Antifungal activity of 125 pg/mL of S10OA12 ( 2 mM Ca(ll)) against C. albicans WT,
PRA1l, and ZRT1- in Tris:YPD (t = 20 h, mean SEM, n = 2). B Antifungal activity of A12
against C. albicans WT, PRAI', and ZRT1' in Zn(ll)-depleted Tris:YPD (t = 20 h, mean SEM,
n = 2). C Antifungal activity of A12 against C. albicans WT, PRA 1/, and ZRT-1 in Zn(ll)-depleted
Tris:YPD, + 2Mm Ca(II) (t = 20 h, mean SEM, n = 2).
The data show that in the presence of Ca(II), growth of the three strains is completely
inhibited even at the lowest S10OA12 concentration (31.25 pg/mL) (Figure B. 2. C). This suggests
that under Zn(ll)-depleted condition and in the presence of excess Ca(ll), the Zn(Il)-uptake
machinery of C. albicans cannot compete with the high-affinity form of S1 OOA12. However in the
absence of Ca(II), when S10OA12 is not activated by Ca(ll), the strains are able to compete with
S10OA12 for Zn(II), and a concentration-dependent growth inhibition is observed with S10OA12
(Figure B. 2. B). The parent strain is more resistant to S100A12 treatment compared to the singleknockout mutants under all concentrations of S100A12 tested, implicating Pral and ZrtI in Zn(II)
acquisition under Zn(ll)-depleted conditions (Figure B. 2. B); complete growth inhibition is
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observed with the single knockout strains at 125 ptg/mL of S10OA12, while the parent strain grows
to an OD600 = 0.2 (Figure B. 2. B).
The results from the antimicrobial assays suggest that Pral and Zrtl are involved in Zn(II)
acquisition. As such, we wanted to obtain transcriptional insights about the mechanism of Zn(ll)
acquisition that C. albicans employs upon treatment with S10OA12. We therefore decided to
employ qRT-PCR to monitor changes in transcriptional levels of Zn(Il)-regulated genes. The
efficiency of the primers was confirmed, two primer sets per genes were employed, and two
housekeeping genes pmal and actin were chosen (Table B. 1). The genes of interest we
monitored are PRAI, ZRTI, ZRT2 and ZAP1. The functions of each of these proteins are listed
in Table B. 2.
The qRT-PCR results show that treatment of C. albicans WT with 125 ptg/mL of S10OA1 2,
or 62.5 pg/mL of S100A12 with excess Ca(II) results in the upregulation of PRAI mRNA levels
by 2.1- and 2.2-fold, respectively (Figure B. 3. B). The high-affinity transporter ZRTI is also
upregulated by 3- (-Ca) and 3.2-fold (+Ca) (Figure B. 3). Interestingly, the low-affinity Zn(Il)transporter ZRT2, and the transcription factor ZAPI are upregulated to smaller extents, by less
than 2-fold in the absence and presence of Ca(II) (Figure B. 3). Zap1 is an autoregulated Zn(Il)finger transcription factor protein that regulates ZRTI and ZRT2 expression by binding to the zincresponse element (ZRE) in the promoter region of these genes. Its affinity for DNA is controlled
by Zn(II) levels. In general we observe similar upregulation patterns in the absence and presence
of excess Ca(II) added, which suggest that the same Zn(Il)-acquisition mechanisms are activated
by C. albicans upon treatment with S100A12 and Ca(ll)-bound S10OA1 2.
The trend in the expression levels of ZAP1, ZRTI, and ZRT2 agrees with previous
literature that studied the mRNA levels of ZAPI, ZRT1, and ZRT2 in Saccharomyces cerevisiae.
S. cerevisiae and C. albicans are both yeasts that are closely related from an evolutionary
perspective, with conserved Zn(ll) transporters." This pattern of expression levels correlates well
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with our understanding of the different functions of these genes. High levels of the Zrt1 transporter
are needed under Zn(II) limitation because of its critical role in supplying Zn(ll) to the cell under
these extreme conditions. Zrt2, the low affinity transporter, plays more of a housekeeping function,
supplying Zn(II) to the cell under Zn(ll)-replete conditions,15 and Zap1 is expressed only at low
levels because of its role as a transcriptional regulator.

Table B. 2. C. albicans genes monitored through qRT-PCR and their functions.
Gene

Function

Ref.

PRAI
ZRTI

Cell-wall associated and secreted protein. Zincophore
High-affinity Zn(ll) transporter. Presumably interacts with
Pral to deliver Zn(II) to C. albicans
Low-affinity Zn(II) transporter. Considered a
housekeeping gene.
Zn(ll)-finger transcription factor of Pral, Zrtl and Zrt2

5,6
3, 6

ZRT2
ZAPI

15
16-17

Interestingly, a greater fold change in mRNA expression levels are observed for the single
knockout strains, PRA 1' and ZRT1I', compared to WT strain upon treatment with S100A12 ( Ca)
(Figure B. 3). For the PRA 1' strain, mRNA levels of ZRT1 increased by 4 (-Ca) and 7 (+Ca) fold,
while in ZRT1', PRAI levels increased by 7-fold ( Ca) (Figure B. 3). Furthermore, greater than
a 2-fold increase in ZRT2 levels is observed for both knockouts (Fig. A. 3). The higher fold
increase observed overall with the single knockouts compared to the WT strain implicates a
"compensation" mechanism, whereby the strains defective in Zn(II) uptake upregulate other
functional components of their Zn(ll) acquisition system to make up for this shortcoming.
Furthermore, the upregulation of ZRT2 in the ZR T1- knockout agrees with previous studies
carried out by Eide and coworkers, where they reported that overexpression of a plasmid
'

containing ZRT2 suppresses the Zn(Il)-limited growth defect in S. cerevisiae in a ZRT1' mutant.3
4

We speculate that a similar mechanism is possible with Pral, hence explaining the fold-increase

of ZRT1 and ZRT2 mRNA levels in the PRA -' mutant.
The qRT-PCR experiments were repeated with SI10A1 2 AHis 3Asp, a mutant of S1OOA12
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that cannot coordinate Zn(ll). As expected, S10OA12 AHis3Asp produced no response in the
genes monitored under all conditions tested (Figure B. 3), confirming that the genotypes observed
are as a result of Zn(ll)-starvation by S10OA12, and not due to a physical interaction between C.
albicans and S1 0OA1 2.

2
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ZRT1Figure B. 3. qRT-PCR data of C. albicans WT, PRA 1- and ZRT'1 treated with A 125 pg/mL of
S10OA12, or B 62.5 pg/mL of S10OA12 with 2 mM Ca(ll). The bars shaded in lighter colors
correspond to S10OA12 AHis3Asp-treated cultures at concentrations identical to S10OA1 2. (t = 24
h, mean STD, n = 3). Asterisks denote Ct values below the detection limit.

335

B. 4. Summary and Outlook
In summary, we have shown that Pral is expressed under conditions of S100A12mediated Zn(II) starvation, and that Pral and Zrtl are needed for growth of the fungal pathogen
under Zn(ll)-deplete conditions. The Zn(II) acquisition machinery of C. albicans is upregulated at
the transcriptional level in response to S10OA12 treatment, supporting the notion that S100A12
acts through a mechanism of Zn(II) sequestration. Future work will involve the purification and
characterization of the Zn(Il)-binding properties of Pral. Furthermore, we would like to employ
solution studies to investigate the competition between S10OA12 and Pral for Zn(ll). We expect
that these studies will provide molecular insights on the competition for Zn(Il) between host and
pathogen factors for Zn(II).
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