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Abstract

The family of human salivary His-rich antimicrobial peptide, histatins, as exemplified by Histatin-5 (Hst5),
bind zinc (Zn) and copper (Cu), but the role of metal binding in histatins have not been fully elucidated.
Whether Hst5 is involved in nutritional immunity by limiting Zn availability to cause bacterial Zn
starvation or by increasing Cu availability to cause Cu toxicity was examined in this study.
Streptococcus pyogenes or Group A Streptococcus (GAS) was used as a model organism as it
represents the oral streptococci that make up approximately 60 % of the oral microbiome. The metal
binding affinity of Hst5 was measured by equilibrium competition assays using colourimetric probes and
was compared against the high-affinity Zn uptake protein AdcAl from GAS. These experiments
confirmed that Hst5 binds Zn weakly, and it does not strongly influence Zn availability. In addition, Hst5
cannot compete for Zn binding with AdcAl, which has an affinity that is 8 orders of magnitude higher
than that of Hst5. In contrast, Hst5 has a high affinity for Cu and therefore influences the Cu availability.
However, it does not promote Cu toxicity in GAS by delivering excessive Cu into the cytoplasm. It rather
protects from the accumulation of intracellular Cu in AcopA mutant strain that is hypersensitive to
increased Cu availability due to the loss of ability to export intracellular Cu. Whether Cu induces Cu
starvation in Cu-requiring microbes remains unsolved, but this study has opened the possibility of Hst5

providing a buffering effect from metal toxicity to maintain a healthy oral microbiome.
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1. Introduction

1. Introduction

1.1 Metals in life

Metals are essential micronutrients for life. It is estimated that approximately half of all proteins contain
metals and up to one third of all enzymes require metals to function. Metal ions can act as catalysts and
enable chemical reactions to take place. Key cellular processes such as transcription [1], translation [2],
carbon metabolism [3], oxidative phosphorylation [4], and response to oxidative stress [5] all rely on
metalloproteins. Iron (Fe), being a redox-active metal, is used by proteins that carry out redox reactions
or electron transfer, for example as part of iron-sulfur (Fe-S) clusters in the respiratory and electron
transport chain [6]. On the other hand, zinc (Zn) is a non-redox metal that often acts as a Lewis acid
catalyst and plays a crucial role in hydrolysis reactions, such as in metallo--lactamases, which use Zn
to activate a water molecule (H20) to hydrolyse B-lactam rings and inactivate 3-lactam antibiotics [7].
Metal ions also play important roles in stabilising protein structures. For example, Zn is present in the
Zn finger domains in mammalian cells to achieve specific DNA binding [8]. Another important
physiological role of metal ions is in cell signalling. Magnesium (Mg) is one of the most recognised
signalling molecules along with calcium (Ca), and Zn and copper (Cu) are also known to take part in

signal transduction within the nervous system [9, 10].

1.2 Metal homeostasis

Metalloproteins and metalloenzymes are highly specific for their cognate metals and only the cognate
metal provides the correct activity. However, metal selectivity is a major problem in cells as most
proteins favour binding to the wrong metal rather than its cognate metal. The order of affinities of metal
binding to proteins is described by the Irving-Williams series (Figure 1) [11]. The Irving-Williams series
describes that proteins bind to metals higher up in the series, such as Cu(ll) (or Cu(l)), with higher
affinities compared to metals lower down in the series, such as cobalt (Co(ll)). Thus, given the same

availability of Co and Cu, the Co-binding protein will bind the wrong metal.

Cells have evolved a mechanism to help proteins to bind correct metals. They do so by regulating

intracellular metal availability. Metal availabilities in cells are typically maintained in the reverse order
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of the Irving-Williams series, i.e. tighter binding metals are maintained at lower availabilities [12]. Cells
generally maintain the availabilities of tighter binding metals below the threshold of mismetalating wrong
proteins, but above the threshold for metalating their cognate proteins. By contrast, weaker binding
metals are kept at higher availabilities, so that they can bind their cognate proteins but will not bind
others as they are outcompeted by tighter binding metals. Intracellular metal availabilities are regulated
by metal-sensing transcriptional regulators that upregulate or downregulate the production of metal
import, storage, trafficking, and export proteins [13]. Cells also contain molecules that are considered
for their capacity to bind metals and act as metal buffers, such as small organic molecules like amino
acids, nucleotides, and peptides. Together, these components form the cellular systems for metal

homeostasis.

Mn(Il) < Fe(ll) < Co(ll) < Ni(ll) < Cu(ll) > Zn(ll)

Figure 1 Irving-Williams series

1.3 Metal dyshomeostasis

The dyshomeostasis of metal ions can lead to various cellular defects. Since many essential cellular
processes depend on the presence of metal ions, metal deficiency leads to inefficient cellular
metabolism, but the specific consequence depends upon which metal ion is lacking in the cell. For
example, Zn starvation can lead to decreased protein synthesis as a result of inactive RNA polymerase
[14] and ribosomes [15], and disruption of Zn-finger domain transcriptional factors [16]. Fe deficiency
can perturb energy metabolism by decreasing the activity of heme-dependent respiratory oxidases [17],
Fe-dependent ribonucleotide reductases that catalyse DNA synthesis and repair, and Fe-S cluster
dehydratases that catalyse branched-chain amino acid synthesis [18]. Cu limitation can also reduce
respiratory activity as a result of decreased activity of the heme-Cu oxidases. Cu limitation can also
suppress cellular defensive mechanisms, for example by decreasing the activity of the Cu,Zn-
dependent superoxide dismutases [19] that are involved in neutralising toxic reactive oxygen species

(ROS).
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Conversely, an excess of metal ions can overwhelm the normal metal homeostasis machinery and lead
to metal toxicity. An excess of redox-active metals such as Fe or Cu can promote generation of ROS
via Fenton or Fenton-like reactions (Scheme 1) [20, 21]. These ROS are highly toxic to the cell, since
they can oxidise essential cell components such as nucleic acids, proteins, and lipids, leading to
oxidative stress. An excess of metals, including those that are not redox-active, can also promote
toxicity via adventitious binding or mismetalation of proteins, leading to incorrect folding and
conformation, and the failure to establish the correct function of the protein or catalyse the correct
reactions. This phenomenon is particularly well described in the case of Cu [22]. As mentioned earlier,
Cu sits at the top of the Irving-Williams series, and it is thus a competitive metal for binding to proteins.
An excess of Cu is known to outcompete Fe from 4Fe-4S cluster enzymes, leading to destruction of the
clusters and inactivation of the enzymes [23]. There is also evidence that Cu can inactive Zn- and Mn-
dependent enzymes [24, 25] or enzymes that contain potential metal-binding ligands such as Cys or

His in the active site [26].

Scheme 1. lllustration of Fenton or Fenton-like reactions of Fe and Cu.

Fe?* + H202 > Fe3* + HO+ OH" Cu* + H202 > Cu? + HO+ OH"
Fe3* + H202 > Fe?* + HOO" + H* Cu?" + H202 - Cu* + HOO" + H*
2 H202 > HO" + HOO" + H20 2 H202 > HO" + HOO" + H20 (net reaction)

1.4 Metals in host-bacteria interactions

It is now well established that the control of metal availability is important during host-bacteria
interactions. In the innate immune response to infection, vertebrate hosts can secrete metal-chelating
molecules that limit metal availability to bacteria. This phenomenon is called nutritional immunity [27].
One well studied example of a host metal-chelating molecule is calprotectin. Calprotectin is a member
of the S100 protein family. This protein is composed of the S100A8 (a) and S100A9 (B) proteins, forming
a heterodimer (af) or heterotetramer (a2f2) [28]. Calprotectin is released by neutrophils in neutrophil

extracellular traps (NETS). It was first identified to bind Zn and Mn at the HXXXH site [29] and Hiss

11
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binding site (PDB: 4XJK) [30], respectively. Calprotectin is also known to bind Fe at the Hiss site [31]
and Cu, presumably at the Hiss site [32]. In vitro treatment with calprotectin inhibits growth of diverse
bacteria and this phenotype is often associated with the depletion of cellular Zn and Mn content [33],
although there is also evidence that this protein can deplete Fe or Cu [31, 32]. In vivo studies using
animal models of infection indicate that calprotectin-deficient mice are more prone to infection by
Staphylococcus aureus compared to wild-type mice [33]. Other examples of host metal-chelating
molecules include transferrin and lactoferrin, which bind Fe(lll), as well as siderocalin, which binds holo-
siderophores [34]. The circulating levels of these host proteins in the serum are known to increase in
response to infection, in a process known as hyperferremia, leading to decrease in Fe availability in the

whole animal and Fe limitation in the invading pathogens.

Although the concept of nutritional immunity was originally developed to describe a decrease in host
metal availability in response to infection, it is now understood that the host innate immune system can
also increase metal availability. This process is best understood in the case of Cu. ATP7A is a major
Cu-translocating Pis-type ATPase in vertebrate hosts. This transporter is found in all cell types,
including macrophages, which are innate immune cells. ATP7A is usually located in the trans-Golgi
membrane, but in response to infection, this transporter is trafficked to the phagosomal membrane
instead. This transporter is thought to increase Cu availability in the phagosome, where it can amplify
the antimicrobial activity of ROS from the respiratory burst. Consistent with this idea, macrophages from

ATP7A-deficient mice show reduced antimicrobial activity [35].

Since changes in metal availability are important mechanisms of the host innate immune response, it
is not surprising that bacterial responses to changing metal availability are considered major virulence
determinants for many clinically significant pathogens. Mutant strains lacking pathways for Zn, Mn, or
Fe uptake often display reduced virulence in animal models of infection [36]. In vitro, these mutant
strains are often more sensitive to growth inhibition by the relevant host metal-chelating proteins when
compared with wild-type bacteria. Similarly, mutant strains lacking pathways for Cu efflux also often

show reduced virulence in animal models of infection [36].

12
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1.5 Antimicrobial peptides

Antimicrobial peptides (AMPSs) are also key components of the host innate immune system [37]. AMPs
are short peptides, generally between 12 to 50 amino acids long, and often cationic. They exhibit a wide
range of inhibitory effects against microbial pathogens including bacteria, fungi, viruses, and parasites.
AMPs can be classified according to whether or not they act on microbial membranes. The membrane-
targeting or membrane-permeabilising AMPs can be further sub-categorised depending on the specific
modes of action, but all cause formation of membrane pores or channels, inducing leakage of
cytoplasmic molecules such as ATP and K*, and the concomitant influx of water, which lead to cell lysis.
By contrast, non-membrane permeabilising AMPs usually become internalised by the target microbes
without damaging the microbial membranes. Once in the cytoplasm, these AMPs can inhibit cellular

metabolism such as transcription, translation, nucleic acid biosynthesis and cell division [38].

A subset of AMPs is metal-dependent. The metal ion can enable the antimicrobial function of the AMP.
Alternatively, the AMP can modulate metal availability in a manner that resembles nutritional immunity.
For example, Cys-rich defensins from humans [39] and His-rich defensins from plants [40] can bind Zn,
providing resistance to metal toxicity. The metal-bound form of defensins may also have antimicrobial
function [39, 41]. Piscidins, which are found in fish, are also rich in His residues and they have the
characteristic Amino-terminal Copper and Nickel binding (ATCUN) motifs known for Cu(ll) and Ni(ll)
binding. Binding of Cu(ll) ions enhance the antimicrobial activity of piscidins, and allow these peptides
to catalyse ROS formation, DNA damage, and lipid peroxidation [42]. Calcitermin, a Zn-binding AMP
from the human nasal cavity, becomes activated in acidic conditions, indicative of inflammation. Amylin
and semenogelin, from the islet of Langerhans and sperms of human, respectively, and Asp-rich anionic
AMPs (SAAPs), derived from sheep, also have activities that are enhanced by Zn, although the specific
mechanism of action is yet to be determined [43]. Similarly, microplusin is a His-rich, Cu binding AMP
from ticks, which is thought to promote Cu starvation in bacteria and fungi [44] via a mechanism that

remains to be defined.
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1.6 Histatin-5

Of interest in this study is Histatin-5 (Hst5), a metal-binding, His-rich AMP, which is found in the saliva
of higher primates, including humans [45]. Hst5 is the major AMP among many His-rich AMPs in saliva,
all of which are derived by proteolytic degradation from only two parent peptides, hamely Histatin-1 and
Histatin-3. Like other AMPs, the salivary His-rich AMPs are thought to play a role in the host innate
immune defence. Hst5 has a well described in vitro antimicrobial activity against opportunistic oral
fungal pathogens such as Candida albicans. It is also known to be affective against ESKAPE pathogens

[46].

