University of Wisconsin Milwaukee

UWM Digital Commons

Theses and Dissertations

May 2020

Zinc Proteomics: Interactions of Zn2+, Cd2+, and Metal-binding
Ligands with Zn-Binding Sites in the Proteome

Eric Daniel Lund
University of Wisconsin-Milwaukee

Follow this and additional works at: https://dc.uwm.edu/etd

6‘ Part of the Analytical Chemistry Commons, and the Biochemistry Commons

Recommended Citation

Lund, Eric Daniel, "Zinc Proteomics: Interactions of Zn2+, Cd2+, and Metal-binding Ligands with Zn-
Binding Sites in the Proteome" (2020). Theses and Dissertations. 2399.
https://dc.uwm.edu/etd/2399

This Dissertation is brought to you for free and open access by UWM Digital Commons. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of UWM Digital Commons. For more
information, please contact open-access@uwm.edu.


https://dc.uwm.edu/
https://dc.uwm.edu/etd
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F2399&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/132?utm_source=dc.uwm.edu%2Fetd%2F2399&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/2?utm_source=dc.uwm.edu%2Fetd%2F2399&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd/2399?utm_source=dc.uwm.edu%2Fetd%2F2399&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:open-access@uwm.edu

ZINC PROTEOMICS: INTERACTIONS OF ZN?*, CD?%*, AND
METAL-BINDING LIGANDS WITH ZN-BINDING SITES IN THE

PROTEOME

by

Eric D. Lund

A Dissertation Submitted in
Partial Fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

in Chemistry
at

The University of Wisconsin-Milwaukee

May 2020



ABSTRACT

ZINC PROTEOMICS: INTERACTIONS OF ZN?*, CD?**, AND METAL-BINDING LIGANDS WITH
ZN-BINDING SITES IN THE PROTEOME

by
Eric D. Lund

The University of Wisconsin-Milwaukee, 2020
Under the Supervision of Distinguished Professor David H. Petering, Ph.D.

Cadmium ion causes toxicity in humans, most prominently in the kidney. This thesis focuses on
mechanisms by which Cd?* harms kidney proximal tubule cells. Previous experiments have
shown the time-dependent distribution of Cd?* and Zn?* within supernatant of pig kidney, LLC-
PK; cells after exposure to Cd?* plus the ionophore pyrithione?!. The first part of this research
describes the trafficking of cadmium within LLC-PK; proximal tubule cells, including the time
dependent distribution, speciation, and quantification of Cd?* and Zn?* in cells exposed to Cd?*
and Cd?* plus pyrithione. The latter treatment introduces Cd?* into cells at time zero and permits
the clean observation of its subsequent trafficking pathway. Cd?* binds first to the Proteome
and exchanges with Zn?* bound as specific Zn-proteins. Later, Cd?* shifts into newly
synthesized metallothionein. A 1:1 stoichiometry of the Cd-Zn exchange reaction was
determined by titrations in cells and isolated cell Proteome. Zn?* displaced from the Zn-
Proteome became bound to other, adventitious sites of binding within the entire Proteome. The
results support the hypothesis that non-specifically bound Zn?* mobilized by Cd?* activates the

transcription factor, MTF-1, leading to the induction of metallothionein synthesis.

With these results in hand, the research turned to understanding at the protein level, how Cd?*

interacts with cell constituents. Important questions were what are the identities of the proteins



that bind Cd?*? Are these proteins normally Zn-proteins? How can such proteins be detected
analytically? Recently, native SDS-PAGE, or NSDS-PAGE, was developed that showed refined
separation of proteins even as their native properties and bound metal ions remained intact?.
This section of the defense explores the development of a new approach for the identification of
zinc- and cadmium-containing proteins in complex mixtures. NSDS-PAGE was used to
separate proteins with retention of their zinc and cadmium contents. Then, laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) was utilized to detect low amounts
of these metals in proteins along the length of the gel electrophoresis lane. A companion
technique of fluorescent visualization of Zn-proteins with the zinc sensor, TSQ, was used in
tandem with LA-ICP-MS to strengthen the detection of Zn- and Cd-proteins®. Using these
methods, the replacement of Zn?* by Cd?*in Zn-proteins was observed. In the presence of Zn-
metallothionein, the restoration of Zn?* into these proteins was also seen for the first time as

metallothionein successfully competed for Cd?*.

The last part of this defense addresses the hypothesis that ligand binding to members of the Zn-
proteome can occur with a wide variety of ligands. The ability of ligands to form adduct species
with specific and non-specifically bound zinc was surveyed using a competitive titration
experiment using the Zn?* sensor TSQ. Of direct interest to the Cd?* research, pyrithione can

form ternary adducts with both types of cellular zinc.

1. Namdarghanbari, M. et al. J Biol Inorg Chem (2011) 16: 1087
2. Nowakowski, D. et al. Metallomics, 2014, 6, 1068

3. Meeusen, J. et al. Inorganic Chemistry 2011 50 (16), 7563-7573
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Part |: Introduction

Introduction

Toxicologists lack a satisfactory understanding of cellular chemistry of xenobiotic metal ions that
causes toxicity (Petering 2016). Itis a common hypothesis that redox stable metals such as
Cd?* and Pb?* compete with Zn?* for proteins binding sites and binding would modify their
normal biochemical function which would result in cell injury (Petering 2016). To understand
how toxic metals cause cell injury requires the identification of intracellular sites of binding that
cause changes in the cell biochemistry. With a host of metal binding groups such as
carboxylate, amine, thiolate, imidazole structures in proteins, nucleic acids and small molecules;
multiple metal binding interactions can be proposed in which } L; represents potential binding

sites:
M™+ 5L 5 > M-Li (K, ki, ki) (1)

Where K; is the equilibrium constant of the reaction and the rate constants for formation and

dissociation of the complex are ki and k., respectively (Petering 2016).

The chemistry of metals (M™) differs depending on the location in the periodic table. Zn?*is a
d*® first row transition metal that primarily associates with nitrogen and sulfhydryl ligands;
whereas, Cd?*, just below it in the same family of the periodic table, coordinates most favorably
with thiolate ligands (Maret et al. 2013). Metal ion binding reactions commonly are reversible;
which means that the forward (ki) and reverse (k.) reactions are significant. Cd?* toxicity results
directly or indirectly from the particular speciation of M"*among ) L; during generic reaction 1.1

(Petering 2016). Therefore:

Cd? + L = YCd-L (1.2)



From the formation of a Cd-L complex, changes in structure and reactivity of L; offer insights into
the mechanism by which Cd?* alters cellular biochemistry. The equilibrium constant provides an
understanding of the stability of the complex alone or in the presence of other cellular ligands
that can compete to bind Cd?*. In turn, this offers information about whether Cd-L can exist in

the cell.

A variety of metal ions are required for cellular systems to function. Disruption of normal
operations within a cell occurs when the inorganic chemistry of a toxic metal, Muwyxic"*, overlaps
with a native metal ion neighbor of one of the biologically essential metal ions, such as Zn?*.
Zn?* and Cd?* reside in the same family on the periodic table and, therefore, share similar
chemical properties. Oxygen (O), nitrogen (N) and sulfur (S) ligands form complexes with Zn?*
and Cd?* and neither of these elements participates in oxidation-reduction reactions. There are
large concentrations and countless sites for Cd?* to bind within cells. Carboxylate(O), imidazole
(N), thiolate (S), and amino (N) groups are plentiful on the exterior surface of aqueous proteins
(Sovago et al. 2013). Glutathione is another molecule in high concentration that could bind Cd?*
(Krezel et al. 1999). Nonspecific affinity for Cd?* is substantial among cellular constituents. Cd?*
prefers soft ligands, such as sulfhydryl (S), to harder ligands, such as carboxyl (O) and
imidazole (N), and its atomic radius is larger than Zn?* (Maret et al. 2013). Thus, it has been
hypothesized that normal Zn?* metabolism and function is interfered with by interaction with Cd?*

at the molecular level (Petering 1978).

In addition to many adventitious binding sites for Cd?*, numerous metalloproteins populate cells.
Mammalian cells contain an estimated 3,000 Zn-proteins (Zn-P) (Andreini et al. 2006). Zn?*
typically contributes to protein conformation (e.g. Zn-finger transcription factors) or the catalytic
mechanism of action at enzyme active sites (e.g. carbonic anhydrase and alcohol
dehydrogenase) (Petering et al. 2017). When Zn?*is involved with protein conformation, it

provides thermodynamic stabilization for the structure and may be involved with the correct



folding of the protein. Considering Zn?* and Cd?* are within the same family on the periodic

table, protein (P) may also have significant affinity for Cd?*:
Cd?* + P s Cd-P (Keq, k1, k1) (1.3)

As with reaction 1.2, knowledge of the rate constants and equilibrium are crucial for assessing

any critical significance for any particular example of this reaction.

A general pathway for the trafficking of Cd?* includes its transport across membranes,
intracellular distribution within any given compartment, and final sites of localization (Petering et
al. 2017). Figure 1.1 serves as the foundation for what is known about Cd?* speciation in
relation to toxicity. Once in the cell, Cd?* associates with adventitious proteomic binding sites
and possibly with glutathione (Cadmium Interaction with Animal Cells 2018). Some of these
adventitious Proteomic binding sites, Proteome+Cd, may be toxicologically important. The
underlying hypothesis in figure 1.1 suggests that Proteome+Cd ultimately reacts with
metalloproteins, through metal ion exchange, to create Cd-proteins in which the native binding
site with M"* becomes a cadmium substituted protein with modified biochemical properties.
Because Zn?* and Cd?* share chemical properties, many hypothetical reactions with Cd?* involve
Zn-proteins (Petering et al. 2017). The hypothesis is supported by NMR experiments in which
Zn?**is replaced in Zn-proteins by *3Cd?* to gain information about the nature of the metal

binding site (Armitage et al. 2013).



Cd(SG),

Cd?*
& Cd-Proteins
+
Cd?* + VI-Protei -—"
R roreme Proteome-V|
Cd-Protein Proteome*Cd
Figure 1.1

General pathway of trafficking of Cd?* within cell compartments. M, native metal in
metalloprotein, M-protein; SG, glutathione; box represents transporter connecting
compartments. (Recreated from Cadmium Interaction with Animal Cells 2018).

There are also many sites within the cell that can bind Zn?* nonspecifically and, thus, potentially
bind Cd?*. Once Cd?'is associated with such a protein (P1), the product P;*Cd may transfer its
metal ion to other protein ligands through a series of association and dissociation steps, as in
reaction 1.2. A direct ligand substitution may occur in which the metal exchange between two

proteins (P1 and P2) occurs without the dissociation of Cd?* from Py:
P:eCd + P, 5 P>*Cd + P, (Keq, Ka, k-l) (1-4)

Eventually, the distribution of Cd?* among proteins becomes consistent with all the equilibrium

and rate constants of the participating reactions.

Through reactions 1.3-1.4, one can generalize that intracellular Cd?* would be readily

distributed among many proteins. Based on the chemical properties of Cd?" listed above, it can



be inferred that most of the proteins would contain sulfhydryl ligands. Since glutathione has a

cysteine thiol as one of its ligands, Cd?* might also coordinate with it.

Cd?*is hypothesized to eventually find its way into specific metalloprotein binding sites (M-
Proteins), based on figure 1.1. Focusing on Zn-proteins (3 Zn-Py), the interaction with Cd?*

might result in Cd-proteins but, also through metal exchange reactions (reaction 1.5):
ZZn—Pn + ZPrOn'Cd = ZCd'Pn + ZPrOn'Zn (15)

One such protein is a sulfhydryl-rich protein called Metallothionein (MT). Much of the research
on Cd?* toxicity was shaped by the discovery of Metallothionein (Margoshes et al. 1957). MT
has been identified as the protein chiefly responsible for protecting cells against Cd?*. Its best

documented function is its participation in cadmium toxicological action (Klaassen et al. 2009).

Mammalian MT has four major isoforms, I-IV (Otvos et al.1980). MT | and Il are ubiquitously
found throughout the body in organs and tissues, including kidney, and contain 20 cysteine
residues placed identically within the 60 amino acid sequence (Vasak et al. 2011). The

sulfhydryl side chains allow one molecule of MT to bind up to 7 Cd?" and/or Zn?*.

Fully saturated Cdy. or Znz-MT exists in an elongated structure comprised of two domains, each
containing a metal thiolate cluster — a domain (MsS11) and B domain (MsS,) (figure 1.2)
(Petering et al. 2009). When not enough cadmium is present to saturate MT, mixed metal,
Cdn,Zn7.n-MT species are formed (Ejnik et al. 2010). In addition, unsaturated forms can exist

such as Cdn-MT where n <7 (Stillman et al. 1987).
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M?* -thiolate connectivities in the metallothionein MsSg and M4S1: clusters, located in the N-
terminal B-domain and C-terminal a-domain, respectively. (Altered from Petering et al. 2009)

The stability constants for the association of Cd?*, at pH 7, with the a and B domains of

mammalian MT are inferred to be in the range from 1046, three orders of magnitude larger

than for Zn?* (Kzn.mr = 10%12) (Otvos et al. 1989; Namdarghanbari et al. 2010; Pinter et al.

2014). The explanation for the difference between stability constants of the two metal ions with

apo-MT is that on a thermodynamic/equilibrium basis, MT simply binds Cd?* more strongly to

sulfhydryl groups (Petering 2016).

Recent experiments have discovered two classes of Zn?* nonspecific Proteomic binding sites

(Krezel et al. 2006; Karim et al. 2016). Thiolate ligands, in the concentration of hundreds of

micromolar, are involved in the manifold of stronger binding sites and the average stability

constant for Zn?*, at pH 7, is 10'° (Petering et al. 2017). Since the stability constant for Cd?*

interaction with the proteome (Kero.cq) Would be expected to be even larger, on average,

because of its avid binding to sulfhydryl groups; it seems probable that Cd,-MT would be formed

when considering the reaction of newly synthesized, metal free, apo-MT with ) Pro,*Cd.



Apo-MT + > Pro,.Cd = Cd,-MT + 3 Pro, K = Kca-mt/ Kproecd (1.6)
Similarly, apo-MT might favorably react with Cd-Pi that has formed in reaction 1.5:
apo-MT + n }Zn-P;i < Cdy-MT + n > Pro; 2.7)

Considering the measured stability constants for Zn-proteins range between 10°%2, it could be
hypothesized that newly synthesized MT would compete with Zn?* bound as Zn-proteins like in

reaction 1.8.
apo-MT + 7 Zn-protein < Zn;-MT+ 7 apo-protein (1.8)

Based on two observations, apo-MT does not compete for Zn?* bound as Zn-Protein. First, apo-
MT or MT lacking its full complement of metals (Less than 7 Zn?* and/or Cd?*) is detected in a
variety of cell types under various physiological and pathological conditions, sometimes in high
concentration (Petering et al. 2006). MT that is undersaturated with metal ions coexists with Zn-
proteins. Second, when the components of reaction 1.7 are mixed together, in vitro, little to no
products are formed (Rana et al. 2008). There must be a kinetic barrier to this reaction
considering there are at least some Zn-proteins that have relative stability constants for Zn?*
that should react with apo-MT. In fact, in the same study, small molecule ligands for Zn?* such

as EDTA were shown to undergo reaction with Zn-Proteome (Rana et al. 2008).

An explanation for the high concentration of unsaturated MT may be that the reverse of
reaction 1.9 takes place regularly within cells: hypothetically, the source of Zn?* for newly

synthesized apo-Zn proteins is Zn,-MT.
Zn,-MT + n apo-protein < apo-MT + n Zn-protein (1.9

Reports show that Zn,-MT can donate Zn?*to apo-carbonic anhydrase (Li et al. 1980; Pinter et
al. 2014). Zn? that binds to high affinity sites within the Proteome (3 PromeZn) that are in large

concentrations are also kinetically available for donation to apo-carbonic anhydrase (Petering et



al. 2017; Petering et al. 2019). MT is the only protein that has been hypothesized to participate
in Zn?* trafficking and supplying Zn?* to apo-Zn-proteins. But recently, Mahim and Petering have
demonstrated that reaction 1.10 gives rise to the equilibrium formation of some ) Pro,*Zn and
that Zn?* associated non-specifically with the Proteome can serve as a source of Zn?* for the

reconstitution of Zn-CA from apo-CA (reaction 11) (Petering et al. 2019).
Zn,-MT + Y Pro, < apo-MT + Y ProneZn (1.10)
> PronZn + n apo-protein < ) Pro, + n Zn-protein (1.11)

In cells or organs that have undergone Cd?* uptake, all isolated cadmium metallothioneins
contain both Cd?* and Zn?* (Otvos et al. 1980). During the exposure of mouse kidney cortical
cells to Cd?*, Cd,Zn-MT begins to appear within three hours of exposure and continues to grow
in concentration (Blumenthal et al. 1994). When the mechanism for cluster-specific information
of Cdn, Zn@-n)-MT was probed, Cd?* tends to concentrate in the 4-metal cluster and Zn?* in the 3-
metal cluster (Nettesheim et al. 1985). This is due to a complicated metal ion exchange process

between two fully saturated MT proteins, Cd,-MT and Zn,-MT (Nettesheim et al. 1985):
n Cd7-MT + (7-n) Zn7-MT = 7 Cd, ZNz-n-MT (1.12)

Extracellular Zn?* seems to be the source of Zn,-MT since cells exposed to Cd?* cause the
induction of MT, raises the total intracellular concentration of Zn?* and MT does not seem to

compete for protein-bound Zn?* (Petering et al. 1984).

Cells exposed to Cd?* make more MT than is necessary to gather all the invasive metal ion into
its structure because, it is hypothesized, MT needs to retain its capacity to donate Zn?*to other

sites (reaction 1.10-1.11) even as it sequesters Cd?* out of proteins (Otvos et al. 1989).

Zn7-MT must be formed at some point for reaction 1.12 to take place and may serve as a

precursor of Cd,-MT according to reaction 1.13:



Zn;-MT + 7 Pro+Cd < Cd7-MT + 7 ProeZn (1.13)

In this case, the overall equilibrium constant is the ratio of (Kcg-mtKpro-zn)/(Kzn-mtKpro-ca). Whether
reaction 1.12 is energetically feasible lies in both the strongly favorable affinity of Cd?* versus
Zn?* for MT (Kcg-mr)/(Kznvr) @and the relative binding strength of Cd?* and Zn?* to other proteins

as well.

The principal hypothesis of figure 1.1 is that when Cd?* enters cells, it eventually displaces Zn?*
in Zn-proteins (reaction 1.5), producing an array of Cd-proteins with altered function (Cadmium
Interaction with Animal Cells 2018). The properties of reaction 1.5 have been directly assessed
by directly reacting whole proteome, including the complete manifold of Zn-proteins, with Cd?*
and measuring the amount of products » Cd-P, and ) Pro,*Zn (Namdarghanbari et al. 2014).
The results were consistent with the replacement of Zn?* by Cd?* in Zn-proteins together with the

association of Zn?* with nonspecific Proteomic binding sites.

When the product mixture of reaction 1.5 was reacted with enough apo-MT to coordinate all the
cadmium ion, Cd?* was preferentially transferred to apo-MT along with some Zn?*

(Namdarghanbari et al. 2014):
> Cd-P + Y PromeZn + apo-MT = > P, + Y Prom + Cdn, ZN-MT (1.14)

The much larger affinity of apo-MT for Cd?* than Zn?* drives reaction 1.13 energetically and is
indicative of the broad reactivity of apo-MT with Cd?* bound in native Zn?* protein sites.

When apo-MT was replaced by Zn-MT in reaction 1.13, Cd?* moves into the pool of MT,
changing the product distribution, as a similar amount of MT-bound Zn?* shifts back into the
protein fraction (Namdarghanbari et al. 2014). This reaction possibly restores functional activity

to these proteins by placing Zn?* back into its native binding sites:

Y Cd-Pn + Znz-MT 5 $Zn-P, + Cdn, ZN@n-MT (1.15)



The long-standing hypothesis that Zn,-MT restores functionality to cadmium-altered proteins is
supported by two model reactions: metal ion exchange of Zns-MT with a Cd-substituted zinc-
finger protein, Tramtrak, and Cd-carbonic anhydrase (Otvos et al. 1989, Roesijadi et al. 1998,

Ejnik et al. 1999).

An important characteristic of Cd?* intoxication is that as Cd?* reaches the kidney, it remains
bound to MT in the form Cd,, Znz)-MT in a steady state of degradation and resynthesis
(Cousins 1979). According to figure 1.1, as MT is hydrolyzed into its constituent amino acids,

MT must reacquire Cd?* from Cd-proteins and  Pro+Cd.

According to one hypothesis, once the concentration of Cd?* within cells exceeds the storage
capacity of MT, it becomes toxic and spills out of the MT pool into other sensitive sites (Friberg
1984). In this model, cadmium becomes toxic only after long exposure and extensive
accumulation in tissues such as the kidney. However, in both animals and cells exposed with a
modest concentration of Cd?*, a small residual pool of non-MT-bound Cd?* has been detected
even though the sites occupied by Zn?*, in Cdn, Zn@-n)-MT, should have exchanged with Cd?*
(Petering et al. 1984, Blumenthal et al. 1994). This pool of Cd?* hypothesized to initiate cell

injury.

It may be useful to compare the concentration of intracellular Zn-proteins to the estimated
concentration of non-MT-bound Cd?*. Hundreds of micromolar Zn?* within the cell are
contributed by approximately 3000 Zn-proteins (> Zn-P,) (Nowakowski et al. 2015). One study
places the pool of potentially toxic Cd?* at approximately 4% of the concentration of intracellular

zinc and that of MT-bound Cd?* many times larger (Nettesheim et al. 1985).

Cells upregulate the rate of synthesis of MT, in response to Cd?* and Zn?* as well as other metal
ions, by activating the molecular switch MTF-1, metal regulatory transcription factor 1 (Gunter et

al. 2012). MTF-1 is the transcription factor that binds selectively to metal response elements
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(MRES) located in the promoter region of MT and other genes (Laity et al. 2007). The
mechanism by which Zn?* influences gene expression has been widely studied. The metal-
responsive part of the protein is comprised of six tandem cysteiney, histidine, (CzHz) zinc fingers
residing in the DNA binding region. Only in the presence of Zn?* do these structures fold and

function properly (reaction 1.11) (Berg et al. 1997, Cox et al. 2000).
n Zn2+ + MTF'linacti\/e 1__’ Znn‘MTF‘lactive (n S 6, Keq -~ 1010-11) (116)

According to reaction 1.16, based on the availability of extracellular Zn?* to the cell, the

concentration of Zn?* inactivates MTF-1.

