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Abstract

More than 25% of proteins require metal ion cofetéor structure or function. The
interactions between metalloproteins have largegnboverlooked, though these interactions
ultimately govern metal localization and control taleion homeostasis. Mammalian
metallothionein (MT) is a small, cysteine-rich niletarotein that binds numerous metal ions
per protein strand. Up to seven divalent metalsh @s zinc or cadmium, are wrapped into a
clustered two-domain structure. This unusually mgtal content places MT as an attractive
candidate for studying interactions with other rhbtading proteins. This study investigates
the metal transfer reactions between MTs and othetalloproteins, using carbonic

anhydrase (CA) as a putative zinc-dependent enzyme.

This thesis presents electrospray ionization mpsstmetric (ESI-MS) data showing the
competitive zinc metallation reactions between ap@dd various apoMTs. Modelling of
the ESI-MS data was used to determine the reagimameters and those parameters are
shown to be reflected directly in the raw data.SEheesults demonstrate how MT can act as a
homeostatic buffer of metal ions, by binding thenthvdifferent affinities. The kinetics of
the metal transfers between zinc MTs and cadmiuzinar CA show that the rates of metal
transfer between the two metalloproteins is diged#épendent on the metal content of the
MT. Further studies on the domain specific progsriof MT using shortened MT domain
fragment proteins showed that: (i) there was noiaant degree of domain specificity in
metal binding to apoMTs; (ii) the weakest bound ah&in is located within the N-terminal
domain of the intact MT protein; (iii) the highesftinity binding site is located within the C-
terminal domain; and, (iv) domain-domain interactowithin the MT peptide strand
modulate metal binding affinities. Taken togethbese results support the homeostatic roles
of metallothionein proteins while also challengthg current mechanisms for metal binding

and release to apoenzymes.

Keywords

Metal homeostasis, zinc, cadmium, metallothioneambonic anhydrase, proteins,

electrospray ionization mass spectrometry, chenmnézadtion modeling, chemical kinetics.
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Chapter 1

1 Introduction

Metallothioneins (MTs) are metalloproteins thatcmultiple metals and are found in all
forms of Life. Using the large number of cysteimsidues, relative to their small size,
MTs bind numerous metal ions vitro andin vivo including, but not limited to: zinc,
cadmium, copper, nickel, mercury, and arsenic. diiéty to accommodate a large and
varied number of heavy metals is a unique propeftyhis polymorphous family of
metalloproteins. Determining the metal binding ct@metries of members of the MT
family has been a significant focus since MT wast filiscovered in 1957 by Margoshes
and Vallee while they were studying cadmium bindomgteins in equine kidney. These
stoichiometries, which have been referred to as‘tiegic numbers of MT,” depend on
the metal identity and preferred metal binding getsyn as well as the amino acid
sequence composition and number of metal bindisglues of the MT in question. The
formation of protein-metal clusters involving bridg and terminal thiols is supported by
the wrapping of the peptide backbone, which stadsliand protects the metal clusters.
The structural properties of the MT, and specificdhe metalloclusters, govern the

available chemistries and therefore, ith&ivo activities of these ubiquitous proteins.

1.1 Zinc in biology

Many metals are essential for all life and play amant roles in cellular development,

cell signaling, and proper cellular functibrf. The most common metal ion cofactor is
zinc, where approximately 10% of all genes encodorgproteins contain at least one

zinc binding site (determined from meta-analysisti# sequenced human genorhe).

Examples of zinc binding proteins are shown, alaitfy an expanded view of the zinc

coordinating ligands, in Figure 1.1. These zincdig proteins include zinc-dependent
enzymes, zinc finger proteins, and other zinc-rasp@ elements such as cytokines and
growth and transcription factors.

Owing to its involvement in numerous critical rglesnc deficiency is commohAn

estimated 15-25% of the world’s population is cdesed zinc deficieAtand the 2008
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Copenhagen Consensus ranked supplying zinc anchixitA to the over 100 million
significantly malnourished children as the high@sority for cost-effective improvement
of overall global well-bein§.” Depending on the severity of deficiency, numeroesith
complications can arise including: impaired immufumction, growth retardation,
sensory dysfunction, infertility, and neuronal, orotand psychological disordet$ ™3
Zinc also plays roles in agiffgand has been implicated in numerous diseasesdinglu
cancer™" diabetes®*® and neurodegeneratf’& and cardiovascular diseasé$’
Understanding the physiochemical relationships betwthis metal and its biological

targets is an active area of interest worldvifde.

}gyszHisz

81
%i?

Figure 1.1: Zinc-binding sites in proteins for struwctural or catalytic roles. (A) Zinc-

@
His;(H,0)

substituted rubredoxin (1IRR), structural. (B) tRNA-guanine transglycosylase
(1PUD®), structural. (C) Zinc finger domain of Xenopusofgin Xfin (1ZNFY),
structural. (D) Human carbonic anhydrase (2€BAcatalytic. (E) Enolase (4ENY),

catalytic. The zinc binding ligands are shown betbe protein structure.

Zinc enzymes catalyze many physiologically impartaactions’ Carbonic anhydrase,
for example, uses its active site containing ome #n to activate a coordinated water
molecule in order to carry out hydration of £@rming bicarbonate in muscle tissis.
The bicarbonate is later converted back to exhal@ia in the lungs, forging the basis of
respiration. Carboxypeptidase uses zinc-activatigmto catalyze protein degradatin.
The zinc-enzyme alcohol dehydrogenase catalyzesnteeconversion of alcohols and
aldehydes, which are important metabolffes’ Instead of participating directly in

catalytic reaction, other proteins use one or maore ions for structural roles.
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Zinc fingers are domains of DNA-binding proteins nooonly found in DNA
transcription factors, whose folded structure ikl egether through the coordination of
zinc ions. In these structural motifs, combinati@fisCys and His residues bind to the
zinc ion tetrahedrally resulting in a fold that essbles an outstretched fingérDNA
sequence specificity of zinc-fingers is accompliéshikrough matching of favourable
electrostatic and polar contacts between the DNgedaand surface exposed protein

amino acid side chains that interact in the majobge of the DNA double heli%

1.2 Zinc homeostasis, toxic metals, and MT

Despite the ubiquity of zinc in biological systenfi€e zinc concentrations are tightly
regulated within a narrow range using a complexeseof metal-specific sensors,
importers, exporters, chaperones, and storage*$ffet\ormally, these systems work
together to maintain an acceptable homeostatid tehtbe metal within an optimal range
by controlling the flux of metal import and exp@s well as delivery to metal storage
sites and metal-dependent processes such as rmepedent enzymés. The
intracellular levels of free zinc, for example, babeen estimated to be as low as
picomolaf® * or even femtomolar concentratiocliswhen this careful balance of metal
concentration is disrupted, there is potential farmerous health complications,

depending on the severity of the imbalance.

It has been suggested that MT plays key roles @ rttetal ion homeostasis of the
essential metals copper and zinc and interacts mithy metalloprotein®. Not only can
MT act as a metal chaperone, delivering zinc to-apo-dependent enzymes, but more
recent results have shown that the multiple zimclipig affinities permit the zinc sensing
and buffering capabilities discussed ab®V&. There are numerous reports that-EAl

is able to transfer its zinc to zinc-dependent apgmes, such as sorbitol
dehydrogenas®, mitochondrial aconitasg, alkaline phosphatase, and carbonic
anhydrasé”® zn,-MT has also been shown to donate zinc to and rerainc from the
zinc finger domains of the transcription factorsal&s* p53% © NF«B,* Sp1®
TFIIA, %% and TTK® Owing to the high metal binding affinities invotvén both the
donor MT and acceptor enzymes and the fast ratélsese metal transfers, these metal

delivery reactions are proposed to occur througkectiprotein-protein interactions
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between the apoenzymes and;-EAT.®° Further evidence in support of MT's
metallochaperone function is the induction of MTisew cells are exposed to metiI&

These studies, coupled with the prevalence of M&lircell types, have been used to
support the proposed homeostatic roles as funcbb@sn-MTs. However, there are few
detailed mechanistic studies regarding these netasfers, which are governed by the

relative metal affinities between donor and accepto

Studies of MT knockout mice fed zinc-deficient diethowed delayed and abnormal
growth patterns due to the lack of a buffered symflzinc from zZn-MTs” The MT
knockout mice also showed a greater sensitivityhto toxic effects of increased zinc
levels“ due to the lack of an inducible zinc-responsiveainkinding element (apoMT).
Taken together, these results show how MT protagsénst harmful effects of both zinc
deficiency and zinc excess by acting as a reseof@vailable zinc in times of deficiency

and as a sink for excess zinc during excess.

The other most commonly proposed function of MThis detoxification of toxic metals

such as cadmiurft,and, potentially, arsenié lead!” and mercury®

'™ The large number
of soft cysteinyl sulfur ligands allows MT to coandte to soft toxic metals, in most cases
with binding affinities greater than the less toziac® This higher affinity for more
toxic metals permits metal exchange with Zn-MTsdiag to the release of free zinc,
which, as described above, induces production oMap This feedback process ensures
a rapid response to toxic metal sequestration wdthat the homeostatic levels of zinc

are quickly restored.

A major benefit of sequestration of toxic metals MY is that binding to the of MT
prevents the toxic metals from potentially inteirigr with more critical metal binding
processes, for which the binding affinities aredothan in MT. Highlighting these roles,
it was reported that MT knockout mice were hypesgere to cadmium, despite the fact
that they accumulated only a small amount of cadmtompared to normal mice at the
same exposure levéls® The MT null mice were not protected from the toeffects
due to the lack of a safe site for cadmium seqatsitr. Wild-type mice treated with

increasing doses of cadmium also developed highlerainces to cadmium toxicity, due
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to the higher levels of induced MT prot&hThese results are especially significant as
chronic cadmium exposure for humans is relativeynimon in the workplace, from
foods grown in cadmium-rich soil or fertilized withhosphate sources containing
cadmium, and significantly, from inhaled cigarestaoke® ® Cadmium is retained by
the body and excreted very slowly with an estimaitee in the human body on the order
of decade§’ where it is accumulated primarily in the kidneys @d-MTZ eventually

leading to serious kidney damage and the disrugtigomoper kidney function.

1.3 Structural properties of metallothioneins

In humans, there are four known MT isoforms: MTITM MT3, and MT4> % The
MT1 and MT2 isoforms are constitutively expressadall cells at low levels, with
enhanced expression in the kidneys, liver, pancr@ad intestines. MT3 and MT4 are
expressed only in specialized tissues of the baaid skin, respectivef}l. Sequence
substitutions between the isoforms, as well as allssequence insertion for MT3,
generate very subtle differences in metal bindingperties™ In fact, the properties of
MT1 and MT2 have long been regarded as synonymespite the differences in the
amino acid sequence. Invariably, in all mammaliaiisMthe cysteines are perfectly
conserved in repeating Cys-Cys, Cys-X-Cys, and Xoy6Cys motifs® The large
number of cysteine residues (20) relative to thal teize of 60-70 residues permits the
flexible coordination of different stoichiometriatios and identities of metal ions. This
facile flexibility in accommodating different metatoordination geometries is a
fundamental property of MTs and allows for hometstzontrol through the buffering of
essential metals, acting as a metal donor to metatymes when saturated and a metal

acceptor from lower affinity zinc sites when unsated.

Mammalian MTs bind up to seven zinc or cadmium ionetrahedral geometries in two
distinct domains, as shown in Figure 1.2. The Mateal 3-domain binds three divalent
metals coordinated with nine cysteines and ther@it&l o domain binds four divalent
metals with 11 cysteines. The single X-ray struetofran intact two-domain mammalian
MT shows that, in the solid state, the two-domdaren a dumbbell-like structure where

the domains are separated by a short, flexiblefinégion® %
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Figure 1.2: The two-domain structure of Zn/Cd satuated mammalian MT.
(AMT2%) M3S, B-domain on the left and the /81 o domain on the right. (A) Space-
filling model. (B) Dumbbell-like organization of ¢htwo-domains connected by the short
peptide interdomain linker. (C) Bonding structurghim each of the metal clusters. The
protein backbone is shown as a light gray ribbbwe, thetals are shown as dark gray

spheres, and the sulfur atoms as yellow spheres.
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The binding modes of the metals (M), that is theriction of the metals with the thiols
(S), are different in each domain. TBedomain MSy cluster is comprised of a six
membered ring of alternating M and bridging S, teenaining six S are terminally
bound, two per metal. The addition of one extraamien and two sulfur ligands in the
domain forms an NB;; adamantane-like cluster. Compared to {eluster, the
additional metal in the-cluster bridges two of the terminal sulfurs, résgl in a total of

5 bridging and 6 terminal S. The difference inligand to metal ratio, 3 and 2.75 for the
B- and a-clusters, respectively, has been suggested to ipipgrtant roles in domain-
specific properties, such as metal binding coopatgt metal transfer reactions, and
domain interaction? as it could be argued that the decreased ligambau decreases

the overall affinity (k) for the 3 metals in th@-domain cluster.

To date, very few MT protein structures have beelwes considering the ubiquitous
nature of MT protein€ Owing to their small size and high fluxtionalitMT proteins are

difficult to crystallize. Solving the NMR solutiostructures of partially metallated MTs
has also been hindered by this flexibility. In fatte only structures that are currently
available are of the metal-saturated forms witlt znd cadmium; significantly, there are

no experimentally determined structures availableastially metallated MTs.

In the absence of metals, the apoMT peptide stresdbeen predicted from molecular
dynamics (MD) calculation®, and supported experimentalf{), to exist as a globular
random coil, with no well-defined secondary struatielements. The “folding” of the
MT protein into the two-domain structure is metadhiced, where reorganization of the
peptide strand backbone and side-chains resultstihe formation of metal-binding sites
to accommodate the metals, greatly reducing fluaiioy.'® ® The lack of motion of

coordinating cysteinyl thiols has been reportedifitdD calculations®

In forming metal-saturated MT from apoMT, the piotgasses through distinct
intermediate metallation states as shown in SchereThe first added divalent metal
binds to four of the exposed thiols, where thelilgbof the metal and flexibility of the

peptide drives the reorganization to the most tleelynamically preferred occupancy

(i.e., the most stable four from a pool of 20 aafalié cysteines for (N);-MT).
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Apo-Hao-BaMT + M?* —> Mj-Hqs-BaMT + 2H*
Mi-H1g-BaMT + M?* —= My-Hqs-BaMT + 2H*
Ma-H1-BaMT + M?* — Ms-H4-BaMT + 2H"
Ms-H14-BaMT + M?** — M4-H12-BaMT + 2H"
M4-H12-BGMT + M2+ e M5-H1o-BGMT + 2H"
Ms-H10-BaMT + M?* —— Mg-Hg-BaMT + 2H*
Me-Hg-BaMT + M?* — My-Hg-BaMT + 2H"
SUM: Apo-Hyo-BaMT + 7M?* — Ms-He-BaMT + 14H"

Scheme 1.1: Sequential metallation reactions of MT.

The second metal to bind can occur via two pathwé@ythe metal binds to four free
thiols in a beaded fashion with no bridging intéi@ts to the first MS, site, or (i) the
metal shares a single bridging S with thdSylalready present, forming an {MS;
cluster. The third and fourth divalent metals haweilar binding pathway options: (i) the
beaded pathway, with three or four beaded )@ independent binding sites (leaving 8
and 4 free thiols, respectively), or (ii) the ckretd pathway, forming a three metal
(M")3S or four metal (M)4S1; cluster (leaving 11 or 9 free thiols). This trezwhtinues
for the rest of the metallation steps, as showRigure 1.3, where the beaded pathway
maximizes the number of terminal thiols (minimizittge humber of bridging) and the
cluster pathway maximizes the number of bridginglgh(by minimizing the number of
terminal). Both pathways converge in the formatiosm metal saturated (\-MT where

all the thiols are required to support the sevealdint metals.

Interestingly, the three and four metal clusters tie most efficient (lowest ligand to
metal ratios), geometrically favoured combinatidostetrahedral metal ligand binding
and are also the same cluster motifs found irftrenda. domains, respectively. There is
experimental evidence in support of both pathwagswyill be discussed in more detail in
Section 1.4. Adoption of the specific metal bindpaghway leads to determination of the

metal binding mechanism: cooperative or non-codperanetal binding.

www.manaraa.com



CLUSTER PATHWAY BEADED PATHWAY

Aa\]{\‘({) M T 5{ Y}N

Figure 1.3: Possible structures of metal thiolate dnding formed for each of the two
metallation pathways in MT for two to six metals baind. (A-E) Clustered products,
where the number of geometrically favoured briddinigls is maximized. (F-J) Beaded

products, where the number of terminal thiols iximézed.
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1.4 Techniques for studying MTs

The properties of MTs have been studied using noaseexperimental techniques. The
most commonly used of these include: ultraviole¥Yldbsorption spectroscopy, circular
dichroism (CD) spectroscopy, electrospray ionizatimass spectrometry (ESI-MS),
nuclear magnetic resonance spectroscolyahd****td NMR), and X-ray absorption
spectroscopies. This section will provide a brieérwiew of each of the techniques used
in this thesis: UV and CD spectroscopies and ESI-Mige information that can be
determined from these techniques (as used for dkee discussed throughout the thesis),

as well as their respective limitations will alse described.