Unlike many cationic AMPs, Hst5 does not appear to fold into a helical structure in aqueous solutions,
but in membrane-like environment, such as in (CD3).SOa4 solution, it does retain an alpha helical
structure [47]. However, this is unusual of membrane targeting AMPs, thus thought to have an
alternative mechanism of action. It was observed that Hst5 binds to the fungal membrane proteins and
internalised into the cytoplasm via energy-dependent pathways [48]. It is speculated to cause toxicity
intracellularly by generating ROS, but how it encounters its target and induce toxicity in multiple

pathways is not fully elucidated [49, 50].

Metal binding to Hst5 is relatively well characterised. This AMP is 24 amino acids long with multiple
metal binding motifs (Figure 2). Hst5 is thought to bind up to 2 Zn atoms at each of the two His-Glu-X-
X/His-His motif with dissociation constant (Kp) of Ko =1 x 10°M and 1 x 10* M, which were determined
by isothermal titration calorimetry (ITC) [51]. The N-terminal ATCUN maotif is known to bind Cu(ll) as
well as Ni(ll). Based on competition experiments with the Cu(ll) ligand nitrilotriacetic acid (NTA), the
affinity of the ATCUN site to Cu(ll) was determined to be Kp = 7.94 x 1012 M, which is typical of ATCUN
motifs [52]. Mutation of the ATCUN His3 to an Ala reduced this affinity such that it could no longer be
measured by competition with NTA, confirming the role of the ATCUN His in binding Cu(ll). Finally, the
two bis-His motifs are thought to bind one Cu(l) each with an affinity of Kp = 2.51 x 10® M, which was
determined by competition with the Cu(l) ligand ferrozine [52]. Mutation of both His residues (His7, His8)
to Ala resulted in the loss of Cu(l) binding such that the peptide could not compete with ferrozine.

Additional reports suggest that Hst5 can also bind up to 10 Fe atoms at unknown binding sites [53].

14
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To date, the precise roles of metal binding by Hst5 are unknown. Conklin et al. showed that adding Cu
into the culture medium decreased the ECso value of Hst5 against C. albicans (the concentration of
Hst5 required to kill 50% of the pathogen), suggesting that Cu enhances the antifungal activity of Hst5
[52]. It was hypothesised that the Cu(ll)-Hst5 complex can catalyse production of ROS, once the holo-
AMP localises to the target and promote oxidative damage, but whether this target is the cell membrane,

DNA, or an organelle is not clear.

The relationship between the antimicrobial activity of Hst5 and Zn has also been studied. However,
there are conflicting reports that the antifungal activity can be both increased and decreased by Zn.
Norris et al. observed that the addition of Zn enhances fungicidal activity of Hst5 against C. albicans
and leads to immediate leakage of ATP out of the cell. This enhancement appeared to depend on the
concentration of Zn [54]. By contrast, Puri et al. observed that adding up to 1 equivalent of Zn does not
affect the antimicrobial activity of Hst5 but adding 2 equivalents of Zn reduces the killing activity [53].
Therefore, whether Zn has a positive or negative impact on the antifungal activity of Hst5 is currently
unclear. However, it is worth noting that the solubility of Hst5 decreases in the presence of Zn
concentrations above the ratio of 2:1 Zn:Hst5. Therefore, the reduced killing seen in Puri et al., may be

due to the precipitation of Hst5, which is observed in the Norris et al. study.

There is currently a major gap in knowledge regarding the role of metal binding in the function of Hst5.
In particular, whether or not Hst5 contributes to nutritional immunity has not been investigated. Given
the ability of this AMP to bind Zn and Cu, it is hypothesised that Hst5 promotes Zn and/or Cu starvation
in invading pathogens, similar to the action of calprotectin. Alternatively, Hst5 may promote Zn and Cu
toxicity, similar to the action of ATP7A.

ATCUN bis-His bis-His
(Cu?*, Ni?¥) (Cu*) (Cu*)
2 5 [§] 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24
HstS p S HAKRHHGYKRKTFHEKHHS SHRGY
HAKRHH HExxH
(ani} (Zn2+)

Figure 2 Sequence of Hst5 with conserved metal binding motifs highlighted [54].
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Figure 3 PEP-FOLD model of Hst5. The speculative binding site for Zn shown in pink and Cu(ll) in

orange [55].

1.7 Streptococcus pyogenes

Streptococcus pyogenes is a Gram-positive bacterium that is an obligate human pathogen which
causes strep throat, impetigo, skin infection and may cause more serious infections such as pneumonia
and streptococcal toxic shock syndrome [56]. S. pyogenes was selected as the model organism for
studying the metal-dependent effect of Hst5 because it is a pathogen that requires Zn for growth and
pathogenicity and it colonises the oropharynx, where it encounters Hst5 in swallowed saliva. S.
pyogenes has a well-known Zn homeostasis system, which resembles the system from S. pneumoniae,

and which is highly conserved among the oral streptococci [57].

n
| AdcAll Pht o
AdcAl @ 1
AdcB ‘ CzcD CadD
AdcC |
) kl n
® @
BEERY —— X <
—— adcAl —# adcR  adcB  adcC —#— adcAll | pht czeD —| gczA | —— cadD cadC

Figure 4 Zn homeostasis system of S. pyogenes. The transcriptional regulators AdcR, GczA and

CadC homodimers but depicted as a single molecule.
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1.8 Zn homeostasis in S. pyogenes

(A) The Zn sensors

The response of S. pyogenes to Zn starvation is controlled by AdcR, a MarR family transcriptional co-
repressor. AdcR is a homodimer, and it contains two Zn sites in each monomer (4 Zn per homodimer),
known in the literature as Site 1 and Site 2. Site 1 is the primary allosteric Zn-sensing site while Site 2
has an unknown function. The affinities of both sites have not yet been measured, but they are likely
comparable to those of AdcR from S. pneumoniae (54% identity, 76% similarity with S. pyogenes AdcR).
Based on competition experiments with the fluorometric Zn ligand MagFura-2 (MF2), Site 1 of S.
pneumoniae AdcR binds Zn tightly with a Kp of 7.4 x 10'® M [58]. The Site 1 affinity of AdcR is
approximately 2 orders of magnitude lower than other Zn sensors like Zur in E. coli, which has

femtomolar (10°*° M) affinity [59].

In response to Zn sufficiency, cytoplasmic Zn binds to Site 1 of AdcR. This Zn-bound form of AdcR
binds DNA upstream of the adc operon and represses transcription of the Zn import genes, namely
adcABC, adcAll and pht [60]. AdcABC is an ABC-type Zn import transporter that consists of the
transmembrane permease AdcB and the cytoplasmic ATP hydrolysis domain AdcC. Two solute binding
lipoproteins, namely AdcAl and AdcAll can acquire Zn from the extracellular space and donate Zn to
AdcBC to be imported into the cytoplasm. Pht is a His-rich protein that is thought to be co-localised on
the cell surface along with AdcAl and AdcAll, which is thought to donate Zn to the AdcABC system,

though its precise role is yet unclear [61] (Figure 4).

Conversely, Zn limitation promotes dissociation of Zn from AdcR and induces a conformational change
that leads to dissociation of apo-AdcR from its binding site on the adc promoter. This allows expression
of the Zn import genes and restoration of intracellular Zn availability. Consistent with their roles in Zn

uptake, mutant strains lacking the adcAl had attenuated growth in Zn-depleted media [61].

The response to excessive Zn is controlled by two sensors, GczA and CadC. GczA is a TetR family
transcriptional de-repressor of czcD [62], which is a homodimer that binds two Zn ions per monomer.
The dissociation constants for the S. pyogenes sensor are unknown, but the S. agalactiae homologue

(77 % identity and 90 % similarity with S. pyogenes GczA) was shown to bind Zn with affinity of Kpzn1 <
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10° M and Kboznz = 4.08 x 10° M, as determined by competition assays with MF2 [63]. The apo-form of
GczA binds to DNA but in response to Zn excess, Zn metalates the sensing site of GczA, releasing it
from the DNA, leading to expression of czcD and production of the Zn-exporting cation diffusion
facilitator family transporter CzcD (Figure 4). Consistent with its role in Zn efflux, S. pyogenes mutant
strains lacking the czcD gene had reduced survival in the neutrophil [62]. The CadCD system is not yet
well described. Sequence analysis suggests that CadC is an ArsR/SmtB family transcriptional activator
[64] and CadD is a CadD family transporter. The cadCD operon is annotated on the S. pyogenes
genome as a cadmium efflux system. However, preliminary work in the Djoko lab suggests that it may
act as a Zn efflux system in S. pyogenes, based on induction of both genes in response to excess Zn
and sensitivity of the AcadCD mutant strain to excess Zn. When compared with czcD, the cadCD operon
was induced by higher concentrations of added Zn. Thus, CzcD is likely to be the primary Zn efflux

pump in S. pyogenes.

Zn, K, =
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Figure 5 A S. pneumoniae AdcAl crystal structure (RCSB PDB: 7JJ9) (green: N-terminal domain, blue:
C-terminal domain, red spheres: Zn bound). B Predicted Zn binding ligand of S. pyogenes N-terminal

domain. C Predicted Zn binding ligand of S. pyogenes C-terminal domain.

Figure 6 S. pyogenes AdcAll 3D modelling structure using Phyre2 (red: Zn binding ligands, blue:

closing loop).

(B) The Zn uptake lipoproteins AdcAl and AdcAll.

AdcAl is a double-domain Zn binding lipoprotein that is exposed at the surface of S. pyogenes. Based
on sequence alignment with S. pneumoniae AdcAl, whose X-ray crystal structure has been solved
(RCSB PDB: 7JJ9) [65], the S. pyogenes AdcAl likely has two Zn-binding sites: one at the N-terminal
domain (green in Figure 5A) and one at the C-terminal domain (blue in Figure 5A) [66]. The affinities of
each Zn binding site have been measured by ITC, either in the full-length protein containing both
domains, or individually in variant and truncated proteins that contain only one of the domains. These
measurements revealed a Kp value between 1.1 to 2.6 yM for the C-terminal domain, and between 93

to 390 nM for the N-terminal domain [66].

AdcAll is a homolog of AdcAl, and it contains only a single Zn binding site (Figure 6). The adcAll gene

is co-expressed as an operon with pht, and the proteins, AdcAll and Pht, are also thought to be co-

located on the bacterial surface.
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Both AdcAl and AdcAll are thought to be essential for Zn uptake, based on growth analyses of the S.
pneumoniae AadcAl AadcAll mutant strain. This mutant strain does not grow in Zn-depleted culture
media, consistent with the loss of the Zn uptake system. Single deletions of either adcAl or adcAll did
not completely abolish Zn import in S. pneumoniae [67], suggesting the overlapping role of the two
proteins in Zn uptake. In S. pyogenes, the deletion mutant of adcAl results in inhibited growth in Zn
limited conditions compared to the S. pyogenes wild type (WT). However, there are varying results of
growth assays of adcAll deletion mutants in S. pyogenes. Some studies report that the single mutants
of either the adcAl or adcAll is sufficient to inhibit growth while some studies showed a greater inhibition
of growth in AadcAl than in AadcAll and only the double mutant AadcAl AadcAll induced complete
growth inhibition [61, 68]. Nonetheless, both genes are upregulated in Zn deficiency, suggesting that
both AdcAl and AdcAll plays a role in Zn acquisition during Zn starvation, although the precise

mechanism of AdcAll remains poorly understood.

Mice models infected with S.pyogenes AadcAl AadcAll developed skin lesions slower than the mice
infected with S. pyogenes WT, and the lesions developed were significantly smaller [68]. In addition,
complementation with the full length adcAl gene from S. pyogenes restored growth of the S.
pneumoniae AadcAl AadcAll mutant back to wild type levels [66]. These studies show the importance

of Zn acquisition and the role of AdcAl and AdcAll in group A Streptococcus (GAS) infection.