The addition of micromolar amounts of Zn?* were required to stimulate binding of MTF-1-MRE,
when using cell lysate as the source of MTF-1 (Dalton et al. 1997). According to the results, the
formation of Zn,-MTF-1 seem to indicate a critical stability constant (Keq) of ca. 10°. However,
the measurement of the equilibrium constant for the association of Zn?* with each of the Zinc-
finger domains of MTF-1 is on the order of 10'%! for the association of Zn?* with each of the
zinc-finger domains of MTF-1 (Guerrerio et al. 2004). The above results begin to make sense
when one recognizes that activation of MTF-1 begins with Zn?* bound to Proteome as Pro-Zn.
ProZn has a large affinity for Zn?* and there are large concentrations of such non-specific sites
that range into the hundreds of micromolar. As such, the need for micromolar concentrations of
Zn?* above reflects the necessity of titrating > Pron to provide the driving force for transferring

Zn?* to MTF-1 (reaction 1.17).
> Pron.Zn + MTF-1< 3 Pro, + Zn,-MTF-1 (2.17)

The upregulation of MTF-1 is directly correlated to Cd?* uptake. The initial hypothesis was Cd?*
directly binds to MTF-1, as in reaction 1.16, but Cd?* actually inactivates MTF-1 (Bittel et
al.1998). To rationalize this behavior, a study examined the DNA binding activity of transcription

factor IIIA (TF-11IA), using native Zn- and Cd-substituted Zinc-finger domains. When Cd?* binds
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to MTF-1, it prevents zinc fingers from interacting with the 5S ribosomal RNA gene (Huang et al.
2004). C;H; Zinc-finger domains as are found in TF-1IIA and MTF-1 display a fpa secondary
structure for each finger (Berg et al. 1988, Lee et al. 1989). The B-sheet provides two thiolate
ligands and the a helix provides two imidazole nitrogens for binding of Zn?*. The elements of
DNA recognition are the amino acid side chains of the helix in which both Cd- and Zn-peptides
have similar conformational folds according to a related NMR structural analysis (Krepkiy et al.
2004). Because Cd?* has a larger ionic radius compared to Zn?* (92 vs. 74 picometers), there is
a structural perturbation in the recognition helix so that the amino acid side chains are not
properly presented to the base-pair edges in the major groove of cognate DNA. Specific DNA-
protein association is lost due to the sub-optimal complementary non-covalent bonding

interactions between peptide and base pairs (Krepkiy et al. 2004).

The mechanism of Cd?* inactivation of proteins with multiple, tandem zinc fingers may be more
drastic. Cd?*displaces Zn?"in its reaction with Zne-TF-IIIA to form Cd4s-TF-1IIA (Huang et al.
2004). It appears to displace Zn?* causing a rearrangement to favor Cd-C4 binding of two

adjacent fingers and destroying the original finger domain structure:
2 Cd-(CzH,) = Cd-C4 + 4 His + Cd* (1.18)

According to this research, cadmium does not activate MTF-1 through direct binding to the
transcription factor. Alternatively, Zn?* released by the reaction of Zn-MT with Cd?* could explain
the activation of the apo-transcription factor, MTF-1 (Zhang et al. 2003). During a recent
experiment, functional Zn,-MTF-1 was generated when inactive MTF-1 and Zn,-MT were added
to a mixture of Cd?* and lysate. Cd?* displaced Zn?* from MT to make it more available for
reaction with apo-MTF-1 (Huang et al. 2004). During this reaction, MTF-1 competes with ) Pron
for Zn?*as in reaction 1.17. Although the above hypothesis explains the activation of MTF-1,
the concentration of Zn-MT, in some cells, may not be able to act as a source of Zn?* upon
reaction with Cd?*. Reaction 1.5 is a better starting point for a more general hypothesis of how
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MTF-1 is activated by Zn?*. First, Y Zn-P, exchanges metals with Y Pro,Cd and then, as in

reaction 1.17, Y Pro,*Zn undergoes ligand substitution with MTF-1 to yield active Zne-MTF-1.

The introduction to this point review what is known about the interactions of Cd?* and Zn?* at a
molecular level. Other research has focused on defining the toxicology of Cd?* in mammalian
organisms and cells. Still other studies have sought to explain the toxicology in terms of the

chemistry of Cd?*.

Epidemiological studies clearly link Cd?* with chronic kidney failure and bone disease (Nordberg
2009; Thevenod et al. 2013; Klaassen et al. 1999; Friberg 1984; Jarup et al. 2009). To rapidly
elicit overt kidney injury that mimics human nephrotoxicity, large amounts of Cd?* were injected
intraperitoneally into rodents (Klaassen et al. 1999, 2000, 2009). From these experiments, it
was determined that the induction of metallothionein synthesis protected animals from Cd?*
toxicity. MT-null rodents, that do not contain the MT 1 and 2 genes in their genome, were more
susceptible to Cd?* toxicity than wild-type rodents; animals carrying MT transgenes or animals
pre-induced to synthesize MT were more resistant to Cd?* toxicity. These studies also
discovered that Cd-MT, itself, was the primary agent that caused kidney damage (Klaassen et
al. 1988, 1992; Sabolic et al. 2010). When Cd?* was injected into animals, it accumulated
principally in the liver causing induction of MT and, consequently, damaging the hepatic cells
enough to rupture; releasing a wave of Cd-MT into the plasma. The wave of Cd-MT reaches
the kidney where it was filtered by the glomerulus into the tubule, degraded and resorbed. The

rapid appearance of Cd?* within the tubule cells resulted in nephrotoxicity.

Due to unusual administration of Cd?* by injection and the focus on acute toxicity, this method of
exposure seems to be irrelevant to how humans are usually exposed through the ingestion of
small amounts of Cd?*. Cd-MT circulating in the plasma does not seem to be the primary
initiator of nephrotoxicity considering MT-null mice develop the same kidney disorder through
injections and do not have the capability of making hepatic Cd-MT (Liu et al. 1998). Cd?**and
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Cd-MT caused indistinguishable toxic effects in kidney cortical cell cultures (Blumenthal et al.
1996). Thus, during oral intake of Cd?*, it seems that release of Cd?* from the intestine to the
plasma, followed by direct glomerular filtration and absorption by proximal tubule epithelial cells

is the likely cause of kidney toxicity.

Human and animals slowly develop chronic kidney disease following long-term exposure to Cd?*
(Satarug et al. 2004). This disease is usually characterized as a Falconi Syndrome; which is the
inability of tubular cells to resorb nutrients such as glucose, amino acids, and phosphate from
the plasma glomerular filtrate (Thevenod 2003). Primary mouse kidney cortical cells, rich in
proximal tubule cells, were incubated for 24 hours with low micromolar concentrations of Cd?* to
understand the disruption of glucose resorption (Blumenthal et al. 1990). It was found that two
transporters that mediate sodium-dependent glucose uptake, SGLT 1 and 2, were inhibited in a

concentration-dependent manner that did not alter viability or protein or DNA synthesis.
Glucoseou + m Na*out = Glucosein + m Na'i (1.19)

The inhibited kinetics of glucose transport are consistent with loss of functional transporters.
Cd?* did not appear to compromise the sodium gradient supporting active transport, the sodium-
potassium ATPase which establishes the gradient, or oxidative phosphorylation that supplies
ATP to drive the formation of the ion gradient. This was indicated by normal intracellular

concentrations of Na*, K*, and ATP.

These results suggest that the synthesis or degradation of SGLT 1 and/or 2 protein is directly
impacted by Cd?*. The inquiry into these two processes revealed the selective inhibition of the
synthesis of mMRNAs for SGLT 1 and 2 in cells exposed to Cd?* (Tabatabai et al. 2001). Further
investigations showed multiple GC-rich binding sites on the promoter regions of each gene, sglt
1 and 2, for selective binding of the transcription factor Sp1, a common zinc-finger structure that

contains a C>H> metal chelation motif (Tabatabai et al. 2005).
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Zn3'Sp1 + GCsite 1__’ Zn3'Sp1°GCSite (120)

In the presence of Cd?*, the Sp1-specific cytomegalovirus promoter and the expression of the

luciferase gene, driven by these promoters, was downregulated.

Additional experiments showed the inhibitory effect of Cd?* on Sp1 through reduction of in vivo
binding of Sp1 to cognate DNA (GCsites) in the promoters of sglt 1 and 2, with a chromosomal
immunoprecipitation assay (Tabatabai et al. 2003). Direct in vitro assays revealed that the
concentration of Sp1, in Cd?* treated cells, remains the same while its specific DNA binding

activity is drastically depressed.

Another study discovered 8-oxoguanine glycosylase, a DNA repair enzyme, is downregulated
by Cd?*, which inhibits the positive transcriptional activity of Sp1 required for its gene expression
(Youn et al. 2005). Both studies hypothesized that the generation of Cd,-Spl is the result of
Zn?* being displaced by Cd?* and the resultant inactivation of the protein towards selective DNA

complexation:
Zns-Spl + 3 Cd?* s Cds-Spl + 3Zn?*  (Keg) (1.21)

Recombinant human Zns-Spl was used to probe the properties of this reaction (Kothinti et al.
2010). First, Zns-Sp1 was simultaneously mixed with varying Cd?* and Zn?* concentrations to
determine the equilibrium (Keq) properties of reaction 1.21. It was determined that Keq~ 10 with
a slight preference for Cds-Spl. The reaction of Sp1 with GCsie diminishes as more Cd?* shifts
the reaction to the right (reaction 1.20-1.21) but the reaction is reversed with increasing
concentrations of Zn?* (reaction 1.20) which increases the concentration of Zns-Sp1+GCsite

(reaction 1.19).

The experiment had different results when Zns-Spl was incubated first with Cd?* for a short time
before adding Zn?*. In this case, the inhibition of DNA imposed by Cd?* was not reversed by
large concentrations of Zn?*. The results were interpreted in terms of a two-step reaction
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sequence: first, Cd?* displaces Zn?* as in reaction 1.21. Then, an irreversible rearrangement
occurs to create a highly stable Cd,-Sp1’ analogous to what is proposed as the product of the

reaction of Cd?* with Zne-TFIIIA described above (reaction 1.22) (Huang et al. 2004):
Cds-Spl < Cds-Spl’ + (3-n) Cd* (1.22)

In reaction 1.21, the substitution of Zn?* by Cd?* probably occurs with minimal conformational
change of the three zinc fingers in Sp1 (Krepkiy et al. 2004); whereas, in reaction 1.21, Cd?"in
Cds-Spl may rearrange from its CzH: coordination and bind to three or four sulfhydryl groups
located on adjacent fingers unfolding and altering the standard C>H, conformation like in
reaction 18 (Huang et al. 2004). This interconversion of Sp1l results in a Cd,-Sp1l that is highly

stable in the presence of Zn?*.

For an appropriate model of the situation, Proteome would need to be in the reaction mixture.
Due to their relative affinities of Cd?* and Zn?*, the presence of Proteomic binding sites (3 Pron)
may influence the formation of Cd,-Spl. An experiment was attempted using Cd-EDTA in place
of Cd?* (Kothinti et al. 2010). Specific DNA binding of Zns-Sp1 was effectively inhibited by Cd-
EDTA, even though EDTA has a large affinity for Cd?* (Keg = 1.4 x 10*3, pH 7) (reaction 1.23)

(Anderegg 1964):
n Cd-EDTA + Zn3-Spl < Cdn-Sp1’ + n Zn-EDTA + (3-n) Zn?* (1.23)

From an energetics standpoint, the high affinity of EDTA for Zn?* (Keq = 8.6 x 10*?, pH 7)
balances the large stability of EDTA with Cd?* in the overall reaction (Anderegg et al. 1964). As
a result, the reaction is driven towards products due to the strongly favorable formation of Cdn-
Sp1’in a possible Cd-S, coordination. The metal exchange mechanism is complicated because
the metal ions of both reactants are fully coordinated with ligands. Nevertheless, reaction 1.23

is Kkinetically feasible.
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In the absence of a GCsite, Cd?* and a variety of ligands, including EDTA, readily inactivates Zns-
Sp1l due to a loss protection from specific DNA binding (Kothinti et al. 2011). If Zn3-Spl is
present as Zns-Spl<GCisire in a reaction mixture, reaction 1.21, 1.22 or 1.23 take place slowly or
not at all (Kothinti et al. 2010). It appears that the specific transcription factor-DNA complex is
protected from reaction with a number of exogenous chemicals, both metal ions and ligands.
The nature of the protection could be a kinetic barrier to bimolecular reaction. Or it might be
thermodynamic because the formation of the adduct if an energetically favorable reaction that

needs to be overcome for these other reactions to occur.

Mechanistic features of these reactions were probed. When the protein was associated with
nonspecific DNA, the protective effect was not observed. In the cell, it is likely that a pool of
non-GCisie-bound Zns-Sp1 is reactive with Cd?* and the details of inhibition are determined by

the dynamics of selective DNA-protein interactions (reaction 1.24-1.25):
ZnS‘Spl + DNAnon—specific =1 Zn3‘sp1'DNAnon—specific (124)
ZnS‘Spl'DNAnon—specific + GGCsite & ZnB‘Spl'GCsite + DNAnon—specific (125)

In this context, Cd?* would react with ZnsSp1*DNAron-speciic.  Thus, the concentration of active

Zns-Sp1+GCiie is reduced by shifting reaction 1.25 to the left.

There are nearly 1000 Zn-finger proteins with C>H; ligands, with Zns-Sp1 being only one of them
(Andreini et al. 2006). Considering the structural similarity of zinc binding sites in these Zn-
finger proteins, it seems unlikely that Cd?* only targets Zns-Spl. Reactions 1.24-1.25 may give
insight into Cd?* selectivity along with the possible exchange reaction of Zn,-MT with Cd?*
bound to cadmium-substituted proteins (reaction 1.15). The steady-state localization of Cd?*
among cellular binding sites may be limited by the capacity of Zn,-MT or apo-MT to compete for
Cd?* with these proteins. Nevertheless, it is clear that non-MT bound Cd?* exists in cells. Some

of it may represent Cd-substituted zinc finger proteins.
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An experiment with primary mouse kidney cortical cells showed the kinetics of reaction and
trafficking of Cd?* as it enters cells over the course of 24 hours (Blumenthal et al. 1994). At time
0, Cd?* begins entering the proteome and stimulates MT mRNA synthesis, starting at 1 hour.
After 3 hours, Cd?* begins to appear in newly synthesized MT. Throughout 24 hours of
observation, the downregulation of glucose transport, beginning at 3 hours, is thought to be the
result of a small pool of Cd?* remaining bound to Proteome, despite the synthesis of Cdn, ZN-n)-
MT. The toxicity of Cd?* may be prevented by the pre-induction of Zn,-MT, prior to exposure.
Without a significant pool of endogenous MT, Cd?* is partitioned into protein binding sites
important for toxicity. These reactions are thought to be the direct cause of toxicity, recognizing
that the cadmium-containing proteins can coexist with a growing pool of MT and may set into

motion pathways that cannot be reversed by MT sequestering Cd?* out of these proteins.

As knowledge of the chemistry underlying the cellular toxicity of Cd?* continues to develop,
there are important questions that remain: what are the identities of the proteins that bind Cd?*
even in the presence of metallothionein? Are these proteins normally Zn-proteins? How can

such proteins be detected analytically? These questions stimulated the work in this thesis.

Fluorescence zinc sensors are compounds that undergo a change in fluorescence emission in
the presence of Zn?*. Such multi-dentate ligands have proven to be an attractive technique for
in vivo monitoring of Zn?* (Jiang et al. 2004). For example, sensors react with free zinc within

the cell according to reaction 1.26:
Zn?* + sensor (S) < Zn-sensor (Zn-S) (1.26)

Fluorescence changes can be monitored if the equilibrium constant (Keq) of the reaction lies
within the range of transient or free Zn?* concentration so that some Zn-S forms and that the

concentration of Zn-S complex emits enough fluorescence to be observable. Free Zn?*is the
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metal ion concentration that exists in the equilibria that intracellular Zn?* establishes with small

molecule ligands and adventitious Proteomic sites.
Zn?*+ L = Zn-L (L is Proteomic or small molecule ligands) (1.27)

The zinc sensor may bind and detect Zn?* within this pool depending on the equilibrium

constants of the sensor and these other molecules.
YZn-L+Ss2Zn-S+ 3L (1.28)

If the equilibrium constant of the zinc sensor is large enough, it may be able to chelate Zn?* out

of Zn-proteins.
>Zn-Protein + S < Zn-S + ) Protein (1.29)

One of the most commonly used zinc fluorophores is called TSQ or 6-methoxy-(8-p-
toluenesulfonamido)quinoline. TSQ has a very selective character of sensing Zn?* making it an
excellent choice to use as a reporter for the Zn?* trafficking pool. It binds in a 2:1 stoichiometric

ratio with free Zn?* producing a strongly fluorescent Zn?* complex (Meeusen et al. 2011).

Previous experiments have shown that TSQ forms adducts with Zn-proteins and image a
fraction of the Zn-Proteome and do not image free intracellular Zn?* (Meeusen et al. 2011;
Nowakowski et al. 2012; Nowakowski et al. 2015). Adducts form either because the Zn-
coordination sphere can be expanded or because the Zn?* binding sites of Zn-proteins are

unsaturated with ligands (Fatema et al. 2015).
TSQ + Zn-Proteome = TSQ-Zn-Proteome (1.30)

Considering the large swath of Zn-proteins that TSQ is able to bind to, it must be true that other

metal binding ligands may also bind to the Zn-Proteome.
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Thus far, reagents that modify the Zn-Proteome have been considered. Biologically active
metal binding ligands (L) that compete with the Zn-Proteome for Zn?* should also be added to

that list.
>Zn-P + mLx 5 mZn-Ly + 3P (2.31)

N,N,N’,N'-tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN) has a stability constant with Zn?* of
10%€ at pH 7 and is a membrane-permeant Zn?* chelating agent (Meeusen et al. 2012). TPEN
presumably reduces the amount of reactive or trafficking Zn?*, Y PeZn, to mimic cellular zinc
deficiency (Shin et al. 2011; Bernhardt et al. 2011). Approximately 30% of Proteomic Zn?* is
removed by TPEN in stoichiometric concentrations (reaction 1.31) but also binds a significant
portion of adventitiously bound Zn?* (Meeusen et al. 2012). With this finding and the discovery
that fluorescence Zn?* sensors like TSQ form ternary adducts with intracellular Zn proteins not
free Zn?*, led to the hypothesis that other xenobiotic metal binding ligands might also bind to the
Zn-Proteome and exert some of their biological effects by this mechanism (Nowakoski et al.

2011).
SZn-P +mL s YL-Zn-P (1.32)

TSQ binds about 20-25% of Proteomic-bound Zn**(Meeusen et al. 2011). It was hypothesized
that TSQ could be used as an indicator that endogenous or exogenous Zn?* binding ligands (L)

form adducts with the Zn-Proteome.
TSQ-Zn-Proteome + L = L-Zn-Proteome + TSQ (1.33)

An indication that ligands bind to the Zn-Proteome is seen by the loss of the fluorescent species

TSQ-Zn-Proteome and the productions of L-Zn-Proteome.
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Some of the research described in this thesis addresses the hypothesis that ligand binding to
members of the Zn-Proteome is wide-spread. This was also expanded to include reactions of

adventitiously bound Zn?*, Proteome+Zn with such ligands.
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Part |l: Reaction of LLC-PK; Cells with Cd?*

1. Introduction

Experiments have shown that as cadmium enters mammals it becomes concentrated in the liver
as Cd-MT (Cousins 1979). Once hepatic cells become overloaded with Cd-MT, they rupture
and release Cd-MT to be absorbed by the kidney. Kidney cells degrade Cd-MT, eventually
distributing cadmium throughout the Proteome. Dr. Namdarghanbari has shown the time-
dependent distribution of Cd?* and Zn?* within cell supernatant once LLC-PK; cells uptake
cadmium and the exchange of Cd?* for Zn?* occurs within the Zn-Proteome producing Cd-
proteins and displacing Zn?*, in a nearly 1:1 ratio (Namdarghanbari et al. 2011). The
experiments below were an attempt to expand upon the trafficking of cadmium within LLC-PK1
proximal tubule cells including: the time dependent distribution and quanitation of Cd?* and Zn?*
in cells exposed to Cd?* and Cd(pyrithione). and the Cd-Zn exchange reaction of the Zn-

Proteome and LLC-PK1 cells.

2. Methods

2.1 Chemicals
All chemicals were purchased from either Fisher Scientific or Sigma-Aldrich unless noted and

were highest purity available.
2.2 Cell Culture

All cell lines were purchased from the American Tissue Culture Company (ATCC) and cultured
in similar fashion unless otherwise described. In general, cells were thawed from -80 °C and
transferred into a 75 cm? culture flask with 15 mL of complete media and incubated at 37 °C in

the presence of 5-6% CO; (see below). After 48-72 hours, old media was exchanged with 15
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mL of fresh, complete media and 1 mL of fetal calf serum. When confluent, cells were detached
from the flask via treatment with 1 mL of trypsin/EDTA solution and divided into either flasks or

100 cm? cell culture plates.

Proximal tubule cells from Sus scofa (pig) (LLC-PK;, ATCC #CL-101) were grown in
M199/HEPES modified media (Thermo Fisher Scientific) supplemented with 4% fetal calf serum
(FCS). 50 mg/L streptomycin and 45-60 mg/L penicillin G were also added to media. LLC-PK;
cells were grown in the presence of 5% COs.. In detail, M199/HEPES modified media contains

the following components: 25 mM HEPES, L-glutamine and Earle’s salts.

2.3 Viability Assay
The toxicity of various reagents was determined in a dose and time dependent fashion. A 1 mL
suspension of approximately 1 x 10° cells/mL in complete media was decanted and trypsinized.
Cells were detached from plates using 400 uL of trypsin (1 mM) followed by 600 uL of horse
serum. Trypan Blue assay was used to test for viability. Healthy cells expel Trypan Blue from
their interior; the plasma membrane of dead cells becomes leaky and permits the diffusion of
Trypan Blue into the cells. In the assay, 20 pL of cells (5 x 108/mL) were combined with 20 pL of
Trypan Blue dye (0.08% solution). Then, 10 pL of cell suspension was pipetted onto the
hemocytometer for cell counting. Four 1 mm? areas were counted and then averaged for the
final cell count. Cells that have died are stained blue while viable cells were not stained. 100-

300 cells per mm? are ideal counts. Cell viability is determined by the following equation:

total viable cells (unstained)

% cell viability = X 100 .

total cells (stained plus unstained)
Total amount of cells per culture plate is determined by:
n (Total number of cells counted) x 10* per mL x volume of trypsinized cells (mL)

n = the total number of dead and viable cells
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The total volume of the four ImmZ2areas is 1 x 10 mL.

2.4 Preparation of Cell Supernatant from Whole Cells

Cells were grown on 100 cm? culture plates until confluency was reached, typically around 5
days. Media was decanted and the plates were washed 3 times in cold choline phosphate
buffered saline (4.7 g NaH>PO4, 1.0 g Na;HPO,, 32.2 g NaCl, and 25.0 g choline chloride in 3.8
L 4aH20). 1 mL of Dulbecco’s phosphate buffered saline (DPBS, Sigma: potassium chloride 200
mg/L, potassium phosphate monobasic anhydrous 200 mg/L, sodium chloride 8 g/L, sodium
phosphate dibasic anhydrous 1.15 g/L) was added to each plate and the cells were then gently
lifted into suspension using a rubber cell scraper. Cells were transferred using a transfer pipette
into a 50 mL centrifuge tube and spun at 680 x g for 4 min at room temperature. The DPBS
solution was decanted, and the cell pellet was resuspended in another milliliter of DPBS per 10
plates of cells to which 20 pL of 25 units/ uL Benzonase (nhuclease) and 10 pL of 80 mM
Phenylmethanesulfonyl fluoride (protease inhibitor) were added. Cells were transferred to a cut
off tube and spun again at 13,000 x g for 4 mins. The DPBS solution was decanted and the cell
pellet was resuspended in 1 mL ¢H20 (18 MQcm™?). 44H20 is hypotonic having decreased
solute concentration facilitating a net movement of H,O into the cell causing them to swell and
making the sonication process more effective. A sonicator equipped with a flat tip was placed in
an ice water bath for five minutes to chill the tip. The suspension was sonicated for 24 seconds
at power five for 60 pulses. The sonicates were transferred to 15 mL Corex® tubes and the
process was repeated until the all cell suspensions were lysed. The sonicates were then spun at
20,000 x RPM (41,657 x g) for 25 minutes at 4 °C using a Sorvall LYNX 4000 ultracentrifuge
(Thermo Fisher Scientific). The resulting supernatant was further separated using

chromatographic techniques described in Part Il section 2.5.
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2.5 Chromatography

2.5.1 Sephadex G-75 Gel Filtration Chromatography

For cell supernatant fractionation, Sephadex G-75 gel filtration chromatography (GE Healthcare)
were used. Sephadex G-75 beads were hydrated using 20 mM Tris-ClI buffer pH 7.4 for 24
hours for construction of size exclusion columns. Beads were degassed in a sidearm flask via
aspiration for at least one hour. Sephadex G-75 beads were poured into a 0.75 cm x 80 cm
borosilicate glass column supported by a small amount of glass wool to aid with gravity packing
of beads. Columns were eluted by gravity using one-liter round bottom buffer reservoirs
connected to the top of the columns using Tygon tubing. Unless otherwise noted, columns were
eluted using degassed 20 mM Tris-Cl pH 7.4 to limit the amount of sulfhydryl oxidation in the
supernatant TCEP (500 uM) was added. Columns were poured again when the columns lost

their seal and dried out or when the flow rate exceeded 1 drop every 20 seconds.