1.4.1  Ultraviolet absorption and circular dichroism spectroscopy

As discussed in Section 1.3, the absence of aroraatino acids and lack of well-defined
secondary structural elements-Helices or 3-sheets) severely limits the available
spectroscopic signatures that can be used to sMifly. Perhaps the most useful
absorptions are the ligand-to-metal charge trafsfICT) absorption bands between the
thiolate sulfur and coordinated metal. The wavelleraf the LMCT is metal-dependent,
as it arises from the electronic transitions of -SnM=n*; therefore, the energy gap
depends on the orbital energy of, predominantlg, sth of the metaf’® UV and CD

spectroscopic data measured in the LMCT region{sshe MT-metal complexes are
excellent probes with which to determine the geoie®tand stoichiometries of metal

binding as well some information on the metal bigdaffinities.

The wavelengths of the LMCT bands df thetals bound to MT are longer than 225 nm.
These transitions are especially useful in studyfigs because, for most metals, these
transitions are completely clear and resolved ftbmamide n -w«* absorptions of the
protein backbone (~220 nm). The absence of aromatioo acids clears the absorption
spectrum region that is common in most other pnst¢P50-290 nm). Therefore, for
apoMTs, the region of the UV spectraim» 225 nm is devoid of any significant spectral
features, as shown in the spectra of apoMT showfigare 1.4 (black line). Metal
binding to the protein can be followed by measurihg change in the LMCT band
intensity as a function of added metal. The LMCThdaf zinc occurs at approximately
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225 nm and for cadmium it is approximately centeoad250 nm, Figure 1.4 red and

green lines, respectively. Since each metal posseasdifferent LMCT absorption

maximum, it is possible to also measure the chamglee relative intensity of these two

LMCT bands as a function of added metals to momietal exchange reactions. These

metal competition reactions, where MT loaded witle anetal is challenged by addition

of another metal, can be used to estimate thewelatder of binding affinities of each

metal for MT.

3.0 -
2.5-
2.0-
1.5
1.0

Absorbance

0.5
0.0

——apo-MT
—— Zn4-MT

Cd,-MT

—
200 210 2

T
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30 240 250 260 270
Wavelength (nm)

2

90 300

|

280 2

Figure 1.4 Sample UV absorption spectra of MTsThe LMCT band of zinc appears as

a shoulder near 230nm on the protein backbone 22@lmsorption and the cadmium
LMCT band as a shoulder centred at 250 nm. LingsBaMT1A (black), Zn-BaMT1A
(red), and CdpaMT1A (green). Conditions: ~10 pM protein in 10 mNMisTbuffer pH

7.4 measured at room temperature on a Varian Gary 5

Circular dichroism (CD) spectroscopy has also beiglely applied to the study of MTs.

CD spectra measure the difference in the absormifoleft-hnanded and right-handed

circularly polarized light of optically active maleles. All proteins possess CD spectral

signals in the UV region as all amino acids argathat the alpha carbon (excluding

glycine) — these signals are sensitive to confaonat changes. Organization of the

chiral centres into repeating segments of secondfincture in the protein generates

spectral signatures representativendfelices,3-sheets, and random coils in the far UV

region (190-220 nm).
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Figure 1.5: Example circular dichroism spectra of acadmium titration of 15 uM
apo-aMT1A. The first two equivalents of added cadmium buils at 255 nm and 220
nm. These bands are the result of the formatiomesfded (Cd§*> structures. The
derivative signal (260 nm peak, 240 nm trough) ®tmhen clustering begins as required
to support more than two bound dData originally measured by Rigby-Duncan,

K.E.’® and replotted with permission.

The far UV peptide region of the CD spectra of hfte apoMTs is monophasic and
strongly negative at wavelengths < 220 nm, a resuthe random coil nature of the
peptide. Metal binding to MT results in folding tife MT peptide around the metal(s)
into specific chiral structures. The LMCT UV abstiop bands of MT are strongly
dichroic due to the peptide-induced asymmetry efrtretal binding sites and CD signals
at A > 220 nm are exclusively from metal binding to theotein. Many detailed
spectroscopic analyses have been carried out ométallation reactions of MT with
numerous metals. Cd-binding to MT, for example,egates a strong derivative signal
between 240-260 nM®'® The origin of this derivative CD signal is a rdsaf the
asymmetric overlap of the dipole moments of thedprig thiolate ligands in the cluster,
known as exciton splitting or coupling. The shapd entensity of the cadmium CD band
is dependent on the stoichiometry of bound metal$ the structure of the binding
site(s)!® Addition of cadmium to apoMT (Figure 1.5) has béeterpreted as being due
to the cadmium bound as separate (Fd®eads before coalescing into the clustered

structure*'°
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The major drawback to using many spectroscopicnigcies to determine metal binding
properties of MTs is that only the aggregate aversignals are detected. In fact, based
mostly on information from these techniques, thedlig of metals to MTs was long
considered to be homogeneous. This meant that $anghe addition of metal ions, that
exact number was bound in solution. The UV and @écsa were therefore considered
to directly report on the MT solution speciationowever, results from ESI-MS
experiments showed that binding of metals, at leasbme MTSs, resulted in significant
heterogeneity in solution speciatibh.Thus, spectroscopic techniques lack the sensitivit
required to resolve multiple speciation, such aspiesence of various metallation states
of MT, even though there are subtle differencethenclustered and beaded UV and CD

spectra.

1.4.2  Electrospray ionization mass spectrometry

ESI-MS measures the mass to charge rati@) (of ionized gas-phase analytes, providing
both qualitative and quantitative information abthu species in solution. ESI-MS has
been used in numerous studies of MT metal bind#®)-MS is especially well suited to
the study of the metallation properties of MTs tagarmits identification of the metals
bound and their stoichiometries. Since ESI-MS lgg technique used for all work in
this thesis, this section provides a more detadescription of the instrumentation and

the advantages of its application to studying MTs.

A schematic diagram of a typical ESI mass specttems shown in Figure 1.6A. All
mass spectrometers contain: a sample inlet iobizaource (a), ion optics (b), a mass
analyzer and an ion detector (c), a data analyeraqd a vacuum pump system &).
The ionization source converts analyte moleculés gas-phase ions. These ions are
directed into the mass spectrometer and colleateldfecused with the ion optics. The
collected ions are separated based on th&aratios by the mass analyzer. Finally, they
are detected by the ion detector and counted asmlagied by the data analyzer. The
vacuum system is necessary for the ions to be zadlyvithout interference, due to

collisions with atmospheric gases.
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Figure 1.6: The electrospray ionization mass speameter. (A) Schematic of an
electrospray ionization time-of-flight mass spegtater (ESI-TOF-MS): (a) ESI ion
source, (b) ion optics, (c) TOF mass analyzer anddetector, (d) data analysis system,
and (e) vacuum pump system. (B) Simplified illustna of the charged residue model for

the production of gas-phase molecular ions in teet®spray process.

Several ionization methods are used in mass speetrg. These can be separated into
two categories: hard and soft ionization methodardHionization sources, such as
electron impact, result in significant fragmentatiof analyte molecules and are not
suited to the study of large biomolecules. Softzation sources, such as ESI and matrix-
assisted laser desorption / ionization (MALDI), dot significantly fragment analyte

molecules during the ionization process. Soft ianon methods are well-suited to the
study of proteins due to their ability to detectssiahanges from the parent protein

species as a result of post-translational modificat associated cofactors, and complex
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formation™® For example, the predictable and detectable mhasges in the mass

spectra of protein-metal complexes can revealtiielsometry of the resulting complex.

Figure 1.6A shows a schematic of a typical ESI smurce commonly used in mass
spectrometers. The sample solution containing iboted analyte is infused through a
metal capillary charged to several thousand véiténe mist of charged droplets exits
the capillary and the electrostatic field results the formation of a Taylor cone.
Evaporation of the solvent from the charged draptkscreases the droplet size while the
charge remains the same, increasing the chargetydeRission of the droplet occurs
when the charge density of the droplet surpassef#yleigh limit, when the repulsive
Columbic forces become greater than the surfacsicden Evaporative-fission events
continue until very small droplets are producecdBction of the charged gas-phase

analytes are thought to occur through differentimacsms depending on the analytes.

In the Charge Residue Model, the droplets contituevaporate to dryness, leaving
charged gas-phase analytes adducted with the remaions (Figure 1.6B}* A
distribution of charges per analyte molecule arssfide, depending on the size of the
analyte molecule, solution composition, and elegiray conditions, resulting in the
formation of multiple “charge states,” usually frodifferent numbers of adducted
protons, forming [M +nH]™ species® The charge state distribution of a protein can
therefore provide conformational information, adalsing of the protein increases the
volume and exposes a greater number of protonabesiie sites, both of which increase
the average and maximum supported charge. Chargdgtes are separated by the mass

analyzer, detected by the ion detector, and digpldoy the data analyzer.

The ESI-MS technique has many advantages for tiy sif MTs, including: (i) small
volumes (25 pL per measurement) of dilute (< 50 |githples, (ii) direct solution phase
sample injection, (iii) the ability to monitor re@ms in real time, (iv) identification of
individual and multiple speciation from the wuniquevz ratios, and (V)
conformational/folding information from the charggtate distributions. The soft
ionization of ESI does not fragment or otherwisesrgpt the metal binding sites,

therefore, it is possible to quantitatively deterenthe stoichiometry of the metallation
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reaction for each metal with MT(s), in solutitf.Quantitative analysis assumes that
each species ionizes in a similar fashion, whichastrue for all species. However, in
1993, Feneslaet al. showed that the concentrations of each of theVNI species can be

reliably estimated from the mass spectral dHta.

The most significant disadvantage in ESI is theepti&l for ions other than protons to
adduct in the electrospray process. Sodium andsgota, for example, also form
adducts with proteins in the ESI process. Therefgpecial care has to be taken to avoid
contamination and salts containing these ions,udioh common buffers used in

physiological studies.

1.4.3 Competition experiments

Competition experiment techniques can be usedtémysig the multiple metal binding
affinities of MTs. In a competition experiment, tvgpecies compete for a common

substrate (S) under equilibrium conditions:

B + S= BS
KB:ﬂ (1)
[BI[S]
C + S= CS
_ [cs] )
© [cls @)

This set of two competing reactions is describedhgycombination of their individual
equilibrium reactions, eq 1 and eq 2. By having @mecies compete at equal
concentration, the terms from the binding affingguations become simplified. For
example, the distribution of a substrate S aftelitamh to an equimolar mixture of apoB
and apoC will follow the most thermodynamically fereed occupancy, with the

substrate preferentially occupying the higher dffisite. Thus, the ratio of the affinity
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constants between apoA and apoB is reflected isubstrate occupancy (wice versa),

as shown in eq 3.

_[BS], [C]

3
[B] [CS] ©

Ke

Kc
Figure 1.7 shows how the substrate occupancy loigion between two competing
species changes as a function of equilibrium comstaThese curves are based on
computational simulations of eq 3 and show the cditipe formation of BS and CS
from an equimolar mixture of B and C. Figure 1.pwHive different scenarios for the
equilibrium constant (K) ratios: (A) when the eduilum constants favour CS formation
by 0.5 log units [log(KK) = log(Kc) — 0.5], (B) when neither BS nor CS are favoured
(identical equilibrium constants), and where therfation of BS is favoured over CS by
(C) 0.5, (D) 1.0, and (E) 1.5 log units.

In a simplistic model, it might be assumed thatréeection with the largest K receives all
or the majority of the reaction flux. However, wheoupled reversible reactions are in
equilibrium, how large (or small) of a differenae K between competing reactions is
significant? The curves in Figure 1.7 permit vigzation of the abstract competition
reactions between two competing ligands with déferbinding affinities. Panel 3D, for
example, shows that when competing species diff& by one order of magnitude, there
is significant preference for the preferred reac{ifmrmation of BS); however, formation

of the non-dominant product (CS) is also, signifitg non-zero.

In these one-to-one competition models, it is giedio determine the approximate ratio
of the equilibrium constants from the speciatiotad® For example, by measuring and
plotting the competitive formation of substrate i8ding to B and C, it is possible to
determine the relative ratios of the equilibriumnstants that describe the reactions
forming BS and CS. If, in a separate experimerd, gfuilibrium constant of B or C is
determined (or known) then that value and the satiom the competition experiments

can be used to assign a K-value for the unknowcticea
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In the ESI-MS experiments used in this thesis, kegoacentrations of MTs compete
against each other or against the zinc-dependeanyren carbonic anhydrase (CA) for
added zinc or cadmium. The competitive formatiérthe metal-bound products was
then measured and plotted as a function of addddl.mEhis provides the relative K
ratios of the reactions that govern the formatibthose products. Addition of the known
zinc binding constant (¥ of CA from published experiments allows for the
determination of the realgof zinc binding to MT. In this way, the MT bindiradfinities
are locked onto the known value of CA.

1.5 Cooperativity and non-cooperativity of metal
binding to MTs

The concept of metal binding cooperativity to MEssignificantly different from the
traditional biochemical view of cooperativity, suah the binding of oxygen to the four
domains of hemoglobin. Due to the lack of prefornt®dding sites, metal-induced
folding of the protein strand, and numerous possiblermediate structures, the simple
model of traditional biochemical cooperativity batws much more complex when
discussing the cooperativity of MT metal bindingowever, the overall thermodynamic
driving force remains the same. A multistep prodessooperative when the successive
reactions become more thermodynamically favourahtber than less favourable, as
expected theoreticalf{f? In the case of oxygen binding to tetrameric hemibigl, for
example, binding of one molecule of oxygen in oriethe four domains triggers a
conformational change in the other three domaimas ifcreases their oxygen binding
affinities and promotes the formation of fully oxyated (@)4-hemoglobir® Thus,
only deoxy- and fully oxygenated hemoglobin staespredominant, resulting in a fully

cooperative mechanism.

In the cooperative mechanism of the reactions shiow@&cheme 1.1, the successive K
values increase, that is;:K> K;, promoting the formation of the fully metal satiach

product. In this mechanism, the only species thepeesent in solution at equilibrium are
the fully metallated end point of the reaction, ebhis formed from any amount of added
metal, and the fully unsaturated apoMT. Since #aetion equilibrium constants increase

for cooperative systems, the intermediate metallatstates are thermodynamically
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unfavoured and formation of saturated MT is prordabeer partial metallation states.
For example, if zinc binding to mammalian MT wadlyficooperative, addition of 3
equiv of Zn to a solution of apoMT would resulttive formation of ~3/7 ZMT leaving

~4/7 apoMT with little to no intermediate metaltatistates.

The biophysical rationale for cooperativity in MTs justified by the preferential
clustering (over beading) of metals formed from ahé&mplated folding and formation
of transiently empty metal binding sites. Thus,rgamization of the apopeptide upon
binding of one zinc ion preforms subsequent zinuding sites, likely near the first
binding site, promoting clustering. These reactiermaetal binding leading to formation
of a new metal binding site — cascade, one aftethan, which drives the reaction to

completion and forming the fully metal-saturated VT

In contrast, in a non-cooperative process, theessiee K values decrease such that K
< K;, following the theoretically expected trend. Tmeans that, for example, for the set
of successive reactions shown in Scheme 1.1, theioas become less favoured with
each additional metallation step. In this mechanialnof the intermediate metallation
states are formed statistically and the distributsd Zn,-MT species will depend on the
mole equivalents of zinc added. For example, ifczoinding to MT was fully non-
cooperative, addition of 3 equiv of Zn to a solatmf apoMT would result in formation
of an approximately normal distribution of ZAMT, where the average zinc load would
equal Zn-MT. The actual speciation distribution that would centered on ZfVT
would depend on the ratios of the K values forrections describing the formation of
Znz-MT from Zn,-MT and the reaction of Z2AMT forming Zn-MT.

The structural implications of non-cooperativity ihe metallation reactions of MTs
result in the preferential formation of {!8,)* beads over clusters. As each metal is
added, there is no significant change to subsequoesttllation reactions, with the
exception that there are four fewer free thiolsilabée to form the next beaded binding
site. Thus, in a non-cooperative pathway, subseqresactions become less favoured
largely due to there being less open coordinati@s.sin fact, as was shown for arsenic

metallation of MT$! (noting that arsenic binds in a trigonal pyrarhidaometry,
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forming (As'Ss)-beads and does not form clusters), the decremseedction rate
constants was approximately linear with remainipgro metal binding siteé 2 A
further corollary of non-cooperative binding is tltduster formation involving bridging

thiols occurs only for the™and 7' divalent metals bound (Figure 1.3).

1.5.1 Experimental evidence of metal binding cooperativity in MTs

Numerous studies have suggested that zinc and gadivind to MTs in a cooperative
fashion™ though more recent results from ESI-MS experimesgscifically on MT1*
124 and MT3™ have suggested the operation of a non-cooperatieeal binding
mechanism. There has been considerable debate ethavhthe binding of zinc and
cadmium to mammalian MT was cooperative or non-eoaipre. Results from CD, UV,
NMR, and other experimental techniques have sugdeabat cadmium and zinc binding
to MTs was cooperative and domain-specific. Analysioptical spectral data led to the
conclusion that the first four metals bound coopesty to apoMT and were located
specifically in thea domain*® For the intact 20 cysteine protein, this implikattonly
the apo [(SHPB-(SH)u1a-MT] and (M"), [(SH)B-(M")4S11-aMT] species would be stable
for up to four equivalents of divalent metals addétbwever, these experimental
techniques provide the average metallation statbeofolution species and are unable to
resolve multiple metallation states. Recently, E-techniques have been applied to
the study of metallation reactions of MT. As delsed above, ESI-MS is able to identify
the stoichiometry of bound metals, including muéipnetallation states, in addition to
structural and other quantitative and qualitativierimation, demonstrating the power of

this technique for studying the multiple metal bnglevents in MTs.