(C) The Zn efflux transporter CzcD

CzcD is a cation diffusion facilitator (CDF) family Zn transporter and is the primary Zn export pump in
S. pyogenes. CDF transporters are dimeric with N-terminal helical transmembrane domains and C-
terminal domains which face the cytoplasm to bind intracellular metal ions. The best characterised CDF
is the Zn and Fe transporting YiiP in E. coli, homologous to the Streptococcal CzcD [69]. In both S.
pyogenes and S. pneumoniae, deletion of czcD results in increased sensitivity to growth inhibition by
supplemental Zn in the culture media [62, 70]. Inductively coupled plasma mass spectrometry (ICP MS)
analyses of total cellular metal levels also revealed that the AczcD mutant strains contain significantly
higher levels of Zn compared to the wild type parent strains, particularly when the growth media are
supplemented with extracellular Zn. It was further shown that the AczcD mutant of S. pyogenes had a

lower survival rate in neutrophil intracellular killing assays. This lower survival was rescued by the
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addition of a Zn chelator, N,N,N’.N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), indicating that
the accumulation of intracellular Zn inside the neutrophils is responsible for the enhanced killing in S.
pyogenes [62]. This work highlights that, in addition to Zn limitation, which is promoted by calprotectin
in NETs outside the neutrophils, pathogenic bacteria also encounter Zn toxicity, which occurs inside the

neutrophils via mechanisms that are not yet understood.

Cu
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Figure 7 Cu homeostasis system of S. pyogenes.

1.9 Role of Zn homeostasis in S. pyogenes pathogenesis

As well as survival, the Zn homeostasis in S. pyogenes is crucial for pathogenesis. The mutation of
His66 to Ala in the metal binding site of AdcAll (also known as Lmb or Lsp) had reduced ability to cause
disease in skin tissue. Also, the S. pyogenes AadcAll mutant had attenuated virulence in mice models
with significantly reduced development of lesions [71]. These studies show the importance of the Zn
import system in the virulence of S. pyogenes. Similarly, excessive Zn was also shown to inhibit the
phosphoglucomutase in the nucleotide sugar metabolic pathway. This pathway produces the
precursors of hyaluronic acid capsule of S. pyogenes [72], which plays critical roles in immune invasion
by providing resistance to phagocytosis [73]. Also, studies have shown that excessive Zn inhibits the S.
pyogenes Cys protease SpeB [74], which cleaves the host proteins including fibronectin, fibrinogen and

immunoglobulins, as well as bacterial proteins like the M protein to prevent phagocytosis [75].
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1.10 Cu homeostasis in S. pyogenes.

The genome of S. pyogenes does not encode for any recognisable Cu-dependent proteins or enzymes
and therefore this bacterium is not thought to use Cu as a nutrient. Nevertheless, Cu can still enter the
S. pyogenes cytoplasm, likely via non-specific uptake. To avoid potential Cu toxicity, S. pyogenes
possesses the copYAZ operon for Cu efflux, which is regulated by the Cu-sensing transcriptional
regulator CopY [76] (Figure 7). CopY is a CopY/TcrY family transcriptional repressor which binds 1 Cu
per monomer (2 Cu per homodimer). The S. pneumoniae CopY (with 40-50 % identity to S. pyogenes
CopY) has affinity of Kp = 2.51 x 10¥” M to Cu(l) that was measured by competition assays with
bathocuproine disulfonic acid (BCS) [77]. During conditions of low intracellular Cu availability, the
sensor site of CopY is thought to bind Zn. This Zn-bound form of CopY binds to the promoter region of
the copYAZ operon and represses transcription. In response to an increased intracellular Cu availability,
Zn s displaced by Cu. This induces a conformational change and leads to de-repression of transcription.
CopA is a Pis-type ATPase that exports Cu(l) out of the cytoplasm to the extracellular space. CopZ is

likely to be a cytoplasmic Cu(l)-binding metallochaperone (Figure 5).

How Cu enters the cytoplasm of S. pyogenes is unknown. This organism does not possess known Cu
import systems such as the major facilitator superfamily transporter CcoA [78] and it does not encode
a system for the biosynthesis, export, and uptake of Cu-binding siderophores (chalkophores) such as
methanobactin [79]. Pathways of hon-specific Cu uptake into bacteria remain poorly characterised, but
a recent study using Staphylococcus aureus suggests that the Mn-import ABC transporter system
MntABC may promote Cu uptake [80]. The mechanisms for this Cu uptake are not yet defined, but, like
S. aureus, S. pyogenes also possesses an MntABC-like import system for Mn, named MtsABC [81] that
may promote Cu uptake. As described earlier, the homologous AdcAl/AdcAll-AdcBC system imports

Zn, but whether it participates in Cu uptake has not been investigated.

1.11 Role of Cu homeostasis in S. pyogenes pathogenesis
Cu homeostasis is also important in the pathogenicity of S. pyogenes because this organism encounters
elevated levels of Cu during infection. For example, the Cu level in the blood is low compared to the

lungs and respiratory tracts, where the Cu level is much higher. Expression of the cop operon in S.
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pneumoniae that was isolated from the lungs and nasopharynx tissue was shown to be higher
compared to S. pneumoniae isolated from the blood. Consistent with this, studies with mouse model of
infections suggest that a mutant strain of S. pneumoniae lacking the copA gene had reduced survival
compared to the wild type in the mice lungs and nasopharynx, but not in the blood [82]. These findings
using S. pneumoniae are similar to those using S. pyogenes. The CopA protein from both organisms
share 44-54% amino acid sequence similarity and identity. Growth of S. pyogenes copA deletion
mutants were more susceptible to growth inhibition in additional Cu in the medium with higher
accumulation of intracellular Cu. However, the deletion of copA does not cause the loss of virulence in
a mouse model infection, which was suggested to be due to the buffering of extracellular Cu in the study
of Stewart et al. [83]. Nonetheless, the cop operon is upregulated in S. pyogenes in increased
extracellular Cu in the growth media to provide resistance from Cu poisoning. It was also shown that
the copA-deficient E. coli recovered growth in excessive Cu when it was complemented with the S.

pyogenes cop operon, confirming that CopA is essential in resistance to Cu toxicity [76].

1.12 Aims and Hypothesis

To date, the role of metal binding in the function of histatin AMPs from human saliva is poorly defined.
Whether or not the histatins exert an antibacterial activity against S. pyogenes, which colonises the
human throat, is also unknown. Given the known roles of some metal-binding immune proteins in
nutritional immunity and in influencing metal availability during the immune response to infection,

histatins are likely to play a similar role in the nutritional immune response against S. pyogenes.

Therefore, the specific hypotheses of this project are:
1. Histatins sequester Zn from S. pyogenes and promote Zn limitation.

2. Histatins supply Cu to S. pyogenes and promote Cu toxicity.

To test these hypotheses, this project aims to:

1. Measure the Zn and Cu-binding affinities of histatin-5 (Hst5) as a model histatin and identify

the metal binding motifs.
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2. Measure the Zn-binding affinities of the extracellular Zn binding protein of the import system of
S. pyogenes, AdcAl and AdcAll, to compare with Hst5.

3. Evaluate the effects of Hst5 directly on the growth of S. pyogenes in the presence of Zn or Cu.
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2. Materials and Methods

All materials were supplied by Sigma-Aldrich, using analytical grade unless otherwise stated. Where

required, deionised ultrapure (MilliQ) water was used in making buffer, metal stocks, probe stocks and

media.

2.1 Cloning, expression, and purification of AdcAl and AdcAll

AdcAl and AdcAll were produced by cloning the adcAl and adcAll genes amplified without the first 60

and 87 base pairs, respectively, using the genomic DNA of S. pyogenes M5005 as a template (GenBank:

CP000017.2). Primers were designed (Table 1) to attach overhangs to the genes amplified for LIC

cloning into the pSATL plasmid using Stul. The pSATL plasmid has a Hise-SUMO tag insert before the

site of gene insert for purification. The cloned plasmids were verified by Sanger sequencing and heat

shock transformed into the expression host E. coli BL21 Rosetta 2(DES3).

Table 1 List of primers used in this study.

Amplicon | Primer Sequence (5'—3) Locus Tag of A_mpllcon
name name target gene size (bp)
Overexpression primers
adcAl-E CAACAGCAGACGGGAGGTACTCA
GGCAAAACAAGTCTTAGC M5005_Spy05
adcAl 3 - 1488
adcAl-R GCGAGAACCAAGGAAAGGTTATT |4
AATGAGCATTGATTTCTTGGGC
adcAll-F CAACAGCAGACGGGAGGTACGCA
oAl AGGCATGTCAGTTGTAAC M5005_Spy 1 634
adc ==
adcAll-R GCGAGAACCAAGGAAAGGTTACT | 711
TCAACTGTTGATAGAGCACTTCC
Sanger Sequencing primers
T7-R GCTAGTTATTGCTCAGCGG -
adcAl adCA(GAS)- | - ATGGTTGTGTCCTTCTTCGE PSATL::adcAl -
gqPCR-R1
adcA(GAS)-
qPCR-F2 ACCATGCTTTTGACCCACAC -
T7-R GCTAGTTATTGCTCAGCGG -
adcAll GOAIGAS) PSATL::adcAll
adc
“qPCRR2 | GGGTCATAAAGTGTCGCAGG -
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Table 2 List of plasmids used and generated in this study.

Plasmid name Description Source
. T Blower

pPSATL Empty vector for overexpression (Durham)
Plasmid for overexpression of AdcAl, where the adcAl

pSATL-adcAl gene is subcloned between 6His-SUMO and T7 This work
Terminator.
Plasmid for overexpression of AdcAl, where the adcAll

pSATL-adcAll gene is subcloned between 6His-SUMO and T7 This work
Terminator.

To overexpress the protein, transformants were plated on to LB agar containing ampicillin and
chloramphenicol. Fresh colonies were harvested to inoculate LB broth containing ampicillin and
chloramphenicol to an optical density at 600 nm (ODseoo) of 0.01. The total volume of inoculated LB broth
was 2 L, 500 mL in 2 L baffled flasks. Where required, ampicillin and chloramphenicol were added to

100 pg/mL and 33 pg/mL, respectively.

Cultures were shaken (37 °C, 180 RPM) until ODeoo reached 0.6 — 0.8 and lIsopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM, to induce the expression
of the proteins. After shaking the culture for 16 hours at 20 °C, bacterial cells were harvested by
centrifugation (4000 x g, 4 °C) and resuspended in buffer A500. Cells were lysed by sonification (40
kPsi), centrifuged (20000 x g, 4 °C) and filtered through a 0.46 um Polyethersulfone (PES) membrane

filtration unit.

Clarified lysates were loaded onto a HisTrap™ HP 5 mL column (Cytiva). Then the column was washed
with 10 column volume (CV) of buffer A500 and eluted with 3 CV of buffer B100 and 3 CV of buffer
B100 2X imidazole, collecting in 1 mL fractions. Fractions containing the protein were immediately
loaded onto a HiTrap™ Q HP 5mL column (Cytiva). Then the column was washed with 10 CV of buffer
A100, and the protein was eluted by a stepwise gradient of 150 mM, 200 mM and 250 mM NaCl with

buffer A100 and C1000 mixed. The recipes of buffers used in protein purification are listed in Table 3.

26



2. Materials and Methods

Table 3 Recipes of buffers used in protein purification and growth assays. Buffer recipes for protein

purification were obtained from the Blower Lab.

Buffer Recipe

A500 20 mM tris-HCI, pH 7.9, 500 mM NaCl, 5 mM imidazole, and 10 % glycerol (v/v)
A100 20 mM tris-HCI, pH 7.9, 100 mM NacCl, 5 mM imidazole, and 10 % glycerol (v/v)
B100 20 mM tris-HCI, pH 7.9, 100 mM NacCl, 250 mM imidazole, and 10 % glycerol (v/v)
:Brr%i?j%zzcﬁe 20 mM tris-HCI, pH 7.9, 100 mM NacCl, 500 mM imidazole, and 10 % glycerol (v/v)
C1000 20 mM tris-HCI, pH 7.9, 1000 mM NaCl, and 10 % glycerol (v/v)

1X PBS 137 mM NacCl, 2.7 mM KCI, 10 mM Naz2HPO4, and 1.8 mM KHzPO4

The protein-containing fractions were pooled and incubated with hSENP2 SUMO protease, obtained
from Blower lab at Durham University, overnight at 4 °C with gentle shaking to cleave the Hise-SUMO
tag. To further concentrate and purify AdcAl from the Hise-SUMO tag, it was diluted to a final NaCl
concentration of 30 mM with 20 mM tris-HCI pH 7.9 buffer and the pH was lowered to 6.5 by adding
solid 3-(N-morpholino)propanesulfonic (MOPS) acid. Diluted protein sample was loaded onto HiTrap™
SP HP 5 mL column (Cytiva), washed with 10 CV of 20 mM tris-HCI pH 6.5 MOPS, and eluted with

buffer A500.