Typical chromatographic runs involved collecting 1.0 mL fractions, corresponding to 20 drops.
For Sephadex G-75 separation, 50 one-mL fractions were collected with a total fractionation
time of 1.5-3.5 hours. The void volume of the column consisted of the first 8 mL fractions. The
high molecular weight (HMW) protein region of the chromatogram, corresponding to fractions
10-20, is the Proteomic pool with molecular sizes >10 kDa. Fractions 20-30 contained
molecules with molecular weights around 6-10 kDa. Species with molecular weights lower than

6 kDa (low molecular weight), were found in fractions greater than 30.

2.5.2 HPLC DEAE lon Exchange Chromatography

HPLC anion exchange chromatography was employed to separate cell supernatant from LLC-
PK: cells into fractions containing sets of proteins for experiments described below. 5 mL

Macro-Prep DEAE ion exchange cartridges were purchased from Bio-Rad. Elution of 5 column
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volumes of 5 mM Tris-Cl pH 8.0 containing 1 M NacCl followed by an additional 5 column
volumes with 5 mM Tris-Cl pH 8.0 containing no salt was used to generate the ion exchange
matrix. A peristaltic pump loaded protein samples (50 mg/mL) onto the column at a rate of 1
mL/min. A stepwise gradient was used for elution of the column. In brief, two 50 mL
Erlenmeyer flask were connected to the peristaltic pump using Tygon tubing which then fed the
column. One flask containing 5 mM Tris-Cl pH 8.0, 0 mM NaCl and the other containing 500 mM
NacCl. Using a constant flow rate of 1 mL/min, 5 mM Tris-Cl pH 8.0 a typical stepwise gradient
was conducted using 50 mM NaCl increments from 0-500 mM NaCl. Diethylaminoethyl
cellulose is positively charged packing in the column that binds negatively charged molecules,
such as proteins. As more anion solution, NaCl, is added to the column, the column competes
with the anion solution for the protein and is eluted from the column with increasing anion

concentration. 1 mL fractions were collected from the column.

2.5.3 Separation of Proteins by Centrifugal Filtration

Cell supernatant was added to a 100 kDa centrifugal filter unit (Millipore) and spun at 10,000
RPM (6538 g) for 20 minutes in a microcentrifuge (Revolutionary Science) at room temperature.

The resultant supernatant was taken for further analysis.

2.6 Fluorescence Spectrophotometry

All fluorescence measurements were performed using a Hitachi F-4500 Fluorescence
Spectrophotometer. Most experiments utilized TSQ (refer to structure in Part IV: figure 4.1), a
probe that fluoresces when it binds to Zn?*. An excitation wavelength of 365 nm was employed
to generate an emission spectrum primarily located between 400-600 nm. The photomultiplier
voltage was generally set at 950 volts and emission wavelength scans were performed at 240

nm per minute.
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Suspended cells, cell supernatant, or solutions were placed in the fluorometer and a
background emission spectrum was taken to measure background light scattering (cells) and
auto fluorescence. When cells were involved, they were then exposed to TSQ in the dark for at
least 60 minutes. During this time, spectra were periodically taken. Cells were mixed frequently

using a pipette to ensure a homogenous mixture of the suspension.

2.7 Use of the Fluorescent Probe, TSQ, to detect Zn-Proteins and Proteome<Zn
All spectrofluorimetry experiments were conducted with a Hitachi F4500 fluorescence
spectrophotometer. To observe fluorescence emission from Zn?* species interacting with TSQ,
experiments were performed using a 365 nm excitation wavelength and scans of the
fluorescence emission between 400 and 600 nm. Ternary complexes of TSQ with Zn-proteins
display spectra with wavelength maxima near 475 nm; while Zn(TSQ). has a wavelength

maxima near 490 nm.

2.8 Zn?" and Cd?* determination by Flame Atomic Absorption Spectroscopy (AAS)

Zinc and cadmium concentrations were determined using a GBC 904 flame atomic absorption
spectrophotometer. The absorbance was recorded using a zinc or cadmium cathode lamp and a
deuterium lamp for background correction. Solutions were nebulized into mixture of 80:20 air-
acetylene flame. Data were acquired in running mean mode with a sampling time of 1-3
seconds. Prior to the analysis of the samples, a calibration curve was constructed using
standards containing 0.5, 1.0, and 2.0 ppm Zn?* corresponding to 7.6, 15.2, and 30.4 uM Zn?*.
Cd?* solutions were also 0.5, 1.0, and 2.0 ppm which corresponds to 4.4, 8.8, 17.8 uM Cd?**.
Samples that exhibited concentrations above 17.8 and 30 uM, Cd?* and Zn?*, respectively, were

diluted and measured again.

3 Results and Discussion

3.1 Uptake and Distribution Reaction of Cd?"and Cd(Pyrithione); In Cells
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Why use Cd(PYR),?

2-Mercaptopyridine-N-Oxide (Pyrithione) is a molecule that forms a 2:1 complex with most
divalent transition metals (figure 2.1). When complexed with a divalent metal ion, the complex
becomes neutral and exhibits hydrophobic character. Complexes of Pyrithione (PYR) with zinc
and cadmium were employed in this study. Zinc binds to PYR with equilibrium constants of log
K1=5.9, log K2= 5.4, at pH 7.4. In contrast to the slow uptake of Cd into cells over the course of
many hours, Pyrithione allows Cd?* to pass through the hydrophobic interior of the plasma
membrane and enter the cell and its organelles during 30 minutes of exposure. A defined
amount of Cd?* present in the cell at t = 30 mins, or t = 0 for the remainder of the experiment,
then reacts with the components of the cell, such as the Proteome. As a result, the reaction of a
defined amount of intracellular Cd?* accumulated during 30 mins of exposure can be observed

over time.

When comparing Cd(PYR), and Cd?* ion, Cd?* is taken up much more slowly by cells over time.
Moreover, in the case of Cd?*, the exposure is continuous and increasing amounts of Cd?*
appear in the cell over time while previously internalized Cd?* is distributing itself among cellular
components such as the Proteome. Thus, for example, metallothionein is synthesized to react
with incoming Cd?* at the same time as it being absorbed through the cell membrane and also

interaction with the Proteome. Thus, the reactions that Cd?* undergoes are complicated.

Sl o PO
I
Cd?2*

B o S

Figure 2.1
Pyrithione forms a 2:1 complex with Cd** at pH 7.4
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3.1.1 Toxicity of Cd?"vs. Cd(Pyrithione).

Toxicity studies were done in LLC-PK; cells to compare Cd?* with that of Cd?*in the presence of
Pyrithione. Exposing cells to Cd?* gradually moves the metal ion into cells over a 24-hour
period. In contrast, Cd(Pyrithione), rapidly delivers a comparatively large bolus of Cd?* into the
interior of the cells within 30 minutes, as shown below. Three plates of cells were incubated
with Cd?*, Pyrithione and Cd(PYR) (3 UM PYR) of varying concentrations to see the limit of
concentration. 0, 10, 25, 50, 100, 200 uM Cd?*; 25, 50, 100, 200 uM Pyrithione; and 1.5, 7.5, 15,
30, 60 and 120 uM Cd?* + 3 uM PYR were used. Cd?*, Pyrithione and Cd?* + Pyrithione were

incubated in M199 media that does not contain any Zn?".
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Figure 2.2
Toxicity experiment of Cd?* using Trypan Blue assay. 50, 100, 200 uM Cd?* plates were cell
debris for majority of the cells counted. (n =3, 1.7 x 107 cells)
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Figure 2.3

Toxicity experiment of Pyrithione using Trypan blue assay. 25, 50, 100, 200 uM Pyrithione were
incubated with three plates for 24 hours. (n =3, 1.7 x 107 cells)
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Figure 2.4

Toxicity experiment of Cd(PYR). using Trypan blue assay. 0, 1.5, 7.5, 15, 30, 60 and 120 uM
Cd?* + 3 uM PYR were incubated with three plates for 24 hours. (n =3, 1.9 x 107 cells)

To study the toxicity of Cd?*, LLC-PK; cells were incubated with varying concentrations of Cd?*

for 24 hours of incubation. The toxicity experiments show that increasing amounts of Cd?*
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drastically decrease viability over 24 hours (figure 2.2). Thus, 50-200 yM Cd?* either ruptured

the cells or detached them from the plates, as they were not able to be counted for analysis.

Pyrithione did not significantly decrease viability of LLC-PK; cells despite incubation for 24
hours with increasing concentrations. Even at 200 uM Pyrithione, the cell viability was 87%

after for 1.7 x 107 cells (figure 2.3).

The toxicity pattern of Cd?* plus PYR differed markedly from that of Cd?* (figure 2.3). High
concentrations of Cd?* did not cause complete loss of viability when complexed with PYR
(figure 2.4). 50 uM Cd?* caused completed loss of viability (figure 2.2); whereas, 60 yM Cd?*
plus 3 uM PYR caused a significant loss of viability (71%) but the remaining cells were still
viable (figure 2.4). Itis clear that when Cd?* complexes with PYR, cell viability is greater than

with Cd?* in solution.

For Cd?* experiments, 1.2% of total Cd?* applied is absorbed into cells within 30 minutes of
exposure. When 60 yuM Cd?* is incubated with 3 uM Pyrithione, 82.5% of total Cd?* applied is
absorbed into cells for the same exposure time. A minute amount of Zn?* is detected in the
media, around 0.09% (0.06 nmol) after 30 minutes of exposure to 60 yM Cd(PYR)2 (3 uM PYR)
and 1.8% (1.19 nmol) after 24 hours of exposure to 4 yM Cd?* measured by Flame Atomic
Absorption. The fact that more than 80% of the Cd?* in the medium reached the cell interior in
the presence of a concentration of PYR that can maximally form only 1.5 uM Cd(PYR). at any
one time, demonstrates that PYR acts as a shuttle, repeatedly conducting Cd?* into the cell and

returning to the exterior as the free ligand, PYR.

It was surprising that Cd®* plus PYR was less toxic than Cd?* alone, considering that so much
more Cd?* entered cells in total and very quickly upon treatment of cells with Cd?* in the
presence of PYR. It was beyond the scope of this thesis research to investigate the origin of

this unexpected different. But it would be important to study in the future.
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3.1.2 Time dependent distribution of Cd?*and Zn?" in cells exposed to

Cd(Pyrithione),

Based on the work of Dr. Jeffrey Meeusen (data not published), the initial experiment consisted
of mixing 3 uM Pyrithione with 60 uM Cd?* for 30 minutes. The complex was incubated with cells
in DPBS for 30 minutes. This concentration of PYR was chosen because it did not cause loss
of cell viability by itself. The larger concentration of Cd?* did not cause toxicity when complexed
with PYR. The Cd(PYR). uptake reaction was stopped by washing the cells with DPBS then
adding media and FCS and allowing the cells to grow for a set amount of time before harvesting
the cells. Seven timepoints were chosen for analysis: Control (t = 0), 30 minutes, 1, 2, 3, 6, and

24 hours.

The following reaction scheme was developed as the hypothesis underlying this experiment:

Uptake and Reaction of Cd?* In cells

Cd(PYR)2 w = Cd(PYR)2 o (Cell membrane) (2.1)
Cd(PYR)2+ Proteome < Proteome+Cd + 2 PYR (2.2)
Proteome+Cd + Zn-proteins = Cd-proteins + Proteome+Zn (2.3)

In reaction 2.1, Cd?* binds to Pyrithione (1:2) and is shuttled across the cell membrane as a

neutral molecule where it reacts with Proteomic sites and binds to the Proteome (reaction 2.2).
Zn?* proteins then react with cadmium-bound Proteome, replacing Zn?* in the protein with Cd?*
as the two metal ions exchange with one another (reaction 2.3). Displaced Zn?* can then bind

to Proteomic sites.

The following series of Sephadex G-75 chromatographic profiles displays the time dependent
distribution of Zn?* and Cd?* following the initial incubation of cells with Cd(PYR). (figures 2.6-

2.12). Atomic absorption spectrophotometric analysis of fractions separated by Sephadex G-75
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gel filtration revealed that at t = 0, all the measurable Zn?* (66.2 nmol) was bound to
macromolecular species (1) (figure 2.5). No Zn?* was detected in the low molecular weight
region (IIl). Nor was any metal ion found in the metallothionein region, ~10 kDa in apparent
molecular weight, centered at fraction 30 (II). No Cd?* was observed. Total Zn?* per 108 cells

was (66.2 nmol), typical of many measurements on control cells.
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Figure 2.5

Sephadex G-75 chromatography of control LLC-PKj cells. No cadmium added. 20 plates of
confluent LLC-PK; cells were harvested (1.0 x 108 cells).
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Figure 2.6

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 30
minutes. 60 uM Cd?* plus 3 uM PYR exposure for 30 minutes.

At t = 30 minutes, 82.5% of the total Cd?* in the extracellular medium had reacted and become
bound to high molecular weight species, basically proteins within the cell Proteome (figure 2.6).
It did so without changing the total concentration of Proteomic Zn?*. No evidence for Cd-MT
was obtained, consistent with the previously established conclusion that neither detectable Zn-
nor apo-MT exists in control LLC-PK; cells. The latter was inferred because had apo-MT been
present, Cd?* entering cells would have been preferentially bound to it (Namdarghanbari et al.
2015). Similar results were obtained with the 1-hour sample of Cd-treated cells with the

possible exception that Proteomic Zn?* had marginally declined (figure 2.7)
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Figure 2.7

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 1

hour. 60 uM Cd?* plus 3 uM PYR exposure for 30 min followed by 1-hour incubation in fresh
media

After 2 hours of incubation, Cd(PYR). exposed cells retained their original content of Zn?* and
Cd?*. However, this time point revealed that some (14.2%) of the Cd?* had shifted from the
proteome to the MT region, centered at fraction 30, of the chromatogram (figure 2.8). Evidently,
de novo MT protein synthesis had been induced by the presence of Cd?* and the newly
synthesized protein was able to compete with the Proteome for binding some of the cellular
Cd?*. In addition, MT acquired about an equivalent amount of Zn?* to make a pool of mixed

metal, Cd,Zn-MT.
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Figure 2.8

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 2

hours. 60 uM Cd?* plus 3 uM PYR exposure for 30 min followed by 2 hours incubation in fresh
media

After 3 hours of incubation, 16.3% of the Cd?* had shifted into the MT region from the Proteome

region of the chromatogram (figure 2.9) while maintaining the original content of Zn?*.
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Figure 2.9

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 3
hours. 60 uM Cd?* plus 3 uM PYR exposure for 30 min followed by 3 hours incubation in fresh
media

After six hours, 66% of Proteome-bound Cd?* was now bound to Metallothionein. Keeping pace
with the Cd?* content of MT, a nearly equal amount of Zn?* was also sequestered into the
protein (figure 2.10). Interestingly, the content of Proteomic Zn?* remained essentially
unchanged in comparison with the t = 0 control during the 6 hours of intracellular rearrangement

of Cd?*. Evidently, the zinc content of the MT pool must have originated from the extracellular

medium.
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Figure 2.10

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 6

hours. 60 uM Cd?* plus 3 uM PYR exposure for 30 min followed by 6 hours incubation in fresh
media

Most of the Cd?*, 84%, has been sequestered out of the Proteome by Metallothionein after 24
hours. De novo synthesis of metallothionein protein coordinates some extracellular Zn?* and

sequesters Cd?* out of the Proteome during the incubation 24-hour period (figure 2.11).
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Figure 2.11

Sephadex G-75 filtration of 20 plates of cells treated with Cd?* plus PYR and incubated for 24

hours. 60 uM Cd?* plus 3 uM PYR exposure for 30 min followed by 24 hours incubation in fresh
media
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The following reactions are hypothesized to explain the evolving speciation of Cd over time:

Uptake and . _

Reaction of Cd(PYR)20ut = Cd(PYR)2in (Cellular Membrane) (2.4)
Cd* In cells Cd(PYR),+ Proteome = Proteome-Cd + 2 PYR (2.5)
Induction Proteome+Cd + Zn-proteins < Cd-proteins + Proteome+Zn (2.6)
of

Metallothi |6 Proteome+Zn + apo-MTF-1 = Proteome + Zne-MTF-1cyrosor  (2.7)
onein. ZNe-MTF-1cytosoL = Zne-MTF-1nucLeus (2.8)
following

Cd?* Zng-MTF-1nucteus + MRE S Zng-MTF-1nucieus ©* MRE (2.9)
uptake

aEd Zne-MTF-1nucLeus * MRE = MT mRNA transcription and protein
activation synthesis of apo-MT (2.10)
of MTF-1 apo-MT + Cd-proteins < Cd,-MT + apo-proteins (2.11)
Exchange of apo-MT + Proteome*Zn < Zn;-MT + Proteome (2.12)
Cd?* and Zn#* |(7-m) Zn+-MT + m Cd+-MT < Cdm, ZN@z-m-MT (2.13)
Between _ .

proteins and Proteome«Zn + apo-proteins < Zn-proteins + Proteome (2.14)
MT Cdm, Zn@-m)-MT + (7-m) apo-proteins < Zn-proteins + Cdm-MT (2.15)

The membrane-permeant Cd-Pyrithione complex was used to introduce Cd?*into LLC-PK; cells
at time zero. Cd(PYR). crosses the cell membrane and reacts with Proteomic sites (reaction
2.4-2.5). Asillustrated in figure 2.6, Cd?*, hypothetically, distributes itself into Zn-proteins and
nonselective Proteomic sites within the Proteome (reaction 2.5). Cd,-MT was not observed at
time zero, consistent with LLC-PK; cells having a very low concentration of MT. Proteome«Cd
undergoes reaction with Zinc proteins (Namdarghanbari et al. 2014). Zinc is displaced by
cadmium in these proteins and the released zinc becomes bound to Proteomic sites, completing
the exchange process (reaction 2.6) (Petering et al. 2017). Proteome-bound zinc reacts with
apo-Metal Transcription Factor-1 (MTF-1) and becomes bound to MTF-1 in the cytosol
(reaction 2.7) (Petering et al. 2017). Zns-MTF-1 migrates from the cytosol into the nucleus to
react with the Metal Response Elements (MRE) of the metallothionein gene promoters

(reactions 2.8-2.9) (Radtke et al. 1993). The binding to MRE stimulates transcription of apo-
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Metallothionein (MT) mRNA (reaction 2.10). Apo-MT can react with cadmium proteins to form
Cd7-MT or with Proteome+Zn to become Zn;-MT (reactions 2.11-2.12) (Namdarghanbari et al.
2014). Alternatively, Zn,-MT reacts with cadmium proteins to create apo-proteins and mixed
metal Cd/Zn-MT (reaction 2.13) (Namdarghanbari et al. 2014). In addition, it is hypothesized
that Proteome+Zn and Cd/Zn-MT can react with apo-proteins to regenerate zinc proteins
(reaction 2.14 -2.15) (Petering et al. 2017). This experiment demonstrates that displacement of
Zn?* from Zn-MT does not need to occur for MT synthesis to be induced by Cd?* (Zhang et al.

2003).

With a high affinity for Cd?*, due to its cysteinyl sulfhydryl group ligands, apo-MTF-1 would seem
to be a preferred site of reaction with Cd?* entering cells. Yet, MTF-1 seems to initially escape

this reaction, adding to the complexity of this model.
3.1.3 Time dependent distribution of Cd* and Zn?"in cells exposed to Cd?"

Cells that have been incubated with Cd?* react differently than those incubated with Cd(PYR)..
Cadmium, being a charged ion, has a difficulty passing through the cell membrane. Thus, it is
hypothesized that less Cd?* will enter cells exposed for 24 hours, than cells treated with
Cd(PYR)2for 30 minutes. As an example, 4 uM Cd?* was incubated for 30 minutes, 6 hours, 12
hours and 24 hours with LLC-PK; cells (5 x 107 cells). Each population of cells was harvested
as above, and its supernatant separated using Sephadex G-75 gel filtration chromatography.

The results are shown below.
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Figure 2.12

Sephadex G-75 chromatography of cells treated with 4 yM Cd for 30 minutes. LLC-PK; cells
were incubated with 4 yM Cd?* for 30 minutes before being harvested.
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Figure 2.13

Sephadex G-75 chromatography of supernatant from cells incubated for 6 hours with 4 yM

Cd*.
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Sephadex G-75 chromatography of supernatant from cells incubated for 12 hours with 4 uM
Cd?*.
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Sephadex G-75 chromatography of supernatant from cells incubated for 24 hours with 4 yM

Cd*.
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After 24 hours of incubation with 4 yM Cd?*, Metallothionein has sequestered the majority
(78.6%) of cadmium that was transported through the outer membrane into the cell interior
(figure 2.15). The final distribution reflects the progressive uptake of Cd?* followed by its
partition into Proteomic binding sites and MT. One could hypothesize that the observed
speciation results from reactions analogous to reaction 2.4-2.15 above. Alternatively, once the
induction of MT synthesis has occurred, MT may directly compete with Proteomic sites

(reaction 2.5) for incoming Cd?*:

Cdingraceliular + ap0-MT = Cd-MT (2.16)
HMW MT
Cd(PYR). | zn cd Zn cd Cd> | HMW MT
CTRL 66 0 0 0 Zn Cd Zn Cd

30 mins 65 50 0 0 30 mins 52 0.38 0 0
1 60 44 0 0 6 52 0.55 | 0.33 | 0.26
2 64 42 5.1 7.0 12 52 0.61 | 0.83 | 0.78
3 63 40 11 8.1 24 52 0.61 2.0 2.2
6 65 17 21 32
24 66 7.0 41 42

Table 2.1
Metal totals (nmol) for incubation of LLC-PK; cells for varying times with Cd(PYR), and Cd?*

Cadmium enters through the cell membrane and as it reacts with Proteome, metallothionein
sequesters it out. Metallothionein synthesis begins around 2 hours after Cd?* enters the cell. In
both experiments, MT was able to sequester 78-82% of the total Cd?* that entered the cell over
24 hours. Cd?*uptake is a much slower process without the use of PYR as a shuttle across the
cell membrane. 24 hours of incubation with 4 yM Cd?* resulted in 35% uptake by LLC-PK;
cells; which is in stark contrast to 83% uptake when incubating with 60 uM Cd(PYR). for 30
minutes. Although an average of 80% of Cd?* was sequestered out of the Proteome by MT,
there remains ~20% of Cd?* bound. Clearly, not all Cd?* sites participate in the reactions with

MT (Namdarghanbari et al. 2011). The presence of non-MT bound Cd?* could explain how the
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MRNAs for SGLT 1 and 2 were substantially reduced and the downregulation of Zns-Sp1l
transcription factor activity continues, despite the synthesis of MT as described by reaction

1.20-1.24 (Tabatabai et al. 2001; Kothinti et al. 2010).