1.6 Domain specificity

MT domain properties have been well studied, yetahestion remains: why did the two-
domain structure seen in most MTs evolve? Suraig, feature is intricately tied to the
exactin vivo functions of MT proteins, especially considering frevalence of the MT

protein family and their high sequence conservafidre metal binding site organization
in MTs is unique compared to other metalloprotearsl chaperones. The spatial

separation of the two metal clusters is an intergstrrangement that shares properties
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with both metal storage proteins and metal chagemoteins, a fact that has likely
contributed to the debate over the exactivo functions of MT proteins that has been

ongoing for more than five decades.

A common feature in nearly all MTs throughout lisethe presence of two very distinct
non-symmetric binding site environments. In wheadtatothionein [k, for example,
domain Il possesses alys cluster (that resembles tBedomain of mammalian MT)
as well as an additional ZnGyis, binding site, while domain | has a Zys; cluster-’
Each of the three zinc binding sites in the wheatpBbteins binds the respective zinc
with different affinities and it is probable thadah site serves a uniquevivo function.
Though the ZgCysy B-domain cluster and the fDys;; a domain cluster are more
similar in mammalian MTs, the different metal:ligamatios, cluster geometries, and

solvent accessibility could possibly generate dorspiecific properties.

Traditionally, thea domain, with the higher number of thiols, has besgorted as having
the highest affinity binding sité€® In fact,"***cd and'H NMR studies have suggested
that the first four divalent metals added to apoMiid exclusively to the domain, in a
cooperative manner, while tH&domain non-cooperatively binds from five to seven
equivalents of added met4f. These results are supported by experiments wioene f
equivalents of cadmium were added to MT and the WK digested with the non-
specific protease subtilisti® The subtilisin digested thB-domain faster than the
domain under these conditions, which was thoughbdodue to decreased enzyme
accessibility to the: domain peptide backbone as a result of the cadrbiing located

in thea domain. It is not known, however, if metal reagaments occurred during the
digestion process or subsequent analyses. Moratregperiments have used cysteine
modifiers to label free cysteines and determineamieinding location within the MT
peptide strand® 3 These experiments also suggest that the first foetals bind
exclusively to thex domain. Again, it is not known if these reacti@rs selective only
for free cysteines or if the modifier causes metdrrangement from displacement
following Cys reactions with the modifier. Furthesra, the reaction rates of the
modifiers for the cysteines may simply be disprdpoate between the domains,

mimicking the results that would be expected fdoanain-specific mechanism.
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Metal exchange experiments, in which cadmium iseddd Zn-MTs, have suggested that
the o domain also cooperatively exchanges its bound fonacadmium before th@-
domain does. These results led to the proposaktiat domain had a higher propensity
or metal selectivity, with higher cadmium seledivin theo domain and higher zinc in
the B-domain. A notable result is that the X-ray crystaucture for the mixed metal

CdsZn,-MT2 from rat, shows specifically a Gd-cluster and a GgZn, B-cluster? %

00C

(3] (3
.
A +4M(N M(II)4MT M(||)5MT +2MM F
N\
+4 M) +2MN
apoMT /

0 +M(u> ® e

(G e e
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Figure 1.8: Schematic representation of the two matlation pathways for MT. The
pathsstart with apoMT (A) and end with OmT (F). The blue path (A-B-C-F) shows
the beaded non-specific pathway and the red patD-&F) shows the clustered

domain-specific pathway.

There are two potential pathways for metal bindamgl metal exchange reactions of
MTs, as shown in Figure 1.8. These are the dommeciBc pathway and the non-
specific, or random, pathway. For metal binding/anéxchange to occur in a domain-
specific fashion, the thermodynamics of the seeattions that describe metal binding to
MTs must skew significantly in favour of the mogesific domain. If metal binding to
apoMT wasa domain-specific, for example, then the reactionat tdescribe metal
binding to thea domain would have equilibrium constants that wagmificantly larger

than those that descrilfdomain metallation. As shown in the models of cetitjpn
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reactions in Section 1.4.3, the binding constafiedince would have to be larger than
one log unit in order to generate those levelsetécdivity. This means that the reaction
that describes the formation of the metal saturdigebMT from Zns-oMT (adding one
zinc to a system where there are no free thiols ey limited flexibility) would
outcompete the reaction that describes the formaticZn-BMT from Zny-BMT (where
there are nine free thiols that can be organizédrta the most thermodynamically stable
Zn;Cys-BMT binding site).

Domain specificity describes two separate but eelgiroperties of MTs. The first is the
addition (or removal) of a single metal type to M€ protein, as is described in detail in
Section 1.3. The second is the exchange of onel f@tB for another metal (Zn) in
metallated MTs. If it is a single metal, what i impact of “domain specificity” on the
metal binding and donation? That is, are metalsnbowith higher affinities in one

domain and weaker affinities in another? What altbet mixed metal situation and
domain specificity, for example Cd/Zn-MT or Cu/Znf¥l Are the metals preferentially
segregated in mixed metal MT species where only wm¢al occupies one of the
domains? The implications of domain specificity oretal binding to MTs will be

discussed, in relation to the results shown in @rga®2-5, in Chapter 6.

1.7 A history of MT metal binding constants

Despite the long history of stoichiometric and stmial studies of MTs, as well as
numerous investigations of the reactions of MTwwither biological metal centres, only
a relatively small number of studies have been diateassigning numerical values to the
metal binding affinities of MTs. These values arical to the understanding of MT
function, as the values of the various metal bigdiand, in reverse, metal
release/donation) formation constants determinévo metal distributions with respect
to other metal sources and sinks. For example, Inbétaing sites with higher zinc
affinity than MT, such as those found in zinc-degent enzymes (¥zyme > Kzny7mt),
will acquire zinc from Zn-MT. Weaker zinc interamtis, between zinc and non-specific
zinc binding sites for example fsie < K(znynmr, N = 0-7), are stripped of zinc by

unsaturated MT species with higher zinc affinities.
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The first available estimations of metal bindirffyjngties assumed that all seven divalent
metal binding sites were equivalent, determining #verage (across all seven binding
sites) zinc and cadmium binding affinities as agpnately (log()) 10" and 16° at pH
7, respectively® These estimations were based on pH titrationsmit Zr- and Cd-
MT monitored through the disappearance of the LMi@mds as a function of pH and the

values extrapolated to pH 7-8.

Through competition with numerous small molecularczinding agents, the average
values for the seven zinc affinities have been megofor a number of MT isoforms.
These reported averages range, depending on tleeimegntal conditions and technique,
from (log(Ks) 10" to 10 for zinc binding to MT. The most recent and siigeift
development in determining the metal binding aff@s of the zinc binding sites in MTs
was the assignment of four distinct binding affestinstead of an average affinity for all
seven site&” This report had suggested that the first four riaond with the same high
affinity, while the fifth, sixth, and seventh zimeere bound with significantly decreasing
affinities. An important result from that study wimeat the seventh zinc was bound with
an exceptionally weak affinity relative to the athewhich had not been reported
previously. A follow-up study by another researchup showed that this exceptionally
weak affinity site was not present under their doonis>* ** but that they could
generate the same result by subjecting the prademuch lower pH in the demetallation
procedure for apoMT preparatidfi. Knowledge of four independent zinc binding
affinities to the seven sites of Zn-MT suggesteat,tivith high enough resolution, and
from a suitably designed experiment, the first founding affinities could be determined

independently as well.

1.8 Scope of the thesis

The majority of MT research has focused primarily the properties of the metal
saturated Zp and Cd-MTs. Less is known about the partially metallatdd!'),-MT
(where n = 0-6). These partially metallated speeies critical partners in thie vivo
reactions that occur for the proposed functionsMf. Metal donation and metal
acquisition in the homeostatic zinc buffering rofleMTs generates and fills open zinc

binding sites, respectively. Therefore, in ordebé&able to more accurately describe the
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metallation properties of MTs, more knowledge césh partially metallated species is
required. The research presented in this thesigsésc primarily on the properties of

partially metallated MT species, with in-depth asak of the domain-specific properties.

This thesis contains six chapters and an appentlis first chapter provides a
description of important and relevant concepts af fdsearch with an emphasis on past
experimental results, leading up to the state ofi#8earch at the commencement of this
research. The second chapter describes competiticemetallation reactions of intact
Ba-MT1A with apocarbonic anhydrase (apoCA) using EfS- These experiments
reveal the individual binding affinities for eaclh the seven bound zinc. Chapter 3
continues with the competitive zinc metallationateans of separated domain and3-
domain fragments of MT1A competing against apoCAlétermine the binding affinity
constants for each of the two-domains in isolatibarthermore, chapter 3 relates the
results for the separated domain binding affiniteshe intactBa-MT1A in order to

determine the roles of domain-domain interactionthe intact MT protein.

Chapter 4 investigates the domain specificity atzinding to apoMT and the cadmium
exchange of Zn-MT through competition between the-tomains using the separated

B-domain andr domain fragments, this time competing against edicér.

Chapter 5 describes progress toward kinetic andmibeynamic analysis of metal
binding and exchange with carbonic anhydrase. Maricombinations of MT species
(Zn-MT, Cd-MT, and apoMT) were added to CA in difat metallated states (apoCA,
Zn-CA, and Cd-CA) to probe the kinetics and thergmainics of CA metal binding and
exchange. This chapter also addresses the praewiture of MT through the rescuing
of Cd-poisoned enzymes and toxic metal sequestratio

Finally, Chapter 6 draws together the results fritid previous chapters in order to
comment on the progress made toward our understgradithe metal binding, release

and exchange properties of MT.
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Chapter 2

2  The zinc balance: Competitive zinc metallation of
carbonic anhydrase and metallothionein 1AL

2.1 Introduction

Zinc is the most abundant metal cofactor found etalkdependent enzymes with nearly
a quarter of identified metalloproteins containime or more zinc ions? Despite this
ubiquity, free zinc levels are tightly controllédd® The homeostatic intracellular
concentration of free zinc is buffered within anoar range using myriad zinc specific
sensors, importers, exporters, and chaperdh@sese complex systems work together to
not only maintain control of the transport and ager of ziné ° but also to deliver and
insert zinc ions into newly synthesized zinc enzgffié? When this careful balance of
zinc is disturbed, a large number of health conapiims arisé>* Zinc is also a
transcription cofactor and has important roleset signaling, development, and proper

cellular function'®

Metallothionein (MT) is a ubiquitous family of métainding proteins that are critical to
the homeostatic control of cellular zinc (and othetal) levels. MT has been implicated
in toxic metal detoxification, oxidative stress pesse, and essential metal
homeostasi& *° It is capable of binding multiple metals using tektively high number

of cysteine residues for its small size. Therefate known human MT isoforms: the
more common MT1 and MT2 are predominantly expressdte liver and kidneys, but
are also expressed in numerous tissues and cebB;t\T3 and MT4 are minor isoforms
specifically expressed in specialized tissues sashthe brain and epithelial cells
respectively’> Numerous MT1 subisoforms have also been identifitll and MT2 are

associated with binding both zinc and cadmianaivo.

DA version of this chapter has been published:

Reproduced with permission from: T.B.J. Pinter, &hd. Stillman.Biochemistry 53 (2014): 6276-6285.
Copyright 2014 American Chemical Society.
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Human MTs bind up to seven zinc ions in tetrahedZalSycvs) clusters using 20
cysteines. The fully zinc-saturated ;AMT1A binds the zinc in two distinct domaiffs.
The N-terminal beta domain binds three zinc ionsgigine cysteines and the C-terminal
alpha domain binds four zinc ions using 11 cys®ifdere are numerous studies on the
structure and properties of fully saturated MT’q btile information on the important
partially metallated specié$* Of particular interest is the relevance of thgsecis to

the donation of zinc from MT to zinc-dependent apyenes.

MT has been identified as a key player in zinc hostesis and interacts with numerous
metalloproteing® Critical to thein vivo functions of MT species is the zinc occupancy of
the available metal binding sites. The ability off Mo act as both a zinc donor and
acceptor depends on the intracellular zinc (and BSRcentration in the cell. ZMT has

been shown to act as a zinc donor to numerousdapendent enzymes, while apoMT is

capable of removing and accepting zinc from holceBrymes®

With respect to the role of MT in donating Zn tazgmes, very little has been reported
on the mechanistic detail of these important reasti However, the property of MT
acting as a zinc chaperone in the acquisitioned fnetals and the subsequent release of
zinc to metalloenzymes has been previously invattdf®>* Carbonic anhydrase has
been shown to accept donation of a single zindrom zinc-saturated MTs at rates and
concentrations that suppdrt vivo zinc donation as a function of MT.These studies
have shown that fully saturated Zn-MT is capablelofating zinc to the apoenzymes,

but the important mechanistic details are not ustded.

Carbonic anhydrase (CA), the first discovered natalzyme, binds a single zinc ion in
its active site using three histidine ligands. Ciads zinc relatively strongf{ with an
apparent stability constant (logf of approximately 11.4 at pH % .Following de novo
protein synthesis, apocarbonic anhydrase must @&caund insert the enzymatically
necessary zinc ion into the active site. Howevére estimated femtomofarto
picomolar® pool of “free zinc” is an inadequate zinc source fmetalloenzymes to
metallate within a suitable time frafieand thus, the majority of the zinc must be

acquired from zinc chaperones, of which Zn-MT i€ @xampleln vivo, numerous zinc
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sources, chaperones, and enzymes will be in cansbampetition for the limited amount
of zinc within the cell. The range of zinc bindistability constants reported for zinc
importers and exporters provides an approximatiothe relative range over which zinc
is buffered within the cytoplasm. Though exact ealare currently not known, there is
evidence that zinc importation starts at picomokaicentration&® Exportation of excess
zinc is complicated by cellular processes thatdasigned to protect the cell from metal
toxicity, but significant cellular disruptions agisvhen cells are treated with zinc above
30-100 pM* The K- values for MT1A zinc binding, as determined by M-

competition, apparently fall within the bufferinange of functional cell€: **

Studies by numerous groups have shown thaviZriransfers a single zinc ion to CA.

%8 ZmMT and apoMT have been shown to exchange metals egitlmium substituted
CA, hypothesized through a protein-protein intéoact* However, little is known about
the interactions between the apo or partially negied MT and the apoCA. Since MT
exists in a number of partially metallated stdfea, complete understanding of these
interactions is critical to determine the exact haggstic details of the vitally important

metallation reaction of CA.

Recently, the Stillman group has reported Yataaddressing possible binding motifs for
the partially metallated recombinant human MT1AMMLA), but no experimental data
have been reported that specifically describe thehranism for zinc transfers from these
partially metallated MTs. The conclusion from thmding motif studies was that a
beaded five zinc structure formed initially; furtr@nc resulted in the development of a
clustered two-domain structure containing the éamplement of seven zinc ions. The
consequence of this result was that the last twoe mns bound with lower binding
constants, and it was suggested that these twaamsovould be accessible for donation

to apoenzyme®

In this Chapter, the zinc titration of rhMT1A inetlpresence of carbonic anhydrase is
reported. Apocarbonic anhydrase, which remainsfblllowing loss of ziné! acts as a
putative model for understanding the homeostatiatrob of zinc with respect to the

metallation of zinc enzymes. The metallation stabisCA and rhMT1A during a
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competitive titration with zinc is reported and ttedative stability constants for each of
the seven independent MT-bound zinc ions is detexchivith respect to the single zinc
stability constant for CA. The data indicate th& Qutcompetes rhMT1A for the three
weakest bound zinc ions and shows little competifar the first four zinc bound by

rhMT1A. Finally, the homeostatic control of zincno@ntrations is discussed in relation

to the suitability of MTs to act as a zinc reseror apo zinc-dependent enzymes.

2.2 Methods
2.2.1  Preparation of apoMT.

The rhMT1A was expressed and purified followingvioesly reported methods, and
detailed in Appendix A® The MT sequence used in this study is based on the
recombinant human MT1A sequence that consists ofesilues: MGKAAAACSC
ATGGSCTCTG SCKCKECKCN SCKKAAAACC SCCPMSCAKC AQGCV@¥AS
EKCSCCKKAA AA. The corresponding DNA sequence waserted as an N-terminal
S-tag (for protein stability purposes) fusion pmoteto a pET29a plasmid and expressed
in BL21(DE3) E. coli cells as CeMT. All solutions were rigorously evacuated and
argon-saturated to impede cysteine oxidation. Ratlg protein purification, the S-tag
was removed with a Thrombin CleanCleave Kit (Sign@ncentrated HCI| was used to
adjust the pH to 2.7 before apoMT was separated ttee cadmium using SEC on GE
Sephadex G-25 size exclusion media using 5 mM foauid pH 2.7 buffer as the eluent.
The deoxygenated apoMT was simultaneously condedti@nd buffer exchanged to pH

7.0 using Millipore Amicon Ultra-4 centrifuge fit@inits under argon (3 kbDa MWCO).

2.2.2  Preparation of apoCA.

Bovine CA (Sigma) was first purified on a Sephad&60 gel filtration column with
5 mM pH 7.4 ammonium formate buffer as the elu&éhe fractions containing only pure
carbonic anhydrase 2 were pooled, and concentnatttd 10 kDa MWCO Amicon
centrifuge filter units. The zinc was removed frahe CA through modification of
methods previously reportédAn equal amount of 50 mM 2,6-pyridinedicarboxicid
pH 6 (PDA) was added to the concentrated CA and spwn in the filter unit. The PDA

zinc wash was repeated 6 times. To remove PDA &poCA prior to MS experiments,
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the protein was exhaustively buffer exchanged toNd ammonium formate pH 7.4 until

neither PDA nor zinc were detected in the filtrate.