To purify AdcAll from the Hiss-SUMO tag, it was loaded onto a HisTrap™ HP 5 mL column, washed
with 10 CV of buffer A500 and eluted with 5 CV of buffer B100. To remove any excess Ni ions, imidazole
and Zn bound to the proteins, the protein-containing fractions were incubated with 100 mM
ethylenediaminetetraacetic acid (EDTA) for 5 minutes and desalted using a PD-10 column by eluting
with 50 mM MOPS buffer pH 7.4. At the end of the purification steps, we were able to obtain apo-AdcAl,

but AdcAll still had Zn bound as the Zn binding site is buried in the protein.

2.2 Synthesis and handling of Hst5 peptides
The Hst5 peptides were synthesised commercially as the acetate salt and purified to >95 %

(GenScript) and confirmed to be metal-free by ICP MS. Concentrations of stock peptide solutions
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were determined using solution absorbances at 280 nm in 50 mM MOPS buffer pH 7.4 (€280 = 2667

cmt)

2.3 Chemical basis of metal reporting probes

The metal-binding affinities of the proteins were measured by competition assays using colourimetric
and fluorometric indicators (probes) that bind metal and report the metal binding by changes in optical
properties (absorbance, or fluorescence). In the case of colourimetric probes, the metalated and non-
metalated forms typically absorb at different wavelengths, enabling visualisation and quantification of
metal binding. In the case of fluorometric probes, metal-binding either lead to an increase or decrease

of probe fluorescence.

For example, 4-(2-pyridylazo)resorcinol (PAR) has benzene rings which are involved in the metal
binding, as shown in Figure 8. The apo-PAR absorbs at 420 nm due to the delocalised 11 electrons in
the aromatic rings. Metal binding to apo-PAR induces a shift in absorbance to higher wavelengths

(typically around 500 nm, depending on the metal) as a result of charge transfer.
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Figure 8 Zn(PAR)2 complex. Zn stated as M.
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Figure 9 Spectral change of PAR in 6 M guanidine chloride 50 mM MOPS buffer pH 7.4. The peak

absorbance of CoPAR is 512 nm, NiPAR 498 nm, CuPAR is 512 nm, and Zn(PAR)2z is 495 nm.

More importantly, these probes bind metals with known dissociation constants (Ko = 1/Ka). The Kp of

the known colourimetric probes used in this study is listed in Table 4. By using mass balance equations,

the affinity of the unknown protein/ligand can be calculated.
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The equilibrium of the competition assay can be expressed as:

P+ML=MP+L

or

P+ML:= MP + 2L

Where P = Protein, M = Metal, L = Ligand/Probe

The exchange constant (Kex) for the above equilibrium can be expressed as:

[MP][L]
Kex1 =

[PI[ML]
or

[MPIL?
Kex2 =

[PIMLz]

The Kex for each reaction can be rearranged with Kpo(ML) and Ka(MP) as:

Kex1 = KD(M L) X KA(M P)
ML, MP]
(ML] M][P]
MP][L]
[PIML]
or
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Kex2 = KD(M L2) X KA(M P)
M [MP]
MLz] M][P]
- [MP]LP
[PIML]

From the competition assay, Kex can be calculated as the colourimetric probes report [ML] or [ML2].

[LI=[Ltota-[ML]

[M P]:[M]total'[M L]

[PI=[Plota-[MP]

or

[L]Z[L]total'[M L2]

MP]=[MJtota-[ML]

[P]:[P]total'[M P]

Therefore, the Ka(MP) can be calculated using the Kex equation rearranged:

Ka(MP)=Kex/Ko(ML)

or

KA(M P):Kex/KD(M L2)
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By measuring the solution absorbance or fluorescence of a mixture of protein, probe, and metal, the
total and the equilibrium concentrations of each of the components of the reaction can be determined.
If Ka of the probe is known, then Ka (or Kp) of the protein can be calculated accordingly. These

calculations were performed using DynaFit (Biokin Ltd).

2.3 Characterisation and calibration of stock solutions

2.3.1 Metal and probe stock calibration and competition assays

To calibrate the CuClz stock solution, a master stock was prepared in 50 mM MOPS buffer pH 7.4 to
contain a final concentration of 300 uM bicinchoninic acid (BCA) and 2000 uM ascorbic acid. Serial
dilutions of CuClz were prepared separately in deionised water. 900 uL of the master stock and 100 L
of the appropriate CuCl. stock was added to a cuvette. After 5 minutes of incubation at room
temperature, solution absorbances were measured to determine the concentrations of
[CU'(BCA)2]*> complex. Absorbance at 562 nm (gs62= 7900 M~*cm™) was plotted against the Cu

concentrations and the concentration of the CuCl2 stock was calculated using the Beer-Lambert law

(eq. 2).

2 BCA + Cu(l) = [CU'(BCA)zJ* (eq. 1)

A=¢lc (eq. 2)

The calibrated stock of CuClz was used to standardise the probes, which in turn were used to
standardise the ZnCl2 stock solution. Master stocks of probes were prepared in 50 mM MOPS buffer
pH 7.4 and 135 L of the master stock was aliquoted into an Eppendorf UVette. Serial dilutions of the
calibrated CuCl. were newly prepared in deionised water and 15 uL of the appropriate dilution was
added to the Eppendorf UVettes. Solution absorbances were measured from 300 nm to 800 nm and
the peak absorbance of apo- and holo-probes were plotted against the metal concentration. The
endpoints of the saturated probes were determined to calculate the concentrations of the probe stocks.

The ZnCl2 stock was calibrated with the same method. Although this method does not calculate the
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absolute concentration of each probe stock solution, it relies on the concentration of CuClz, which is

calibrated using [Cu'(BCA)2]* with known extinction coefficient at 562 nm (ese2).

Competitions assays were performed by preparing a master stock of the appropriate probe and the
competing ligand in 50 mM MOPS buffer pH 7.4. Serial dilutions of the metal were prepared in deionised
water separately. The master stock solution was aliquoted in 135 yL into Eppendorf UVettes and 15 pL
of the diluted metal stocks were added to the stock solution to a desired final concentration. After
incubating the mixture for 5 minutes at room temperature, solution absorbances were measured from
300 nm to 800 nm. The peak absorbance of apo- and holo-probes were plotted against the metal
concentration. The plotted data was fitted in Dynafit using equilibrium models described in the script
(Supplementary material 2 and 3). The Kp of all known probes used in the experiments are listed in

Table 4.
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Table 4 List of fluorometric and colourimetric metal indicators used in this study.

Name Ko (M) Amax -apo Amax -holo Reference
Zinc (1) indicators

Zincon 1.26 x 10° 470 nm 620 nm [84]

MagFura2 2.0x 108 373 nm 323 nm, 338 nm [85]

Quin2 3.7x10% 262 nm 247 nm [86]

Fluozin3 1.5x10°8 - F [87]

PAR 9.1 x 103~ 420 nm 500 nm [88]
Copper (l) Indicators

BCA | 6.25x 108 M2+ N/A (€=795()%20wl M) [89]
Copper (Il) Indicators

Zincon 1.75 x 1016 470 nm 607 nm b

Fluozin3 9.1 x 10 - - [90]

EDTA 1.26 x 106 N/A N/A [91]

NTA 1.99 x 1011 N/A 800 nm [92]

PAR 1.85 x 1013 420 nm 512 nm *x

F fluorescence, Aex =494 nm, Aem =518 nm
* Refers to 1/B2 (M?)
B2 = Ka1 % Kaz for two binding events as the metal-ligand binds 1:2

** Obtained from experiments in this study

2.3.2. Determination of AdcAl concentration

The protein properties of AdcAl were predicted using the EXPASy ProtParam tool giving a predicted
extinction coefficient (g) of 83200 M-lcm™* at 280 nm. To measure the precise concentration of AdcAl
stock solution, a master stock solution of Zincon and AdcAl was prepared in 50 mM MOPS buffer pH
7.4. 135 pL of the master stock was added with 15 yL of the serial dilutions of ZnClz in Eppendorf
UVettes. The peak absorbance of apo- and holo-Zincon was plotted against the concentration of ZnClo.
As Zincon has a relatively weak affinity to Zn (Kp = 1.26 x 10> M), the absorbance of holo-Zincon only
increases once AdcAl is fully saturated. The plotted data was used to calculate the starting point of
holo-Zincon formation which is the concentration of Zn bound to AdcAl. The concentration of AdcAl was

calculated by the stoichiometry of Zn-AdcAl (eq. 3).
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2 Zn(I) + AdcAl = Zn2AdcAl (eq. 3)

From the calibrated AdcAl, the €250 of AdcAl was calculated to be 58385 M-tcm*. This value was used

to calculate the concentration of AdcAl in further experiments.

2.4 Metal binding to proteins

2.4.1 Desalting columns to determine Hst5 Zn affinity range

To determine the approximate affinity of Hst5 to Zn, Hst5 (100 uM) and ZnCl. (150 uM) was incubated
in 50 mM MOPS buffer pH 7.4 for 10 minutes at room temperature with a final volume of 500 pL. The
mixture was passed through a Thermo Scientific™ Pierce™ Polyacrylamide Desalting column, 1.8 K
MWCO, 5 mL, according to the manufacturer’s protocol with 50 mM MOPS buffer. The eluted sample
was collected in 500 pL fractions. Each fraction was validated for metal concentration and protein

concentration.

Metal concentration was assessed in 50 mM MOPS buffer pH 7.4 with PAR by adding 6 M guanidine
chloride to denature Hst5. A standard curve of PAR with ZnCl> was generated in 6 M guanidine chloride
50 mM MOPS buffer pH 7.4, and the peak absorbance of holo-PAR at 500 nm was plotted against the
concentration of Zn. The absorbances of the column fractions were interpolated from the standard curve.
The protein concentrations of the fractions were determined using the QuantiPro™ BCA Assay kit,
following the manufacturer’s protocol, but increasing the protein concentration of the fractions by 2-fold.
The Zn concentration and protein concentration in each fraction was plotted against the volume eluted

from the polyacrylamide column.

2.4.2 Binding of other metals to AdcAl

Apo-AdcAl (100 uM) was incubated with different metal salt solutions, CoClz, MnSO4, FeSOa, NiSO4
and CuClz (150 yM) in 50 mM MOPS buffer pH 7.4 for 10 minutes at room temperature with a final
volume of 1000 pL. The mixtures were passed through a PD-10 column individually, which was
equilibrated with 25 mL of 50 mM MOPS buffer pH 7.4 before loading the protein mixture. After the

sample had gone into the column bed, the protein was eluted in 500 uL fractions by washing with 50
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mM MOPS buffer pH 7.4. The peak fraction containing AdcAl was measured for A280 with a nanodrop
to calculate the protein concentration using €280 = 58385 Mt cm. The protein fraction was added into
6 M guanidine chloride 50 mM MOPS buffer pH 7.4 to a final concentration of 5 yM, with 30 yM PAR
or MF2 to a final volume of 150 pL. The solution absorbance was measured in an Eppendorf UVette
from 300 nm to 800 nm which was plotted with a control sample of 30 yM PAR or MF2 in 6 M guanidine
chloride 50 mM MOPS buffer pH 7.4, not containing AdcAl. The peak absorbance of the samples that
had a shift in solution absorbance were interpolated with a standard curve generated with each metal
in 30 uM PAR in the same buffer, to calculate the concentration of metal bound to 5 uM AdcAl. The
desalting experiment with a PD-10 column was repeated with ZnClz, CuCl2 and an equal mixture of

both ZnCl2 and CuCl2 and the peak fraction was sent for ICP MS.

2.5 Growth and manipulation of S. pyogenes

2.5.1 Culture conditions

Glycerol stocks stored at -80 °C were propagated onto solid Todd Hewitt medium (THY) containing 0.2 %
yeast extract and incubated at 37° C overnight. Colonies were harvested and resuspended in 1X
phosphate-buffer saline (1X PBS), which was inoculated in liquid cultures of a chemically defined
medium containing glucose as carbon source (CDM-glucose, recipe from Stewart et al., 2020) [93].

Both solid and liquid growth media contained 50 pg/mL catalase.

2.5.2 Growth assays

Colonies from an overnight growth on THY agar were resuspended in 1X PBS and inoculated in CDM-
glucose to an ODeoo = 0.01. Growth was monitored at 37 °C in flat-bottomed 96-well plates with 200 pL
per well. Zn was added at 0, 2, 5, 10 uM in each well in both S. pyogenes WT and AczcD and Cu was
added at 0, 5, 10, 20 uM in S. pyogenes WT and AcopA. 50 uM of filter sterilised Hst5 was added to
wells containing Hst5. The 96-well plates were sealed with gas permeable, optically clear membrane
(Diversified Biotech). ODeoo values were read every 20 minutes for 10 hours, shaken immediately before
each reading (200 rpm, 1 min, double orbital mode). ODseoo values were not corrected for path length

(ca. 0.58 cm for a 200 yL culture).
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Table 5 Bacterial strains used in this study

Bacterial strains

Description

Origin/Reference

Streptococcus pyogenes

5448 S. pyogenes invasive M1T1 strain [94]
5448AcopA S. pyogenes 5448 copA::kan deletion mutant [93]
5448AczcD S. pyogenes 5448 czcD::spc deletion mutant [95]
Escherichia coli
DH5a Cloning host DH5a (from Blower Lab) Blower !ab .
(Durham University)

BL21(DE3) Expression host with rare codons Cm30 .