The puzzle that emerges from these experiments is that exposure to a comparatively small
concentrations of over 24 h Cd?" is highly toxic; whereas, treatment with a much larger
concentration of Cd?* plus PYR for 30 min is not. In the first experiment, little Cd?* reaches the
interior of the cell over time. Arguably, most of it is intercepted by and binds to metallothionein
before it can react with other sites. Yet, the residual non-MT bound cadmium is deleterious to
the cells. In the second case, a large concentration of Cd?* is deposited in the cell at time zero,
where it binds to the Proteomic fraction. Only later is it sequestered from this pool by MT after
its induction. But these cells are not impacted by the rapid introduction of the large bolus of
Cd?*. Studying the origin of these divergent responses was beyond the scope of this these. At
present, we do not understand the basis for the different behavior of these two populations of

Cd-exposed cells.
3.2 Reaction of Proteome with Cd(PYR).: Cd-Zn  Proteome Exchange

To test the validity of the previous experiments, isolated 8 yM Zn-Proteome (1.75 x 108 cells)
was titrated with varying concentrations of Cd(PYR). (1 Cd?*: 2 PYR) for 30 minutes and the
product mixed with EDTA (2 EDTA: 1 Zn?* in the Proteome) to capture loosely bound Zn?* and
Cd?*. The mixture was then centrifuged in 3kDa Centricon tubes to investigate whether Cd*
had mobilized Zn?* from the Proteome. This is represented by the following equations and

figures:
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Cd(PYR)2 + Proteome < Proteome+Cd + 2 PYR (2.5)

Cd(PYR), + Zn-Proteome = Cd-Proteome+Zn + 2 PYR (2.17)
Proteome+«Cd + EDTA < Cd-EDTA + Proteome (2.18)
Cd-Proteome+Zn + EDTA (2:1 Zn) < Cd-Proteome + Zn-EDTA (2.19)

—e— Cd Bound

7 —e—Zn Mobilized

1.75 x 108 cells

nmol metal
N

0 1 2 3 4 5 6 7 8
nmol Cd?* added

Figure 2.16

Isolated 8 UM Zn-proteome titrated with increasing amounts of Cd(PYR).. Loosely bound Cd?*
and Zn?* was reacted with 16 pM EDTA and the mixture subjected to 3 kDa Centricon filtration.
Blue line: cadmium measured in the retentate (Proteome). Purple line: zinc present in the
filtrate. (n = 3)
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Figure 2.17

Isolated 8 UM Zn-proteome incubation with increasing amounts of Cd(PYR).. Loosely bound
Cd?* and Zn?* was reacted with 16 pM EDTA and the mixture subjected to 3 kDa Centricon
filtration. Blue line: cadmium measured in the retentate (Proteome). Red line: zinc presentin
the Proteome.

Increasing amounts Cd(PYR). were titrated with isolated 8 UM Zn-proteome (reaction 2.17). As
the concentration of Cd?* increased, the amount of Zn?* mobilized and accessible to EDTA
increased (Namdarghanbari et al. 2014) (reaction 2.18). Despite EDTA having an equilibrium
constant 1.62 times larger for Cd?* (Keq = 1.4 x 10*3, pH 7) than for Zn?* (Keq = 8.6 x 102, pH 7),
47.0% (3.76 nmol) of the total cadmium became tightly bound to Proteome, or inaccessible to
EDTA, within 30 minutes of incubation. The amount of cadmium that was tightly bound
displaced Zinc (3.0 nmol) from the Proteome in a nearly 1:1 ratio (figure 2.16). Clearly, not all
Proteomic sites (~37%) are reactive to Cd?* or at least some of those sites have a larger
stability constant for Cd?* than EDTA (figure 2.17). We hypothesize that the observed

speciation results from reactions analogous to reaction 2.5-2.6 above.
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This reaction was monitored another way, using Cd?* in place of Cd(PYR).. The zinc
fluorescent sensor, TSQ, forms ternary adducts with about 25% of the total concentration of Zn-

Proteome that fluorescence with a 470-475 nm wavelength maximum (Meeusen et al. 2011):

TSQ + Zn-Proteome < TSQ-Zn-Proteome (2.20)

It also reacts with Proteome+Zn in the same way:

Proteome+Zn+ TSQ < Proteome+Zn-TSQ (2.21)

Although TSQ can react with similar Cd?* structures, its fluorescence intensity is only about 10%
of the corresponding zinc adducts (Part lll: section 3.1). Infigure 2.18, two stages of TSQ
fluorescence were observed. First, TSQ was reacted with the Zn-Proteome before Cd?*

addition. The adduct forms slowly (reaction 2.20, orange spectrum).

6000 ——2.5uM Zn-Prot
Titration of Zn-proteome with Cd?*
——2.5uUM Zn-Prot +
5000 5uM TSQ
—0.5uM Cd
——1uM Cd
4000
o —1.5uM Cd
c
S
?3000 —2uM Cd
S
o —2.25uM Cd
2000 ——2.5uM Cd
1000
0
400 450 500 550 600
Wavelength (nm)
Figure 2.18

Titration of Zn-proteome with Cd?*. 2.5 uM Zn-Proteome in 20 mM Tris pH 7.4 incubated with 5
UM TSQ for 60 minutes prior to additions of Cd?*. 2 minutes in between additions of Cd?*.
Excitation wavelength was 365 nm. Emission wavelength window was 400-600 nm.

48



Then Cd?* was titrated into the solution, reaching a maximum concentration equal to the
concentration of Zn?* in the Proteome. Each addition rapidly increased the fluorescence
emission as seen in both figure 2.18 and figure 2.19 that summarizes the titration results.
Because TSQ-Cd complexes fluoresce poorly, the large increase in fluorescence must imply the
increasing availability of Zn?* mobilized by Cd?* for reaction with the Proteome to generate
Proteome+Zn. Similar results were seen when Proteome was titrated with Zn?* in the presence
of TSQ (figure 3.20). In turn, TSQ reacts with this pool of Zn?* as in reaction 2.21 to produce
fluorescent Proteome+Zn-TSQ. Notably, the titration is complete at 2.25 puM Cd?*, nearly

stoichiometric with the concentration of Zn?* in the Proteome sample.
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5 3000
g 2500
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Titration curve of Zn-Proteome with Cd?*

0 0.5 1 15 2 2.5
UM Cd?+ added

Figure 2.19

Titration curve of Zn-Proteome with Cd?*. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 incubated
with 5 yM TSQ for 60 minutes prior to additions of Cd?*. 1 minute in between additions of Cd?*.

3.3 Reaction of Cells with Cd(PYR).: Cd-ZneProteome Exchange

10 plates of confluent LLC-PK; cells (5.7 x 107 cells) were incubated with Cd(PYR), (3 uM PYR,
60 uM Cd?*) for 30 minutes then washed with DPBS and harvested at 0 minutes, 30 minutes, 2
hours and 4 hours. The 2- and 4-hour time points were incubated with FCS and media prior to
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harvesting. The supernatant of these reactions was incubated with EDTA (2:1 Zn?* in the cell
Zn-Proteome) to capture loosely bound Zn?* and Cd?*. The mixture was then centrifuged in
3kDa Centricon tubes to investigate whether Cd?* had mobilized Zn?* from the supernatant

using Atomic Absorption Spectroscopy. This is represented by figures 2.20-2.21 below.
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Figure 2.20

Reaction of Cd?* with Zn-Proteome in vivo. Ten plates of confluent LLC-PK1 cells were
incubated with Cd(PYR)2 (3 uM PYR, 60 uM Cd?*) for 30 min in DPBS and then transferred to
FCS and media for 2 and 4 h time point. At 0, 0.5, 2, and 4 h supernatant, Proteome was
isolated and treated with EDTA (2:1 Zn). The mixture was subjected to 3 kDa Centricon

filtration. Blue line: cadmium measured in the retentate (Proteome). Red line: zinc present in
the filtrate. (n = 3)
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Reaction of Cd?* with Zn-proteome in vivo. Ten plates of confluent LLC-PK1 cells were
incubated with Cd(PYR)2 (3 uM PYR, 60 uM Cd?*) for 30 min in DPBS and then transferred to
FCS and media for 2 and 4 h time point. At 0, 0.5, 2, and 4 h supernatant, Proteome was
isolated and treated with EDTA (2:1 Zn). The mixture was subjected to 3 kDa Centricon
filtration. Blue line: cadmium measured in the retentate (Proteome). Purple line: zinc present in
the Proteome. (n = 3)

Analogous to figure 2.16-2.17, these figures show that Cd(PYR). rendered Zn?* from Zn-
Proteome available for reaction with EDTA. Cd(PYR).was incubated with LLC-PK; cells for 30
minutes, 82.0% (49 nmol) of the cadmium entered the cell (reaction 2.4). 56.5% (28 nmol) of
the Cd?* remained tightly bound, compared to 47.0% (3.8 nmol) in figure 2.20, or inaccessible
to EDTA. The amount of cadmium that was tightly bound was similar to the amount of
displaced zinc (25 nmol) from the Proteome in a nearly 1:1 ratio (figure 2.16) (reaction 2.17-
2.18). Not all Proteomic sites (~42%), compared to ~37% in figure 2.17, are reactive with
EDTA or some of those sites have a larger stability constant for cadmium ion than EDTA.
Possibly, there are kinetic barriers to reaction of EDTA with Cd-Proteome. As MT was being
synthesized at 2- and 4-hour time points, cadmium is seen being sequestered out of the

Proteome (and EDTA resistant) and Proteome-bound zinc being restored (figure 2.21)
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(reactions 2.11-2.15). After 2 hours, 11% (3.0 nmol) of the Proteome-bound cadmium was
sequestered by the synthesis of MT and 5.8% (3.9 nmol) zinc was restored into the Proteome
(reaction 2.14-2.15). 4 hours post incubation with Cd(PYR). revealed a 40% (11 nmol) loss of
Proteome-bound Cd?* with a restoration of 20% (14 nmol) Zn?* (figure 2.21). Both the
displacement of Zn?* from the Proteome induced by Cd?* and its restoration to the Proteome as

Cd?* shifts into MT show a one to one stoichiometry.

4, Conclusion

An investigation into the uptake and distribution of Cd?* and Cd(PYR)- in cells was undertaken.
The initial hypothesis (reaction 1.1-1.3) was examined using Cd?* and Cd(PYR).. Cd(PYR): (3
UM PYR, 60 uM Cd?*) was incubated with LLC-PK; (1 x 108) cells for 30 minutes and the
distribution of Zn?* and Cd?* was monitored at six time points: 0 hour (30 minutes), 1 hour, 2
hours, 3 hours, 12 hours, 24 hours. Att = 30 minutes, 82% (50 nmol) of the total cadmium in
the extracellular medium had reacted and become bound to high molecular weight species
(figure 2.6). The observed uptake and distribution are explained by reactions 2.4-2.6. This is
consistent with the reaction seen when Cd?* was reacted with isolated Zn-Proteome
(Namdarghanbari et al. 2014). Presumably, over the next two hours, reactions 2.7-2.10 are
occurring, inducing the synthesis of apo-MT. After 2 hours post-incubation with Cd(PYR)3,
metallothionein is first seen being synthesized; centered at fraction 30 (figure 2.8). The
synthesis of apo-MT sequestered 14% (7.0 nmol) of cadmium out of high molecular weight
species and a nearly an equal amount of zinc was sequestered into the protein (reactions 2.10-
2.12). Later, 24 hours post-incubation with Cd(PYR)2, 84% (42 nmol) of Proteome-bound
cadmium was sequestered into MT along with an equal amount (41 nmol) of zinc (figure 2.11);
results were consistent with and expanded upon other experiments involving incubation of

Cd(PYR)2 with Proteome from LLC-PK; cells (Namdarghanbari et al. 2014).
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A different set of reactions occurred when LLC-PK; cells (5.0 x 107 cells) were incubated with
cadmium ion. Four time points were taken for analysis of the distribution of Zn?* and Cd?*: 30
minutes, 6 hours, 12 hours and 24 hours incubation with Cd?* (figures 2.12-2.15). Within 30
minutes of exposure, 1.2% of the total extracellular Cd?* was transported through the outer
membrane into the cell interior (figure 2.12); compared to 83% using PYR as a shuttle (figure
2.6). 5.64 nmol of Cd?* was found within 10 plates of LLC-PK; cells following 30 minutes
incubation with 60 uM Cd?*. The uptake through the cell membrane is much slower because
cadmium ion is charged and must enter through a limited number of transporters. Consistent
with incubation of cells with Cd(PYR),, Cd?* can be seen being sequestered out of the high
molecular weight species at the 6-hour time point by MT (figure 2.13). After 24 hours of
incubation with 4 uM Cd?*, 35% (2.1 nmol) of the total extracellular Cd?* was taken up by cells
and 79% (1.6 nmol) was sequestered into MT (figure 2.15). In both experiments, a small
amount of Cd?* is seen bound to high molecular weight species indicating that not all cadmium
sites are reactive with MT (Namdarghanbari et al. 2011). The observed speciation may be
explained by reactions analogous to 2.4-2.15 above, with the exception that upon synthesis,

apo-MT may directly compete for incoming Cd?* from Proteomic sites (reaction 2.16).

Experiments were undertaken to further examine reactions 2.5 and 2.6. Isolated Zn-Proteome
(1.75 x 108 cells) was reacted with increasing amounts of Cd(PYR),, then that mixture reacted
with EDTA (2:1 Zn#*), and finally separated by 3kDa filtration (figure 2.16-2.17). Within 30
minutes of incubation with Cd(PYR)2, an average of 47% of the total incubated cadmium
became bound to Proteome displacing zinc in a nearly 1:1 ratio (figure 2.16). Figures 2.16-
2.17 can be summed up by the following: as the concentration of Cd?* increased, the amount of
Zn?* mobilized and accessible to EDTA increased in parallel, stoichiometric fashion. A more
limited but similar set of results were also seen in previous experiments that utilized Cd?*

instead of Cd(PYR) as the source of cadmium ion (Namdarghanbari et al. 2014).
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The reaction of Cd?* with the Zn-Proteome was also followed using the fluorescent sensor for
Zn?*, TSQ (figures 2.18-2.19). Like the previous studies, the changes in fluorescence indicated
that Zn?* was mobilized from the Proteome by Cd?* and that the reaction appeared to be nearly

stoichiometric.

In vivo analysis of reactions 2.5-2.6 revealed similar results (figures 2.20-2.21). LLC-PK; cells
(5.7 x 107 cells) were incubated with 60 uM Cd(PYR). for 30 minutes; following the procedure
listed in section 2.2. Like the previous experiment, 57% (28 nmol) of cadmium was found
tightly bound to the Proteome, displacing zinc (25 nmol) in a nearly 1:1 ratio (figure 2.20)
(reaction 2.18). At 2- and 4-hour time points, MT is seen being synthesized, consistent with
reactions 2.8-2.12, and sequestering cadmium out of the Proteome; while zinc is being

restored into the Proteome (reactions 2.14-2.15) (figure 2.21).

As cadmium crosses the cell membrane, it reacts with Proteomic sites (reaction 2.4-2.5)
(figure 2.6, 2.16, 2.20). Cadmium becomes bound to these Proteomic sites (reaction 2.5)
displacing zinc in these proteins, in a nearly 1:1 ratio (figure 2.16 and 2.20). Displaced zinc
becomes bound to non-specific Proteomic sites (reaction 2.6), making it more accessible to
EDTA (figure 2.17 and 2.21) (reaction 2.18). Proteome-bound zinc initiates transcription of
apo-MT (reaction 2.7-2.10) (figures 2.6-2.11). Apo-MT reacts with cadmium proteins
(reaction 2.11) and Proteome+Zn (reaction 2.12) to restore functionality back to zinc proteins

and the Proteome (reaction 2.14-2.15) (figure 2.20-2.21).
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Part Ill: Methodology to measure Zn-proteins and

their Interaction with Cd?* using LA-ICP-MS

1. Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) is one of the most successful methods
in atomic spectrometry due to its multi-element capabilities and high detection power. The first
use of ICP-MS for elemental analysis of aqueous sample solutions was in 1980 (Houk et al.
1980). Since the development of commercial instruments in the 1980’s, ICP-MS has evolved
into a standard method of multi-elemental and isotopic ratio analysis of diverse biological and
geological samples (Hieftje et al. 1992). Calibration against aqueous standards, picogram / mL
detection limits, a wide coverage of elements and direct analysis of solutions are just some of

the recognized advantages of ICP-MS (Durrant 1999).

Elemental analysis in this thesis was performed using a Thermo Fisher Scientific Element 2
sector field ICP-MS (Thermo Fisher Scientific Waltham, MA). After the sample is ionized by the
plasma, the generated ions are passed through a sampler cone to concentrate the elemental
isotope of interest. The ions are further concentrated by the skimmer cone and then passed
onto the optics system of the ICP-MS. A typical sector field instrument consists of an entrance
slit, a magnetic and electrostatic sector field and the exit slit. This instrument uses a so-called
‘reverse geometry’ with the electrostatic analyzer placed behind the magnetic sector because it
is considered advantageous (Cromwell et al. 1996). With this reverse geometry, ions are
separated first magnetically according to their mass and energy; those magnetically separated
ions, of the selected analyte mass, are fed into an electrostatic analyzer for energy focusing

(Schechter et al. 1997).
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ICP-MS is not without analytical difficulties. Some matrices resist dissolution requiring laborious
procedures that could take hours or days to perform. Even when successful, the procedure
could involve potentially dangerous reagents and any handling of the sample involves some risk
of contamination and the loss of volatile elements. These dissolution reagents often contribute
elements that are interferents with isotopes of analytical interest or that are incorporated into
polyatomic interferences (Durrant 1999). Nevertheless, analytical merit is limited by

interferences both spectroscopic and non-spectroscopic (Jarvis et al. 1992).

The elemental isotope of interest may be spectroscopically interfered with by atomic and
molecular ions having the same mass or secondary discharges taking place in the interface
region, explained below. Spectroscopic interferences are subdivided into several groups:
isobaric atomic ions, multiply charged ions and molecular ions. Isobaric ions refer to isotopes of
different elements that have the same nominal mass as the analyte of interest. Choosing an
isotope that is free from isobaric overlap is usually the best option for reducing these
interferences (Jakuboski et al. 1998). Constituents of the sample matrix and gases are frequent

contributors of multiply charged and molecular ions.

Multiply charged and molecular ions cause the most severe problems among all these
spectroscopic interferences (Jakubowski et al. 1998). The ionization processes in the plasma
and interface generate ions with double or multiple charges due to secondary charges in the
interface region. Molecular interferences are created from cluster ions from Argon gas in the

plasma and the analytical sample itself.

Numerous strategies have been employed in order to try to minimize or circumvent the
formation of spectral interferences, listed above, which include: special sample introduction
systems, special plasma parameters, collision/dynamic reaction cells and mathematical
corrections. Sector-field mass spectrometry simply distinguishes the analyte from interference
by difference in mass (Thermo Fisher Scientific 2008). Double focusing sector-field mass
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spectrometry was first developed and introduced to the market in 1988 for organic analysis
(Bradshaw et al. 1989). The earliest known use of this technique coupled to an ICP for isotopic

analysis was in 1998 (Wildner 1998).

Non-spectroscopic interferences, or matrix effects, can be split into two groups: matrix induced

spectral overlap problems and matrix induced signal intensity changes (Tan et al. 1987). These
interferences can be reduced by ion acceleration at high voltages (Jakubowski et al. 1998). The
Element 2 is equipped with a high acceleration voltage of -8 kV resulting in a mass independent

detector response for ion transmission stability (Thermo Fisher Scientific 2008).

The first use of laser ablation for locating metals within a biological sample date back to 1993
(Countant et al. 1993). An ArF* (Argon Fluoride excited state complex), 193 nm, nanosecond
Analyte Excite Excimer Laser Ablation system from CETAC industries was employed
throughout this thesis (CETAC Industries, Ohama, NB). A 193 nm excimer laser is ideal for
ablation of polyacrylamide gels, which are nearly transparent, because deep ultraviolet light is
absorbed more efficiently, laser energy is concentrated in a smaller sample volume which is
more completely vaporized in the argon plasma of the ICP, and particles produced are smaller

and more uniform than with 213 or 266 nm lasers (Guillong et al 2003).

Fractional ablation, any non-representative sub-sampling of non-analyte, is a serious problem
associated with LA-ICP-MS which occurs during ablation and transport of material to the ICP-
MS (Durant et al. 1999). For reduced fractionation, 193 nm nanosecond excimer lasers were
found to be superior compared to infrared laser ablation. As well, they result in better
reproducibility, spatial resolution (space between laser pulses), quantification and sensitivity
(Geertsen et al. 1994). Transport efficiency of ablated material is greatly increased to around
90% using Helium as an ablation cell/carrier gas because ions in the Helium atmosphere allow
the plasma plume to expand further, giving more time for material to condense out of the cooling
plasma (Eggins et al. 1998).
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Studies described above have revealed that some intracellular Zn-Proteins interact with Cd®*
and presumably become functionally perturbed. Identification of proteins that are the loci of
reactions with Cd?* was the initial aim of this research. The downregulation of sodium-
dependent glucose transport into kidney cortical cells led to the discovery of Cd?* interaction
with Zns-Spl (Tabatabai et al. 2005; Kothinti et al 2010). Out of potentially thousands of Zn-
proteins with similar binding motifs, Sp1 is only one of the generic C,H; proteins that have been
identified as reacting with Cd?*. Section Il of this thesis provide much in vitro and in vivo
support for the hypothesis that Cd?* replaces Zn?* in Zn-proteins (reaction 1.5)
(Namdarghanbari et al 2014). But the identity of specific proteins that have undergone reaction
with Cd?* remains unknown. Robust methods are needed to evaluate the distribution of Cd?*

and other metal ions like Zn?* within the Proteome.

Using a solid support, such as polyacrylamide gel, to separate the Proteome, then searching for
metals through ablation with a laser and inductively coupled plasma mass spectrometery (LA-
ICP-MS) for the identification of those metals is one strategy that may accomplish this aim
(Sussulini et al. 2011). Protein denaturation and loss of bound metal ions occur in high-
resolution separation methods, particularly in sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE). This constitutes one of the major problems at the front end of this

method (Sussulini et al. 2011).

Recently, native SDS-PAGE or NSDS-PAGE, a modification of SDS-PAGE, was developed that
showed refined separation of proteins with their native properties and bound metal ions intact
(Nowakowski et al. 2014). Early experiments have shown that many zinc proteins can be
resolved and separated using this technique in combination with LA-ICP-MS (Nowakowski et al.
2014). This combination of NSDS-PAGE and LA-ICP-MS may provide a new, powerful
approach for identification of cadmium-containing proteins and propel the understanding of the

chemical biology of cadmium.
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2. Methods

2.1 Chemicals

All chemicals were purchased from either Thermo Fisher Scientific or Sigma-Aldrich unless
noted and were the highest purity available. Cd?* and Zn?* standard solutions were from SPEX
Certiprep for routine analytical measurements and creation of standard curves. All gel
electrophoretic methods were performed using Novex® NUPAGE® 12% Bis-Tris polyacrylamide
precast gels, from Thermo Fisher Scientific, in conjunction with the XCell SureLock™ Mini-Cell

electrophoresis chamber available from Invitrogen.