2.2.3 ESI-MS procedures.

Stock apo-rhMT1A concentrations were determineddrgetallation of a small fraction
of protein with Cd"; formation of CgMT was monitored through the 250 nm thiolate-to-
cadmium charge transfer bamgso = 89,000 M'cm™. Stock apoCA concentrations were
determined using s = 45,000 M'cm™. Zinc acetate stock (10 mM) was prepared in
deionized water; all molar equivalents of zinc wetetermined through atomic
absorption spectroscopy. Equal concentrations tf simck apoproteins were mixed in a
vial and equivalents of zinc were added under argtmosphere and allowed to
equilibrate for a minimum of 3 min between additiand data collection; separate
samples were left for up to 1 h (data not showny there was no change in zinc
distribution with longer incubation times. ESI masgsectral data were collected on a
Bruker Micro-TOF Il (Bruker Daltonics, Toronto, OMNperated in the positive ion mode
calibrated with Nal. Settings: scan = 500-4000 md#ing average = 2; nebulizer = 2
bar; dry gas = 80°C @ 6.0 L/min; capillary = 4000evid plate offset = -500 V; capillary
exit = 175 V; Skimmer 1 = 30.0 V; Skimmer 2 = 23/5Hexapole RF = 800 V. The
spectra were collected for a minimum of 2 min aretahvoluted using Maximum
Entropy of the Bruker Compass DataAnalysis softwpaekage. All titrations were

performed in at least triplicate to ensure accueay reproducibility of results.

2.3 Results

2.3.1  Mass spectral data for the competition between apoMT and
apoCA for added zinc
Figure 2.1 shows a selection of the deconvolutedsnspectral data recorded during a
competitive zinc titration to a solution containiequal concentrations of apo-rhiMT1A
and apoCA. The deconvoluted data shown here wdcallated from the charge state
spectra in Figure B-1 (Appendix B). Figure 2.1 sbothe formation of the fully
metallated ZgMT and ZnCA (F) as a function of six representasweps of the titration
(A-E).
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Figure 2.1. Deconvoluted ESI mass spectral data recded for the equimolar
competitive titration of apoCA and apo-rhMT at pH 6.8. The apo-proteins were
mixed to a final concentration of 30 UM under argow zinc (1 mM in dikD) and were
aliguoted to the combined protein solutions. Thec @peciation of the MT and CA is
highlighted with vertical gray lines. The mass rarfigr each species has been normalized

to 100% relative abundance.
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The abundance of each species was plotted relatittee most abundant species of the
protein: apoMT and apoCA in Figure 2.1A, and:Mii and holoCA in Figure 2.1F. Zinc
equivalents were determined from the concentratbrthe two proteins and AAS
measurements of the zinc solution. These equivaleier to a ratio such that one zinc
equivalent would fill a single zinc binding sitehdrefore, eight zinc equivalents (seven

for MT and one for CA) are required to fill all tisées, completing the titration.

The relative concentrations of each metallated ispewere plotted in Figure 2.2 as a
function of the equivalents of zinc added stepwide individual zinc metallated species
were extracted from the mass spectral data. Figua& shows the experimental data for
the eight rhMT1A species (apoMT to AAT). Figure 2.2B shows the corresponding
experimental data for apoCA and ZnCA, as a functibthe equivalents of zinc added.
The CA was 50% metallated when 6 equiv of zinc wdded. The change in the zinc
binding efficiency of apoCA is shown in Figure 2.285 the first derivative

(d[apoCA]/d[Zn Added]) of the metallation of thedpA line shown in Figure 2.2B. The

significance of the data representations in FIiQUPE will be discussed in Section 2.4.

2.3.2  Modelling the competition reaction

In order to determine the zinc binding affinity feach of the rhMT1A species, the
metallation state at each specific zinc loading veasulated from a model that
minimized the root mean square difference betwéenekperimental and a theoretical
data set determined by the 8 binding constants.ntdel was based on seven sequential
bimolecular reactions that resulted in the formataf ZnyMT from apoMT and the
competitive reaction of apoCA forming ZnCA. Theatdle concentrations of each

species depend on the relative binding constanis:(Kand Keaz).
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Figure 2.2: Experimentally determined zinc status bMT (A) and CA (B) during the
stepwise competitive zinc metallationBased on the ESI mass spectral data partially
shown in Figure 2.1. Panel C shows the metallagiticiency of CA calculated as the
first derivative (d[apoCAJ/d[Zfi" added)]).
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Figure 2.3: Simulation of the competitive zinc metiation of apoMT (A) in the
presence of apoCA (B).The simulation uses lggKg) values for the MT of 12.35,
12.47,12.52, 12.37, 12.21, 12.05, and 11.80 f@sst#ven sequential metallation events in
the formation of ZAMT. These values were derived from extraction & tompetition
speciation of the MT versus the known 1gf&g) of CA of 11.4.

Figure 2.3 shows a fit of the apo-rhMT1A and apoE& mass spectral data using seven
consecutive equilibrium binding constants for thpoMT coupled to the single
metallation equilibrium for the apoCA. The simuthteompetition reaction used the
following criteria: (i) the log K of CA is 11.4 under the conditions of the experitsé®
and (ii) all reactions were coupled and reversghleh that zinc could freely redistribute
to the preferred occupancy. This model was usedirtulate the speciation profiles
shown in Figure 2.2 to allow direct assessmenhefaccuracy of the fits. The sevea K
values for MT zinc binding, determined by the modehich most closely fit the
experimental data, were logfi7 zn): 12.35, 12.47, 12.52, 12.37, 12.21, 12.05, an8.11
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Ky

Apo-Bo-thMT + Zrtt = Zny-Bo-rhMT  log(Ky) = 12.35
Kz

Zn-Ba-rhMT + Zret = Zny-Ba-rhMT  log(Ky) = 12.47
Ks

Zny-Bo-rhMT + Zrf* = Zng-Ba-rhMT  log(Ks) = 12.52
Kq

Zng-Bo-rhMT + Zr#* = Zn-Ba-rhMT  log(K4) = 12.37
Ks

Zng-Bo-rhMT + Zrf* = Zns-Ba-rhMT  log(Ks) = 12.21

K6
Zns-Ba-rhMT + Zrf* = Zng-Ba-rhMT  log(Ke) = 12.05

K

Zng-Ba-rhMT + Zré* \é Zn-Ba-rhMT  log(K7) = 11.80
KCA
ApoCA + Zrf* = holo-CA logKca) = 11.4

Scheme 2.1: The sequential metallation reactionsrfthe competitive titration of zinc

to apoMT and apoCA. The apparent stability constants for each seqalezitic addition

to MT are indicated by log(} (n = 1-7) and the apparent stability constant Zimic
binding to apoCA is indicated by log{K).The seven logKvalues for MT are plotted in
Figure 2.4A as a function of the MT zinc loadingoirder to compare the magnitudes of
the zinc binding constants. While the first two stamts are below the value ofsls, the
values of K13 to Kyr7 follow the expected linear decrease that resudis the statistical

reduction of available zinc binding sites.

In Figure 2.3A the stepwise metallation of rhMT1Aopeeds through 6 distinct
intermediates between apoMT and;Mi. Figure 2.3B shows the simulated metallation
of apoCA as a function of increasing concentratibminc. There is very close alignment
between the simulated data in Figure 2.3A and dper@mental data in Figure 2.2A for
the metallation of MT and between the simulatedadaf Figure 2.3B and the
experimental data from Figure 2.2B for the metadtabf CA. Figure B-2 (Appendix B)

shows the overlaid model and experimental traceadsessment of the quality of the fit.
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Because the set of eight K values is determined isingle calculation, we have
confidence that the K values determined in the rhogfgesent accurate values under the
conditions of the experiment. It should be noteat the individual values of each Kn (n
= 1-7) impact the quality of the fit for all othgpecies since the equilibrium equations are
coupled and successive while also being in competwith each other and the CA. The
experimental error on all reported K values byriwlel is on the order of £0.3 log units.
An overlay of each individual species fit and expental data is shown in Figure A-2
for comparison. It should be noted that since tle@hminimized the error and provided
a fit for all 10 speciation traces (apo to;MT and apo and holoCA) simultaneously that
not all the model traces exactly match the data; 2nd ZgMT, for example, show

some deviation between the model and experimeatal d

2.3.3 Relative MT binding affinities are reflected in the raw data

Figure 2.4B shows the superimposition of the chandending efficiency of apoCA as a
function of the total zinc load inverted from Figu2.2C (line) and the binding constants
calculated for the seven zinc rhMT1A species (®inmtlative to the first K. This figure
shows how the experimental data reflect directéydhlculated K values for both MT and
CA. The importance of this figure is that the psectrend in the value of K values that
were calculated in the model from the raw experitaetata of the metallation of CA is
observed. These data are particularly importaroimfirming the increase inJand ks

for the metallation of MT.

Figure 2.5 shows the experimental (red) mass spedamta at representative zinc
additions compared with the simulated (black) nssectral data predicted by the model
shown in Figure 2.3. Figure 2.5A-G show the expentally determined relative

abundance of seven zinc containing MT species filmenfull data set. Figure 2.5H-N

show the predicted mass spectral data based omadel used in Figure 2.3 at these
same zinc loadings. Figure 2.5 O-U show the expartal and predicted mass spectral
data at the same zinc loading values for CA. Oné/dpo and holo species profiles are

shown because CA binds a single zinc.
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Figure 2.4: Calculated stability constants (A) andhe experimental data reflecting
those values (B)(A) The calculated fitted K values of MT that bésthe data shown in
Figure 2.2 to produce Figure 2.3 based on the ctiiyeemetallation of apoMT in the
presence of CA. The solid line shows the lineandref decreasing K values as the MT
metallates. (B) Superimposition of the relative aflation efficiency of apoCA (solid
line) plotted against the calculated log{kalues (points). The two data sets were scaled

such that the initial values (metallation efficigramd first MT zinc binding K) were 1.
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Figure 2.5: ESI mass spectra based on experimentdata (red) and data produced

by simulating the titration using the best fit Kg values (black). A-G show the

experimental mass spectral data collected for alMA (n = 0-7) species during the

competitive titration of apoCA and apoMT. H-N shdéwe predicted ESI mass spectral

data for the same species generated from the dedutération. O-U show both the

experimental and predicted ESI mass spectral dai@pb and holoCA species.
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2.4 Discussion

2.4.1  Spanning the ladder of MT binding constants

MT is a metallochaperone with the proposed roleswbplying zinc to apoenzymes.
While numerous studies have discussed the metallatf CA, even including
interactions with ZgMT, no studies have previously addressed the mesinafor a
potential role of zinc buffering between MT and #g@oenzyme could be found in the
literature. Results from both the Stillman lab dvidret et al., indicate that a ladder of

binding constants exists for the binding of zinartetallothioneir** *°

Previous results showed that MT1A possesses sadepéndent sequentially decreasing
zinc binding affinities from zinc competition expeents between the full rhMT1A
protein and individual N-terminfd and C-terminaé domains. The previous work used a
much simpler modeling procedure and manually setstpan of the seven K values to
extend over the data reported by Maret and co-wstkas a best estimate for the K
values. In this current report, the modeling of khealues is locked to the known value
of carbonic anhydrase metallation. The model ma#tmally minimized the errors on
the values of K so the model best fits the datahimway, this current set of K values has
both confirmed the existence of the seven indepa&ndenc binding affinities and

calibrated their values to accommodate the knoviwmevaf CA.

To place the metallation of CA within this laddean experiment in which both
aporhMT1A and apoCA could compete for zinc as isvadded in a stepwise manner
was designed. The competition experiment is uniguéhat it is able to leverage the
difference in the relative binding affinities farch high affinity sites’ In the presence of
a competitive zinc binding site, such as that foundCA, the two proteins will
redistribute zinc to form the thermodynamically fpreed zinc distribution that will be
governed by the relative magnitudes of the eighildgium constants. These data show
how apoCA metallates with a sequence directly edlad the relative binding constants
of the seven individual sites in MT. This estabdisithe buffering properties afforded by

MT for zinc.
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Figure 2.1A shows how the initial zinc binds iniatdbuted fashion to the rhMT1A and,
to a minor extent, to the CA. The important obseovais the change that takes place
when a further three zinc equivalents are addedl@data in Figure 2.1B recorded. At
this point during the titration, the Zrand ZnMT species dominate the distribution of
zinc metallation, whereas, in contrast, the ZnCaction has increased only slightly.
These data clearly and unambiguously show that $8inding a greater fraction of the
added zinc than is CA. This can only occur under dlgquimolar conditions of the
competition experiment, if the relative binding stants favor MT zinc binding.
Addition of a further 2 equiv (to 5.6 total add&idgure 2.1D) results in both MT and CA
binding significant fractions of the added zinc.isTmeans that the binding site affinities
in MT must be more similar to the binding site miffy of CA. The major change in zinc
binding to CA occurs with the addition to 6.5 eqirgure 2.1E). Now approximately
70% of the CA is metallated.

Figure 2.2A clearly shows the stepwise metallapooceeds as reported previously for
zinc binding, in that each individual species (megrZn, to Zns) forms and then is
replaced with approximately the same fractional gosition of about 30% maximum. At
each point in the titration, the data here show distribution of species simply by
constructing a fractional distribution. For exampat the 4.0 zinc added point, the slice
through the data shows that the relative conceatrstare: Zn> Zng > Zng > Zrnp, > Zng
>Zm > Zny > apoMT.

Figure 2.2B shows that the binding of zinc to apa@lkes place nonlinearly as a function
of zinc added. In the region from 0 to 5 zinc addkd data show that zinc binding to CA
is dependent directly on the relative binding cansfor the individual sites in MT. This
means that, for example, the small fraction ofitiigal addition of zinc is bound by CA
when ZnMT is forming. However, when ZMT forms at about three zinc added, CA
metallation is depressed so that between threalamaist five zinc added only about 5%
of the CA metallates, due to the increase in coitipet from the MT. The CA
metallation trends, therefore, mirror the spanhef seven MT binding affinities: when
the binding affinity for CA is closer to that ofsingle site in MT, CA metallates, but

when the binding affinity of CA is much less thaif MMT metallates.
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The sensitivity of apoCA metallation to the preseind the seven competing MT sites
can be expressed by taking the derivative of thallagon status of apoCA as a function
of the number of added zinc (Figure 2.2C). Froomt®ia to b, the binding affinity
difference increases between apoCA and the MT spauid CA metallation becomes
less efficient with respect to MT metallation ¢ZMT bind while CA essentially stops
binding zinc). In the b-c region, CA metallationeissentially zero (less than 10% change
over 3 equiv of zinc added), in contrast to MT rieteon of Zn,.,MT. However, the c-d
region shows the onset of apoCA metallation; now i€Aompeting more efficiently
against the formation of ZaMT. The unusual region is the pivot point between dnd
c-d because at this point there is a distinct redacin the binding affinity of the
competitive species (ZNT). This pivot point is interpreted to represem threshold in
the binding affinities of the MT species with respt apoCA. This is demonstrated in
Figure 2.2C because if the binding affinities farey MT site were the same, the
derivative (d[apoCA]/d[Zn Added]) would be constdat a competitor with the same

binding affinity.

2.4.2 Trends in MT zinc binding affinities

The binding affinity data calculated for Figure Zr8roduced an interesting trend.
Whereas the sequence of binding affinities for Mwas expected to diminish, as noted
above, the fits required that lind K should be lower than KThe effect of this can be
seen in Figure 2.2B, as described above, where Aponélallates proportionally with a
greater fraction than at the higher zinc-added tgoilihe seven calculated equilibrium
constant values determined for each zinc additimmfthe competitive titration
experiments shown in Figures 2.1-2.5 are showncime®e 2.1 (note that the value of

log(Kca) was taken from the literature as 11°%).

The unexpected increase in zinc affinity for thestfitwo binding constants (where K
(@apoMT) < K (ZmMT) < Kz (ZmMT)) could possibly arise from the much greater
fluxional nature of the apoMT strand and therefank of structured zinc binding sites as
compared to the partially metallated (and there&trectured) Zgr and ZnMT species.
The binding of the first and second metal mustreeye the peptide backbone to

accommodate metal binding. This rearrangementiti@eis the subsequent metallation
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events (Zg to Zrp and Zn- to ZnsMT) in @ manner not previously observed due to the
fact that multiple species are metallating simutausly as shown in the modeling and
especially the deconvoluted and raw ESI mass spat#ta. Once three zinc ions have
been incorporated by the MT strand, this effeahaslonger observed, since the entire

strand now must now possess some organized steuctur

The change in structure from the charge stateilligton following metallation of the
apoMT has been previously discussed. For examtiles same trend was observed in
arsenic binding to M¥ and may be connected with the globular conformatibapoMT
suggested from the ESI mass spectral Hatdis arsenic work showed that the kinetics
of arsenic binding was mostly controlled by thesrat the on reaction ¢k, as the rate of
the off reaction (k) for each AgMT species was presumed to be similar. Since the
equilibrium binding constant (K) equals the ratio(ky, / ko) and since thek values
were presumed similar, those kinetic parameteteatelirectly the equilibrium binding
of arsenic to MT. While the values and magnitudes certainly not comparable, and
even though it involves a different metal, thesgeaic data highlight the surprising
similarity in the trends between these kinetic aiselata and the zinc equilibrium data

described here.