. Lab collection
Rosetta 2 Resistance
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3. Results

3.1 Metal affinities of Colourimetric probes

3.1.1 PAR Cu binding affinity
Before determining affinities of AdcAl and Hst5, probes of unknown affinity to Cu were determined to

be used for competition assays for measuring Cu affinity.

PAR + CU'NTA = Cu'PAR + NTA (eq. 4)

(420 nm) (512 nm) Amax

In PAR, the spectral absorbance at 420 nm due to apo-PAR decreases and the absorbance at 512 nm
due to Cu-PAR increases in a linear fashion upon Cu titration (Figure 10B and C). A clear isosbestic
point can be observed in the spectra (Figure 10A), indicating direct conversion of apo-PAR to Cu-PAR
without formation of additional species. An end point at 20 uM Cu was observed when 20 uM PAR was

used, consistent with a 1:1 stoichiometry.

To obtain the binding affinity of Cu to PAR, this probe was competed with NTA, whose binding affinity
is known (Kp = 1.99 x 10! M). Compared to the direct addition of Cu into PAR, the Cu-dependent
spectral changes were more gradual in the presence of NTA (Figure 10C and D). A clear isosbestic
point was also observed (Figure 10B), again indicating the formation of only the 4 species in Equation
4 without forming any ternary complexes. The data were fitted to an equilibrium model in Dynafit giving
Cu-PAR Kp =1.85 x 10'*® M. Curve fits using affinities that were ten times weaker (Ko = 1.85 x 10712 M)
and 10 times tighter (Ko = 1.85 x 10** M) were simulated. The weaker simulated fit clearly departed
from the experimental data points for the competition between NTA and PAR (Figure 10C and D). The
tighter simulated fit resembled the experimental data points for the direct titration of Cu into PAR in the
absence of NTA (Figure 10 C and D). Therefore, both simulations gave confidence that the Kp value

obtained for PAR was in the correct range.
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Figure 10 A Spectral change upon addition of Cu into PAR. The maximum absorbance of apo-PAR at
420 nm decreases and Cu-PAR at 512 nm increases. B Spectral change upon addition of Cu in PAR
in the presence of NTA. The maximum absorbance of apo- and Cu-PAR is the same as PAR alone.

C Normalised plot of the changes in solution absorbance of apo-PAR at 420 nm and D Cu-PAR at 512
nm upon addition of Cu in the absence (black) or presence (blue) of 400 uM NTA in 20 uM PAR. The
solid black line showing the model fit to the data and dashed lines showing the 10-fold stronger and

weaker fit of the model (Cu-PAR Kp = 1.85 x 10'12 M). All experiments were performed in 50 mM MOPS

buffer pH 7.4.

3.1.2 Zincon Cu binding affinity

In Zincon, the spectral absorbance at 470 nm due to apo-Zincon decreases and the absorbance at 607
nm due to Cu-Zincon increases in a linear fashion upon Cu titration (Figure 11C). A clear isosbestic
point can be observed in the spectra (Figure 11A), indicating direct conversion of apo-Zincon to Cu-
Zincon without formation of additional species. Consistent with the expected 1:1 stoichiometry, an
endpoint at 10 yM Cu was observed when 10 yM Zincon was used.

The dissociation constant of Zincon-Cu is known to be 4.68 x 101" M from previous studies [96]. To

varify the binding affinity of Cu to Zincon, this probe was competed with EDTA, whose binding affinity
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is known (Kp = 1.26 x 10'1®¢ M). Compared to the direct addition of Cu into Zincon, the Cu-dependent

spectral changes were more gradual in the presence of EDTA (Figure 11C). A clear isosbestic point

was also observed (Figure 11B), again indicating the formation of only the 4 species in Equation 5

without forming any ternary complexes. The data were fitted to an equilibrium model in Dynafit giving

Cu-Zincon Kp = 1.75 x 10716 M. The reassessed affinity of Cu-Zincon is within a similar range with the

previously measured data, therefore confirming both the literature and the measurements from this

study. The fit shows a sharp endpoint rather than a curve as both the affinities of EDTA and Zincon to

Cu(ll) are approximately 10 orders of magnitude higher than the concentration of Cu and ligands used

in the competition assay.
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Figure 11 A Spectral change upon addition of Cu in Zincon. The maximum absorbance of apo-Zincon

at 470 nm decreases and Cu-Zincon at 607 nm increases. B Spectral change upon addition of Cu in

Zincon in the presence of EDTA. The maximum absorbance of apo- and Cu-Zincon is the same as
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Zincon alone. C Normalised plot of the changes in solution absorbance of Cu-Zincon at 607 nm upon
addition of Cu in the absence (black) or presence (blue) of 10 uM EDTA in 10 yM Zincon. The solid
black line showing the model fit to the data and dashed lines showing the 10-fold stronger and weaker

fit of the model (Cu-Zincon Kp = 1.75 x 10716 M).

3.2 Overexpression and purification of AdcAl and AdcAll

AdcAl and AdcAll were overexpressed and purified as recombinant proteins in E. coli to isolate the
proteins for measuring metal binding affinities in vitro. Both genes were amplified by PCR using S.
pyogenes M5005 as a template. Both proteins are surface-attached lipoproteins, so only the nucleotide
sequences coding for the soluble domains were amplified, namely from the 215t and 30" amino acid in
AdcAl and AdcAll respectively, following previously established methods. The PCR products were
inserted into pSATL after a Hiss-SUMO tag. This strategy enabled each protein to be expressed with
an N-terminal tag for purification. The Hiss-SUMO tag has 6 His residues, which binds tightly to the Ni
column for easier purification. The Hise-SUMO tag was subsequently removed by cleavage using
hSENP SUMO protease, which recognises the Gly-Gly cleavage motif, as shown in Figure 12. This
strategy did not leave any residues that are not part of the original protein. The plasmids were then
transferred into the expression host, E. coli BL21 Rosetta2 which is competent of expressing proteins
with rare codons. The expression of proteins from GAS in E. coli requires the competent cell to carry
the expression of rare codons because the codons are not the same so the expression host may lack
the corresponding tRNA and result in stalled translation. The E. coli BL21 Rosetta2 carries

chloramphenicol resistance, also for selection.

AdcAl and AdcAll were successfully subcloned into the E. coli host (Figure 13A) and subsequently
purified (Figure 13B). Both proteins were purified with contaminating Ni and Zn from the culture media
and/or the Ni column. Contamination by Ni or Zn was determined by denaturing the protein with 6 M
guanidine chloride and checking for the presence of metal ions with PAR. The Ni-PAR and Zn-PAR
complexes display distinct spectral features in the visible range (300 nm to 800 nm), which allow the
metals to be identified. These metal ions were removed by adding 100 mM EDTA and desalting on a

PD-10 gel filtration column. The desalted proteins were confirmed to be apo- by using the same method
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using 6 M guanidine chloride and PAR. We were able to obtain apo-AdcAl, but AdcAll still had Zn bound
(1:1 stoichiometry). Previous studies of AdcAll in S. pneumoniae suggest that the Zn binding site of
AdcAll, which contains His66, His142, His206 and Glu281, is buried in the protein and that Zn is likely
kinetically trapped in the protein by the flexible loop (Figure 6) [97]. Removal of this bound Zn required
overnight dialysis with 10-50 mM EDTA at low pH buffer to protonate the imidazole His sidechains and

weaken metal binding. Due to time constraints, the AdcAll protein was not pursued further in this study.

hSENP2 SUMO protease

poe L 3_

i —

'SP6 promoter!
LI LN ]
T7 promoter \"\ Hiss-SUMO 7 ter | et
minator
lac operator BxHis

RBS

Figure 12 Overexpression constructs of adcAl and adcAll in pSATL. Target genes are inserted after
the Hise-SUMO tag with the Gly-Gly recognition site for hRSENP SUMO protease cleavage. Gene insert

starts from 60" and 87™ base pair in adcAl and adcAll accordingly, to exclude the transport signal.

Figure 13 A Colony PCR of transformants adcAl (1489 bp) and adcAll (835 bp) to confirm successful
transformation of the plasmid with gene inserts into E. coli DH5a. B Protein gel of AdcAl (56 kDa) and

AdcAll (31 kDa) overexpression in E. coli BL21 Rosetta2, after cleavage of the Hise-SUMO tag.
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3.3 Metal-binding profiles of AdcAl

Previous studies have shown that AdcAl has two Zn binding sites, the tighter N-terminal site and weaker
C-terminal site [66]. Different metals were tested for binding to AdcAl to examine whether AdcAl can
bind and import other metals via the AdcABC system. Previously, in S. pneumoniae, different metals
were loaded on to the Zn binding sites of AdcAl to test for the stability of the protein. Whilst Mn, Fe, and
Cu did not significantly affect the melting point of the protein, Co, Ni, and Zn loading appeared to
stabilise the protein. The stability of the protein is achieved upon metal binding as metalation results in

conformational change of the protein to enable the function of the protein, to transfer Zn to AdcB.

To determine whether the S. pyogenes AdcAl can bind metal other than Zn, 100 uM AdcAl was
incubated with 150 uM Zn, Co, Ni, Cu, Fe, and Mn individually and desalted through a PD-10 desalting
column to remove excess, unbound metals. Protein-containing fractions were denatured and tested for
metal content in the protein using PAR as a colourimetric indicator for Zn, Co, Ni, Cu, and Fe and MF2
for Mn. The absorbance intensities at the relevant wavelengths were compared against a standard

curve for the relevant metal. The results are summarised in Table 6.

AdcAl was confirmed to bind Zn in a 1:2 stoichiometry, which are likely to bind at the N-terminal and C-
terminal Zn binding sites. The spectral changes show that Co, Ni, and Cu were bound to AdcAl while
Fe and Mn were not (Figure 14). Such binding event may occur in vivo when the metal availability of
Co, Ni, and Cu is high. However, this does not mean that they are imported via the AdcABC system as
the import of metal may require a specific interaction of the protein and the bound metal to trigger correct
conformational change for the metal to be transferred from AdcAl to AdcB. Further studies are required

to investigate the import of these metals through the AdcABC system.
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Figure 14 The spectral shift of 30 uM PAR (black, A-D) and 30 uM MF2 (black E) upon addition of 5
UM denatured AdcAl (coloured) shows the presence of metal bound to the protein after incubation with

each metal and desalting.

Table 6 Concentration of metal present in 5 yM AdcAl derived from PAR standard curve in 50 mM

MOPS pH 7.4, 6 M guanidine chloride.

Metal Concentration (UM) Metal:AdcAl ratio
Zn - 2:1
Co 8.99 19:1
Ni 10.2 204:1
Cu 10.4 2.08:1

3.3.1 Cu(ll) binding affinity of AdcAl

Given that AdcAl binds to Cu with a 1:2 stoichiometry, the affinity for Cu was assessed to understand
Cu binding properties of AdcAl. First, Cu and Zn were directly competed for binding to AdcAl. As with
most proteins, it was expected that the Cu affinity would be higher than Zn, since Cu sits at the top of
the Irving-Williams series. AdcAl was incubated with an equal concentration of excess Cu and Zn,
followed by desalting with a PD-10 desalting column. Fractions containing AdcAl were checked for
metal content by ICP MS. The ICP MS analysis confirmed that AdcAl binds Cu or Zn with a 1:2

stoichiometry. In the Cu and Zn competition, the majority of the metal bound to AdcAl is Cu, but there
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is also Zn present in the sample. This may imply that Zn binding in one binding site is outcompeted by
Cu, but the other metal binding site binds them equally. However, the total metal content in this data
exceeds the 1:2 ratio, so it would be worth repeating this experiment to determine the accuracy of the

metal stoichiometry.