2.2 Native Sodium Dodecyl Sulfate (NSDS)-PAGE

NSDS-PAGE is a recently developed method for the high-resolution separation of proteins with
the retention of native properties such as the metal content and maintaining native confirmation
(Nowakowski et al. 2014). The SDS concentration was lowered from 0.1% to 0.0375% which
results in SDS binding to proteins in low concentration without grossly altering their native
structures; whereas, higher concentrations of SDS binds in larger stoichiometry, causing protein
denaturation. It has been shown that this technique both resolves protein mixtures and
maintains bound Zn?* that forms fluorescent ternary adducts with the Zn?* sensor, TSQ, for the

location of Zn-proteins within a polyacrylamide gel (Meeusen et al. 2011).

Before protein preparation, NSDS run buffers (50 mM Tris, 50 mM MOPS, 0.0375% SDS, pH
7.6) were chilled to 4 °C. In addition, NUPAGE® 12% Bis-Tris precast gels were assembled in
the electrophoresis chamber and run at 200 V, for at least 30 minutes, using 44H-O as the run
buffer. Then 44H>O was replaced by chilled NSDS run buffer. The electrophoresis chamber was
surrounded by ice prior to starting run, in case the system overheats during the electrophoretic
process possibly melting the gel. Protein samples were mixed with 25% glycerol.
Electrophoresis was run at 30 mA until the dye front migrated 60 mm. Gels were stained for
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protein using Coomassie R-250 stain (section 2.3.1), dried for laser ablation (section 2.3.2) or

TSQ stain (section 2.3.3).

2.3 Gel Staining

2.3.1 Coomassie R-250 protein band staining
After gels were removed from their casings, a 100 mL fixing solution was added to gels
containing 40% methanol and 10% acetic acid. It was microwaved for 45 seconds and put on a
shaker for 30-45 minutes. The fixing solution was decanted and 50 mL of staining solution
(30% methanol, 10% acetic acid, 0.002% Coomassie R-250) was added. Gels were
microwaved for 45 seconds and placed once again on a shaker for 30 minutes. Staining
solution was decanted, and the gels were destained using 100 mL of 8% acetic acid placed in a
microwave for 45 seconds and agitated for 45 minutes. The destaining solution was replaced

with more destaining solution overnight on a shaker.

2.3.2 Passive Drying of PAGE gels

All PAGE gels were dried in partial accordance with the method advised for the Invitrogen
DryEase® Mini-Gel Drying System. First, gels were soaked in ddH>O for 5 mins to wash gel of
any buffer solution. Then a drying solution containing 24% ethanol, 1.2% isopropyl alcohol, 4%
glycerol, 1.8% methanol and 69% 4sH20 (vol/vol) was added to the gel and agitated for 10
minutes. One side of the gel drying frame was placed on the drying base followed by a piece of

cellophane wetted with the drying solution (figure 3.1; panel A).
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Figure 3.1

Passive drying of a polyacrylamide gel using Invitrogen DryEase® Mini-Gel Drying System. See
text for explanation of A-F

The gel was cut in half, to fit the laser ablation apparatus, and the gel was placed on top of the
piece of cellophane (panel B), followed by two pieces of cut saran wrap (panel C) and a second
piece of wetted cellophane layered on the other side of the gel (panel D). Air bubbles were
removed between the layers of gel, saran wrap, and cellophane to prevent gel cracking (panel
E). The other half of the drying frame was placed on the base and the frame was secured with
binder clamps. The frame, containing the gel, was transferred, saran wrap face down, to a
closed fume hood with an atmospheric humidity of 55% (panel F). Any humidity above 30%
prevents the gel from drying too quickly and cracking. After 24 hours, the dried sandwich was
kept in the frame and placed in a book—to prevent warping—until the gel was ready for analysis

via LA-ICP-MS.
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2.3.3 TSQ Staining of NSDS-PAGE Gels

Previous experiments have shown that TSQ can be used to find Zn-proteins within
polyacrylamide gels (Nowakowski et al. 2015). All TSQ gel staining experiments were carried
out at the UWM CLS Department of Biological Sciences. Protein samples were incubated with
TSQ for one hour prior to electrophoresis using the NSDS-PAGE technique (section 2.2).
Later, after the plastic casting was removed, gels were washed twice in 100 mL of ddH>O. An
initial background of the gel was taken to rule out auto-fluorescent protein bands. The gel was
transferred into a UVP EpiChemi Il Darkroom UV transilluminator gel box set at the long UV
wavelength (approximately 365 nm, the fluorescence excitation wavelength maximum of
Zn(TSQ); and TSQ-Zn-ligand adducts). Images of the gel were taken using a digital camera
with a SYBYR GOLD (580-640 nm) emission filter and processed using LabWorks software
version 4.5. This wavelength window was not optimal for TSQ-Zn species but was the best
available filter. Typical exposure times for fluorescent images were between 1-5 minutes. In
some cases, the gels were additionally incubated in 50 mL of 44H20O containing a ligand for 5

minutes and additional images were captured.

2.4 Laser Ablation

2.4.1 Optimization of Analyte Excite Excimer Laser Ablation System

Laser Ablation was performed using 193 nm nanosecond Analyte Excite Excimer Laser Ablation
system (Cetac Industries, Ohama, NB). Dried gels, already cut in half, were prepared for
ablation by removing the saran wrap-cellophane cover, exposing the gel on one side while
leaving the cellophane beneath the gel on the other side. Half of the gel was attached to a

frosted glass slide using double-sided tape (

3.2; Panel A).
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Figure 3.2

Sample preparation of a dried NSDS-PAGE gel (panel A) placed in Helex Il sample cell (panel
B) with 1 pL dried standard solutions (lane of stained circles).

It is essential to optimize both laser power (fluence) and laser pulse frequency to maximize
small sized particles and soft agglomerates. Smaller sized particles or soft agglomerates reduce
fractionation due to incomplete ionization of the particles in ICP; incomplete ionization leads to
‘spiky’ signal behavior (Diwakar et al. 2015). Optimization of the laser ablation instrument was
as follows. A procedure defined by CETAC was used to find the power and frequency
necessary to ablate the polyacrylamide gel to reduce fractionation effects. ®Zn and Cd were
monitored on the Thermo Fisher Scientific Element 2 ICP-MS. Both isotopes were chosen
because isobaric (different element, same mass) and polyatomic interferences (sample and
matrix molecules that have same mass) are either nonexistent or negligible. Isotope studies
were done to see if isotopic ratios of zinc were correct after LA-ICP-MS. %Zn and **Cd are

used throughout experiments unless otherwise noted.
2.4.2 Laser Ablation Parameters

As described above, the optimization of laser power (fluence) and frequency (laser pulses) is

essential to reduce fractionation effects in the ICP. Laser ablation parameters were determined
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from ablating a small section of gel, at a constant speed of 50 um/s, that had dried ICP-MS

grade standard solution with a volume of 5 L applied to the gel by the apparatus in figure 3.3.

Figure 3.3

Spotting apparatus used for optimization made of stainless steel. 5 pL of standard was pipetted
into the space between the arrows then applied by pushing the apparatus onto the gel. This
created a uniform line to perform optimization on.

The section of gel, with 5 uL of dried ICP-MS grade standards, was ablated three times to
determine the average and relative standard deviation (% RSD), used to correlate the precision

and repeatability of an experiment. The %RSD, of registered counts per second (CPS), was

calculated by the equation: o = J(((Z(Xavg —X1))2)/(N — 1)) X 100 (Xavy is the average of the

sum of total CPS; X is the value of interest; and N is number of line scans). The resulting %
RSD was compared for each variable (1.5, 2.0, 2.5, 3.0, 3.5 mJ and 15, 25, 35 Hz) to determine

what value of each parameter was best optimized for the laser ablation system.

Figure 3.4 describes, in detail, how intensity (CPS) and laser power are related (blue curve).

As expected, they are directly related to one another. Power (fluence) determines how much
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energy is involved with laser-sample interaction. Ablated Particles can be lost on the transport
tube walls due to inertial impact, gravitational settling, or laminar and turbulent diffusions (Jeong
et al. 1999). There is an optimal fluence in which the particle sizes generated from the ablated
material is within an ideal size distribution: particles less than 5 nm in diameter are lost by
diffusion (figure 3.4; section 1) and particles more than 3 um settle in the transfer tube due to
gravity (figure 3.4; section 2) (Durrant 1999). In figure 3.4 (section 1), inefficient ablation
refers to suboptimal laser power producing ablated particles less than 5 nm in diameter. These
particles are lost in the transport tubing due to diffusion from the ablation instrument to the
plasma in the ICP (Jeong et al. 1999). Larger particles (> 3 ym) are formed from too much
power within the laser-sample interaction causing melting of the sample and creating transport
limited particles. There is a loss of ablated sample reaching the plasma from these particles
having greater gravitational force acting on them from particles settling within the transport
tubing (figure 3.4; section 2) (Garcia et al. 2008). The results indicate that the lowest % RSD

occurs at 3 mJ (figure 3.5).
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Power tuning of the Laser Ablation instrument. Picture modified from CETAC protocol manual.
Blue curve plots Intensity vs. Power. Orange line plots % RSD vs. Power. The terms shown in
the figure are described in the text.

The results of the optimization of the instrument indicated that the lowest % RSD occurs at 3

mJ (figure 3.5).
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Figure 3.5

Power optimization results from CETAC protocol procedure. Lowest % RSD was determined
from line scans (n = 3). 3 mJ was chosen. *Cd (orange); %¢Zn (blue).
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Intensity (CPS) is a function of frequency of laser pulses (Hz). The higher the frequency, the
higher the intensity. Frequency is also related to scan speed. The faster the scan speed, the
higher the frequency needed for reduction of other fractionation effects and mass loading, the
incomplete ablation and clumping of ablated material that give rise to a “spiky signal” (Diwakar
et al. 2015). Essentially, higher frequency of laser pulses leads to more total material ablation
requiring higher scan speeds for less ablated area overlap (Bonta et al. 2015). Figure 3.6

shows that the optimal frequency is one that has the lowest % RSD.

Optimal

M M

Intensity (CPS)

¥

Figure 3.6

Frequency Optimization picture modified from CETAC protocol. Intensity (counts per second) is
a function of Frequency. As the Frequency (of laser pulses) increases, the Intensity (CPS)
increases. Plot of intensity vs. Frequency (blue curve); plot of % RSD vs Frequency (orange
curve).

Using a scan speed of 50 um/s, the optimal frequency is 25 Hz (figure 3.7).
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Frequency optimization (CETAC protocol procedure). Lowest % RSD was determined from line
scans (n = 3). 25 Hz was chosen. 1%Cd (orange); %Zn (blue)

In summary, during the analysis of the distribution of metal along lanes of an electrophoretic gel,
it is typical to ablate each lane six times for reasons described below. In addition, there can be
up to eight lanes that need ablation per gel. A typical polyacrylamide gel lane is approximately
six centimeters long. A scan rate of 50 um/s or 20 mins/scan was chosen because of time
constraints when running multiple line scans on a single lane. The values of lowest % RSD
(CPS for %6Zn and **Cd) corresponding to 3.0 mJ and 25 Hz were selected as seen in figure

3.5 and 3.7, respectively.

The HelEX Il laser ablation cell has ability to independently control the gas flow. The gas flow
keeps the plume of ablated material constrained within the lower part of the cup which
minimizes transport induced fractionation and greatly enhances washout speed (Teledyne
2018). The flow rate of the gasses inside the cup of the laser ablation system had to be
optimized. A final value of 1.00 L/min Helium gas was chosen as no significant changes to CPS

were seen when manually adjusting the flow of cup gasses (data not shown).
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Ablation parameters and laser energy were controlled by the Chromium 2.3 program that was
part of the software of the instrument. Using the program controls, the stage holding the gel
was homed, to give a reference point, in all three axes (X, Y, Z). Then, line scans were
generated during ablation of each lane consisting of three to six 85 um width lines per lane with
a spacing of 190 um between lines, which isolated ablation runs from one another and
prevented debris from previous line scans from contaminating current line scans. The laser was
set at 25 Hz with 3.0 mJ of power and a scan rate of 50 ym/s. The laser must exchange ArF*
excimer gas every two weeks, or the laser power becomes unstable and incomplete ablation

occurs on the surface of the gel.

The ablation chamber was evacuated by pulling a vacuum down to 9 psi slowly over 20
pumping cycles. Subsequently, helium was flooded into the chamber for a duration of 10 mins
at a rate of 1 L/min. The helium was turned off and the plasma was ignited. Once the plasma
stabilized, after 45 minutes, helium was turned back on with the final helium carrier gas flow rate
set at 1 L/min. The laser was warmed up by firing at 15 Hz into a shutter for the duration of

plasma ignition.

2.5 Elemental Analysis using LA-ICP-MS

Elemental analysis was performed using a Thermo Fisher Scientific Element 2 ICP-MS powered
by Thermoelement 3.1 software (Thermo Fisher Scientific Waltham, MA). The detailed

operational settings are listed below.

The settings for argon (Ar) gas, used to ignite and maintain the inductively coupled plasma,
included a gas flow rate of 17.0 L/min, which cools the torch to prevent melting, an auxiliary Ar
gas flow rate, which generates and shapes the plasma, of 1.0 L/min and a sample Ar gas flow

(the analyte gas) of 0.936 L/min.
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Torch position was optimized as follows: X-position at 1.79 mm, Y-position at 1.45 mm and Z-
position at -5.00 mm. The forward power, power generated by the RF (radio frequency)
generator to create a steady-state plasma, was set at 1233 W. This steady-state plasma was
produced when the rate at which electrons are released by ionizing collisions equals the rate at

which they are lost by recombination.

The Guard Electrode was turned on to decouple the plasma from the RF generator in order to
reduce the energy spread of ions increasing the ion transmission and delivering superior

sensitivity (Thermo Fisher Scientific 2008).

Optic lenses, used to focus and shape the ion beam, were also optimized to be as follows:
Extraction lens -1900 V, Focus lens -1461.8 V, X-deflection 6.10 V, Y-deflection -0.10 V and

Shape lens 137.0 V.

Once the plasma torch was ignited, helium from the LA unit was introduced at the minimal flow
rate of 100 mL/min which was increased until 2000 mL/min was reached. The plasma was

warmed up for at least 45 minutes to avoid plasma fluctuations.

The laser was coupled to the settling time of the detector in the mass spectrometer to be 2.5
laser pulses (LA instrument) per elemental mass scan (mass spectrometer), in order to attain
the highest resolution possible. The total time per elemental mass scan in the mass
spectrometer was 0.101 s while the pulse rate of the laser was 25 Hz (0.04 s/pulse). Data were
collected in the Thermoelement software 3.1 and transferred to Microsoft Excel for further

analysis.

2.5.1 Spotted Standards for Quantification
In order to quantify metals located in the gel by LA-ICP-MS, 1 uL of standards, from SPEX
Certiprep, of Zn?" and Cd?* were spotted near the edge of the gel using a micropipetter and

allowed to dry before ablation (see section 3.4). For the standard curves, 1 pL drops of 33.1,
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66.3, 132.5, 265.1 pmol Zn?" and 20.0, 39.9, 79.9, 159.7 pmol Cd?* were mixed with Coomassie
R-250 dye and applied to gels using a micropipette. The standards dried for approximately 20
mins before the start-up of the laser ablation instrument and plasma of the ICP-MS. The
plasma was warmed up for 45 minutes, to avoid plasma fluctuations, before ablation began.
Three 85 um line scans per element were run at 50 ym/s and then each set of data points was
subjected to Grubbs’ test for outliers (see section 2.6). The area under the scanned curve was
obtained by subtracting the average background from the set of data points, then summing
them up to obtain total counts per second (CPS). The integrated area under the curve was

equated to the corresponding number of moles applied to the gel.
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.—— 0.3cm

Volume of Spot: 7.07uL
Volume of Ablated Spot: 0.255uL
Percent Ablated: 3.6%

Volume of Lane: 300uL
Volume of Ablated Material: 5.1ulL

0 1
cm Percent Ablated: 1.7%

Figure 3.8

Calculation of amount of gel that is ablated.

The calculation of material ablated for a 1 uL standard and a single line scan of a
polyacrylamide gel is shown in figure 3.8. The ratio of the area/volume of the lane and the total
area/volume of the spot was calculated to adjust CPS to equate to the total moles applied to the

gel. A standard curve can be established from those values and the slope is used to determine

71



the amount of metal detected during a line scan (figure 3.8). In the example shown, the counts
per second were averaged from a blank line scan of a portion of gel to determine the
background contribution of ®6Zn (figure 3.9) and **Cd (figure 3.10). Those values were
subtracted from the area under the curve to achieve a more accurate standard curve (figure
3.11-3.12). The following equations are comprised of the averages + standard deviation of 10

determinations of standard curves over a six-month period.
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Figure 3.9

8Zn background scan using optimized ablation parameters. Average CPS for the background
is around 2000.
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Figure 3.10

114Cd background scan using optimized ablation parameters. Average CPS for the background
is around 250.
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Ablation scan (Panel A) and standard curve of 1**Cd spotted standards (n = 10) (Panel B)
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Figure 3.12

Ablation scan (Panel A) and standard curve of %Zn spotted standards (n = 10) (Panel B)
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2.5.2 Isotopes

There are several isotopes to choose from that could be used for analysis of Zn?* or Cd?*. Zinc
has five stable isotopes; cadmium has eight stable isotopes. %Zn and '*Cd were chosen
because isobaric (figure 3.13) and polyatomic interferences (figure 3.14) are negligible or non-
existent. Isobaric interferences refer to atoms that might have the same mass as the isotope
under examination but stem from different elements. Examples of possible polyatomic
interferences for the isotope ®6Zn, which has an atomic mass of 65.92 amu, would be the
following molecules correspond to that mass: *°Ti®0", 34S160,*, 3S160,1H*, 32516080,
328170,*, BS6Q0O*, 328345+, 3S,*, Titanium is not present in the gel, the LLC-PK; cells, or
standard proteins and is negligible. The isotope 23S, although present, is 0.75% abundant and
can be ignored. 32S, being the most abundant isotope at 94.99%, would be a potential source of
polyatomic interferences but 'O is 0.04% abundant. The combination would be insignificant.
%34S is 4.25% abundant and a source of potential interference. Considering **Cd, ®®Mo0!*O* and
%Ru0O* are not present in LLC-PK; cells, the gel, or the standards and are, thus, negligible

when monitoring **Cd at 113.9 amu.
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List of potential isobaric interferences.
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List of potential polyatomic interferences
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2.5.3 Isotopic Distribution

An investigation was made into the isotopic ratio of Zn?* on a polyacrylamide gel using LA-ICP-

MS. Being a Sector ICP-MS, the instrument has the distinct ability to separate ions based on

mass (see Part Ill: Introduction). Zinc is primarily composed of five stable isotopes: ®4Zn

(49.17%) at 63.93 amu, %Zn (27.73%) at 65.93 amu, 57Zn (4.04%) at 66.92 amu, ®8Zn (18.45%)

and °Zn (0.61%), at 67.92 and 69.92 amu, respectively. If the isotopic ratio obtained from this

experiment are correct, then it can be concluded that interferences are negligible not only for

Zn but other zinc isotopes as well. In turn, it should be safe to assume that the %6Zn

concentration is correct and representative of all the Zn?* within a polyacrylamide gel.
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Figure 3.15

Distribution of zinc isotopes during ablation

Zn was the primary Zn?* isotope of interest; therefore, 6Zn was used in determining the ideal

isotopic ratios of ®Zn to %8Zn and %’Zn. The ratios were determined by ablating a section of gel

after 1 pL standards were spotted on top and the CPS underneath the curve were determined.
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The accepted ideal ratio (% to %) of 6Zn (4.04%) to ®°Zn (27.73%) is 0.1457; while the ideal
ratio of %8Zn (18.45%) to %Zn (27.73%) is 0.6653. According to figure 3.15, the measured ratio
of 87Zn to ®6Zn is 0.1461 + 0.0005 which is a 0.31% deviation from the accepted value. The
measured ratio of ®8Zn to %Zn is 0.6661 + 0.0059, which is a 0.11% deviation. Figure 3.15
shows the isotopic ratio of Zn?* experimentally obtained from ablation of a standard within a
polyacrylamide gel are almost indistinguishable from the ideal ratios. Therefore, isotopic
analysis of standards shows that the isotopic ratio is maintained and, therefore, ®Zn and **Cd

(data not shown) can be used for analysis.
2.6 Grubbs’ Test for Outliers

Grubbs’ test for outliers was developed to detect a single outlier in a data set that resides
outside the approximate normal distribution (Grubbs et al. 1972). During successive runs using
LA-ICP-MS, there are outliers in the data that would seem to be indicative of interferences
during the ablation. Some interferences include those that have been listed in figure 3.13-3.14.
Other potential interferences may come from mass loading, or other fractionation effects, in the

ICP-MS. The Grubbs’ Test for Outliers equation is listed below.

Grubbs’ Test for Qutliers
Average
max [x; - X|
I=1..n

g= S

Standard Deviation
Equation 3.1

Grubb’s Test for Outliers equation where X; is the value of interest, X(bar) is the average of the
values and S is the standard deviation of those values.

The Grubbs’ Test uses a critical value table when n = 3. The critical value, g, is defined as the

absolute value of the datum in question minus the average of all the data points, the difference
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divided by standard deviation among all data points. g must be less than 1.15, according to the
critical table value; otherwise the value is considered an outlier and can be ignored. For this

dissertation, the g value was set more stringently to 0.8 in the data analysis.
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Figure 3.16

Grubbs’ test applied to LA-ICP-MS spectra. Circles denotate areas where Grubbs’ Test was
applied.

Potential spikes that appear as mass loading or fractionation are shown in figure 3.16 and are

denoted by the circles. When equation 3.1 was applied to the data from the lane ablation, the
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second spectra was the result. Looking at the second spectra, the average of the three laser
ablation runs (Red line) was much less correlated than when Grubbs’ test was applied (Black

line).

3. Results and Discussion

3.1 Background experiments with the Zinc Fluorophore, TSQ

Zinc fluorescent sensors have been developed to detect Zn?*. Our laboratory discovered that a
major sensor, TSQ, binds to Zn-proteins in the Proteome, Zn-Proteome, and non-specific zinc
binding sitesthat are also part of the Proteome, Proteome«Zn, and in the process emits

fluorescence centered at about 475 nm (Meeusen et al. 2011).

Zn-Proteome + TSQ < TSQ-Zn-Proteome (3.2)

Proteome«Zn + TSQ = Proteome+Zn-TSQ (3.3

Previous studies have shown that TSQ-Zn-protein complexes can be separated by NSDS-
PAGE and then be detected fluorometrically (Nowakowski et al. 2015). It was important to
compare the results of the new method of detection, LA-ICP-MS, with this method. Several

experiments were conducted to prepare for this comparison.

We compared the fluorescence intensities derived from the interaction of Zn?* and Cd?* with
TSQ. As seenin figure 3.17-3.18, TSQ reacts with both Zn?* and Cd?* to generate a 2:1

complex.
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Figure 3.17

Titration of TSQ with Zn?*. Titration of 10 yM TSQ in 20 mM Tris pH 7.4 with Zn?*. 10 minutes in
between additions. Excitation wavelength was 365 nm. Emission wavelength span was 400-600
nm.
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Figure 3.18

Titration of TSQ with Cd?*. Titration of 10 uM TSQ in 20 mM Tris pH 7.4 with Cd?*. 10 minutes
in between additions. Excitation wavelength was 365 nm. Emission wavelength was 400-600
nm.