The values of the subsequen} K = 3-7) follow the expected trend for distribaite
metallation in which the number of sites availabliminishes sequentially so that the
value of K, also diminishes. Recent results have shown thet B zinc occupancy MT
species (ZyMT where n = 0, 1 or 2) adopt structural charastes that differ from the

traditional view of apoMTs existing as a pure ramdmil >* *°

The span of the seven stability constants, relativéhe apoCA zinc binding constant,
shows that MT zinc binding occurs throughout thage of zinc enzyme stability
constants, even at the start of the titration ajaimuch higher affinity MT binding sites.
As the MT binds zinc sequentially into each site, binding constants decrease to a point
where the apoCA can begin to compete more effigiemth MT for the incoming zinc.
CA then continues to compete with MT for the incogizinc until it saturates, and MT

binds the remaining incoming zinc until it too &wrated.
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2.4.3  Modelling reactions between CA and a competitor

To visualize the effects of the relative bindindirafies on the zinc distribution the
results of a computational simulation that dematst the major changes that take place
in the fractional distribution of zinc as a functi@f the relative magnitudes of the
binding affinities of an example metal chaperonel{Mnd a metal-dependent enzyme
(CA) have been included.

For simplicity, only a single site competitor wased. The effect of different ratios of the
binding affinities was explored and the results stnewn in Figure 2.6. The panels in
Figure 2.6 examine the effect on the metallatiommdCA for five scenarios: (A) where
Kcomp < Kca by 0.5 log units; (B) where &mp = Kca; (C) where Komp> Kca by 0.5 log
units; (D) where Kmp> Kca by 1 log unit; and (E) wheredn, > Kca by 1.5 log units.
What is important in this figure is that the trandhe metallation of apoCA for the set of
values of binding affinities obtained from thergported in Figure 2.3 can be simulated.
Figure 2.6D shows that competition with a competitdnose zinc binding affinity is
approximately 10x stronger than CA results in ilog#ht metallation until over 50% of
the zinc has been bound to the competitor. ThedtierapoCA metallation, therefore,
illustrates the situation at the different points Figure 2.2B. Figure 2.6A shows
metallation taking place efficiently because thenpetitor binding constant is modelled
to be less than that of CA. Clearly, the amourttin€ that is available for an enzyme to
acquire from MT is dependent on the relative zimdimg constants. An enzyme with a
high zinc binding constant, has a much larger pimal available than those enzymes that
bind zinc more weakly. The series of binding contstaepresent, in sequence from high

to low, the increase in the availability of zincaainc acceptor.

The efficiency in metallation of the apoCA, meanthg fraction of the added zinc that
apoCA binds, confirms the presence of the multipteding affinities of the seven MT

sites. This effect is directly dependent on theigate equilibrium chemistry that takes
place when eight possible binding sites vie for #irec that is added in a stepwise
manner. That the binding affinity of apoCA is smalthan the last zinc bound to the MT

sets up the buffering action controlled by the sesiges of MT.
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Figure 2.6: Modelled CA speciation profiles for thesimulated competitive zinc

titration between CA and a single zinc binding siteThe competitor has been modelled
with zinc affinity increasing by 0.5 log units AQD) to E (12.9). The simulated titration
requires 2 equiv of zinc to complete. The zinc gancy of the CA depends on the
relative difference in the zinc binding affinityofn the competitor. These model traces
highlight the sensitivity of this modelling for erpreting speciation and determining

relative zinc affinities. Log(ka) was set to 11.4.
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When the cell is in a state of zinc excess, MT pobtidn is induced. It would be
advantageous for the newly synthesized apoMT pretéd rapidly bind the weakly
associated zinc that turn on zinc-specific trapdion factors such as MTF-1. The first
few zinc that are bound to MT, therefore, act de@p sink of bound zinc. This deep sink
is only accessible during times of extreme zindaslficy. The rest of the zinc binding
constants decrease approximately linearly. The meakly bound zinc act as a shallow
source of zinc, to be exchanged between othersiimks and enzymes. The proposal is
that MT acts as both a zinc chaperone (one of ne#tmgrs) and a zinc sensor for the cell.
When zinc levels are low and the cell is zinc-s#dtvWT binds all available zinc, which
has two effects: to turn on zinc importers, anaddase upregulation of genes that code
for zinc importation. The facility of zinc-loaded ™Mto donate occurs when the cell is
zinc-loaded and the most predominant MT specie® by zinc bound. These species
supply the weakly bound zinc to zinc-dependent apgmes; the most weakly bound
zinc ion is also likely constantly exchanging witleak zinc binding sites, highlighting
the role of zinc buffering. If the cell containsneiin excess of the MT binding
capabilities, these “free” zinc are bound by noeesfic zinc sites, sequestered into zinc
vesicles, and/or bound by and exported by zinc egEs® > which have lower zinc
binding constants. Thus MT is able to act as a buier, maintaining the appropriate

cellular concentration of zinc by utilizing the ggnof the zinc binding constants.

In conclusion, in this Chapter, the precise metialtastatus of both apoCA and apoMT
during zinc metallation was shown. By using a cotitipe metallation strategy, the
relative stability constants for each of the sewvelependent, sequential binding reactions
for zinc binding to apoMT was calculated. The expental data indicate that CA out-
competes MT only for the three weakest bound zins i these are the last zinc to bind
to the MT. The fractional zinc occupancies in temwhshe speciation for each of the 10
species that coexist during the titration were regab and modeled by simulations
involving 8 competitive bimolecular reactions. Tétgange in fractional zinc metallation
of the apoCA as a function of zinc added to thetanexof apoCA and apoMT was shown
to mirror the relative values of the binding affies for the seven MT sites. These data
provide a detailed and sensitive indication of thdfering role of Zn-MT both in

providing a zinc sink and in delivering zinc toiazdependent enzyme.
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Chapter 3

3  Putting the pieces into place: Properties of intact zinc
metallothionein 1A determined from interaction of its
iIsolated domains with carbonic anhydrasel[]

3.1 Introduction

Metallothionein is a cysteine-rich family of pratsithat are involved in the homeostatic
control of essential metals and the detoxificatibrioxic heavy metal5.These essential
roles are underscored by the prevalence of metaiotins throughout all forms of
Life.> 3 Numerous studies have shown that mammalian métateins (MTs) bind a
wide variety of metals, with the most well studiadd biologically relevant being the

essential metals zinc(ll) and copper(l) and toxidraium(I1)*’

MTs bind up to seven divalent metal cations usisgcomplement of 20 cysteines. For
saturated (M)7-BaMT, the coordinated metals are clustered into tistirect domains: an
N-terminal(3 domain that uses nine Cys to bind three metals; arC-terminabkk domain
that binds four metals with 11 Cys. The structuofsthese metalloclusters were
elucidated using**cd NMR? and X-ray crystallographidechniques?® The structures of
Zns- and Cd-MT show that the two-domains are separated by allsmariable length
(depending on the species and isoform) linker reghdo NMR or X-ray structures are

available for unsaturated MTs due to increasedifinality of the protein.

There has been much discussion regarding the dgmeyrerties of metal-saturated MTSs.
For example, the binding mechanism of cadmium and o apoMT has traditionally

been reported to involve a domain-specific mechmamidere the first four metals bind to
the o domain cooperatively. The two-domain structurepdeld by metal-saturated MTs

has also been suggested to be an important factbeiMT-protein interactions that are a

DA version of this Chapter is in press:

Reproduced with permission from: T.B.J. Pinter, &hd. Stillman.Biochem. J. (2015) , in press, DOI:
10.1042/BJ20150676. Copyright 2015 Portland Press.
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necessary element of the metal homeostatic rol®Tsf'* The evolutionary advantages

of the MT domains have also been investigat&d:

Less is known about the domain properties of pirtraetallated MTs, though they do
existin vivo, as demonstrated by multiple studi®¥ The proposed functions of MT
require either accessible cysteines (for metal axgh), free cysteines (to be used for
redox chemistry by forming disulfides in respongeokidative cellular stress), or open
coordination sites (from the synthesis of the uplagpn of MTs in response to acute
metal toxicity)* #* The structures adopted during metallation, andptioperties of the
intermediate metallation states ¢&3aMT for zinc), dictate the type of chemistries that
occur in vivo. The zinc binding affinities of Zn-BaMT, for example, permit zinc
donation to zinc dependent apo-enzy’fes.On the other hand, the first three zinc bind

to MT with higher affinity forming Zns-faMT, which is well suited for zinc storage.

Carbonic anhydrase, the enzyme that catalyzesytiation of carbon dioxide to form
carbonic acid driving respiration, binds a singteczon in its active sité* This zinc ion

is solely catalytic, with no significant change protein structure upon removal of the
zinc® Previous work on the interaction of MT with CA demstrated that zinc-saturated
MTs donate a single zinc ion to apoGA%*? Other reports have shown that apo- and
Zn;-MT are able to exchange with CdCA, through prefiotein interactions (PPIs),

rescuing the enzymatic function of cadmium-poiso@ad®

We recently reported on zinc competition reactidmetween apoCA and apoMT1A
demonstrating that the last two zinc bound to MTs{Zand Zr-MT1A) had binding
affinities that were low enough to permit compeétizinc binding by apoCA, and
therefore other cellular zinc binding sit8sThis report also provided evidence in support
of our current model of MT zinc exchange where tthe-domain Zr-faMT is able to
donate two zinc ions from the metal-saturated ehest domains to form Z#aMT, a
structure using all 20 Cys in terminal coordinatiwinthe five zinc ions™ ** However,
despite the clarity in the values of the seven NIC dinding affinities, assigning the
location of the cysteines that bound the zinc witiie sequence was not possible so the

actual domain that donated the first zinc was umknoWe also hypothesized that the
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suppression of the first two MT zinc binding affias (relative to the linear trend set by
the remaining five log(K's) was due to tangling of the apoMT strand, byichhwe

mean the unscrambling of the cysteine ligands ftleenapoMT bundle required to form
the tetrahedral coordination. By separating the @los) we challenge the significance of
the presence of 20 cysteines in the intact protaih respect to zinc donation to metal-

dependent enzymes.

In this current report, we relate the zinc bindimgperties of the domain fragments,
determined from competition between the apo-fragsmamd apoCA, to the domain-
effects of zinc binding and zinc donation in théaot protein. We show the metal
distribution between each apo-fragment and apoCAa danction of added zinc to
solutions containing equimolar concentrations a #po-fragment and apoCA. Using
modeling procedures that have been previously destrwe calculated the zinc affinity
constants for the four zinc binding events indMT fragment and the three for tpMT
fragment. The data show that tIT fragment outcompetes the apoCA for added zinc
until it is nearly saturated. The apoCA is ableeftectively compete with th@MT
fragment after Zi3 has formed. These results suggest that the higifésity zinc
binding sites are more localized in thedomain, and the weaker affinity zinc binding
sites in theB-domain. This suggests that the first zinc donatedA is from thef-

domain in the intact two-domain protein.

3.2 Methods

3.2.1  Purification of recombinant MT1A domain fragments.

The amino acid sequences for the separated domsaéetsfor this study were based on
human MT1A. TheB-MT domain sequence comprised 38 residues: MGKAASKC
ATGGSCTCTG SCKCKECKCN SCKKAAAA, and then-MT domain fragment
sequence comprised 41 residues: MGKAAAAC CSCCPMSCBKQGCVCKGA
SEKCSCCKKA AAA. We do note here that these sequemeelude additional residues
in the form of polyA’s to the N and C-termini compd to the native MT1A, which
model the connecting linker region of the intagbjode and also do not significantly alter

metal binding properties. Recombinant MT fragmemtse prepared following methods
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that have been described in detail elsewhere, antippendix A* In brief, pET29a
plasmids, containing DNA sequences correspondinthéosequences for the isolated
domains, were transformed into BL21(DE®scherichia coli. The recombinant
fragments were overexpressed in 4 L of cultureddgsy broth (Miller) supplemented
with cadmium. The cadmium-saturated MT fragmentgewisolated from disrupted
(Constant Systems, UK) cellular lysate with SP aregchange columns (GE Healthcare,
USA). The S-tag was removed from the domain fragmeasing thrombin CleanCleave
kits (Sigma). Purified MT fragments were concemgatusing a pressurized cell
concentrator fitted with a 3K MWCO membrane andestan aliquots at -20°C until use.
All purified protein solutions were thoroughly evated and argon-saturated in attempt

to impede cysteine oxidation.

3.2.2  Preparation of apometallothionein fragments.

Aliquots of purified MT fragments were thawed und@cuum and acidified to pH 2.7
with concentrated formic acid to protonate cysteiaed release bound cadmium. Protein
was then separated from the freed cadmium on Gz25exclusion media equilibrated
with argon-saturated, dilute formic acid (pH 2.HBluted metal-free protein was
concentrated and buffer exchanged with 5 mM amnmonfarmate (pH 7.0) using
Millipore Amicon Ultra-4 centrifugal filter units3( kDa MWCO) under argon. Small
fractions of the final, pH adjusted apo fragmentrevremetallated with cadmium and
UV-visible absorption spectroscopy (Cary 50, Varfaanada) was used to determine
final stock protein concentrationsisonm= 36,000 M'cm™ and 45,000 Mcmi* for Cds-
BMT and Cd-aMT, respectively.

3.2.3  Preparation of apocarbonic anhydrase.

The removal of zinc from carbonic anhydrase folldwmodification of previous
methods” 10 mg of bovine carbonic anhydrase Il (Sigma) diasolved in 4 mL of 50
mM 2,6-pyridinedicarboxylic acid (Sigma), pH 6.00@) and equilibrated on ice for 15
min. Millipore Amicon Ultra-4 filters (10k MWCO) we used to separate zinc-PDC
from protein and fresh PDC was added back to th&ejpr solution. In total, the protein

was treated with 6 aliquots of fresh PDC chelabaoffer to remove all of the zinc bound
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to carbonic anhydrase. To remove PDC, the apo-pret#ution was buffer exchanged to
argon-saturated, 5 mM ammonium formate, pH 7.0l vn@ti PDA was detected in the
filtrate. The concentration of the apoCA was deteed immediately prior to MS

experiments using UV-visible absorption spectroga@egonm= 54,000 Mcm™*). 3> %

3.2.4 Zinc and cadmium titrations.

5 mM zinc acetate (Fisher Scientific) was prepaiedleionized water. In separate
experiments, equal concentrations of either @idd- or apoeMT were mixed with

apoCA in acid washed vials. Equivalents of zinceviédren added to the mixed protein
solutions under argon atmosphere. These solutiosr® wquilibrated on ice for 3-5
minutes before ESI measurement. No change in detiwas observed with longer
equilibration times (up to 120 min data not showe stepwise addition of the zinc
continued until each protein was zinc saturatettaions were repeated in triplicate. The
zinc content of the apo-proteins, stock zinc solutand titration endpoints were verified

using atomic absorption spectroscopy (AA 240, far@anada).

3.2.5 ESI-MS parameterizations.

The ESI mass spectral data were collected on aeBidicro-TOF Il (Bruker Daltonics,
Toronto, ON) operated in the positive ion mode lralied with Nal as an external
calibrant. The settings used were: scan = 500 0 40/2; rolling average = 2; nebulizer =
2 Bar; dry gas = 85°C @ 6.0 L/min; capillary = 4000 end plate offset = -500 V;
capillary exit = 175 V; Skimmer 1 = 30.0 V; Skimnter 23.5 V; Hexapole RF =800 V.
The spectra were collected for a minimum of 2 nesuand deconvoluted using the

Maximum Entropy algorithm of the Bruker Compassd2atalysis software package.

3.3 Results

3.3.1  Competition for Zn** between apoCA and apo-aMT.

Figure 3.1 shows a selection of the deconvolutedsnsaectral data recorded during the
titration of Zrf" into a solution of apoCA and ap®AT. This figure show the stepwise
formation of zinc saturatedMT and ZnCA (Figure 3.1F) over six steps of theatibn

(Figure 3.1A-F). The species have been plottediveldo the most abundant species in
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the solution for each protein: apdT and apoCA in Figure 3.1A and #aMT and
holo-CA in Figure 3.1F. The mole equivalents ofczadded (indicated in each panel of
the figure) were determined from the amount of ddeiec based on the concentrations
of the two proteins in solution, and verified by S8Ameasurements. These mole
equivalents are stated as the amount of zinc redtdr saturate a single zinc binding site,
thus 5 equivalents are required to complete thatibin for the four zinc binding sites in
aMT and the one zinc binding site in CA. A very shiedction of the MT did oxidize by
the end of the titration, but this did not impdu results of the fitting.

apoaMT + Zn** === Zna MT
ZnaMT + Zn** === Zn,a MT
Zn,aMT + Zn** === Zn,a MT
In,aMT + Zn** === Zn,a MT

Vs.
K

apoCA + Zn™* =“=holoCA

Scheme 3.1: Competitive and sequential metallatiomeactions of apoeMT and
apoCA.