Table 7 ICP MS of AdcAl incubated Zn and/or Cu

uM
Sample AdcA Cu Zn Metal:AdcA ratio
AdcAl + Zn 33 1.0 67.6 1:2.05
AdcAl + Cu 33 64.3 0.5 1:1.95
AdcAl +Zn + Cu 33 49.8 27.0 1:1.5:0.8

As Cu binding to AdcAl seemed to be dominant over Zn binding, probes with affinities approximately in
that range was used to determine Cu affinity of AdcAl. PAR (Ko = 1.85 x 1013 M) was used to compete
with AdcAl for Cu binding. Apo-PAR has peak absorbance at 420 nm which decreases upon addition
of Cu. As Cu is added, a new peak appears at 512 nm, corresponding to the Cu-PAR species. 100 uM
AdcAl was incubated with 150 yM Cu, desalted through the PD-10 desalting column to obtain Cu:-
AdcAl. To detect the strength of Cu bound to AdcAl, PAR was competed with Cuz-AdcAl. The
absorbance at 512 nm was monitored to track the formation of CUPAR complex with Cuz-AdcAl added,
and the peak absorbance at 512 nm was interpolated with a standard curve. PAR was able to capture
1.36 Cu from 1 AdcAl. This suggests that the weak Cu binding site of AdcAl has a lower affinity than
PAR, thus outcompeted by PAR. Therefore, this competition sets the higher limit of the affinity at 1.85
x 1013 M. Also, the tight Cu binding site of AdcAl competes with PAR resulting in partial chelation of Cu
by PAR. However, although PAR would compete with AdcAl for the tighter Cu binding site, the spectra
in Figure 15A suggest formation of ternary complexes of AdcAl, PAR and Cu. Therefore, PAR cannot
be used to measure the affinity of Cu-AdcAl as the species formed in this equilibrium cannot be

identified by the spectra.

For the tight Cu affinity of AdcAl, Zincon (Ko = 1.75 x 1016 M) was used for a competition assay. Apo-

Zincon has a peak absorbance at 470 nm which decreases upon addition of Cu and increasing peak
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absorbance at 607 nm, corresponding to Cu-Zincon. A clear endpoint was observed when 10 uM Cu
was added to 10 uM Zincon, consistent with the expected stoichiometry of 1:1 Cu:Zincon. The
absorbance at 607 nm was monitored to track the formation of Cu-Zincon complex with (blue) and
without (black) 5 uM AdcAl (Figure 15B). The AdcAl present in the equilibrium did not affect the Cu
binding to Zincon suggesting that both metal binding sites of AdcAl are outcompeted by Zincon. Thus,
this competition could only set the higher limit of the affinity of the tighter binding site at Ko = 1.75 x 10

16 M.
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Figure 15 A Spectral change of PAR, in the presence (red) and absence (black) of AdcAl upon addition
of Cu. The shape of the spectra shifts in the presence of AdcAl indicating tertiary structure formation.
B Normalised plot of the changes in solution absorbance of Cu-Zincon at 607 nm upon addition of Cu
in the absence (black) or presence (blue) of 5 uM AdcAl in 10 pyM Zincon. AdcAl is outcompeted by

Zincon.

Overall, the exact Cu(ll) affinity of AdcAl was not determined. Nevertheless, the tighter Cu binding site
in this protein is weaker than Zincon and similar to PAR. The weaker Cu binding site is weaker than
PAR and similar or greater than the weaker Zn binding site. These approximate affinities show that Cu
may bind to AdcAl even in the presence of Zn and could be imported into the cell if Cu binding triggers
the correct mechanism of import. The affinities can be compared with metal chelating molecules such
as Hst5 to predict whether those chelators will have an impact on intracellular Cu availability in S.

pyogenes.
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3.3.2 Affinity of the weak Zn-binding site of AdcAl
AdcAl has two Zn binding sites, the tighter site in the N-terminal domain and the weaker site in the C-terminal
domain. Previously, the affinities have been measured by ITC. Here, the affinity of each binding sites for Zn

were measured by competition with Zn binding probes.

First, MF2 (Ko = 2.0 x 10-'® M) was used to compete with the weak Zn binding site of AdcAl. Apo-MF2 has
a peak absorbance at 372 nm which decreases upon addition of Zn. At the same time, two new peaks
appear at 323 nm and 338 nm, corresponding to the Zn-MF2 species. A clear end point was observed when
10 yuM Zn was added to 10 yM MF2, consistent with the expected stoichiometry of 1:1 Zn:MF2. The new
absorbance at 372 nm was monitored in this study to track the formation of Zn-MF2 complex with (blue) and
without (black) 5 uM AdcAl (Figure 16B). The competition curves show two distinguishable slopes, a near
flat line from O to 5 uM and a gradient from 5 to 20 yM Zn added. In the first 5 yM Zn added, very little of the
Zn-MF2 complex is formed, indicating that the Zn added is binding to AdcAl. This suggests that the tight Zn
binding site of AdcAl has a higher affinity than MF2, thus outcompeting MF2. Therefore, this competition
could only set the lower limit of the affinity at Ko = 2.0 x 108 M. In the next 15 uM of Zn added, competition
between 10 yM MF2 and 5 uM of AdcAl was observed. An equilibrium model was fitted to the data on Dynafit

giving the Ko of the weaker binding site of 6.7 x 108 M.

Zn"O Zn" Zn'"zn" O
AdcAl + MF2 = AdcAl + MF2 (eq. 6)
(323, 338 nm) (372 nm) Amax

O = empty binding site on either protein or probe
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Figure 16 A Spectral change upon addition of Zn into MF2. The maximum absorbance of apo-MF2 at
372 nm decreases and Zn-MF2 at 323, 338 nm increases. B Normalised plot of the changes in solution
absorbance of Zn-MF2 at 372 nm upon addition of Zn in the absence (black) or presence (blue) of 5
MM AdcAl in 10 yM MF2. The solid black line showing the model fit to the data and dashed lines showing

10-fold stronger and weaker fit of the model (Zn-AdcAl (weak site) Ko = 6.7 x 108 M).

3.3.3 Affinity of the tight Zn-binding site of AdcAl

Given that the tight Zn binding site has a higher affinity than MF2, Quin2 (Kp = 3.7 x 10*? M) was used
as the competitor. Apo-Quin2 has a peak absorbance at 262 nm which decreases upon addition of Zn.
At the same time, a peak at 247 nm appears, corresponding to the Zn-Quin2 species. A clear endpoint
was observed when 7 yM Zn was added to 7 uM Quin2, consistent with the expected stoichiometry of
1:1 Zn:Quin2. The new absorbance at 262 nm was monitored to track the formation of Zn-Quin2
complex with (blue) and without (black) 10 uM AdcAl (Figure 17B). This absorbance overlaps partially
with the absorbance of the apo-protein AdcAl (Amax = 280 nm), so the absorbance of the AdcAl was
subtracted from the Zn-Quin2 absorbance to obtain the normalised spectra. The competition curve
shows a more gradual decrease of apo-Quin2 compared to the direct addition of Zn into Quin2. An
equilibrium model was fitted to the data on Dynafit giving the Kp of the tighter binding site of 5.3 x 103
M. The fit to data is poor at high Zn concentrations that saturated the probe (above 17 uM) because the
absorbance readings were noisy. Nevertheless, the model employed yielded the best fit to the data and
allowed us to estimate the affinity of the tight site. Affinities measured of both sites confirmed that there
are two distinct Zn binding sites of two different affinities, with approximately 10000-fold difference
between the two sites. These values are much tighter than the values from literature which were

measured by ITC.
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ad zZn" zn'O O
AdcAl + Quin2 = AdcAl + Quin2 (eq. 7)
(247 nm) (262 nm) Amax

O = empty binding site on either protein or probe
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Figure 17 A Spectral change upon addition of Zn into Quin2. The maximum absorbance of apo-Quin2
at 262 nm decreases and Zn-Quin2 at 247 nm increases. B Normalised plot of the changes in solution
absorbance of Zn-Quin2 at 262 nm upon addition of Zn in the absence (black) or presence (blue) of 10
UM AdcAlin 7 uM Quin2. The solid black line showing the model fit to the data and dashed lines showing
the 10-fold stronger and weaker fit of the model (Zn-AdcAl (tight site) Kp = 5.3 x 1013 M). One set of

data was repeated by Dr Karrera Djoko.

3.4 Hst5 binds Zn with less than micromolar affinity

We next wished to investigate whether Hst5 can outcompete AdcAl for binding Zn and therefore prevent
Zn from being imported into the cell and confer nutritional immunity. Previous literature showed that the
Zn affinity of Hst5 is Ko = 1 x 10° M by ITC [51]. To confirm this weak binding, 100 uM Hst5 and 150

MM Zn were incubated together and eluted through a polyacrylamide column. Each fraction was
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analysed for peptide content and metal content. The results showed that Zn did not co-elute with Hst5,
suggesting that the Zn-Hst5 complex dissociated during passage through the column (Figure 18A). This
result is consistent with the predicted weak micromolar affinity of Hst5 to Zn and indicates that this

peptide should not compete with AdcAl.

To further confirm that Hst5 will be outcompeted by AdcAl for binding Zn, Hst5 was competed with MF2.
The results showed that Hst5 was outcompeted by MF2 (Figure 18B). Under the same conditions, the
weaker C-terminal Zn binding site of AdcAl was able to compete with MF2 (Figure 16B). Therefore,
Hst5 has an Zn affinity that was lower than the weaker Zn binding site of AdcAl. Hst5 will not be able to

chelate Zn from the Zn import system and thus it is not likely to exert a nutritional immunity effect.
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Figure 18 A Separation of HST and Zn through a polyacrylamide desalting column. B Normalised plot
of the changes in solution absorbance of Zn-MF2 at 338 nm upon addition of Zn in the absence (black)

or presence (purple) of 10 yM Hst5 in 10 yM MF2. Hst5 is outcompeted by MF2.

3.5 Hst5 binds Cu(ll) with pM affinity

Although Cu is not required as a nutrient in S. pyogenes, the affinity of Hst5 to Cu was measured to
predict the impact of Hst5 on S. pyogenes and for further studies in oral pathogens that require Cu in
growth and pathogenicity. Previously, the Cu affinity of Hst5 was measured by competition assays with

NTA, which generated Ko = 7.9 x 10*? [52]. This competition was repeated in this study.
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The spectral absorbance at 800 nm due to holo-NTA increases in a linear fashion upon Cu titration
(Figure 19C). As apo-NTA does not absorb the visible range, the titration spectra do not form an
isosbestic point. Similarly, the spectral absorbance at 530 nm due to Cu-Hst5 increases in a linear
fashion upon Cu titration (not shown in data). Both absorbances were used to fit an equilibrium model
to obtain Kp = 2.3 x 101! M, which is similar to the previously established value. However, NTA is not
an ideal probe for measuring Cu affinity because the absorbance at 800 nm does not reach an endpoint
even when the probe is fully saturated at 1:1 stoichiometry (Figure 19C). This is likely due to the
formation of ternary structure complexes with the buffer, which is also indicated by the change in the
spectral shape in Figure 19A. Similarly, we did not observe a clear end point at 530 nm due to the

formation of other species which may involve a complex with the buffer or multiple binding of Cu to Hst5.

CUu"NTA + Hst5 = Cu"Hst5 + NTA (eq. 8)

(800 nm) (530 nm) Amax
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Figure 19 A Spectral change upon addition of Cu into NTA. The maximum absorbance of Cu-NTA at
800 nm increases. B Spectral change upon addition of Cu in NTA and Hst5. The maximum absorbance
of Cu-NTA at 800 nm increases and Cu-Hst5 at 530 nm. C Normalised plot of the changes in solution
absorbance of Cu-NTA at 800 nm upon addition of Cu in the absence (black) or presence (purple) of 1
mM Hst5 in 1 mM NTA. The solid black line is the model fit to the data and dashed lines are the 10-fold

stronger and weaker fit of the model (Cu-Hst5 Kp = 2.39 x 101t M).

To improve our estimate of the Cu(ll) binding affinity of Hst5, the next probe used was FluoZin3 (FZ3)
(Ko =9.1 x 10'1* M). Previously, Cu affinity of FZ3 has been determined by competing with Zn, observed
by the quenching of fluorescence as Cu is added into the mixture of Zn-FZ3 (black in Figure 20A) [90].
As the affinity of FZ3 to Zn is Ko = 1.5 x 10 M, we do not expect that Hst5 (Ko = 1 x 10> M) would

compete with FZ3 for Zn binding. This allowed us to compete FZ3 and Hst5 for Cu binding.