Both Zn(TSQ). and Cd(TSQ)- display a fluorescence emission maximum at 490 nm. Notably,

the fluorescence intensity of the zinc complex was 10 times that of the cadmium complex.
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Next, the properties of the reaction of TSQ with Zn-Proteome + Proteome+Zn was investigated.
In the first experiment, an excess of TSQ was added to Zn-Proteome to generate TSQ-Zn-

Proteome. Then, the sample was titrated with Zn?*. Figure 3.19-3.20 describe the results.
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Figure 3.19.

Titration of TSQ-Zn-Proteome with Zn?*. 2.5 yM Zn-Proteome was incubated with 15 yM TSQ
in 20 mM Tris pH 7.4 for 60 minutes prior to addition of Zn?*. 1 minute in between additions.
Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.
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Figure 3.20.

Titration curve of TSQ-Zn-Proteome with Zn?*. 2.5 yM Zn-Proteome was incubated with 15 uM
TSQ in 20 mM Tris pH 7.4 for 60 minutes prior to addition of Zn?*. 1 minute in between
additions. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.
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The initial spectrum reflected the formation of TSQ-Zn-Proteome after 60 min of incubation of
the Zn-Proteome with TSQ. Thereafter, additions of Zn?* led mostly to the steady increase in
the intensity of the fluorescence emission with the spectral wavelength maximum remaining
between 475- 485 nm, consistent with the formation of ternary adducts throughout the titration
(figure 3.19). Toward the end of the titration, it appears that a measurable equilibrium is
established between ‘free’ and bound Zn?* (figure 3.20). Notably, whereas the formation of
TSQ-Zn-Proteome occurred slowly over the course of 60 min, the production of Proteome«Zn-

TSQ occurred quickly within 1 minute.

3.2 Individual Zinc Proteins

3.2.1 Bovine Serum Albumin

Zinc trafficking in plasma is centered on serum albumin (Dyke et al. 1987). In our experiments,
Bovine Serum Albumin (BSA) was utilized. Serum Albumin plays an essential role in the

transport and metabolism of Zn?* based on its moderate stability constant for Zn?* of 1072 at pH
7.4 (Masuoka et al. 1993). The concentration of Humans Serum Albumin is ~600 uM (Finali et
al. 2012). As to the extent of research done investigating LA-ICP-MS and Zn-proteins, no work

was found that involved LA-ICP-MS of Bovine Serum Albumin after PAGE separation.

At the outset, 11.7 mg of Zn-BSA powder (Sigma) was mixed with 2 mL 4qH20 to make 88 M
Zn-BSA. Then, 15.9 yL was mixed with 4.1 yL glycerol and applied to the polyacrylamide gel
for electrophoresis using NSDS-PAGE (section 2.2). Two gels were run in tandem for
experimentation: one gel was stained for protein using Coomassie R-250 (section 2.3.1) and
TSQ stain (section 2.3.3); the other gel was dried for LA-ICP-MS (section 2.3.2). Using the
optimized conditions (section 2.4-2.5), the dried polyacrylamide gel was ablated and analyzed.
Typical results are found in figure 3.21. Each lane was ablated at least three times (separated

by 190 ym) then subjected to Grubbs’ Test (section 2.6).
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A. LA-ICP-MS spectra of 88 uM BSA (89.4 nmol Zn?* applied) separated using NSDS-
PAGE. Quantitation from Zn?* standards run that day. Standard deviation based on the
guanitation of 3 ablated runs.

TSQ stained polyacrylamide gel
Coomassie stained polyacrylamide gel
12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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LA-ICP-MS revealed two strong bands of Zn?* (one peak centered at 1.75 cm and another at
0.75 cm) and one weaker band (peak centered at 0.5 cm) (figure 3.21; panel A). According to
the migration chart (figure 3.21; panel D) that is based on the migration of proteins through 12%
Bis-Tris under denaturing conditions in SDS-PAGE, these bands respectively correspond to
molecular weights centered around 60, 130, and 200 kDa. BSA has a molecular weight of 66.5
kDa. Thus, these bands correspond to monomer, dimer, and trimer species of Zn-Albumin.

Moreover, the integrated content of zinc within these three bands is 88 nmol (Black lines), an
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excellent agreement with the amount of zinc that was placed onto the gel at the beginning of
electrophoresis. Similarly, in panel C (figure 3.21), the same three regions of the gel contain
protein as indicated by presence of the Coomassie Blue stain. Together, panels A and C
demonstrate the congruent migration of zinc and Albumin through the gel as Zn-(Albumin),

where n varies from 1 to 3.

In data not shown, it was demonstrated that TSQ reacts with Zn-Albumin to form a fluorescent

adduct with emission wavelength maximum at 475 nm.

Zn-Albumin + TSQ = TSQ-Zn-Albumin (3.4

The TSQ-stained gel also reveals two clearly fluorescent bands at 60 and 130 kDa and a very
faint band at 200 kDa (figure 3.21; panel B). Their presence further supports the finding of
several species of Zn-Albumin along the electrophoresis lane. A small fluorescent band

remains at the origin and surely represents Zn-Albumin that did not enter the gel.

These results are also significant in that they demonstrate (1) that under conditions of
electrophoresis that are thought to retain native structural characteristics of proteins, 66 kDa Zn-
Albumin migrates much like it would during SDS-PAGE. In addition, (2) under native conditions,
self-association occurs so that dimer and trimer forms are detected as well. Furthermore (3),
Albumin retains its complement of moderately strongly bound Zn?* (binding affinity of 10”2 at pH
7.4), showing that the native conditions of electrophoresis permit the retention of Zn?* by
Albumin, even though the binding site is not kinetically inert to ligand substitution and metal ion

exchange.

3.2.2 Carbonic Anhydrase

Carbonic anhydrase (CA) was the first zinc-dependent metalloenzyme discovered and has been
under intense investigation since 1933 (Meldrum et al. 1933). Three histidine ligands are
directly coordinated to the catalytic zinc metal center (Hurst et al. 2010). Compared to BSA, CA
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has a Zn?* bound within its structure with an association constant of 10'? at pH 7.4 (Hunt et al.
1997). Previous experiments have shown that Zn-CA can be separated using non-denaturing
conditions and retain its metal-protein complex in the process (Raab et al. 2009). Zn-CA was
used to examine a limit of detection for Zn-proteins, using LA-ICP-MS, for further applications to

apply to a collection of Zn-proteins, such as the Proteome.

A stock solution of 4.64 mg of Zn-CA powder was mixed with 10 mL ¢H20 to make 15.47 uM
Zn-CA. 15.0 uL was mixed with 5 pL glycerol and applied to the polyacrylamide gel before
being separated using NSDS-PAGE (section 2.2). Serial dilutions were made with the stock
solution of Zn-CA for analysis. Two gels were run in tandem for the experiment: one gel was
stained for protein using Coomassie R-250 (section 2.3.1) and the fluorescent detection of Zn-
protein with TSQ stain (section 2.3.3); the other was dried for laser ablation (section 2.3.2).
Using the optimized conditions (section 2.4-2.5), the dried polyacrylamide gel was subjected to

LA-ICP-MS and the results are found below (figure 3.22 — 3.25).
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Figure 3.22
A. LA-ICP-MS spectra of 930 nM Zn-CA (14 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.
B. TSQ stained polyacrylamide gel
C. Coomassie stained polyacrylamide gel
D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.23
A. LA-ICP-MS spectra of 1.86 uM Zn-CA (29 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.
B. TSQ stained polyacrylamide gel
C. Coomassie stained polyacrylamide gel
D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.24
A. LA-ICP-MS spectra of 3.72 uM Zn-CA (58 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.
B. TSQ stained polyacrylamide gel
C. Coomassie stained polyacrylamide gel
D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.25

A. LA-ICP-MS spectra of 14.9 yM Zn-CA (232 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on from Zn?* standards run that day. Standard deviation
based on the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel
12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Carbonic anhydrase has a molecular weight of approximately 30.0 kDa (29,000). The migration
chart of proteins through a 12% Bis-Tris polyacrylamide gel is shown (figure 3.22-3.25; panel
C). The major peak, centered around 3 cm, is indicative of 30 kDa monomer, based on the
migration chart and the LA-ICP-MS spectra (figure 3.22-3.25; panel A). Both the TSQ and

Coomassie stain display a band around 3 cm (figure 3.22-3.25; panel B and panel C). As the
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concentration of CA increased, another band is formed at 1.5 cm and lines up with 60 kDa,
indicative of a possible dimer formation. The TSQ stain displays the fluorescence from adduct
formation of TSQ to Zn-proteins, in this case Zn-CA. A fluorescent band is not apparent for a
putative dimer, probably because its’ concentration is too low to observe. Since the bands
revealed by LA-ICP-MS, TSQ staining and Coomassie staining are coincident, it is clear the LA-
ICP-MS measurements detect ®Zn bound to CA after NSDS-PAGE separation, consistent with
the maintenance of the native conformation of the protein and its’ retention of Zn?*. The activity
of Carbonic Anhydrase was previously tested following a NSDS-PAGE separation (section 2.2)
and was found to be active, also indicative of an intact native conformation (Nowakowski et al.

2014).
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Figure 3.26

Zn-CA: Amount of Zn?* applied vs. Zn?* calculated based on Zn?* standard curve.

Figure 3.26 plots the observed amount of zinc found in the four experiments versus the applied
amounts for these electrophoretic runs. Both the linear relationship and the good agreement
between applied and detected amounts of zinc show that the method provides quantitative
results. Moreover, bands containing low pmol amounts of zinc can be readily detected in this
type of experiment. The limit of detection for Zn-CA is around 14 pmol applied (figure 3.22).
Attempts to go lower in concentration results in a S/N ratio that rendered Zn-protein recognition
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improbable. The peak of Zn-CA seen in figure 3.22 is comprised of three individual
measurements. That being the case, it is clear that the LA-ICP-MS system can detect on the

order of ~150 fmol of zinc delivered from the gel in a single laser pulse.

3.3 HPLC fraction 60
In the search of Zn-proteins inhibited by Cd?* through the Cd-Zn exchange reaction, HPLC-
DEAE was employed for the separation of Zn-proteins from the Proteome into 100 fractions for
a more manageable number of Zn-proteins per fraction. Initially, 40 plates of confluent LLC-
PK1 cells were harvested (Part Il: section 2.4). The supernatant was put over a DEAE column
for separation into 100 1 mL fractions (Part Il: section 2.5.2) (figure 3.27). The absorbance at
280 nm was taken as a relative measure of protein concentration within the fractions. Fractions
52-60 were chosen for further analysis as they had the highest Zn?* content (inlet figure 3.27).
Fractions 55-60 were concentrated through a 3 kDa filter to give a collective fraction “60” which

had a Zn?* content of 8.3 uM.
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Figure 3.27

DEAE-HPLC separation of Proteome. 40 plates of confluent LLC-PK; cells were harvested and
then separated by a DEAE column.

92



3.3.1 Reproducibility of the NSDS-PAGE LA-ICP-MS method

3.3.1.1 Reproducibility of NSDS-PAGE LA-ICP-MS within a lane

Reproducibility was a major concern regarding the analysis of a collection of Zn-proteins in
solution separated by NSDS-PAGE. To test the reproducibility of this novel method within a
single lane, HPLC fraction 60 was chosen for analysis. A 15 uL sample (5 uL glycerol added)
was added to a 12% Bis-Tris polyacrylamide lane, electrophoresed by NSDS-PAGE (section
2.2) and subjected to analysis using LA-ICP-MS (section 2.4-2.5). One lane was subjected to
three LA-ICP-MS line scans and the resulting profiles compared (figure 3.28-3.30; panel A).
Also shown in panel B are the patterns of Zn-proteins that have formed TSQ-Zn-protein adducts
(see section 2.7). Panel C provides the Coomassie Blue staining profile for protein, followed by

the standard molecular weight markers for proteins migrating during SDS-PAGE (panel D).
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A. LA-ICP-MS spectra of HPLC fraction 60 run 1 (83 pmol Zn?* applied) separated using
NSDS-PAGE. Quantitation based on Zn?* standards run that day.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.29
A. LA-ICP-MS spectra of HPLC fraction 60 run 2 (83 pmol Zn?* applied) separated using

NSDS-PAGE. Quantitation based on Zn?* standards run that day.
TSQ stained polyacrylamide gel
Coomassie stained polyacrylamide gel
12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.30
A. LA-ICP-MS spectra of HPLC fraction 60 run 3 (83 pmol Zn?* applied) separated using

B.
C.
D.

NSDS-PAGE. Quantitation based on Zn?* standards run that day.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).

A comparison of the LA-ICP-MS patterns (panel A) derived from three line scans shows that

they closely resemble one another (figure 3.31). Integration of the amount of Zn?* present

across each profile shows that all line scans contained amounts of zinc (86, 82, 74 pmol,

respectively) in good agreement with that of the starting sample (83 pmol). Regions of the

profiles that contain apparent concentration of ablated material are marked with horizontal lines.

Taken alone these results demonstrate that LA-ICP-MS profiles of the same sample run within a

lane on the same gel are reproducible.
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Figure 3.31

Comparative analysis of three LA-ICP-MS line scans (figure 3.28-3.30; panel A) within a lane
using HPLC fraction 60 as the sample.
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These three runs are summed up after Grubbs’ Test is applied, in figure 3.32. It is also worth
noting that the distribution of Zn-Proteins can be investigated in this experiment because the
separation method, NSDS-PAGE both leaves proteins in their native conformations with metals

bound and separates them with high resolution (Nowakowski et al. 2014).

3.3.1.2 Reproducibility of NSDS-PAGE LA-ICP-MS Between Lanes

The reproducibility of the method was further tested by examining reproducibility of results
obtained from the same gel but different lanes. The same procedure was used as in section
3.2.1. To test the reproducibility of this method between lanes, HPLC fraction 60 was again
chosen for analysis. 15 uL of sample (5 uL glycerol) was added to three separate lanes,
electrophoresed by NSDS-PAGE (section 2.2) and subjected to analysis using LA-ICP-MS
(section 2.4-2.5). As before, each lane consisted of three ablated line scans that were
subjected to Grubbs’ test (section 2.6). Figure 3.32 and 3.33 were run on the same day and
figure 3.34 was run the following day to see any differences (9 ablated line scans, three for
each lane, total). Standards were run prior to ablation of the sample, in each experiment.

Standard deviation based on the quanitation of three ablated line scans.
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A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

B. TSQ stained polyacrylamide gel

C. Coomassie stained polyacrylamide gel

D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).

Lo -
[u] o m [u] m ] ]
0 ol |2 In al 0 0
X X 9 X X X ' 9
[w] =] o o Q Q [a]
0 T g e 0 I a

Figure 3.33



T [ e

=
100000 | i M j| /

h LR T ey
= M\ . V [, JJM I “ “, |l Mw MW »W |
W b |

. K osarcoemy
B

c c

A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Typical LA-ICP-MS experiments have 13-18% RSD (using Standard Reference Materials,
SRM), but previous research has not explored the results of ablating 1-D polyacrylamide gels
(Durrant et al. 2005). In figure 3.32-3.34, the % RSD is 4.3%, when calculating the area under
the curve using the standard curve from spotted standards, making this method more precise
than referenced work (section 2.5.1). The LA-ICP-MS traces (panel A) of figure 3.32-3.34 are

directly compared for patterns of intensity and evidence of resolved bands of zinc in figure 3.35.
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Comparative analysis of nine LA-ICP-MS runs (figure 3.32-3.34) within three lanes using HPLC
fraction 60 as the sample. The horizontal black bars indicate areas of intensity. The vertical red
lines indicate possible peaks of zinc.
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Although there is some discrepancy between the runs, the overall contours are quite similar as
noted with the black bars (figure 3.35). The resolution of the bands into individual peaks is
visualized by the vertical red lines. As many as 55 peaks were assigned in figure 3.34.
Whether each of these represents a band of zinc is considered below in the section on TSQ
staining of Zn-proteins (section 3.3.2). The total zinc detected in each of these profiles (81, 90,
and 85 pmol; respectively) was similar to what was seen in the previous runs (figures 3.28-
3.30). These results indicate that good degree of reproducibility can be achieved by ablating a

sample of Zn-proteins electrophoresed through a polyacrylamide gel on different lanes.

3.3.1.3 Reproducibility of NSDS-PAGE LA-ICP-MS on Different Gels

Reproducibility was also investigated using the same protocol as above but on different 12%
Bis-Tris polyacrylamide gels. Two gels were run in tandem: one gel was Coomassie and TSQ
stained; the other gel was dried for laser ablation. HPLC fraction 60 was separated by NSDS-
PAGE then ablated on three separate occasions; each lane was run three times and then
subjected to Grubbs’ Test for outliers to obtain the final graph of zinc content along the gel
(figure 3.36-3.38; panel A). Figure 3.39 shows the comparison of the LA-ICP-MS results for
each gel (panel A). Standards were run prior to ablation of the sample, in each experiment.

Standard deviation based on the quanitation of 3 ablated runs.
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Figure 3.36
A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.
B. TSQ stained polyacrylamide gel
C. Coomassie stained polyacrylamide gel
D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.37

A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

B. TSQ stained polyacrylamide gel

C. Coomassie stained polyacrylamide gel

D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Three LA-ICP-MS HPLC fraction 60 profiles of %6Zn that were taken over the course of several
months are compared in figure 3.39. The runs display a number of similar features noted by
the red lines. Figure 3.37 differs from the other two particularly in the regions noted by the
black bars where between 2 and 3 cm little zinc was detected and at the end of the gel between
6 and 7 cm where more zinc was observed. It is important to note the scales for the CPS are
indicative of zinc concentration. Each is different, reflecting the fact that standard curves for the

elements under investigation must be run each time an analysis is done.

3.3.2 Detection of Zn-proteins by staining with TSQ

In the previous studies of the reproducibility of LA-ICP-MS results, parallel lanes were also

stained with TSQ to visualize Zn-proteins as TSQ-Zn-proteins (figure 3.36-3.38; panel B). A

sampling of those lanes are shown in figure 3.40.

0 1 2 3 4 5 6 7
Distance (cm)
Figure 3.40

Comparison of TSQ staining of Zn-proteins after NSDS-PAGE taken from different days

The lanes shown in figure 3.40, which are taken from different experiments conducted on
different days and months, reveal in high resolution the same pattern of fluorescence from the

formation of TSQ-Zn-proteins. This pattern is clearly reproducible.
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We compared the banding of zinc and fluorescence seen figure 3.36 (panel B), which displays

the best resolution in the LA-ICP-MS profile (figure 3.36; panel A).

HPLC 60 (83 pmol Zn ?* applied) |
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Figure 3.41
Overlap of TSQ-Zn-protein staining with LA-ICP-MS %Zn profile

A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.41 shows that there are 39 peaks in the LA-ICP-MS profile of zinc (panel A; black

marks). In comparison, there are 25 bands of fluorescence in the TSQ stained lane (panel B;
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red marks). Of these, 24 overlap and suggest that both methods are detecting the same Zn-
proteins. With significant CPS along the length of the LA-ICP-MS lane from 0.5 cm to 7 cm,
there may be a number of other Zn-proteins that remain unresolved. In fact, the observable
bands could contain more than one Zn-protein. It is recalled that TSQ visualizes about one-
guarter of the zinc in the Proteome (Meeusen et al. 2011). If fraction 60 is similar to the
Proteome, one would expect that there are many more bands of Zn-protein that are unresolved

by electrophoresis and LA-ICP-MS.

Section 3.3.1 demonstrates the reproducibility of using NSDS-PAGE coupled to LA-ICP-MS for
the location of Zn-proteins within a polyacrylamide gel. Efforts into protein identification have
typically utilized 2-D protein separation and elemental mapping (Becker et al. 2009). Eight
possible experiments can be run on a typical polyacrylamide gel which would require a total of
154 hours to completely map every lane; in addition, 2-D gel separation typically utilizes SDS-
PAGE in one dimension and isoelectric focusing in the other which destabilize most metal-
protein complexes (Raab et al. 2009). Section 3.2 shows that NSDS-PAGE followed by LA-
ICP-MS can be a useful tool for identification of Zn-proteins in gels. Native protein structure is
maintained, and zinc remains bound under the conditions of NSDS-PAGE (Nowakowski et al.
2014). Alternatively, Zn-proteins may be visualized with the zinc fluorophore TSQ as TSQ-Zn-

proteins as shown above.
3.3.3 Reaction of fraction 60 with Cd?* and Zn-MT

In Part Il of this thesis, it was shown that Zn-proteins can undergo an exchange reaction with
Cd?* to produce Cd-proteins + Proteome«Zn (Part II: section 3.4, reaction 2.6). Then, as Zn-
MT was being synthesized, Cd-proteins were being restored back to their native Zn?*
conformation (Part Il: section 3.5, reaction 2.11-2.15). A hypothesis was tested utilizing
NSDS-PAGE followed by LA-ICP-MS or TSQ staining to probe whether Cd?* displaces Zn?*
from Zn-proteins through the Cd-Zn exchange reaction and whether subsequent reaction with
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zinc metallothionein can sequester Cd?* from these proteins and restore Zn?* to its’ original

binding sites.

Fraction 60 was subjected to two experiments. The first, investigating if any Zn-proteins within
fraction 60 would undergo an exchange reaction with Cd?* to produce Cd-proteins +
Proteome«Zn (reaction 2.6) and could be visualized on a LA-ICP-MS. Theoretically, these
proteins would be indicated by peaks on the 1**Cd profile, due to the exchange of Cd?* for Zn?*.
Those **Cd peaks would need to correlate with the loss of intensity of 6Zn peaks within the
same lane, compared to a control lane of fraction 60. This exchange reaction could also be
visualized by TSQ staining due to the loss of fluorescence when Cd?* replaces Zn?*, considering

that Zn(TSQ)2 is 10 times more fluorescent than Cd(TSQ)- (figure 3.17-3.18).

The second experiment is also an extension of Part Il of this thesis. Cd-proteins have been
shown to transfer zinc into a growing pool of MT to generate Cd, Zn-MT (figures 2.3 — 2.9).
Hypothetically, if the Cd-proteinseZn were incubated with Zn-MT, the zinc content of the proteins
could be restored and appear as an increase of CPS and related peaks in the 6Zn LA-ICP-MS
profile. In addition, the correlating ***Cd spectrum peaks should decrease in CPS. This can be
further corroborated by the restoration of zinc-dependent fluorescence on a TSQ stain. The
results are shown below (figure 3.42-3.47) and the comparison of all the %Zn profiles are

shown in figure 3.48.

Figure 3.42 (the same electrophoretic run as figure 3.36) shows the original distribution of Zn#
bound to Zn-proteins fraction 60 of Proteome. Like earlier experiments, the integrated sum of
measured Zn?* was 80 pmol. Prior to the addition of Cd?*, the background distribution of Cd?*
was virtually zero (0.64 pmol) (figure 3.43). For later comparison, the black lines indicate
bands of zinc seen in the native LA-ICP-MS profile. The red lines mark bands of TSQ-Zn-

protein.
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Figure 3.42

LA-ICP-MS spectra of fraction 60- control ®6Zn profile

A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* applied) separated using NSDS-
PAGE. Quantitation based on Zn?* standards run that day. Standard deviation based on
the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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LA-ICP-MS spectra of fraction 60- control **Cd profile

A. LA-ICP-MS spectra of HPLC fraction 60 (83 pmol Zn?* and 0 pmol Cd?* applied)
separated using NSDS-PAGE. Quantitation based on Cd?* standards run that day.
Standard deviation based on the quanitation of 3 ablated runs.