Figure 3.2 shows the relative populations of edctihn® zinc species during the stepwise
zinc titration that were extracted from the decdatexl ESI mass spectral data. Figure
3.2A shows that apaMT metallates non-cooperatively with zinc under tdoaditions of
the experiment as previously described at highe?'fEach of the fivetMT species (apo
to Zny) dominates the species distribution for the amadirzinc added to the solution as
expected for non-cooperative binding:4MT dominates at one equivalent of added
zinc, Zn-oMT at two equivalents of added zinc, etc. Figur@B3.shows the
corresponding apoCA and holo-CA population data Were measured simultaneously
with the aMT data and also plotted as a function of added.Zline apoCA begins to
compete effectively for incoming zinc only afterZaeMT has formed. No significant
amount of holo-CA (ZpCA) was detected earlier in the titration (Fig@.&A-C). The
CA was 50% metallated after approximately 4.2 egjents of zinc had been added.
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Figure 3.1: Deconvoluted ESI mass spectral data recded during the competitive
zinc titration between equimolar (30 puM) apoeMT and apoCA at pH 7.0.
Equivalents of zinc acetate stock (5 mM in gill were added into the mixed protein
solutions and equilibrated for 3 min prior to maasoeent. Each of theMT and CA (a =
apo-, h = Zn-CA) species are highlighted with dasles. The separate mass ranges for
each protein have been individually normalized@6% abundance.

www.manaraa.com



66

We have previously described a modeling procedhat simulates these population
distributions based on the zinc binding affiniti@sthin and between competing

species? *" ¥ Here, the affinity constants of theMiT fragment were determined in a

similar manner, by minimization of the root meanuag difference between the

experimental data (Figure 3.2) and a theoreticéh dat. This theoretically calculated
data set was based on the four competitive, seigiliergversible, bimolecular reactions

that describe the formation of ZaMT from apoeMT and with the competitive reaction

that describes the formation of holo-CA from apo(&&heme 3.1). In these models, zinc
distribution is determined by the thermodynamicadhgferred occupancy based on the
relative values of the individual binding affinie

1.0
0.8 —
0.6:
0.4:

0.2

% Relative Population

0.0 : . ot
0 1 2 3 4 5

1.0
0.8 —
0.6 —
0.4—.

0.2

% Relative Population

0.0

SRR, ARk (et ST Sty s

Equivalents of Zn(ll) Added
Figure 3.2: Extracted experimental speciation proles from the competitive zinc
titration of equimolar mixtures of apo-aMT (A) and apoCA (B) at pH 7.0. The
fraction of each species has been plotted accotditfye stoichiometry of the zinc added.

An equivalent means zinc added for one metal bodite. The lines have been added as

guides with no theoretical significance.
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Figure 3.3 shows the population curves calculated the model of the stepwise
competitive zinc titration of apaMT and apoCA. This is the model that best fit the
experimental data set shown in Figure 3.2. Toitat# evaluation of the accuracy of the
model, an overlay of experimental data points aedlipted modeled speciation is shown
in Figure C-1 (Appendix C). These population dmitions are based on the four zinc
affinity constants o6MT (Figure 3.3A) coupled to the single zinc affindonstant of CA
(Figure 3.3B). The relative magnitudes of the diitxs are thus anchored to the known
value for CA of logo(Kg) = 11.4 at pH 7? The fouraMT zinc affinity constants that best
fit the experimental data were Krq, 1-4): 13.5, 13.2, 12.7, and 12.6. Since the
affinities are linked, the quality of the fit fomeh of the four calculated zinc affinities
depends on all of the other values. Because theelmedminimized and all of the
affinities simultaneously determined in a singlepstwe are confident in our assessment
and estimate the error for each value at < +0.2iluts.

1.0 -
5 s \A
2 03 12.56
) —— apoaMT
2 0.6 1345 1315 —— Zn aMT
o 12.70 Zn aMT
S 94 Zn aMT
'_6 0.2 Zn oaMT
@
\o oo T d T . 1 o T B 1
0 0 1 2 3 4 5

Equivalents of Zn(ll) Added

-
o
J

0.8
0.6
0.4

0.2 4

0.0

% Relative Population

Equivalents of Zn(ll) Added

Figure 3.3: Simulation of the competitive zinc metiation of apo-aMT (A) in the
presence of apoCA (B)This simulation uses lggKr of 13.5, 13.2, 12.7, and 12.6 for
theaMT affinity constants. These affinity constants evdetermined by minimization of
the RMSD between the simulated data and the expatahdata and the relative
affinities anchored to the known zinc affinity cearst of CA (11.4)°
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3.3.2  Competition for Zn** between apoCA and apo-BMT.

Figure 3.4 shows representative deconvoluted ESismspectral data measured during

the stepwise competitive zinc titration of a sauatiof apoBMT and apoCA. This figure

shows the eventual formation of zinc-saturategt@T and holo-CA (Figure 3.4F) as a

function of six of the steps of the zinc titratetbi an equimolar solution of afgMT and

apoCA (Figure 3.4A). Here, four equivalents of z{titwee to saturate af@MT and one

for apoCA) are required to complete the titratidigain, as with then-MT, a small

amount of thg8-MT oxidized due to micromolar amounts of dissolweggen.

The relative population distributions for each bk tspecies present during the zinc

competition between apg@MT and apoCA were extracted from the ESI mass splect

data and are shown in Figure 3.5, which shows zimat binds to ap@MT also non-

cooperatively (ZeBMT dominates at one equivalent of added zinc,-@MT at two

equivalents, etc.). Figure 3.5B shows that the #po@npetes effectively with Znand

Znz-BMT. Therefore, less of the incoming zinc binds mmpnally to the PMT

fragment, and as a result Zrand Zn-BMT metallate later in the titration. The shape of

the metallation curve for apoCA is neither lineagmodal, nor exponential, as a function

of added zinc. This is significant as the trendhietallation as a function of added*Zis

dependent on the relative values of the three bmdifinities of the competing species

as a function of the amount of added zinc. The #@polas 50% metallated at

approximately 2.5 equivalents of added zinc.

apo BMT + Zn" —== Zn BMT
Zn BMT + Zn** —=2= Zn, BMT

Zn, BMT + Zn®* —=2= Zn, BMT

VSs.
K

“— holoCA

apoCA + Zn™"

Scheme 3.2: Competitive and sequential metallatioreactions of apopMT and

apoCA.
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Figure 3.4: Deconvoluted ESI mass spectral data readed during the competitive
zinc titration between equimolar (30 uM) apoBMT and apoCA (a-CA) at pH 7.0.
Equivalents of zinc acetate stock (5 mM in gill were added into the mixed protein
solutions and equilibrated for 3 min prior to maasoent. Each of theMT and CA (a =
apo-, h = Zn-CA) species are highlighted with daslmees. The separate mass ranges for

each protein have been individually normalized@6% abundance.
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Figure 3.5: Extracted experimental speciation profes for the competitive zinc
titrations of equimolar mixtures of apofMT (A) and apoCA (B) at pH 7.0. The
fractional presence of each species has been glatmording to the stoichiometry of the
zinc added. An equivalent means one metal binditeg $he lines have been added as

guides with no theoretical significance.

We also modeled the competition between the [#dd-and apoCA for zinc using the
same procedure as described for apbF with apoCA above. Figure 3.6 shows the
relative population distributions calculated frohe tbest fitting model of the reaction.
The model was also based on minimization of the RNb&tween the data in Figure 3.4
and a theoretical dataset created by modelinghite® treactions that describe formation
of Znz-BMT from apoBMT competing against apoCA (Scheme 3.2). Herefi& zinc
affinity constants that best reproduced the expamtal data were lagKrg, 1-3): 12.2,
11.7, and 11.4 (x 0.2). The values of these thiee afinities demonstrate why apoCA
(logioKe = 11.4) competes with Znand, much more effectively, with ZBMT, for the

added zinc.
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The experimental data for the apMT vs. apoCA zinc competition (Figure 3.5) were
more accurately reproduced by the model for@NE speciation. We have provided an
overlay of the modeled population curves and thgeamental data points for this best fit
for assessment of the model in the supplementdoynmation (Figure C-2, Appendix C).
We do note that this model less accurately represlibe CA population curves. This
may be due to the simplicity of the model and tlaure of the sequential, linked
reactions. We have also included a fit that weightee apoCA trend more heavily and
used a more flexible convergence criterion. The i@étallation data for the alternate
model were predicted more accurately, but at tis¢ abworse fitting to th@MT species
(Figures C-3 and C-4, Appendix C).

c 1.0 apopMT
o 1 Zn pMT
b — —
g 08 Zn MT
g_ 1 12.24
S 0.6 Zn pMT 11.42
o 4
® 04 11.74
2
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T 0.2
m 4
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0 1 2 3 4
Equivalents of Zn(ll) Added
c 1.0
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0 1 2 3 4
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Figure 3.6: Simulation of the competitive zinc metation of apo-BMT (A) in the

presence of apoCA (B).This simulation uses legkr of 12.2, 11.7, and 11.4 for the
BMT affinity constants. These affinity constants eveetermined by minimization of the
RMSD between the simulated data and the experithdata with the relative affinities

anchored to the known zinc affinity constant of (14.4)%

www.manaraa.com



72

3.4 Discussion

3.4.1  Structural properties of MT

To place the significance of these results intepective, it is necessary to briefly review
what is currently known about the structural prosrof MTs. In the absence of metals,
apoMT shows no well-defined structure; it existsaaglobular, bundled structure shown
through molecular dynamics calculatiodi$;RET experiments: and the fact that apoMT
runs similarly to Zn-MT on Sephad&With the introduction of metals, this “bundled”
peptide chain has to undergo significant structtgalganization to facilitate tetrahedral
metal coordination with the four cysteinyl thiolafé ** * Regardless of which thiols
initially bind to the incoming metal, the fluxtiolitg of the MT peptide strand, coupled
with the lability of the coordinated metals, ensuréhat the most favourable
thermodynamic product is formed. The complexitytiod series of rearrangements that
takes place as each metal is added can be und#nsteen one considers the sequence
and the folding required for four cysteinyl thidls bind tetrahedrally to just a single
Zn**. For divalent metals, saturation leads to a furtioenplication with the formation of
a combination of bridging and terminal cysteinegha two clustered domains. In the
absence of cooperativity (as shown here in the &8&) the successive formation
constants decrease and the separated domains #gipearthe titration, after all terminal
cysteines have been exhausted in the formatioivef[Zn(Cys)]? units. The thiolate
sulfurs have to bridge to support the two additionatals. The formation of the clusters

results in the protein coalescing into the two-diomsaructure’

The bonding network within the clusters is diffdréar the Zn-aMT and Zn-MT
fragments. ZgBMT uses nice cysteines (three bridging and six ialty) while Zny-
aMT has 11 cysteines (five bridging and six termindhe ligand:metal ratios are 3.0
and 2.75 foBMT and aMT, respectively. There is only limited definitiveformation
available on the structures formed for unsaturatepartially metallated species (Z#
BaMTs). The binding of cadmium to apoMT has been regubto occur in a domain-
specific manner, where the first four equivalerft€admium added bind exclusively to

the o domain, cooperativelf’* * As zinc and cadmium have long been considered
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isomorphous in their properties, these data haee badely applied to describe the zinc
binding characteristics of MTs, even though there few studies that have used
specifically zinc. In one such study, zinc bindiiogthe apoMT2 isoform was monitored
using ESI, which suggested that zinc binding wagely cooperativé® We propose that

the difference between those data and the dathisnréport is due to fundamental
differences in the experimental design. In the fmnthe zinc was added to apoMT2 at
low pH and the pH was adjusted back to pH 7. In ékperiments presented in this
report, the zinc was added directly to the apoMT pHY. There could also be different

pH dependencies for cooperativity between the rsago

3.4.2 Pastresearch on zinc binding properties of MTs

The zinc binding properties of MTs have been ingestd since MT was first
discovered? though not until more recently have the average binding affinities of
MT been reported (Table 3.1). Both MT1 and MT2 boatimium and zinc with high
affinities. Proton titrations of the separated zsaturated domain fragments of MT2
showed average zinc affinities for tRdragment as logKr = 11.3 (average apparefit).
This value is comparable to the average of theethmedeleBMT zinc affinities reported
here (average lagKr = 11.9). Though 0.6 log units seems a large discrey, we
consider the approximate agreement as verificabbrour methodology, especially
considering that the data are for different isoferinave been determined using vastly
different methodologies, and falls within one orddr magnitude of other apparent
average affinities determined for MTs. Averagenafiies for the seven zinc binding sites
have also been reported: lg§r = 12.9 from proton titrations of MT2 11.5 and 10.8,
from competition experiments between the chelate/BAPTA and MT2 and MT3,
respectively’? MT2 has also been shown to transfer only a sinigie to apo-SDH which

has a zinc affinity (I§ = 6 pM) similar, but slightly less than that of GKp = 4 pM)>

Previous work using the MT2 isoform suggested it highest affinity binding
constants (for the first four zinc added) boundcamth approximately the same high
affinity, and that the last three were each bounth Wower, sequentially decreasing

affinities, and also suggested one very low affimiith logio(K) of > 8>* The very low
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binding affinity was later shown to be an artifatthe apoMT preparation procedure,
rather than a fundamental property of MT©ur studies on domain-domain competition
between the individual domains and with the infd@lA protein revealed that the first
four zinc bound also with differing affinity, expding the “ladder” of K's from four to
seven, one for each metal bound to 8pMT.%" *° We followed with a report on the
competitive zinc titration between the full rhMT1protein and apoCA where we
determined values for each of those seven indepérmac affinity constants, and
simultaneously confirmed the lack of any very loimczbinding affinity as had been
suggested (or else the CA would have outcompetedrighy weak site entirelyy. The
seven affinity constants span a range of zinc &g that appear to permit MT to both
homeostatically control the delivery of zinc to ammwymes and to lock away zinc in
thermodynamically inaccessible pools, propertieg #re dependent on the intracellular
concentrations of zinc, MTs, and other zinc bindipgpteins. However, questions
regarding the domain properties with respect tolibh the zinc storage (for the first
bound, high affinity sites) and zinc donation (fioe last, most weakly bound low affinity
sites), remained. Particularly, it was not cleatichbsection of the peptide exhibited the

highest or lowest affinities.

The transfer of zinc from MT to apoCA has been gheavfollow a PPl mechanism from
the bimolecular reactions reported by Petering @wlorkers>” *® However, there is no
definitive structural information showing possibéxchange location. The dumbbell-
shape of ZpBoMT includes two crevices that expose on the surfdmea and 3
metalloclusters that could permit metal donatianfreither domain. Robbins and Stout
also reported on the solvent accessibility of thkuss in the two domains of the crystal
structure, finding that the four sulfurs bound teainc in thg3 domain had the highest
solvent accessibility (than all other metals), whimay be key to the more efficient

competitive metal transfer from tifedomain to the apoCA in the PPI.

The competition experiment, where two species céenfir a common metal exploits
differences in affinitie§’ The zinc occupies the binding site of the most
thermodynamically preferred coordination mode. Ehesperiments provide the relative

affinities of the competing species directly with analysis, as the values are apparent
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from the observed speciation. We modeled the effettcompetitor strength on zinc

distribution between two competing species in orevipus report’ In this current

report, we have modeled the zinc affinity constaitthe individual domain fragments.

These models were based on ESI mass spectral @éatsured during competitive zinc

titrations between apoCA and metal free MT domaagrinents. The modeling of the

complete competition reaction, with stepwise bigdof zinc to both proteins (MT and

CA), locks the modeled domain zinc affinities t@ tknown value for CA. Our current

models provide strong evidence that this methooh@deling as originally demonstrated

for the intactBaMT protein is an accurate means of calculating l#tgler of binding

affinities (the seven independent' «for zinc binding t3aMT).

61-63

Table 3.1: Comparison of reported average zinc affity constant data of MTSs.

Isoform Domain Method pH Reported Ref.
avg.
(logi(Ke))
MT1 Ba NTA Competitior 7.4 11.3¢ o
Bo H,KTMS, Competition 11.10
MT2 B Proton Titratiol 7.C 11.3( >
MT2 Ba Compettion with 7.C 12.8¢ >
8-hydroxy-quinoline-
5-sulfonic acid
MT2 Bo Zinc titrations an 7.4 11.5¢ e
competition with
FluoZin-3 and RhodZin-3
MT2 Bo Competition with PAF 7.4 12.5( o0
MT2 Bo H,KTSM, competitior 7.4 11.2¢ 64
MT1 and Ba NTA + H,KTSM; + 7.4 11.2¢ 64
MT2 ] Proton 11.22
average a Competition Results 11.25
Averaged
MT2 Ba 5F-BAPTA 8.C 11.4¢ %2
MT3 Bo competition 10.79
rhMT1A Ba Competition betwee 9.2 12.77 3t
B apoMT strands 12.45
o 12.24
rhMT1A Ba Competition with apoC.  7.C 12.3( %0
rhMT1A B Competition with apoC.  7.C 11.9: This
o 13.11 work
B+a Sum of fragments 12.88
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3.4.3 Competition between the apofragments and apoCA

Figure 3.1 demonstrates that tEIT fragment outcompetes the apoCA for the added
zinc. Figure 3.1A-C, where apiMT, Zn;-oMT and Zn-oMT dominate, show no
detectable amount of zinc binding to the apoCAs hot until after the formation of the
weaker bound Zn and Zn-aMT species are formed does the CA begin to metallat
(Figure 3.1D-F). In fact, by the point in the tttcan where CA is only ~50% metallated,
the oMT fragment is essentially filled. These resultsndestrate experimentally and

conclusively that theMT fragment affinity constants are all greater tiiaat of CA.

The relative concentrations of each of thg-EfT species can be estimated from the ESI-
MS data, as was first shown by Fenséfawe have used similar methodologies in the
past to study the kinetics of arsenic binding tdawss MTs 12 % % \we normalize each
protein only against itself as the intensities lnd ESIMS peaks have been shown to
remain approximately the same for different metalla states of the same
protein/isoform at the same pgl.There are numerous other examples of thermodynami
properties determined from similar ESI-based expents from other research groups,
even specifically for MT. The Palumma group deterdi copper binding affinities of
various copper binding proteins, including MT wi$I-MS/" " The Russel group used
peak intensities to determine relative cadmium inipa@tonstants of MT2® And, finally,

the Blindauer groufy ” and Freisinger grodd ”’ used ESI-MS data (including peak

intensities) to characterize metal binding and rications to MTs.