In the experiment, Cu was added to an equal concentration of FZ3 and Hst5 at 400 nM each, with slight
excess of Zn at 500 nM. Addition of Cu replaces the Zn bound to FZ3, quenching the fluorescence. The
Hst5 present in the sample also binds Cu, reducing the Cu binding to FZ3. The competition between

Hst5 and FZ3 suppresses the fluorescence quenching. The fluorescence data were fitted to the
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equilibrium model in equation 9, using the affinity of Zn-Hst5 (Ko = 8.3 x 10® M) measured by Isabel
Holmes in the lab (Figure 20A). However, the model did not fit the data at higher Cu points. A new
model was fit with the assumption that the Cu-FZ3 affinity is 10-fold lower than the published value
(Figure 20B). As the initial model using Cu-FZ3 Kp = 9.1 x 10'1* M did not fit the data, the affinity of Cu-
Hst5 measured by competition with FZ3 cannot be accurate. However, as the new model fit the data, it

is worth evaluating the affinity of Cu-FZ3 for future use.

Zn"FZ3 + Cu'Hst5 = Cu'"FZ3 + Zn"Hst5 (eq. 9)
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Figure 20 A Quenching of the fluorescence intensity of Zn-FZ3 in solution upon addition of Cu(ll) in the
absence (black) or presence (purple) of 400 nM Hst5 in 400 nM FZ3 and 500 nM Zn. The solid black
line is the model fit to the data using Cu-FZ3 Kp = 9.1 x 10! M. Dashed lines are the 10-fold stronger
and weaker fit of the model (Cu-Hst5 Kp = 1.3 x 108 M). B New fit of the data using Cu-FZ3 Kp = 9.1 x

1071 M. Dashed lines are the 10-fold stronger and weaker fit of the model (Cu-Hst5 Kp = 1.55 x 10°° M).

Finally, PAR (Kp = 1.85 x 10'*® M) was used to compete with Hst5 for Cu. PAR has peak absorbance

at 420 nm due to apo-PAR, which decreased upon addition of Cu and increased absorbance at 512 nm

corresponding to the formation of Cu-PAR. A clear endpoint was observed when 10 uM Cu was added
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to 10 uM PAR, consistent with the expected stoichiometry of 1:1 Cu:PAR. The new absorbance at 512
nm was monitored to track the formation of Cu-PAR with (purple) and without (black) 200 uM Hst5
(Figure 21B). In the presence of Hst5, higher concentrations of Cu(ll) were needed to saturate PAR,
indicating the competition of Hst5 and PAR. The equilibrium model in equation 10 was fitted to the data

on Dynafit giving the Ko = 6.63 x 1013 M.

The dissociation constant of Cu-Hst5 sits in a similar range of the predicted Cu-AdcAl affinity. If Cu is
imported via the AdcABC system, it may be possible that Hst5 limits non-specific Cu import into the cell
in S. pyogenes. Furthermore, limitation of Cu import can be predicted in other species that require Cu

as nutrient by knowing the affinity and concentration of the Cu import protein and the concentration of

Hst5 in vivo.
CU"PAR + Hst5 = Cu'Hst5 + PAR (eg. 10)
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Figure 21 A Spectral change upon addition of Cu into PAR and Hst5. The maximum absorbance of
apo-PAR at 420 nm decreases and Cu-PAR at 512 nm increases. B Normalised plot of the changes in
solution absorbance of Cu-PAR at 512 nm upon addition of Cu in the absence (black) or presence
(purple) of 200 uM Hst5 in 10 uM PAR. The solid black line is the model fit to the data and dashed lines

are the 10-fold stronger and weaker fit of the model (Cu-Hst5 Kp = 6.63 x 1013 M).
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3.6 His3 is the important Cu(ll) binding motif in Hst5

To confirm the amino acid that are involved in binding Cu(ll), different variants of Hst5 where His
residues are mutated to Ala were generated (Table 8). Affinities of these variants were measured under
the same condition as the WT using PAR as a competitor (Figure 22). The competition between PAR
and AH7, 8 and AH15, 18, 19 variants of Hst5 were indistinguishable from the competition curve with
the WT Hst5. By contrast, the AH3 and AH3, 7 variants did not compete with PAR for binding Cu(ll),
indicating that they had lost their ability to bind Cu(ll). Although the AH3, 7 variant had lost the ability
to bind Cu, His7 is not likely to be involved in binding Cu(ll), because the AH7, 8 did not lose Cu(ll)
binding. Therefore, His3 is the core ligand for binding Cu(ll) in Hst5. The Zn binding affinities of these

variants were not measured as the WT Hst5 already had a low affinity for Zn.

Table 8 Sequence of WT Hst5 and variants with mutations indicated in red.

Hst5 Variant Sequence
WT DSHAKRHHGYKRKFHEKHHSHRGY
AH3 ASAAKRHHGYKRKFHEKHHSHRGY
AH3, 7 DSAAKRAHGYKRKFHEKHHSHRGY
AH7,8 DSHAKRAAGYKRKFHEKHHSHRGY
AH15,18 ,19 DSHAKRHHGYKRKFAEKAASHRGY
A 12 B 12- C
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Figure 22 Normalised plot of the changes in solution absorbance of Cu-PAR at 512 nm upon addition
of Cu in the absence (black) or presence (purple) of 200 yM Hst5 variants in 10 yM PAR. The solid
black line is the model fit to the data. A Hst WT B AH7, 8 and AH15, 18, 19 are not affected in Cu

binding and competes with PAR, C AH3 and AH3, 7 do not have the ability to bind Cu. All experiments

were performed in 50 mM MOPS buffer pH 7.4.
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3.7 Hst5 can rescue metal toxicity in GAS growth

To understand the role of Hst5 in changing metal availability, the effect of this peptide on the growth of
S. pyogenes was examined. Colleagues in the Djoko lab have separately examined the hypothesis that
Hst5 limits nutrient Zn availability using the S. pyogenes AadcAl mutant. Therefore, this work focused
on the potential role of Hst5 in promoting metal toxicity instead. Hst5 was added to the culture media of
S. pyogenes WT, AcopA, and AczeD (Figure 23). The AcopA mutant strain is impaired in Cu efflux, and
the AczeD mutant strain is impaired in Zn efflux. Therefore, these mutants accumulate excessive
intracellular metal leading to toxicity. These strains display a growth defect with added metal in the culture

media.

First, the baseline effects of Cu and Zn on growth of each strain were examined in the absence of Hst5. In
culture without Hst5, the WT was not affected by the increase of Cu or Zn, but the metal export mutants had
attenuated growth by the increase of concentration of the cognate metals. The growth of the AcopA mutant
is attenuated by any added Cu but AczcD mutant is only affected by at least 10 uM Zn in the culture (Figure
23). ltis likely that because Zn is required in the cell in S. pyogenes, the addition of Zn in the AczcD mutant

is not as hugely affected as the addition of Cu in the AcopA mutant.

In the same conditions, 50 uM of Hst5 in the culture rescues growth of the AcopA mutant and AczeD mutant
from Cu or Zn toxicity (Figure 23). These results indicate that, contrary to the original hypothesis, Hst5 did
not promote metal toxicity. It is likely that the added Hst5 in the media is binding and buffering the excess Cu
or Zn and decreases the metal being imported into the cell, preventing metal toxicity. The buffering of Cu is
not surprising as the Cu affinity of Hst5 is high, and growth of the AcopA mutant is fully recovered even up
to 20 yM added Cu in the media. In the AczeD mutant, Hst5 is also showing mild protective effects from Zn
toxicity even though it binds with less than a micromolar affinity. Any added Zn does not seem to affect the
growth until 10 yM Zn. There is a slight delay in growth which is recovered and reaches an optical density
that is indistinguishable from the WT growth. Therefore, the presence of 50 uM Hst5 is capable of binding

sufficient concentration of Zn in the media to reduce the toxicity due to excessive Zn.
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Figure 23 A Effects of Cu (0, 5, 10, 20 yM, O, X, O, V) and Hst5 on growth of S. pyogenes WT and AcopA.

B Effects of Zn (0, 2, 5, 10 uyM, O, X, O, V) and Hst5 on growth of S. pyogenes WT and AczcD.

Adding WT Hst5 (50 uM) in the culture can rescue growth of both mutants. The symbols are the mean

of two replicates and shaded area showing the standard deviation.
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To examine the important residues for the protective effect of Hst5 during Cu toxicity, the four Hst5
variants were added to the same culture condition in AcopA (Figure 24). As we saw the loss of the ability
to bind Cu in the variants that contained mutation at His3, it was expected that those variants would not
restore growth in Cu toxicity. AH3 and AHS3, 7 variants did not rescue growth of the AcopA mutant in excess
Cu, while the other two variants AH7, 8 and AH15, 18, 19 restored growth as the Hst5 WT (Figure 24).

These results reconfirm the importance of the His3 in Hst5 in Cu binding.
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Figure 24 Effects of Hst5 variants on growth of the S. pyogenes AcopA mutant under Cu toxicity.
Growth is not restored in Hst5 variants with H3A mutation. The symbols are the mean of two replicates

and shaded area showing the standard deviation. (Cu: 0, 5, 10, 20 uM, O, X, O, V)
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4. Discussion

This study investigated the characteristics of the Zn and Cu binding of Hst5 in parallel to the Zn import
system of the model organism S. pyogenes. Hst5 is known to be an antimicrobial peptide, especially
well-understood as an antifungal peptide, most heavily studied against C. albicans. The conserved
metal binding motifs suggest a metal dependent role of Hst5, but the mechanism of the metal
dependence is yet to be determined. However, Stewart et al. have shown that Hst5 does not Kkill
Streptococci [98], in contrast to the killing effects seen in fungal and ESKAPE pathogens, leaving the
antimicrobial activity of Hst5 in question. This project hypothesised that Hst5 is potentially involved in

nutritional immunity.

4.1 Measurements of metal binding using equilibrium competition against a colourimetric probe.
When using colourimetric probes (L) as a competitor to evaluate metal (M) binding to a protein (P), it is
important to assess the entire solution spectra rather than the single wavelength of the peak absorbance.
This approach helps ensure that the metal binds directly to the probe (ML or ML2) without side reactions
such as formation of a ternary complex with the competing protein. Direct binding of metal to the probe
should only produce two peaks in the spectra: one for the apo-probe (L) and one for the holo-probe (ML
or MLz2). The absorbance intensity of each peak will change in proportion to the concentration of metal
added. However, the wavelength of each peak should not change because the chemical nature of the
species responsible for each peak (L, ML, or ML2) remains unchanged. In addition, the peaks should
crossover at the same points at any concentration of metal added. These crossover points are known

as the isosbestic points.

For example, as shown in the titration of Cu into PAR in Figure 25A, two peaks are present in all the
spectra at 420 and 512 nm, corresponding to the apo- (L) and holo-forms of this probe (ML). In addition,
two isosbestic points can be clearly observed at 338 and 450 nm (Figure 25A, red circles). The presence
of these isosbestic points confirms that the addition of Cu into a solution of apo-PAR (L; peak at 420
nm) generates Cu-PAR (ML; peak at 512 nm) as the sole reaction product. By contrast, repeating this
titration in the presence of AdcAl (P; Figure 25B, red) induced a clear change in the shape of the holo-

PAR spectrum and a shift in the holo-PAR peak wavelength from 512 nm to 520 nm (Figure 25B). In

59



4. Discussion

addition, the isosbestic point at 338 nm is lost. Both features suggest the formation of potential ternary
complexes between AdcAl, PAR, and Cu. As the exact ternary species cannot be identified from the
competition assay, for example whether it was a 1:1:1 PAR:Cu:AdcAl complex or another species, the

data cannot be reliably fitted to an equilibrium competition model shown in equation 11.

2 CU'PAR + AdcAl = 2 Cu'AdcAl + 2PAR (eq. 11)
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Figure 25 A Change of solution absorbance upon addition of Cu into PAR. Red circles indicating the
isosbestic points. B Addition of AdcAl (red) to PAR and Cu (black) causes a spectral shift and no longer

forms isosbestic points.

4.2 Zn binding to AdcAl

This thesis reports the metal-binding affinities for the Streptococcal Zn uptake lipoprotein AdcAl,
measured using equilibrium competition assays against colourimetric and flurometric probes with
varying affinities. The results confirm a previous model [66] that AdcAl binds two Zn atoms with distinct
affinities. However, the affinity values obtained in this work (Ko = 5.3 x 10* M and 6.7 x 10 M) (Figure
16 and 17) are approximately 200000 and 40 times higher when compared with those reported
previously by Cao et al., (93 x 10° M and 1.1 - 2.6 x 10 M). These literature values were obtained

using ITC, which can lack sensitivity, especially for measuring tight binding. The concentrations of
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protein and metal required to generate sufficient heat change for detection are typically much higher
than the Kp values of the metalloprotein. In addition, heat change can report events outside metal
binding to a protein [99]. For example, side reactions involving metal binding to the buffer can often
produce a heat change. Therefore, ITC often only provides upper limits of the Ko and therefore lower
limits of the affinity. Conducting equilibrium competition assays with competitors of known affinities
provide more accurate Kp values, as long as an effective competition between the protein and the probe
for the metal is observed. For example, the affinity of the AdcAl tight site for Zn could not be accurately
estimated using MF2 as a competitor, since AdcAl outcompeted the probe (Figure 16B). The affinity of
this site was better estimated using Quin2 as the competitor, since an effective competition was

observed between AdcAl and Quin2 (Figure 17B).