B. TSQ stained polyacrylamide gel

C. Coomassie stained polyacrylamide gel

D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).

Next, 100 pmol of Cd?* was incubated with 83 pmol of Zn?* from fraction 60 for 30 minutes. At
that point, the mixture was either electrophoresed and then subjected to LA-ICP-MS or treated

with TSQ (200 pmol) prior to NSDS-PAGE. The results are shown in figure 3.44-3.45.
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HPLC 60 + Cd?* (83 pmol Zn?* and 100 pmol Cd?* applied)
Grubbs' Test (3 runs)
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Figure 3.44
LA-ICP-MS spectra of fraction 60 + Cd?* - 56Zn profile

A. LA-ICP-MS spectra of HPLC fraction 60 + Cd?* (83 pmol Zn?* and 100 pmol Cd?*
applied) separated using NSDS-PAGE. Quantitation based on Zn?* standards run that
day. Standard deviation based on the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.45
LA-ICP-MS spectra of fraction 60 + Cd?* - 1*4Cd profile

A. LA-ICP-MS spectra of HPLC fraction 60 + Cd?* (83 pmol Zn?* and 100 pmol Cd?*
applied) separated using NSDS-PAGE. Quantitation based on Cd?* standards run that
day. Standard deviation based on the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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It is immediately evident that much CPS intensity has been lost from the profile. The measured
total, recovered zinc was 37 pmol, indicating that Cd?* had induced the loss of 43 pmol of Zn?*
from the profile and much of the detail of the profile. Strikingly, most of the TSQ-dependent

fluorescence had disappeared. At the same time, examination of the gel for the presence of
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H14Cd (figure 3.45) showed that 23 pmol of cadmium had become bound and was now

distributed across the profile. The profiles are directly compared in figure 3.46.
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Based upon the hypothetical scheme of reaction of Cd?* with the Zn-Proteome in reaction 2.6,
Proteome+Cd + Zn-proteins = Cd-proteins + Proteome+Zn (2.6)

the products should be Cd-proteins plus Zn?* bound to non-specific sites in the Proteome,
Proteome«Zn. The results reveal the presence of Cd-Proteins but not Proteome«Zn, which has
been lost during the electrophoresis. It was apparent that once Zn?* had been mobilized, it was
not stably bound to the Proteome during electrophoresis and as a positively charged ion,

migrated out of the gel.

Similarly, in an earlier study when Proteome+Zn-TSQ was formed, it did not migrate with
components of the fraction (Nowakowski et al. 2015). In addition, TSQ can make adducts with
Cd-proteins. But according to figure 3.44-3.45 (panel B), Cd?* is much less effective than Zn?*
in stimulating the fluorescence emission of TSQ. For these reasons, the profile of fluorescence
was greatly diminished. With these limitations understood, the results of displacement of Zn?*

from Zn-proteins by Cd?* is observed by two methods at the individual protein level of detection.

At this point, the hypothesis was tested that Cd-proteins together with Proteome+«Zn would react
with Zn-MT and undergo exchange to restore Zn-proteins and produce Cd-MT
(Namdarghanbari et al. 2014). In figures 3.47-3.48, the outcome of the reaction of the products
of figure 3.44-3.45 with Zn-MT (50 pmol of Zn?* as Zn-MT) is shown. The Zn?* profile provided
by LA-ICP-MS has been largely restored as 73 pmol of zinc are present in the profile (up from
37 pmol) (figure 3.47). The profiles are directly compared in figure 3.49. Similarly, the
fluorescence pattern resembles much of the original one in figure 3.42 as shown in figure 3.50.
Measurement of 1*Cd in figure 3.48, indicates that much of the Cd?* that had previously been
bound was removed (23 to 5 pmol). Cd-MT has not been located in this profile, probably

because it is a small protein that is highly negatively charged and may run at the gel front.
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Based on this experiment, reaction 3.4 describes the overall metal exchange that occurs and is

clearly visible in this set of figures:

Cd-proteins + Zn-MT s Zn-proteins + Cd-MT (3.4)
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Figure 3.47
LA-ICP-MS HPLC fraction 60 + Cd?* + Zn-MT - %Zn profile

A. LA-ICP-MS spectra of HPLC fraction 60 + Cd?* + Zn- MT (133 pmol Zn?* and 100 pmol
Cd?* applied) separated using NSDS-PAGE. Quantitation based on Zn?* standards run
that day. Standard deviation based on the quanitation of 3 ablated runs.

TSQ stained polyacrylamide gel

Coomassie stained polyacrylamide gel

12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.48
LA-ICP-MS HPLC fraction 60 + Cd?* + Zn-MT — 1¥4Cd profile

A. LA-ICP-MS spectra of HPLC fraction 60 + Cd?*+ MT (133 pmol Zn?* and 100 pmol Cd?*
applied) separated using NSDS-PAGE. Quantitation based on Cd?* standards run that
day. Standard deviation based on the quanitation of 3 ablated runs.

B. TSQ stained polyacrylamide gel

C. Coomassie stained polyacrylamide gel

D. 12% Bis-Tris Gel migration chart (reproduced from Thermo Fisher Scientific website).
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Figure 3.49

Comparison of HPLC fraction 60 %Zn LA-ICP-MS profiles (figure 3.42-3.47) (black marks
indicate TSQ overlap)

Figure 3.50

Comparison of TSQ staining in control (figure 3.42, top) and Cd-treated plus Zn-MT samples
(figure 3.47, bottom)
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4, Conclusion

An initial inquiry was made into the development of a method utilizing NSDS-PAGE (section
2.2) coupled to LA-ICP-MS (section 2.4-2.5) for the identification of zinc proteins. Bovine
serum albumin (BSA) and Carbonic Anhydrase (CA) were the individual zinc proteins used for
method development. BSA was separated by NSDS-PAGE then ablated three times and
subjected to Grubbs’ Test for outliers (figure 3.11; panel A). TSQ and Coomassie stains
(figure 3.11; panel B and C) revealed zinc peaks that line up directly with the ablated material.
These results demonstrated (1) that under conditions of electrophoresis that are thought to
retain native structural characteristics of proteins, 60 kDa Zn-Albumin migrates much like it
would during SDS-PAGE. In addition (2), under native conditions, self-association occurs so
that dimer and trimer forms are detected as well. Furthermore (3), Albumin retains its
complement of moderately strongly bound Zn?*, showing that the native conditions of

electrophoresis permit the retention of Zn?* by Albumin.

Next, Carbonic anhydrase was employed to investigate the limit of %¢Zn detection applying this
novel method. Figure 3.12-3.15 show increasing concentrations of CA protein bands revealed
by LA-ICP-MS, TSQ and Coomassie staining are coincident with the location of zinc on the gel.
The results indicate that the LA-ICP-MS measurements detect %6Zn bound to CA after NSDS-
PAGE separation, consistent with the maintenance of the native conformation of the protein and
its retention of Zn?*. A plot of the observed amount of zinc versus the applied zinc (figure 3.16)
shows that this method provides quantitative results because of the linear relationship and the
good agreement between applied and detected amounts of zinc. Moreover, CA protein bands
containing low pmol amounts of zinc can be readily detected in this type of experiment. The limit

of detection for Zn-CA was found to be around 14 pmol applied Zn?* (figure 3.12).
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HPLC fraction 60 was the first mixture of Zn-proteins utilized for furthering this method
development. Reproducibility was first addressed (section 3.3.1). Fraction 60 was
electrophoresed through a polyacrylamide gel and subjected to LA-ICP-MS to investigate how
well three runs of the same sample were correlated (section 3.3.1.1). A comparison of the LA-
ICP-MS patterns derived from three line scans show that they closely resemble one another
(figure 3.20; panel A). Integration of the amount of Zn?* present across each profile shows that
all lanes contained amounts of zinc in good agreement with that of the starting sample (83
pmol). Taken alone these results demonstrate that LA-ICP-MS ®Zn profiles of the ablated line

scans of the same lane are reproducible.

Next, reproducibility of the same sample between lanes on the same gel was explored (section
3.3.1.2). Fraction 60 was electrophoresed through three separate lanes on the same
polyacrylamide gel (figure 3.28-3.30). Although there is some discrepancy between the runs,
the overall contours are quite similar. The total zinc detected in each of these profiles (81, 90
and 85 pmol; respectively) was similar to what was seen in the previous runs indicating that a

good degree of reproducibility can be achieved across different lanes of the same gel.

Fraction 60 was also used to investigate the reproducibility of the same sample electrophoresed
through different gels and ablated on different days (section 3.3.1.3). The correlation of zinc
profiles, the TSQ staining (section 3.3.2) and the total zinc detected in each of these profiles
(80, 85, 86 pmol Zn?*; respectively) indicated that a good degree of reproducibility can be

achieved using the same sample across different gels.

Lastly, NSDS-PAGE followed by LA-ICP-MS or TSQ staining of fraction 60 was utilized to probe
whether Cd?* displaces Zn?* from Zn-proteins through the Cd-Zn exchange mechanism and
whether subsequent reaction with zinc metallothionein can remove Cd?* from these proteins and
restore Zn?* to its original binding sites (section 3.3.3). Figure 3.42 shows the original
distribution of Zn?* bound to Zn-proteins in fraction 60 with an integrated sum of measured Zn
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around 80 pmol and Cd virtually zero (0.64 pmol) (figure 3.43). After the addition of 100 pmol
Cd?*, much ®Zn intensity has been lost from the profile indicating that Cd?* had induced the
displacement of 43 pmol of Zn?* from the profile (80 to 37 pmol) (figure 3.44). At the same
time, examination of the gel for the presence of 1**Cd (figure 3.45) showed that 23 pmol of
cadmium had become bound and was now distributed across the profile. Coincidentally, most of
the TSQ dependent fluorescence had disappeared (figure 3.44-3.45; panel B). The location of
the new bands of 1**Cd coincided with positions of peaks of %Zn in the original, control profile of
untreated fraction 60 (figure 3.46). The cadmium-treated fraction (figure 3.44-3.45) was then
incubated with 50 pmol of Zn?* as Zn-MT (figures 3.47-3.48). The %Zn profile measured by LA-
ICP-MS (panel A) was largely restored to the profile of the control sample (37 to 73 pmol).
Similarly, the fluorescence pattern resembles much of the original one (figure 3.50).
Measurement of 1¥“Cd (figure 3.48), indicates that much of the Cd?* that had previously been

bound was removed (23 to 5 pmol).

The results of section 3.3.3 confirm the capability of utilizing NSDS-PAGE coupled to LA-ICP-
MS for the location of Zn-proteins that undergo an exchange reaction with Cd?* and are restored
back to their native Zn?* conformation using Zn-MT. There are many peaks in figure 3.49 that

line up the LA-ICP-MS ©Zn profile to visibly show reaction 3.4.

More generally, these results complete the studies of the Cd-Zn exchange process that began
with the exposure of LLC-PK; cells to Cd?* plus Pyrithione (figures 2.3-2.9). The presence
experiments like earlier ones demonstrate that Cd?* displaces Zn?* from Proteomic sites with
approximate one to one stoichiometry. Uniguely, these experiments show that the presence of
Zn-MT shifts Cd?* out of the Proteome and restores a native distribution of Zn?* among Zn-
proteins. The initial stage of this complicated process presumably involves the direct reaction of

Zn-MT with Cd-proteins:

Zn-MT + Cd-proteins < Cd-MT + Zn-proteins (3.4
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Direct exchange might occur, leading to reconstitution of the Zn-Proteome. Or, perhaps,
Proteome+Zn forms as an intermediate, prior to the restitution of Zn?* into its protein binding

sites:
Zn-MT + Cd-proteins + Proteome < Cd-MT + Proteome«Zn + apo-Zn-proteins  (3.5)

Proteome+Zn + apo-Zn-proteins = Proteome + Zn-proteins (3.6)
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Part IV: Ligand Binding to Zinc Proteome

1. Introduction
H3CO X, The fluorescent zinc probe TSQ (figure 4.1) reacts with members
~J of the cellular Zn-Proteome to form ternary adducts, TSQ-Zn-
N
HN Proteome (Nowakowski et al. 2015). The availability of extra
“SO
Figure 4.1 . coordination sites among Zn-proteins that can bind the bidentate
Structure of ligand TSQ suggests that other ligands may be able to bind to
TSQ (recreated
from Enzo Life Zn-proteins as well. A previous study showed that 1,10-
Sciences) CHsj

phenanthroline was able to do so (Fatema 2015). It became of
interest to broaden the exploration of ligand binding to the Zn-Proteome as we were considering
how Cd(Pyrithione), interacts with cellular constituents as it delivers Cd?* into cells. Besides the
focus on Cd?*, we wondered whether Pyrithione free of Cd?* might form adducts with Zn-

proteins.

In addition, it is recognized that Zn?* mobilized from Zn-proteins by exchange with Cd?*
subsequently binds to non-specific Zn?* binding sites in the Proteome. Hypothetically, these

sites, Proteome+Zn, can also form complexes with ligands:
Proteome+Zn+ L < Proteomes+Zn-L (4.1)
We decided to explore this reaction as well.

In order to be able to detect these reactions, we set up a competitive titration experiment in
which Zn-Proteome or Proteome«Zn were originally reacted with TSQ to form fluorescent
products and then a ligand was titrated into the solution as a competitor that quenches the

fluorescence as it displaces TSQ from its binding sites:
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TSQ-Zn-Proteome + L = L-Zn-Proteome + TSQ (4.2)
Proteome+Zn-TSQ+ L < Proteome+Zn-L + TSQ (4.3)
2. Methods
2.1 Fluorescence Spectrometry
Refer to Part II: section 2.6
2.2 Chemicals

All chemicals were purchased from either Thermo Fisher Scientific or Sigma-Aldrich unless

noted. For the experiments below, stock solutions of these chemicals were prepared as follows:

2-mercaptopyridine-N-oxide was dissolved in DMSO; 1,10-phenanthroline, L-Cysteine, L-
Glutathione, and pyridine-2,6-dicarboxylic acid were dissolved in 44H20; 8-hydroxyquinoline and

2,2’-bipyridyl were dissolved in ethanol.
2.3 TSQ Staining of Gels

Part Ill: section 3.10 describes the basic method of doing NSDS-PAGE in the presence of TSQ
to stain Zn-proteins. To assess the reaction of ligands with TSQ-Zn-proteins separated by
NSDS-PAGE, individual ligands were added in solution to gels and incubated for 10 min before

their impact on fluorescence was assessed.

3. Results and Discussion

3.1 Titration of Zinc-Proteome with TSQ

Previous research has demonstrated that TSQ (figure 4.1) preferentially forms ternary adducts
with Zn-proteins (reaction 3.2). TSQ slowly reacts with the Zn-proteins of the Proteome (Zn-

Proteome) in vitro or in vivo to generate these complexes.
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A typical titration is shown in figure 4.2. Figure 4.3 provides the summary.

1400
Titration of Zn-Proteome with TSQ ——2.5UM Zn-prot
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Figure 4.2

Titration of Zn-Proteome with TSQ. 2.5 uM isolated Zn-Proteome (1.43 x 108 cells) in 20 mM
Tris pH 7.4 was titrated with TSQ. Excitation wavelength was 365 nm. Emission wavelength
range was 400-600 nm. 15 minutes between each addition of TSQ to insure final, stable
fluorescence.
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Figure 4.3

Titration curve of Zn-Proteome with TSQ. 2.5 uM isolated Zn-Proteome (1.43 x 108 cells) in 20
mM Tris pH 7.4 was titrated with TSQ. Excitation wavelength was 365 nm. Emission
wavelength range was 400-600 nm. 15 minutes between each addition of TSQ to insure final,
stable fluorescence.
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The titration was treated as a simple equilibrium reaction (reaction 4.4).

Zn-Proteome + TSQ = TSQ-Zn-Proteome (Ky) (4.4)

The apparent equilibrium constant (K1) for the reaction was derived from the following

expressions:

Y (fractional saturation of Zn-Proteome with TSQ) = [TSQ ] ree / (Kd + [TSQ]ree ) (4.5)

C total ,[TSQ-Zn-Proteome] = 0.24xC Total, [Zn-Proteome] (Meeusen etal. 2011) (46)

[TSQltree = Ciotal, [rsq) — [TSQ-Zn-Proteome] =

Ctotal, [TSQ] — [ (F - FMinimum) / (FMaximum - FMinimum) X Ctotal, rI'SQ-Zn-Proteome]] (47)

Previous experiments indicated that TSQ binds to 24% of the total concentration of Proteomic
zinc (reaction 4.6). Fmaimum iS the maximum fluorescence indicative of the saturation of Zn-
Proteome binding sites, F is the fluorescence at any point during the titration, and Fminimum IS the

minimum fluorescence at the start of the titration.

A plot of (1/Y) vs 1/[TSQ]Jiee as shown in figure 4.4 yielded a straight line with an intercept of

0.38 and a slope of Kq. From this plot, an equilibrium constant (log K1) of 5.62 was determined.

Determination of Kl|

0 500000 1000000 1500000 2000000 2500000
1/ [TSQ]free (Ml)

Figure 4.4
Plot of (1/Y) vs [TSQ]ee for determination of K
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The fact that the plot does not have an intercept of 1 indicates that the reaction is more
complicated than portrayed above. Recently, we realized that TSQ, itself, binds adventitiously

to the Proteome:
Proteome + TSQ = TSQ-Proteome  (K2) (4.8)

As a result, the above analysis is not correct. In order to be able to determine the absolute

value of K1, we would need to study and evaluate the above reaction.

3.2 Adduct formation of ligands with Zn-Proteome and ProteomeseZn
We surveyed the ability of ligands to form adduct species with Zn-Proteome and Proteome+Zn
using a competitive titration experiment. After completing the titrations, products were filtered
through a 3 kDa filter to separate Proteomic zinc (retentate) from low molecular weight zinc-
ligand complexes (filtrate). The results are shown in each titration as a table inset along with
the log of conditional stability constants for each zinc-ligand complex at pH 7.4 (taken from

Stability Constants Supplement No. 1, Special Publication 25).

3.2.1 1,10-Phenanthroline

We started out by repeating and extending the work of
Kaniz Fatema on the reaction of 1,10-phenanthroline
/ \ / \ (Phen) with TSQ-Zn-Proteome (structure figure 4.5).
— N N p— Figure 4.6 shows the competitive reaction titration with

Figure 4.5 Phen and figure 4.7 summarizes the results of the

Structure of 1,10-phenanthroline tjtration.
pH 7.4 (recreated from Sigma
website)
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Figure 4.6

Titration of TSQ-Zn-Proteome with Phen. 2.5 uM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 mins prior to addition of Phen. 5 minutes between additions of
Phen. Excitation wavelength was 365 nm. Emission wavelength span 400-600 nm.
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Figure 4.7

Titration curve of TSQ-Zn-Proteome with Phen. 2.5 pM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 pM TSQ for 60 mins prior to addition of Phen. 5 minutes between additions of
Phen. Excitation wavelength was 365 nm. Emission wavelength span 400-600 nm.
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The initial fluorescence was due to the formation of TSQ-Zn-Proteome adducts with about 25%
of the zinc in the sample (Meeusen et al. 2011). Upon addition of Phen, the proposed
competitive exchange reaction occurred with the loss of fluorescence (reaction 4.2). The
reaction was 50% complete at about 15 uM Phen and neared completion at 50 uM ligand.
According to the inset of figure 4.7, Phen mobilized only 7% of Proteomic zinc as filterable

Zn(Phen)z.3; so the observed reaction was largely an exchange process.

The reaction was also examined by NSDS-PAGE. TSQ-Zn-proteins were initially separated by
this native PAGE method. Then, they were exposed in the gel to 100 uM Phen. Figure 4.8
shows that Phen completely dissociated the TSQ-Zn-protein complexes as it fully extinguished

the fluorescence.

Figure 4.8

A. NSDS-PAGE separated Zn-Proteome stained with TSQ.
B. Gel incubated with 100 uM Phen for 10 minutes before taking another exposure spectra.

Next, the combined reactions of TSQ-Zn-Proteome and Proteome+Zn-TSQ with Phen were
studied (figures 4.9- 4.10). This experiment with each of the ligands below was conducted
under conditions in which all the added Zn?* was bound to higher affinity binding sites in the

Proteome that have sulfhydryl groups as part of their ligand sets (Petering et al. 2017).
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Figure 4.9

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with Phen. 2.5 uM Zn-Proteome in 20
mM Tris pH 7.4 was incubated with 5 uM TSQ for 60 mins prior to addition of 3.75 uM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn2* addition, prior to addition of
Phen. 5 minutes in between additions of Phen. Excitation wavelength was 365 nm. Emission

wavelength span 400-600 nm.
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Figure 4.10

Titration curve of TSQ-Zn-Proteome and Proteome+Zn-TSQ with Phen. 2.5 uM Zn-Proteome in
20 mM Tris pH 7.4 was incubated with 5 uM TSQ for 60 mins prior to addition of 3.75 uM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn2* addition, prior to addition of
Phen. 5 minutes in between additions of Phen. Excitation wavelength was 365 nm. Emission

wavelength span 400-600 nm.
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First, the summary titration curve shows that the starting fluorescence was much higher in this
titration (figure 4.10). That was because extra Zn?* was present that could react with high
affinity Proteomic binding sites to form Proteome+Zn. When Phen was added, the fluorescence
dropped 50% after the addition of about 25 uM Phen, representing the exchange of Phen for
TSQ in Proteome+Zn (reaction 4.3). Some of this zinc was competitively removed by Phen
when its concentration had reached 150 uM. At 25 uM, much less would have been in the form

of Zn(Phen)zs.

Phen, like TSQ, also binds to Proteome. Given that it effectively and completely competes with
bound TSQ at low uM concentrations, it seems likely that Phen may broadly bind to Proteomic

sites containing zinc in the absence of TSQ.
3.2.2 2-mercaptopyridine-N-oxide (PYR)

Next, we moved to a ligand of particular interest in this thesis research, 2-mercaptopyridine-N-
oxide (PYR) (structure figure 2.1). Figures 4.11-4.14 describe its reactions with TSQ-Zn-

Proteome and Proteome+Zn-TSQ.
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Figure 4.11

Titration of TSQ-Zn-Proteome with PYR. 2.5 uM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 pM TSQ for 60 mins prior to addition of PYR. 5 minutes in between additions of
PYR. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm

1600 Titration curve of TSQ-Zn-Proteome with PYR log Kzs 5Q
1400 pH 7.4
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MM Pyrithione
Figure 4.12

Titration curve of TSQ-Zn-Proteome with PYR. 2.5 uM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 mins prior to addition of PYR. 5 minutes in between additions of
PYR. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm
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Upon addition of PYR, the proposed competitive exchange reaction occurred with a biphasic
loss of fluorescence with the first part less sensitive to PYR than the second (reaction 4.2).
The overall reaction was 50% complete at about 70 uM PYR. According to the inset of figure
4.12, PYR mobilized only 6% of Proteomic zinc as filterable Zn(PYR)2; so the observed reaction

was largely an exchange process (reaction 4.9):
TSQ-Zn-Proteome + PYR = PYR-Zn-Proteome + TSQ (4.9)

Reaction 4.9 shows that the interaction of the Zn-Proteome with PYR may have further
implications that were not explored in Section Il. If PYR can bind to the Zn-Proteome, then

reaction 2.5 becomes:

Cd(PYR)2+ Zn-Proteome + Proteome = PYR-Zn-Proteome + Proteome+Cd-PYR (4.10)

Therefore, PYR may participate in the intracellular chemistry of Cd?* in previously unrecognized
ways. For example, the exchange reaction of Cd?* and Zn?* may involve the products of

reaction 4.10:
PYR-Zn-Proteome + Proteome+Cd-PYR = PYR-Cd-Proteome + Proteome+Zn-PYR (4.11)

Figure 4.13 shows the competitive reaction titration of TSQ-Zn-Proteome and Proteome+Zn-

TSQ with PYR and figure 4.14 displays the summary of the titration.