Each Zr-aMT (n = 0 - 4) species develops and dominates thiespkciation in turn as a
function of the amount of added zinc as shown m ektracted speciation profiles in
Figure 3.2A. The non-cooperative filling of thelomain is demonstrated by the presence
of the dominating species at each equivalent of anided (ZpoMT dominates at 1 eq,
Zny-aMT at 2 eq, etc.). TheMT fragment saturates when only slightly more tiaur
equivalents of zinc are added due to the lack ehpmiition by the apoCA. This is
reflected in the results for the apoCA metallatinrFigure 3.2B where no appreciable

amount of apoCA metallates until a significant fiaec of Zrn,-oMT has formed.
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The fact that theMT fragment outcompetes apoCA for zinc binding liestark contrast
with the results of the apg@MT fragment metallation (Figure 3.4 and Figure 3'B)e
data for the zinc competition between the 8pbF fragment and apoCA indicate that the

BMT zinc affinities span a range over which apoCA campete efficiently.

Figure 3.4A-B shows that the first metal binds atmexclusively in thMT fragment,
with no significant amount of zinc detected boundXA. Then, as th@MT fragment
fills, the CA competes with the lower affinity Znand Zn-BMT species (Figure 3.4C-E).
The CA is also saturated before fBEIT fragment (Figure 3.4F). This trend becomes
more apparent when the populations of the specigsglthe titration are plotted (Figure
3.5). The appearance of Zrand Zn-BMT is shifted to later in the titration due to tGé&

binding zinc between 1-3 equivalents of added zinc.

The binding of zinc to apoCA during the competitiith BMT (Figure 3.5B) occurs
nonlinearly and mirrors the span of the zinc affgs of theBMT fragment. This is
because populating the apoCA depends upon thetyafbihthe species against which it is
competing. Between 0 and 1 equivalents of zinc ddthe apoCA is competing with the
highest affinity Zn-BMT, and very little zinc is bound by apoCA. Thiglicates that Zp
BMT has an affinity that is beyond the reach of apoChen between 1.25 and 2.25
equivalents of zinc added, the apoCA binds a grefagetion of added zinc as it
competes with the more favorable 8MT affinity. Finally, from 2.25 to 3.25 eq of zinc
added, the apoCA metallates sharply, when it ispimg mostly against formation of
the weakest affinity ZapMT.

3.4.4  Evidence for domain interactions in intact pa-MT that

modulate zinc affinities
The values determined for the zinc affinities of ##MT (Figure 3.3) an@3MT (Figure
3.6) fragments are shown in Figure 3.7. The bindiffghities decrease linearly as a
function of binding sites. We have included thecukldted data for the intact protein on
the same axis (pink triangles) previously reporfid comparison. The seven binding

constants of the intacBaMT show that the first two zinc binding affinitieare
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significantly depressed relative to the linear drewWe had interpreted this to indicate the
tangling of the apo-peptide within the globular Blenand the resulting scrambling of the
set of cysteine ligands required to form the teatynbound zinc ions. The zinc affinities

of the fragments do not show this same depres$\suggest that this is due to the
shorter chain lengths becoming less bundled andcyiséeines are thus more easily
reorganized to form the metal binding sites indpe-proteins. Therefore, the formation
of the “binding sites” upon zinc addition requir@s lesser degree of structural

reorganization.

13.6 —I—ZnnaMT

13.2- \-\!\ —u—2n pMT
12.8 - Zn(M)BM:F
124 A 4 ZnpenT

; A

c:j—’ 12.0 - A
S ] A
- 11.64

11.2-

T T T T T T T T T
1 2 3 4 5 6 7
(Zn) MT

Figure 3.7: Comparison of the calculated zinc affity constants for zinc binding to
aMT1A (black) and BMT1A (red). The symbols show the calculated binding constants
and the lines show linear fits to each set. Themmashed line shows the linear fit for
the B fragment affinities shifted by four to illustrathe expected linear trend for
connected fragments. *Affinity data for the zinaling to the intacfaMT replotted

from ref® (pink triangles).

The significant result of the binding constant d&jaorted here is that only the first two
zinc binding affinities are modulated by domain-dam interactions when the two
fragments are linked together in the intBeMT. We have shown that tHfEgMT binding
affinity constants shifted by four sites to simeldinking of the isolate@ and thea
fragments (green squares) overlap the affinity t@ons of the intact protein.
Surprisingly, the linear trends between theomain (solid black line) and the+ shifted
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B (dashed green line) are practically co-linearsTimearity spans the range of the intact

BaMT protein.

The difference between the trend for the sum ofitkdeszidual a and fragments (4 + 3
sites) and the intaddaMT (7 sites) shows that the intact protein chaingte (and
number of cysteines) influences the resulting miiladling properties. Our quantitative
data show that this change is not as previouslgudsed, namely due to the linker
between the two formed clusters for the saturat&ti protein. The difference is due to
the effects of strand unbundling and cysteine sbliaug for the first two metals bound
only. However, fully metallated Zf3aMT, which absolutely has the metals separated
into the two ¢-4 sites +3-3 sites) distinct domains, likely donates the vesakbound
zinc from thef3 domain. Formation of (Zs%;1)(Zn:Se)-BaMT (a-4 sites +[3-2 sites)
following a zinc donation event, likely leads tcorganization of the cysteine ligands
where the zinc ions are bound by cysteine ligamtgsa the length of the peptidg3(6
sites, i.e. there are additional rearrangemenbogtior the longer intact MT compared to
the shorter domain fragments) and not into spedfitnains, as inferred from the

stabilization of the intact protein data vs. thpasated fragment domains.

3.5 Conclusions

In this Chapter, we have shown the precise metaflastatus of MT1A fragments
competing with CA for available zinc. The ESI magectral data show that apoCA
competes effectively only with the weakest bountcziZn-oMT and Zn.s-MT. We
have calculated relative zinc affinity constantsdach of the zinc binding events in both
fragments and locked these affinities to the knaffimity of CA. The affinities in both
domains decrease linearly as a function of the rmumabremaining zinc binding sites.

Comparing the affinities of the separated domaitth whe intact MT1A protein, we
suggest that in the afg@MT significant scrambling of the cysteines of th& Mrotein
strand depresses the first two zinc affinities.ngghe affinity data of the fragments, we
propose that the zinc is donated from the N-termecluster in Zp-BaMT. The

stabilization of ZgpaMT and Zn-BaMT, relative to the isolated domains, was
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suggested to be a result of increased plasticitjmétal coordination due to the longer
peptide chain and greater number of cysteine ligaiidese data provide support for, and
new details on, the homeostatic interactions of #Mill zinc enzymes in regards to the

zinc donation and binding properties of MT1A andestMTs in general.
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Chapter 4

4  Domain selection in metallothionein 1A: Affinity
controlled mechanisms of zinc binding and cadmium
exchangell

4.1 Introduction

Zinc is intricately involved in a myriad of essattibiological processes, including
enzymatic catalysis, respiration, protein foldirmgll signaling, and tissue growtf.
These functions are significantly disrupted in giresence of cadmium from common
sources of chronic cadmium exposure or more raaelyte cadmium poisonifigThe
effect of cadmium toxicity on organisms has beefi decumented, though the details
of the toxicological action at the molecular lewe not fully understood.” Cellular
function is maintained only within a relatively naw range of zinc concentratidhand
even low cadmium levels disrupt tHisThe family of metallothionein proteins is
considered to be largely responsible for maintgnine homeostatic control of zinc
levels. It has been widely proposed that metalwtbin is also involved in the
detoxification of cadmium.Currently, this detoxification mechanism is thoughoccur
in a domain-selective fashidf.

Metallothioneins (MTs) are a superfamily of cyseench, metal-binding proteins that
are found in all forms of lifé> ¥ MTs bind biologically-relevant metals with relatiy
high binding affinities (I§). In vivo functions of MTs include metal homeostasis and
detoxification of toxic metal§® * MTs are generally characterized by their relagivel
small size (60-70 amino acids for human MTSs), argh ftysteine content, with up to
one-third of the sequence comprised of Cys resitliliée redox properties of these thiols

have also implicated MTs in the cellular respomsexidative stres§:°

DA version of this Chapter has been published:

Reproduced with permission from: T.B.J. Pinter, Gline, and M.J. StillmarBiochemistry 54 (2015):
5006-5016. Copyright 2015 American Chemical Society
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There are four known isoforms (and numerous subists) of human metallothionein:
MT1, MT2, MT3 and MT4. The human MT1 and MT2 isafts are involved in zinc

homeostasis and heavy metal detoxification. MT3 lsliidl are expressed in specialized
cells and tissues: MT3 in neuronal and glial biefls, and MT4 in squamous epithelial
cells’” All human MT isoforms have a high degree of segaeronservation and, for the
divalent metal-saturated species, a two-domain Inmtester structure in which the
domains are arranged in a dumbbell-like fasHfoi.is important to note that structures
have been determined only for the metal-saturatéils,Mas the apo and partially
metallated forms of MT are too fluxional, prohibgi NMR structural analysis and
preventing crystallization. Significantly, this tvedmmain cluster structure is formed only

when MT is nominally saturated with seven divalemwtals™

Figure 4.1: (A) Protein structure, (B) metalloclusers of thep and o domains of zinc-
saturated rh-MT1A.

The structure of the metal cluster is dependertiaih the stoichiometry of added metals
and the preferred coordination number of the met&l(** For zinc- and cadmium-

saturated human MT1A (Figure 4.1) the N-termifadomain binds three metals using
nine cysteine thiolates and the C-terminalomain binds four metals using 11 cysteines;

all of the metals are tetrahedrally coordinatedulgh a combination of bridging and

www.manaraa.com



87

terminal thiolates (Figure 4.1BJ.Past research has highlighted the significancthef

metal-saturated, two-domain structure and its eslee to the metal binding and release
properties. However, recent work by Chen et“aKrezel et al?* and the Stillman
groug” has demonstrated the importance of intermediatethé metallation pathway

from the metal-free apoMT to the fully metal-satachholo-MT.

The mechanism for detoxification of cadmium by MTcurrently reported to occur in a
domain-specific manner (Figure 4.2, Pathway?2&)his detoxification action can arise
from the binding of Ct by newly synthesized apoMT or via exchange intesZturated
MT. This mechanism was proposed from analyses dfmaam exchange of Zn-MTs
studied spectroscopically in which the domain-sjieeixchange was used to explain the
results that were thought to be related to equitalef metals added and the “magic-
numbers” of MT metal binding. However, spectroscopic methods used in the past
provide the average metal loading of the protehme Tise of ESI-MS to study cadmium-

zinc replacement in the intact MT protein has besgorted previously’

Zn,B + Zn,a Zn,B + Cd,a

3al+4ca2* NC"" 2bl+3Cd2“

Zn(a-n)CdnB + ZnnCd(4_n,a Cdaﬂ + Cd,,a

n=0,1,2,and 3

Figure 4.2: Possible metal exchange pathways for MTThe overall reaction is shown
in Pathway 1 with the substitution of severf Zfblue) for seven Cd (green). A domain
specific model in which the majority of the zincsigbstituted in one of the domains first
as shown in Pathway 2. The random replacement modehich the metal exchange
shows no significant metal preference between timaihs and the metals are scrambled
between the domains randomly as shown in Pathway 3.
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Much of the current knowledge regarding domain gpéy in MTs is based on results
obtained from partial digestion of the MT straneafling one of the domains int&tpr
the cadmium titrations of apoMTs, studied BY¥Cd NMRZ?** Specifically, a pH
dependence on the chemical shifts (and therefarectimium cluster formation) has
been reportedf Significantly, these NMR studies report that bimglof cadmium to the
apoMT strand occurs cooperatively, with the firstif added cadmium ions binding
exclusively to thexw domain, and that these are bound to the proteih thie highest
affinities 3 Furthermore, it has been suggested that mixe@GeMT forms specifically
Cds-a,Zns-B-MT in a highly domain selective manriér®* Other NMR experiments have
demonstrated metal excharfgewhich is related to strand fluxionalit§. Finally, the
CdsZn, X-ray crystal structure, obtained from the additiof cadmium to ZyMT,
showed that the two remaining zinc ions were latatehep domain®’

The binding of metals to MT is largely an affindiyiven process. The distribution of
metals within the full MT protein, between the t@omains, as well as with competing
MT strands, is reflected by those affinity conssa(K,r where n = 1-7); the higher
affinity sites will be saturated earli&Previous studies have demonstrated that there are
multiple binding constants for zinc and cadmiumthwan average binding constant
difference of >16 (Kr)* and have shown mixed Cd,Zn-MT species fommitro andin

Vi VO.lO' 35, 40-42

A domain specific model (Figure 4.2, 2a) for cadmidisplacement of zinc in Z#MT
would imply distorted binding affinity ratios €YK*") such that the: domain would
have cadmium to zinc binding constant ratios ahsicantly higher than th@ domain
binding constant ratios to promote cadmium bindéxglusively in theo domain. The
random replacement model (Figure 4.2, 3a) for #ame reaction would involve a
random ordering of binding affinity ratios or a sétbinding affinity ratios close enough

that the distribution would not dominate the dimttion of metal in a specific domain.

In this Chapter, we report the fragment and dorpagferences when zinc and cadmium
bind to the isolated andp fragments of MT1A. Detailed competition studiesngsESI

mass spectrometry and CD spectroscopy were usidetéomine the fractional selectivity
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of the two fragments (and later domains) on a mggaietal basis. The high-resolution
data allowed analysis of the fractional changesinding site location selected as the
metal binding domains formed. Our analysis is thst fo show the stepwise preferences
for both zinc and cadmium at physiologically reletvgpH values. The data analysis
provides detailed insight into the formation of flnly metallated protein and indicates
that at pH 7.4 there is no significant trend to domspecificity for either zinc or

cadmium. The ESI mass spectral data provide a fawve domain selectivity index

reflective of the K°Y/K " ratios for each of the seven metal exchange mrati

4.2 Methods

4.2.1  Purification of recombinant fragments.

Preparation of isolated MT domain fragments folldwgreviously reported methods
(Appendix A)* The amino acid sequences for the isolated domsied in this study are
based on the recombinant human MT1A sequence: 8ieesddue p-MT domain
fragment sequence (MGKAAAACSC ATGGSCTCTG SCKCKECKEATKKAAAA)
and the 41-residue-MT domain fragment sequence (MGKAAAAC CSCCPMSCAK
CAQGCVCKGA SEKCSCCKKA AAA). Each of the correspondi DNA sequences
was inserted as an N-terminal S-tag fusion prateémpET29a plasmids and individually
expressed ifEscherichia coli BL21(DE3) with cadmium-supplemented growth medium.
Each protein was expressed and purified separatete cadmium-saturated form. All
purified protein solutions were evacuated and s&tdr with argon to impede cysteine

oxidation.

4.2.2  Preparation of apofragments.

Cadmium was removeffom the purified, isolated MT domains. The protswmiutions
were acidified to pH 2.7 before the released cadmias separated from the apoproteins
on GE Sephadex G-25 size exclusion media usingidoatid in water (pH 2.7) as the
eluent. The apoproteins were then concentrated karifér exchanged with 5 mM
ammonium formate (pH 7.4) using Millipore Amiconttdl4 centrifuge filter units (3
kDa MWCO). Protein concentrations of the final, pHjusted apgMT and apaMT

solutions were determined by cadmium remetallatibsmall fractions of each protein
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monitored using UV-visible absorption (Cary 50, Mar Canada)s,so values of 36,000
M™cm™ and 45,000 Mcmi* for Cds-pMT and Cd-aMT, respectively.

42.3 Zinc and cadmium titrations.

Stocks of 5 mM zinc acetate (Fisher Scientific) &nenM cadmium acetate (Acros
Organics) were freshly prepared in deionized waiad the concentrations of zinc and
cadmium were determined using atomic absorptiorctspgcopy (AA 240, Varian).
Caution: Cadmium acetate is a known carcinogen. Special care should be taken with its
handling and disposal. Equal concentrations of apdT and apaMT were mixed in
acid-washed vials, and the pH values of the rewpltiolutions were adjusted for the
titration. Equivalents of zinc were then added uradeargon atmosphere. Following each
addition, the solution equilibrated on ice for 3rn before the acquisition of ESI data.
Longer equilibration times showed no significanaede in the speciation of spectral data
(data not shown). Once both the fragments wereraatl with zinc, cadmium
equivalents were added following a similar procedurhe room-temperature circular
dichroism (CD) spectra of the solutions were alssasured following each cadmium
addition. Cadmium was added until the fragments i@t exchanged all zinc and were

cadmium-saturated. The titrations were each regeateiplicate.

4.2.4 ESI-MS and CD parameterizations.

A Bruker Micro-TOF Il instrument (Bruker DaltonicEpronto, ON) operated in positive
ion mode was used to collect the data. Nal was @se@dn external calibrant. The
following settings were used: scan’z 500-3000; rolling average, 2; nebulizer, 2 bay; dr
gas, 80°C at a rate of 8.0 L/min; capillary, 4000evid plate offset, -500 V; capillary
exit, 175 V; skimmer 1, 30.0 V; skimmer 2, 23.5 héxapole RF, 800 V. The spectra
were collected for a minimum of 2 min and deconteduusing the Maximum Entropy
algorithm of the Bruker Compass DataAnalysis soféevgackage. A Jasco J810
spectropolarimeter was used to collect CD spedatd. The following scan parameters
were used: step scan; range, 350—220 nm; data fiteim; bandwidth, 0.5 nm; response,
1 s. Spectra were zeroed at 300 nm, and a three fasit Fourier transform filter was

applied to smooth the data.
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Zinc Titrationat pH 7.4 Zinc Titration at pH 5.8
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Figure 4.3: Representative deconvoluted ESI mass eqral data recorded during
the competitive zinc titrations at pH 7.4 (A-E) andpH 5.8 (F-J) of equimolar
mixtures of B-MT and e-MT. The important species are labeled with dasheds.line

Asterisks indicate non-specific zinc adducts.