4.3 Zn binding properties of Hst5

Previous studies have shown that Hst5 can bind up to three Zn ions. ITC measurements yielded Kp =
1 x 107 M for the tightest bound Zn and 1 x 104 M for the two more weakly bound Zn. A previous study
also showed an effective competition between Hst5 and Zincon, a Zn-binding probe with much lower
affinity (Ko = 1.26 x 10" M) [54]. However, it is important to note here that this competition with Zincon
was performed in phosphate buffer. When used at millimolar concentrations, phosphate can become
competitive for binding Zn (Ko = 4.0 x 10-® M) [100]. Therefore, the observed competition between Hst5
and Zincon should have accounted for phosphate as a third competitor in the system. Nevertheless,
based on the ability of Hst5 to bind Zn, it was hypothesised that this peptide plays a role in nutritional
immunity, either by limiting nutrient Zn availability to S. pyogenes and promoting bacterial Zn starvation,

or by enhancing the supply of excess Zn to S. pyogenes and promoting bacterial Zn toxicity.

Work by colleagues in the Djoko lab indicated that, contrary to the original hypothesis, addition of Hst5
into S. pyogenes cultures did not induce a Zn starvation phenotype [98]. Hst5 did not suppress growth
of the S. pyogenes adcAl mutant strain lacking the high-affinity Zn uptake lipoprotein AdcAl. Hst5 also

did not upregulate expression of AdcR-regulated genes such as adcAl gene.

Likewise, work presented in this thesis indicated that Hst5 did not promote Zn toxicity in S. pyogenes.

Addition of Hst5 did not enhance the Zn-dependent growth inhibition of the AczcD mutant lacking the
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primary Zn efflux facilitator (Figure 23). Work by colleagues in the Djoko lab further confirmed that Hst5
did not increase the Zn-dependent upregulation of the czcD gene [98]. Instead, Hst5 appeared to protect

the AczcD mutant effects from excessive Zn (Figure 23), albeit only weakly.

Results from the Djoko lab suggest that Hst5 does not promote Zn starvation in S. pyogenes [98]. This
thesis provides a molecular mechanism for these observations. As described in the literature, the affinity
of Hst5 to Zn was weak at Ko = 8.3 x 10° M. Consistent with this weak affinity, micromolar
concentrations of Zn-Hst5 complex did not survive elution from a desalting column (Figure 18A). This
affinity value for Zn-Hst5 is 16000000 times weaker than the tight site of AdcAl and 124 times weaker
than the weak site of AdcAl. Consistent with this hypothesis, while AdcAl clearly competed with the
fluorometric probe MF2, Hst5 did not (Figure 18B). These relative affinities suggest that Hst5 does not
compete with AdcAl for binding Zn, which would explain why Hst5 does not starve S. pyogenes of

nutrient Zn.

The weak affinity of Zn to Hst5 also explains why Hst5 does not promote Zn toxicity. The culture medium
employed in streptococcal growth assays contains high concentrations of phosphate and other amino
acids such as His and Glu, all of which can compete for binding Zn. Therefore, it is likely that the Zn-
Hst5 complex is not stable in the culture medium. Instead, the Zn-Hst5 complex likely dissociates in the
culture medium as a result of competition with other potential Zn-binding molecules. Therefore, the
model in which a Zn-Hst5 complex enters the cytoplasm (Figure 26) and drives accumulation of

intracellular Zn is unlikely.
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Figure 26 Zn homeostasis system in S. pyogenes and hypothesised role(s) of Hst5.
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As growth media components become depleted, for example during the later phase of bacterial growth,
the lack of competitors may then allow binding of Zn to the Hst5 peptide. This likely explains why a
slight protective effect is observed in Figure 23, where growth of the AczcD mutant of S. pyogenes in

the presence of Zn is improved slightly.

4.4 Cu binding properties of Hst5

It has been previously studied that Hst5 binds Cu(ll) at the ATCUN site with affinity of Kp = 7.94 x 1012
M by competition assay with NTA and two Cu(l) at each bis-His motif with an affinity of Ko =2.51 x 108
M, determined by competition with ferrozine [52]. The Cu(ll) affinity of Hst5 was measured with three
different probes, NTA to repeat the experiments from the previous study of Conklin et al., FZ3, and PAR.
Competition assay with PAR provides the best estimate of the affinity, compared with NTA and FZ3.
The competition data with FZ3 (Figure 20A) could not be fitted with the equilibrium model with the
currently known affinity of Cu-FZ3. As seen in Figure 19, the maximum peak absorbance of Cu-NTA
does not plateau even when the ligands are saturated with Cu(ll), likely a result of Cu(ll)-buffer

interactions.

As Hst5 binds Cu with a high affinity, of Ko = 6.63 x 103 M (Figure 21), it was hypothesised that this
peptide has a role in nutritional immunity by limiting Cu availability and promoting Cu starvation, or by
enhancing the supply of excess Cu and promote Cu toxicity. However, S. pyogenes is not thought to
use Cu as a nutrient and therefore Cu starvation cannot disrupt viability, leaving only the model of Hst5

promoting Cu toxicity as the potential role of Hst5 in nutritional immunity for Cu.

Work by colleagues in the Djoko lab indicated that addition of Hst5 into S. pyogenes culture did not
induce a Cu toxicity phenotype [98]. Hst5 did not upregulate expression of copA, the CopY-regulated
gene. In contrast to the hypothesis, the addition of Hst5 rather reduced the expression of copA which

is indicative of reduced Cu stress.

Similarly, the work presented in this thesis show that Hst5 did not promote Cu toxicity in S. pyogenes.
The addition of Hst5 did not enhance the Cu-dependent growth inhibition of the AcopA mutant lacking
the Cu efflux pump (Figure 23). This study also showed the protective effects of Hst5 in the growth of

AcopA mutant in the presence of excessive Cu (Figure 23).
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By examining the different Hst5 variants, it was determined that Cu(ll) binding was relevant and not
Cu(l) binding. Therefore, the Cu(ll) site of Hst5 is crucial in the role of buffering excessive Cu in the
growth of S. pyogenes. Since Cu(ll) is not thought to exist in the reducing cytoplasm, it is likely that
Hst5 binds extracellular Cu and suppresses the entry of Cu in the cytoplasm of S. pyogenes. This
proposal is supported by the work from the Djoko lab, with ICP MS analysis showing lower intracellular
Cu levels in Hst5 treated cells. Therefore, the model in which a Cu-Hst5 complex enters the cytoplasm

(Figure 27) and drives accumulation of intracellular Cu is unlikely.
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Figure 27 Cu homeostasis system in S. pyogenes and hypothesised role(s) of Hst5.

4.5 The likely physiological role of Hst5

Hst5 has been proposed to bind metals like Zn(ll), Ni(ll), Cu(l) and Cu(ll) [52, 54, 101]. Metal binding
AMPs can have two major modes of action that is dependent on metal binding. The first is by the metal
functioning as a cofactor that switches “on” the activity of the AMP, or the second by participating in
nutritional immunity. Nutritional immunity was thought to be limited to inducing starvation of nutrients
from the invading pathogen, but it has been observed that animal hosts can manipulate the metal
availability at the site of infection to cause metal poisoning. Hence, the metal binding AMP can also

have a role in delivering excessive metal ions to the invading pathogen and induce metal toxicity.
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Another mode of action that involves metals in the action of AMPs can be synergistic effects of the
metal ion and the AMP, that does not involve binding of the metal. This can be observed when there is
an enhanced antimicrobial effect of the AMP in the presence of the metal as they both together promote

cell death or damage but does not require binding and formation of a complex does not occur in the

cell.
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Figure 28 The proposed model of Hst5 in S. pyogenes.

It is clear from the results from this study and from parallel work done in the Djoko lab [98] that Hst5
does not act as a metal-dependent antibacterial agent, whether through direct metal binding to the AMP
or via synergistic effects, against the pathogen S. pyogenes. Instead, Hst5 appears to play a role in

influencing metal availability, especially Cu, to S. pyogenes, and potentially other oral streptococci

(Figure 28).
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Hst5 has been proposed as an antifungal AMP that requires Cu as a cofactor [52]. The proposed
antifungal mechanism involves the internalisation of the peptide via energy-dependent pathways by
interacting with the fungal membrane proteins, which makes the fungal pathogen a specific target.
However, in this study, it was shown that Hst5 remains extracellular of the bacteria and binds excessive
Zn and Cu in the environment. The proportion of Streptococci in the oral microbiome can be up to 60%,
depending on the site and individual. As reduced Cu availability does not negatively influence the growth
of streptococci, the chelation or buffering effect of Hst5 is likely beneficial in maintaining a healthy
population of the streptococci in the oral cavity. The constant secretion of Hst5 by the salivary glands
into the saliva may help adjust Cu availability in the oral cavity so that it is kept below the threshold at
which it can cause Cu poisoning in resident streptococci. Oral Cu availability may fluctuate due to

consumption of food or food supplement, and Hst5 may buffer this metal as seen in this study.

Whether Hst5 has a role in limiting Cu availability to other oral microbes that may require Cu as a
nutrient still remains as a question. If the affinity of Hst5 to Cu and the concentration of Hst5 present in
the saliva are high enough to outcompete the Cu import systems in these microbes, then these
microbes will starve. It is possible that this is a mechanism by which the growth of potential oral
pathogens is suppressed, but how this is balanced with growth of potential beneficial oral microbes is

not known.
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5. Future work

5.1 Generation of apo-AdcAll and characterisation

For future studies, understanding AdcAll could provide deeper knowledge of the Zn homeostasis
system of S. pyogenes. This study did not continue with identifying the Zn binding characteristics of
AdcAll due to time constraints as generation of apo-AdcAll required an additional step of overnight
dialysis with excessive EDTA [102] and the individually measured affinities of AdcAl and Hst5 have
answered the hypothesis of whether Hst5 can promote Zn starvation. However, the role of AdcAll in Zn
acquisition remains unclear, why S. pyogenes requires both AdcAl and AdcAll and how AdcAll interacts
with Pht and AdcB to import extracellular Zn. Therefore, understanding AdcAll may provide insight to

how S. pyogenes acquires Zn and how it may be inhibited with antimicrobial peptides.

5.2 Direct competition of AdcAl and Hst5 for Zn and Cu

Although this study has shown that Hst5 would not be able to outcompete AdcAl and induce metal
starvation in S. pyogenes, a direct competition of AdcAl and Hst5 for Zn would be another method to
confirm that Hst5 would not be able to bind Zn in physiological conditions where high affinity metal
import proteins are present. This can be achieved by incubating isolated AdcAl, Hst5 and Zn at
physiologically relevant concentrations, separate AdcAl and Hst5 by size exclusion chromatography
and assess where the Zn is bound as it was done in this study, by denaturing the protein with 6 M
guanidine chloride and using PAR. The size of AdcAl is approximately 20-fold larger than Hst5, so size

exclusion chromatography will be the easiest method to separate the two proteins.

5.3 Hst5 inducing Cu starvation in other oral microbes

The metal dependent role of Hst5 on Cu and Zn was all examined and has been eliminated except one
possibility, Hst5 as a Cu chelator and cause Cu starvation. S. pyogenes was the model organism in this
study as GAS is the most common oral microbe, but it does not require Cu for growth or virulence. Hst5
may have arole in limiting Cu availability in the smaller proportion of the oral microbiome or Cu-requiring

pathogenic bacteria and limit the overgrowth of those species.
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5. Future work

5.4 Hst5 binding other metals

In this study, only the Zn and Cu(ll) binding of Hst5 was characterised. However, it has been seen that
Hst5 can bind Ni and previous studies had shown that it can bind up to 10 Fe atoms. Other d-block
divalent metals such as Co and Mn could also potentially bind Hst5, as many His containing proteins
and peptides do, and have an antimicrobial role. The affinity and in vitro activity of Hst5 dependent on
these different metals can be examined by competition assays, in the same method as it was done in

this study.
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