136



8000 | Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ fg“;‘g j\;;c’i : gm g%
with PYR ’ '
7000 50uM PYR
6000 10uM PYR
%5000 150uM PYR
C
(O]
§4000 ——200uM PYR
S
52000 —— 250uM PYR
—— 400uM PYR
2000 oo
1000
0
400 450 500 550 600
Wavelength (nm)
Figure 4.13

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with PYR. 2.5 uM Zn-Proteome in 20 mM
Tris pH 7.4 was incubated with 5 pM TSQ for 60 mins prior to addition of 3.75 uM extra Zn?*.
Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of PYR. 5
minutes in between additions of PYR. Excitation wavelength was 365 nm. Emission wavelength
span 400-600 nm.
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Figure 4.14

Titration curve of TSQ-Zn-Proteome and Proteome+Zn-TSQ with PYR. 2.5 pM Zn-Proteome in
20 mM Tris pH 7.4 was incubated with 5 pM TSQ for 60 mins prior to addition of 3.75 pM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of
PYR. 5 minutes in between additions of PYR. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.
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There appear to be two reactions occurring upon addition of PYR (figure 4.14). Initially (up to
~50 uM), there is a lag in the decrease of fluorescence during the first additions of PYR (figure
4.14; red arrow). Possibly, PYR is binding non-specifically to the Proteome, making is less
available to compete with TSQ for zinc binding sites. This lag also appears, to a lesser extent, in

figure 4.12.

The second reaction represents the interaction of PYR with Proteome+Zn-TSQ. This reaction
was 50% complete at about 125 uM PYR; nearly double the amount needed in figure 4.12.
According to the inset of figure 4.14, PYR mobilized 35% of Proteomic zinc as filterable
Zn(PYR)2at 400 uM PYR. At lower concentrations, the observed decrease in fluorescence
would be largely due to PYR-TSQ exchange. The chelatable Zn?* was presumably in the form
of Proteome+Zn, considering PYR did not complex a significant amount of zinc (7%) when

reacting with Zn-Proteome alone (figure 4.12; inset).

Based on the results from figure 4.13-4.14, a different set of reactions occurs with
Proteome+Zn, depending on the concentration of PYR, compared to the reaction with Zn-

Proteome:

TSQ-Zn-Proteome + Proteome+Zn-TSQ + 2 PYR = PYR-Zn-Proteome +

Proteome+*Zn-PYR + 2 TSQ (4.12)

Proteome+Zn-PYR + PYR = Zn(PYR), + Proteome (4.13)
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3.2.3 L-Cysteine

CO2H L-Cysteine (Cys) is a biologically reactive molecule
HS/\r (structure figure 4.15). L-Cysteine is a nutritionally

7n NH3+ semiessential amino acid. Intracellular L-Cysteine plays
Figure 4.15 an important role in cellular homeostatsis, as a precursor
Structure of L-Cysteine pH 7.4 for protein synthesis, and for production of structural

(recreated from Sigma website)
motifs in L-glutathione (Yin et. al. 2016). Figures 4.16-

4.17 show the primary data for the titration of TSQ-Zn-Proteome with Cys and the resulting

titration plot.
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Figure 4.16

Titration of TSQ-Zn-Proteome with Cys. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 minutes prior to addition of Cys. 5 minutes in between additions
of Cys. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.
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Figure 4.17

Titration curve of TSQ-Zn-Proteome with Cys. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 minutes prior to addition of Cys. 5 minutes in between additions
of Cys. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.

Cysteine was an effective but poor competitor of TSQ for Zn-Proteome. The exchange reaction
was 50% complete at 16 mM Cys, about three orders of magnitude larger than what was
needed for Phen and PYR. To reduce the fluorescence further to 15% of the original required
approximately an additional 80 mM Cys. The observed loss of fluorescence was almost
exclusively the result of a true exchange reaction. This was shown by the small 9% extraction
of zinc from the Proteomic pool into the small molecular weight pool (figure 4.17; inset) at the

end of the titration determined by centrifugal filtration through a 3 kDa filter.

The titration was repeated after additional Zn** and TSQ were added to the starting sample of
Proteome. In this case, both TSQ-Zn-Proteome and Proteome+Zn-TSQ were in the reaction

mixture. Figures 4.18-4.19 show the primary data and resultant titration curve.
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Figure 4.18

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with Cys. 2.5 uM Zn-Proteome in 20 mM
Tris pH 7.4 was incubated with 5 pM TSQ for 60 mins prior to addition of 3.75 uM extra Zn?*.
Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of Cys. 5
minutes in between additions of Cys. Excitation wavelength was 365 nm. Emission wavelength
span 400-600 nm.
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Figure 4.19

Titration curve of TSQ-Zn-Proteome and Proteome+Zn-TSQ with Cys. 2.5 uM Zn-Proteome in
20 mM Tris pH 7.4 was incubated with 5 uM TSQ for 60 mins prior to addition of 3.75 yuM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of
Cys. 5 minutes in between additions of Cys. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.
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The starting fluorescence for this reaction was about five times larger than for the titration in the
absence of added Zn?* because of the formation of a relatively large concentration of
Proteome+Zn-TSQ (figure 4.18). The early, steep decline in fluorescence was likely due to the
reaction of Cys with Proteome+Zn-TSQ which was nearly complete at 30 mM Cys (figure 4.19).
The rest of the titration is similar to that described in figure 4.17. Although some additional zinc
was mobilized from the proteome by Cys when extra Zn?* was present, most of it remained
bound as Zn-Proteome and Proteome«Zn. Like the reaction of Cys with native TSQ-Zn-proteins,
it was relatively ineffective in competition with TSQ bound as Proteome+Zn-TSQ. This was not
because of a lack of affinity for Zn?*. Its log Kz, is similar to those for Phen and PYR. The

implication is that protein binding sites for Zn?* prefer Phen and PYR to Cys.

3.2.4 Glutathione
Glutathione (GSH) is an important biomolecule for cellular protection against oxidants and
electrophiles (Pizzorno 2014). Itis a tripeptide, glutamate-cysteine-glycine, that utilizes the
cysteine thiol group to accomplish its protective functions (structure figure 4.20). GSH also
binds Zn?* with modest affinity (Kz, = 10*7 at pH 7.4) (Walsh et al. 2013). Because it exists in
cells in mM concentration (1-10 mM), it is possible that it plays significant roles in zinc
biochemistry. Figures 4.21-4.24 describe how GSH interacts with TSQ-Zn-Proteome and

Proteome«Zn-TSQ.

0 0 SH 0
N\)‘\
-5 l}l |/ o-

Figure 4.20

Structure of L-Glutathione pH 7.4 (reproduced from Sigma website)
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Figure 4.21

Titration of TSQ-Zn-Proteome with GSH. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 yM TSQ for 60 mins prior to addition of Glt. 5 minutes in between additions of
GSH. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.
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Figure 4.22

Titration curve of TSQ-Zn-Proteome with GSH. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 mins prior to addition of GSH. 5 minutes in between additions
of Glt. Excitation wavelength was 365 nm. Emission wavelength span was 400-600 nm.
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In contrast to Cys, GSH is a more effective competitor of TSQ. As seen in figure 4.22,
approximately 50% of the overall reaction was complete at 110 uM GSH. At 400 uM GSH, little
Zn?* bound to the Zn-Proteome was available for formation of Zn-(GSH)1.2 (8%). Since the
concentration of GSH in cells lies in the mM range, it seems likely that some Zn-proteins exist

as GS-Zn-proteins in the intracellular steady state.

8000

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with GSH ——6.25uM Zn-Prot +
12.5uM TSQ
7000 ——200uM Glutathione
6000 ——350uM Glutathione
5000 700uM Glutathione
3
c
3
94000 ——900uM Glutathione
S
>
T .
3000 ——1100uM Glutathione

2000 ——1700uM Glutathione

1000

0
400 420 440 460 480 500 520 540 560 580 600

Wavelength (nm)

Figure 4.23

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with GSH. 2.5 uM Zn-Proteome in 20
mM Tris pH 7.4 was incubated with 5 pM TSQ for 60 mins prior to addition of 3.75 pM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn2* addition, prior to addition of
GSH. 5 minutes in between additions of GSH. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.
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Figure 4.24

Titration curve of TSQ-Zn-Proteome and Proteome+Zn-TSQ with GSH. 2.5 uM Zn-Proteome in
20 mM Tris pH 7.4 was incubated with 5 uM TSQ for 60 mins prior to addition of 3.75 uM extra
Zn?*, Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of
GSH. 5 minutes in between additions of GSH. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.

In the presence of extra Zn?* the overall reaction of Glu with Proteomic zinc binding sites
required more GSH (figure 4.24). About 500 uM GSH was needed to quench the fluorescence
50%; over 4 times the amount needed to quench TSQ-Zn-Proteome (figure 4.22). The
relatively large concentration needed to drive this reaction in comparison with those involving
Phen or PYR could be due in part to the lower stability constant of GSH with Zn?* when

compared to the calculated stability constants for Phen and PYR.

The reaction neared completion at 1.6 mM and chelated a modest 22% of Proteomic zinc at that
point. Proteome+Zn is the presumed form of chelatable Zn?*, considering that GSH did not
remove a significant amount of zinc when reacting with Zn-Proteome (8%) (figure 4.22; inset).
This explanation bolsters recently completed experiments in the Petering lab that show that
GSH enhances the rate that Proteome+Zn donates Zn?* to apo-Zn-proteins such as apo-

carbonic anhydrase (Petering et al. 2019).
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3.2.5 Pyridine-2,6-dicarboxylic acid (Dipicolinic Acid)

Dipicolinic acid (DCP) (structure figure 4.25) was

| originally used to chelate cations within spores of
~
O N O bacteria in a 1:1 ratio (Setlow et. al. 2006). This
_ O O_ ligand is also the standard ligand employed to

extract Zn?* from Carbonic Anhydrase. Figures
Figure 4.25

Structure of pyridine-2,6-dicarboxylic 4.,26-4.29 describe its reactions with TSQ-Zn-

acid pH 7.4 (recreated from Sigma Proteome and Proteome+Zn-TSQ.

website)
1300 - _ ——2.5uM Zn-Prot
Titration of TSQ-Zn-Proteome with DCP +5UM TSQ
1200 ——5uM DCP
1100
10uM DCP
1000
900 15uM DCP
§ 800 ——20uM DCP
8 700
0
g 500 25uM DCP
=)
400
—55uM DCP
300
200
100
0
400 450 500 550 600
Wavelength (nm)
Figure 4.26

Titration of TSQ-Zn-Proteome with DCP. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 minutes prior to addition of DCP. 5 minutes in between
additions of DCP. Excitation wavelength was 365 nm. Emission wavelength span was 400-600
nm.
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Figure 4.27

Titration curve of TSQ-Zn-Proteome with DCP. 2.5 yM Zn-Proteome in 20 mM Tris pH 7.4 was
incubated with 5 uM TSQ for 60 minutes prior to addition of DCP. 5 minutes in between
additions of DCP. Excitation wavelength was 365 nm. Emission wavelength span was 400-600
nm.

The competitive exchange reaction between DCP and TSQ, bound to Zn-Proteome, was the
most effective among the reactions investigated (figure 4.27). The reaction was 50% complete
at about 13 uM and complete around 30 uM DCP, somewhat better than Phen at 25 yM and 50
MM, respectively. According to the inset of figure 4.27, DCP only mobilized 8% of Proteomic
zinc as filterable Zn-(DCP)1-2; so, the observed reaction was largely an exchange process

(reaction 4.2).

Figure 4.28 shows the competitive reaction titration of Zn-Proteome and Proteome+Zn with DCP

and figure 4.29 displays the summary of the titration.
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Figure 4.28

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with DCP. 2.5 uM Zn-Proteome in 20
mM Tris pH 7.4 was incubated with 5 uM TSQ for 60 mins prior to addition of 3.75 uM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn2* addition, prior to addition of
DCP. 5 minutes in between additions of DCP. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.

8000 Titration curve of TSQ-Zn-Proteome and Proteome+Zn-TSQ with DCP

7000 log Kz, 5.5
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Figure 4.29

Titration of TSQ-Zn-Proteome and Proteome+Zn-TSQ with DCP. 2.5 pM Zn-Proteome in 20
mM Tris pH 7.4 was incubated with 5 pM TSQ for 60 mins prior to addition of 3.75 pM extra
Zn?*. Additional 7.5 uM TSQ was added, after 30 minutes of Zn?* addition, prior to addition of
DCP. 5 minutes in between additions of DCP. Excitation wavelength was 365 nm. Emission
wavelength span 400-600 nm.

148



The titration of TSQ-Zn-Proteome plus Proteome+Zn-TSQ with DCP showed that DCP also
competed with TSQ better than Phen for Proteome+Zn sites, lowering the fluorescence by 50%
after the addition of about 13 uM DCP (25 uM for Phen) (figure 4.29). The inset table of figure
4.29 indicates that a substantially larger chelation of Zn?* by DCP than Phen. Specifically, 38%
of the total zinc was found in the filtrate. This chelated Zn?* is presumably in the form of

Proteome+Zn, considering DCP chelated only 8 % of Zn?* out of the Zn-Proteome.

4, Conclusion

Below is Table 4.1 listing the concentration needed for the reaction of Proteomic zinc with

ligands to be 50% complete from least to most.

log Kz, [JP0% Completef Retentate | Filtrate §50% Complete| Retentate | Filtrate
PR 7.4 (M) M) | (M) (M) (M) | (M)
8-OH 6.1 10 2.3 0.22 200 5.9 0.29
DCP 6.5 13 2.3 0.21 13 3.8 2.4
Phen 6.5 15 2.3 0.18 25 5.5 0.74
BP 5.0 50 2.3 0.18 100 5.0 1.2
PYR 5.9 70 2.3 0.15 125 4.0 2.2
GSH 4.7 110 2.3 0.21 500 4.8 14
Cys 5.9 16000 2.3 0.22 10000 5.3 0.96

Table 4.1
Zn?* totals for ligands in the filtrate and retentate. BP — 2,2’-bipyridyl; 8-OH, 8-hydroxyquinoline

This study shows that a wide variety of bidentate and tridentate ligands can bind to native Zn-
proteins in competition with TSQ to form ternary adducts. One of them, DCP, undergoes

significant reaction with TSQ-Zn-Proteome and Proteome+Zn-TSQ at close to stoichiometric
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concentrations. At the other end of the range of activity, very large excesses of Cys are

required to replace TSQ in these adducts. Each of the competitive equilibria (reactions 4.2-4.3)

TSQ-Zn-Proteome + L = L-Zn-Proteome + TSQ K = K L-zn-proteome / K Ts0-zn-Proteome (4.2)

Proteome+Zn-TSQ + L = Proteome+Zn-L + TSQ K = K proteome-zn-L K Proteome-zn-TsQ (4.3)

depends on the size of the ternary binding constants of L to Zn-Proteome and Proteome+Zn in
comparison to those for TSQ. A relative scale of affinities of the ligands in Table 4.1 for native
Zn-Proteome and non-specifically bound zinc can be derived from the results. But they do not
directly indicate whether such reactions may occur in vivo. In the cell, TSQ is not normally

present, so the reactions of interest may be

Zn-Proteome + L < L-Zn-Proteome (4.14)

Proteome+Zn+ L < Proteome+Zn-L (4.1)

which will be more favorable in the absence of TSQ. However, in cells, instead of TSQ, GSH
may bind to both classes of zinc-protein interactions. Potentially, such reactions of non-
physiological metal binding ligands may be significant contributors to the cellular biochemistry of

zinc, but more will need to be done to demonstrate their importance.

The one set of reactions that seems highly significant involves GSH as the ligand. GSH
competes successfully with TSQ-Zn-Proteome and Proteome+Zn-TSQ at concentrations well
below those commonly presentin cells. Thus, it is reasonable to hypothesize that both
members of the Zn-Proteome and Proteome+Zn exist in vivo as ternary adducts with

glutathione.
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Part V: Concluding Remarks

Does Cd?* replace Zn?* in Zn-proteins within the cell Proteome of LLC-PK; kidney epithelial
cells? This initial hypothesis (reaction 2.1-2.3) was examined using Cd(PYR). incubated with
LLC-PK; cells for 30 minutes and the distribution of Zn?* and Cd?* monitored at six time points:
0 hour (30 minutes), 1 hour, 2 hours, 3 hours, 6 hours, 24 hours. The results indicate a majority
of cadmium reacted and became bound to the Proteome within 30 minutes of incubation (figure

2.4). We assume that originally, Cd?* becomes bound non-specifically to the Proteome:
Cd(PYR)2 + Proteome < Proteome+«Cd + 2 PYR (2.2)

Once in the cells, PYR must redistribute itself back outside cells to bind more Cd?* and then

transport it into cells in order to move most of the extracellular Cd?* into cells within 30 min.
PYRinside = PYRoutside (51)

In Part IV, we demonstrated that PYR can form ternary adducts with Zn-proteins and
Proteome«Zn (figure 4.11-4.14). Thus, it is possible that besides these reactions, it is also
binding intracellularly to form PYR-Zn-proteins, PYR-Cd-proteins, Proteome+Zn-PYR and

Proteome+*Cd-PYR.

Figure 2.18 demonstrated that Proteome+Cd rapidly replaced Zn?* in Zn-proteins and in the
process made the Zn?* available for reaction with EDTA. Overall, the exchange reaction is

consistent with a 1:1 stoichiometry of Cd?* and Zn?*;
Proteome«Cd + Zn-proteins < Cd-proteins + Proteome+Zn (2.3)

MT was synthesized at the 2- and 4-hour time points (figure 2.6-2.8), consistent with reactions
2.8-2.12, and sequestered cadmium out of the Proteome while zinc was restored into the

Proteome (reactions 2.14-2.15) (figure 2.19).
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After two hours of incubation, the induction and synthesis of apo-MT began to take place
(reactions 2.7-2.10). The induction process depends on the activation of the transcription
factor, MTF-1 by Zn?*. The source of available Zn?* must be Proteome+Zn. Because MTF-1

has high affinity for Zn?*, it competes for this pool of Zn?*:
MTF-1 + Proteome+Zn, = Zn,-MTF-1 + Proteome (1.17)

Proteome+Zn must be produced within 30 minutes of incubation with Cd(PYR). because it is the
cause for the induction and synthesis of apo-MT that occurs through a cascade of reactions

within the cell.

Over time, MT sequestered a nearly equal amount of cadmium out of the Proteome as native
protein-bound zinc reappeared in the Proteome (reactions 2.10-2.12). After 24 hours post-
incubation, the majority of the Proteome-bound cadmium was sequestered into MT along with

an equal amount of zinc, presumably from the extracellular medium (figure 2.9).

The exchange reaction of cadmium and zinc within Zn-proteins can be seen through the in vitro
reaction of isolated Zn-Proteome with increasing amounts of Cd(PYR): (figure 2.14-2.15). The
results showed that as the concentration of Cd?* increased, the amount of Zn?** mobilized and
accessible to EDTA increased in parallel, stoichiometric (1:1) fashion. This mobilization of Zn?*
from Zn-proteins must result in the production of Proteome+Zn that reacts with EDTA and
appears in the filtrate. The exchange reaction was also monitored with the zinc fluorescence
probe, TSQ. TSQ binds to about 25% of the total zinc in the Proteome (Meeusen et al. 2011).
Upon reaction of Zn-Proteome with Cd?*, a large increase in fluorescence was observed that
must represent Proteome+Zn because Cd?* only poorly enhances the fluorescence emission of

TSQ (figures 3.17-3.18)
Zn-proteins + TSQ = TSQ-Zn-proteins (3.2)

TSQ-Zn-proteins + Proteome*Cd-TSQ = TSQ-Cd-proteins + Proteome+Zn-TSQ (5.2)
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In order to study the he cellular biochemistry of zinc and cadmium at the molecular instead of
the proteomic level, new methods were developed. A native high-resolution separation method
for proteins, NSDS-PAGE, was coupled with two highly sensitive method to measure elemental
isotopes, LA-ICP-MS, and fluorescence imaging of zinc by TSQ. Bovine Serum Albumin and
Carbonic Anhydrase were individual Zn-proteins used for method development. Albumin was
shown to retain the native structural characteristics under conditions of electrophoresis and
retain its complement of moderately bound zZn?* (figure 3.21). Carbonic anhydrase was
employed to investigate the limit of ®6Zn-protein detection by LA-ICP-MS (figure 3.22-3.25).
Increasing concentrations of CA protein bands revealed by LA-ICP-MS, TSQ and Coomassie
staining were found to be coincident with the location of zinc on the gel indicating that the LA-
ICP-MS measurements detect ®Zn bound to CA after NSDS-PAGE separation. The linear
relationship and the good agreement between applied and detected amounts of zinc shows that
this method provides quantitative results with a limit of detection of 14 pmol applied Zn?* for Zn-

CA (figure 3.26).

HPLC fraction 60 from the separation of proteome from LLC-PKj cells was the first mixture of
Zn-proteins utilized for furthering this method development. Reproducibility of separation
(NSDS-PAGE) and metal ion detection (LA-ICP-MS) was seen on the same lane, between

lanes on the same gel and between gels (figure 3.28-3.39).

An investigation of the Cd-Zn exchange process was undertaken with fraction 60 (figure 3.42-
3.48). The results complete the studies of the Cd-Zn exchange process that began with the
exposure of LLC-PK; cells to Cd?* plus Pyrithione (figures 2.3-2.9). They show the
replacement of Zn?* by Cd?* from protein sites with approximate one to one stoichiometry.
Addition of Zn-MT to the mixture shifts Cd?* out of Cd-proteins and restores a native distribution
of Zn?" among Zn-proteins. The underlying reactions are thought to involve the direct reaction

of Zn-MT with Cd-proteins (reaction 3.4).
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Cd-proteins + Zn-MT < Cd-MT + Zn-proteins (3.4)

The potential of PYR to interact with metal ions bound to the Proteome raised the question
about whether other ligands might be able to do so. A survey showed that L-Glutathione formed
adducts with members of both the Zn-Proteome and Proteome+Zn well below its cellular
concentrations (figure 4.21-4.24). Therefore, these forms of Zn?* and possibly Cd?* may exist
in vivo as ternary adducts with glutathione. In a related study glutathione was shown to chelate
Zn?* from Proteome+Zn, showing GSH enhances the rate that Proteome+Zn donates Zn?* to

apo-Zn-proteins such as apo-carbonic anhydrase (Petering et al. 2019).
Proteome+Zn-GS = Zn-SG + Proteome (5.3)
Zn-SG + apo-protein < Zn-protein + GS (5.4)

The results from the competitive ligand titration experiment show that such reactions of non-
physiological metal binding ligands may also be significant contributors to the cellular

biochemistry of zinc, but more will need to be done to demonstrate their importance.
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