4.3 Results

The question we wish to answer concerns the binttingtion of the incoming metal

during the isomorphous replacement of zinc by cadmiTo test which fragment the

oL fyl_llsl
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incoming metal occupies, we devised a series ofpetitive titrations in which the
isolateda and B fragments of MT1A, used as a general model, caddhpete for
incoming metals. Key to these competitive reactienthe fact that the two competing
species are at equal concentrations. Subsequeallatien results in occupancy that will
depend solely on the thermodynamically preferrestrihution based on the relative
magnitude of the formation constants. Thus, ir&the following experiments, theand

B fragments are always at equal concentrations lamanietal occupancy will depend on
the relative values of the seven formation constéigt v, where n = 1-7) that govern the

competitive reaction products.

4.3.1 Competitive zinc titration of MT fragments: ESI-MS Data.

In the process of initial metallation, the apoMTastd must rearrange the protein
backbone to accommodate metal binding by the owstside chains. The relative
abundancies in the ESI mass spectral data areserpiedive of the relative concentrations
of the species in solution, as demonstrated preloior zinc® cadmiunt’? arsenic*
and bismutff MTs. Figure 4.3 shows the mass spectral datahfercompetitive zinc
titrations of equimolan andp at pH 7.4 and 5.8 as a function of added zinc.ughove
have previously reported a similar titratinthose results were measured at pH 9.2,
significantly beyond the physiological range. Astteport demonstrates, such a large pH
discrepancy can have effects on the metal bindirapgsties, especially the metal
distributions of Zg-MT, which differ quite significantly at all of tise three pH values
because of the pH dependence of the metal bindexfions.

. apoaMT + Zn** === Zna MT

apoBMT + Zn>* === Zn, SMT e K,
ok InmaMT + Zn™ —==Zn,a MT

Zn SMT + Zn** —==Zn, fMT e X
Zn,aMT + Zn"" —== Zn,a MT

Zn, BMT + Zn** —=4= Zn, MT

ZnaMT + Zn** === Zn,a MT

Scheme 4.1: Competitive and sequential metallatiomeactions of ap@MT and
apoaMT.

As zinc is added stepwise to the competing domaagnients, we observed the

sequential addition of zinc to both fragments aswshin Scheme 4.1. Because the
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binding sites are in direct competition for theczions, the zinc is bound in a sequence
that correlates with the order of the zinc affestibetween the andf3 domain fragments.
For example, at pH 7.4, Figure 4.3 (A-E) shows ttmat 3 fragment binds a greater
fraction of the first equivalent of zinc. In Figude3B, where a total of 1.5 equiv of zinc
has been added, tRdistribution is dominated by Z#8MT with some formation of Zn
BMT. The a species at the same point in the titration shosvapoo form being more
dominant than ZpaMT. These data indicate that, under the conditafribe experiment,
the first zinc binding event takes place in thdomain. At pH 5.8, (Figure 4.3 F-J) the
first zinc also binds to th@ fragment. However, under these acidic conditidhs,a
fragment shows a higher degree of cooperativitypamed to the binding at pH 7.4, and
the order of subsequent zinc binding events is atggh Though the fragment begins to
fill with zinc later in the titration, it saturatesarlier than th@ fragment. For example, in
Figure 4.3, where 5.4 equiv of zinc has been adtiesla speciation is dominated by
Zns- aMT, while thep fragment speciation shows significant apo-;-Zand Zp-pMT
species. The competitive zinc titration data at$Pi from ref® shows a degree of non-
cooperativity even higher than that shown herekat7pt, though the data sets do look

similar.

4.3.2  Competitive zinc titration of MT fragments: Speciation

profiles.
To compare the titration data between the two-domas well as to observe differences
within the fragments as a function of pH, we extsdadhe ESI speciation profiles for the
two fragments as shown in Figure 4.4. This Figweeals information related to the
overall binding properties of each of the two fragns. Panel A and B show the
speciation of thex fragment and3 fragment, respectively, as a function of addeat.zin
Znp-aMT and Zn-BMT are depressed relative to the other speciatraces. This
indicates that the binding of the second and thint ions inaMT facilitates the next
binding events. We interpret this to imply thatustural reorganization of the peptide
backbone occurs such that the subsequent metall&ti@n-oMT is promoted. Figure
4.4C, which shows the zinc speciation of éhieagment as a function of added zinc at pH
5.8, highlights how this effect is even more prammed at lower pH. At pH 5.8, the
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titration is dominated by the formation of the juihetallated ZpoMT; the intermediate
metallation states are all suppressed angdoEAT appears earlier in the titration. This
effect is not observed for ttfefragment at pH 5.8, Figure 4.4D, indicating thHe zinc

metallation mechanism of thefragment is more sensitive to acidic conditions.

1.0 1 1.0
Znoa
- 0.8 Zna 0.8-
.g ana
L; Zno
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o 4
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Q
2 0.4
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=
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0.2

0.0 0.0
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Zinc Equivalents Added Zinc Equivalents Added

Figure 4.4: Extracted speciation profiles of recorédd during the competitive zinc
titrations of equimolar mixtures of apoa (A and C) and ap@ (B and D) MT at pH
7.4 (A and B) and pH 5.8 (C and D)Zinc was added stepwise to the solution of apo-
fragments until both fragments were zinc-saturafEde species have been plotted
according to the stoichiometry of added zinc. Oq@ivelent means the amount of zinc to

fill one binding site. Lines have been added adegiiinking the data points.
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4.3.3 Competitive cadmium titrations of zinc-saturated fragments

at pH 7.4.
Representative deconvoluted ESI mass spectral fdatdhe competitive cadmium
titration of zinc-saturated-MT and -MT fragments at pH 7.4 are shown in Figure 4.5.
This figure, and the corresponding pH 5.8 titratitaia in Figure 4.7, reveals information
about the location of cadmium exchange. Similathtov binding of zinc to the apo
fragments depends on the zinc formation constdrtseoccompetitive reactions shown in
Scheme 4.1, the site of the cadmium replacemergrdispon the relative magnitudes of
the formation constants of the incoming cadmium #rel outgoing zinc as shown in
Scheme 4.2. This means that, starting with the &ggivalent of added cadmium, the
first zinc to exchange will depend on which sites lthe greatest &YK*" ratio. The

ZneCdi-MT species that is most thermodynamically prefémal form.

The ESI mass spectral data in Figure 4.5 show thiathe cadmium exchange at pH 7.4,
cadmium binds to both domains simultaneously. Astglps in the cadmium titration, the
speciation of the metals is mixed between the fexgsm For example, in Figure 5.5D,
the expanded deconvoluted data for 4.2 equiv oedddhdmium shows mixed metal
(Zns-, ZCdi- ZnCa- and Cd-pMT) and mixed metak (Zns-, ZnCch-, ZnCch-,
ZnCds-, and Cg@-aMT) metallation states.

Zn,aMT +Cd* === Cd, Zn,a MT + Zn**
Cd, ZnaMT +Cd* == Cd,Zn,a MT + Zn**
Cd, Zn,aMT +Cd* === Cd,ZnaMT + Zn**
Cd,ZnaMT +Cd* === Cd,aMT + Zn**

Zn,BMT + Cd** == Cd, Zn,MT + Zn’*
Cd Zn, PMT + Cd> === Cd, Zn, BMT + Zn**
Cd,Zn BMT + Cd> === Cd,SMT + Zn**

Scheme 4.2: Competitive and sequential cadmium regdement reactions of Zy-
oMT and Zn;-gMT.

The model for the isomorphous replacement of ziith sadmium (Scheme 4.2) follows
a similar sequential mechanism as shown in Scheind=ach of the zinc ions is replaced
in sequence from zinc-saturated,ZWT to cadmium-saturated G#T in a series of

seven, sequential, bimolecular reversible reactibmshis model, the populations of the
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various MT species are dependent on th&/K " ratios for each of the metal exchange

reactions.

Competitive Cadmium Replacement at pH 7.4
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Figure 4.5: Representative ESI mass spectral dateecorded during the competitive
cadmium titration of an equimolar (31 pM) mixture of Zn4-aMT and Zn3-MT at

pH 7.4. The important species are labelled with dasheesliAsterisks indicate non-
specific zinc adducts. Panel D shows expanded rgpeatata after 4.2 equiv has been
added.
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The extracted speciation profiles for the pH 7.dnslum competitive exchange shown in
Figure 4.5 are plotted in Figure 4.6. Panels A Brghow the amounts of zinc bound to
theo andp fragments, respectively, as a function of moleiajants of added cadmium.
These top two panels highlight the incremental elzse in zinc loading of the initially
zinc-saturated fragments between the two-domaingNI' > Zng-MT 2> Zn,-MT >
Zn;-MT > Zny-MT) as each zinc is substituted by the tighterdsig cadmium ions.
Panels C and D show the populations of increasimghers of cadmium-bound species

also as a function of added cadmium.

1.0

e e e
H» (=2} (=]
1 1 1

Relative Population

o
N
1

0.0 -

1.0

0.8

0.6

0.4 -

Relative Population

0.2

0.0 <= I
0 2 4 6 8 0 2 4 6 8
Cadmium Equivalents Added Cadmium Equivalents Added

Figure 4.6: Extracted speciation profiles recordedduring the competitive cadmium
titrations of an equimolar (31 pM) mixture of a (A and C) andp (B and D) Zn-MTs
at pH 7.4. The species have been plotted according to thehstmetry of bound zinc (A
and B) and cadmium (C and D). Lines have been addepiides linking the data points.
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Competitive Cadmium Replacement at pH 5.8
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Figure 4.7: ESI mass spectral data recorded duringhe competitive cadmium
titration of an equimolar (34 pM) mixture of Zn4-aMT and Zn3-BMT at pH 5.8. The
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4.3.4  Competitive cadmium titrations of zinc-saturated fragments

at pH 5.8.
Figure 4.7 shows deconvoluted mass spectral datdah# zinc-cadmium competitive
exchange reaction at pH 5.8. As cadmium is addexlzinc is replaced in a sequential
manner within each fragment. Figure 4.7B shows hbe first cadmium exchange

reaction largely takes place in théragment.
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Figure 4.8: Extracted speciation profiles recordedluring the competitive cadmium
titrations of an equimolar (34 pM) mixture of Zn-eMT (A and C) and Zn-BMT (B
and D) at pH 5.8.The species have been plotted according to thehgtaetry of bound
zinc (A and B) and cadmium (C and D). Lines haverbadded as guides linking the data

points.
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The extracted ESI mass spectral data speciatiofilgsrdor the pH 5.8 competitive

cadmium titration are shown in Figure 4.8. Agai®, @ompare the different experimental

speciation profiles based on relative populatiath® population peak intensity, and

population peak location to reveal information abdhbe relative site occupancy

following displacement of zinc with cadmium in ttveo fragments.
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Figure 4.9: CD spectroscopic data measured for theompetitive cadmium titration

starting from an equimolar (31 and 34pM) mixture of Zn4-aMT and Zn3-MT at
(A) pH 7.4 and (B) pH 5.8.The inset boxes show the change in ellipticitp4®, 250,

and 260 nm as a function of equivalents of‘Caldded. Red lines indicate solutions

containing Cg-aMT based on ESI mass spectral data.

Circular Dichroism. The CD spectra that were simultaneously measuredeéah

cadmium addition during the stepwise cadmium tiret are shown in Figure 4.9. At pH

7.4 (Figure 4.9A) there is an initial increase he dichroism at 250 nm as the cadmium

displaces a single zinc. A red shift to a 260 nousdher is indicative of the clustering to
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nominally cadmium-saturated &d3MT and Cd-aMT. Finally, the intensity maximum
shifts back to 250 nm because of the formation df&@T at the end of the titration, as
has been previously describ€dThe pH 5.8 data (Figure 4.9B) have similar spéctra
features. The key difference between the spectddilgs is the absence of the strongly
isodichroic point at 250 nm in the pH 7.4 spectiais is likely due to the fact that under
acidic conditions, the formation of GdMT clusters is preferred, meaning that the

fragment exchanges earlier in the titration at lopld values.

4.4 Discussion

4.4.1  Extracting metal binding properties of MT using competitive
titrations.
There has been considerable discussion regardenmétal binding constants associated
with each metal that binds to M¥ .2 % 39 4852 |njtia| reports of binding of zinc to MT
had suggested that all seven zinc ions were boutidapproximately the same binding
constant® This model was refined by Maret and co-workevehen they determined four
independent binding constants (where the four HEiga#inity sites bound zinc with
approximately the samegkand the three remaining sites had sequentiallyedsiog
affinities) and again by our group when we repottezl values of all seven independent
zinc binding constants, one for each of the zimelisig event$® As previous results have
demonstrated, MTs bind zinc and cadmium with hitjimisies.® The fluxional nature of
the apoMT strand, the metal-dependent folding dtaturs during metallation, and the
mobility of the metals between and within the piotall require careful and innovative

experimental designs to assign independent affoatstants.

Competitive titrations have previously been usedttaly the metallation processes of
MTs.? 27448 |n the formation of metal-saturated final produdte MTs pass through
partially-metallated intermediates. For example fbrmation of Zp-MT follows Zns-
MT as an intermediate, which requires formatiorZof-MT, and so on back to apoMT,
(Scheme 4.1). Similar schemes have been proposethéo zinc®® cadmium® and
arsenié* metallation mechanisms for Mf.Some of the proposed functions of MT are

accessible only when the protein is not metal-sé#dr For example, the homeostatic
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control of zinc requires both acquisition and darabf zinc® necessitating the presence
of unsaturated MTm vivo; studies have shown the presence of these unsstuvA sin
vivo.>* Differences in the zinc transfer potentials of te-domains have also been

discussed in relation to the importance of the dorstiucture of the intact MT proteff.

It is important to note that we are extrapolatinfpimation about the intact protein on
the basis of results from titrations of the sepatatomains. Previous work has suggested
that the two isolated domains possess propertias differ from those of the intact
peptide>* Determining the metal distribution in the wholeotein, however, is
complicated by the lability of the metals, espdgiafollowing chromatographic
separations and/or chemical modifications common other studies of domain
specificity. Though the affinity constants of theparated domains are changed upon
domain separation (because of increased fluxighaihd options for domain
reorganization in the larger intact protein stramgd expect that the properties governing
metal distribution between the domains remain d&dbn unchanged, as has been
demonstrated for metal-saturated MTéssuming that the metallation reactions follow a
purely domain-specific mechanism, it is likely thia¢ separated domains would enhance
this feature because the number of interdomainraot®ens between the separated
domains and intact protein is reducécEvidence of interdomain interactions will be
discussed further in Section 4.4.6. Arsenic bindgtgdies showed that the trend in

binding was maintained in the isolated domainstiseao that of the intact proteff.>®

At the MT protein concentrations used in this studynerization of the MT species,
either in solution or in the ESI ionization process possible. However, we saw no
evidence of dimer formation in the resulting ESIsshapectral data. We also note that at
higher metal concentrations, such as the end o€aldenium titration of mixed Zn-MTs
(Where total [C8T] + [Zn?*"] = 500 pM), nonspecific metal binding may occur dgrihe
electrospray process that does not directly coomso the solution phase metallation
states. There were some nonspecific adducts fotoveards the end of the zinc titration
experiments, especially at higher pH (Figure 4. 8€cause of the fact that the cadmium
added replaced the zinc bound stoichiometricallg,are confident that this effect was

minimal for the conditions of the cadmium experinsen
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4.4.2  Comparison of pH 7.4 and pH 5.8 data.

Via substitution of zinc with cadmium in one MT spes, the vertical panels in Figure

4.6 and 4.8 (zinc loss vs cadmium bound) shouldltr@s mirror images. Each cadmium

binding event must correspond to a zinc loss. Hanewe see interesting speciation
profiles for these competition reactions becaugh domain fragments are competing for
the added cadmium and released zinc. For each m#iatitution step, the concentration
of free zinc in the solution changes, and 7 eqtifre® zinc is released by the end of the
titration. As shown in Scheme 4.2, the increasdse@ zinc concentration compete with
cadmium binding, which leads to a redistributiorited zinc and cadmium among the two

fragments governed by the thermodynamic minimurthefK-"YK 2" ratio.

4.4.3 Seven cadmium for seven zinc.

One of the most discussed functions of MT is itditglto detoxify heavy metals. This
occursin vivo through the replacement of the zinc in Zn-MT widdmium.In vivo, MTs
predominantly exist as the zinc-bound form (EAT, where n = 4-7) and not the apo
form, and the binding of cadmium to MT is a resaflthe metal exchange. In this study,
we used Zn-MT1A fragments as the starting poirthefcadmium exchange competition,
which may account for discrepancies between thikwaad previously published results
that showed that the cadmium binding was cooperasind o domain-selective for
experiments that used MTZA Cadmium binds with an affinity @ higher than that of

zinc; zinc binding and cadmium binding have longreonsidered isomorphous.

Past work has suggested that this exchange may atca domain-specific manner,
where the first four added cadmiums are primanlgalized to thex domain of the full

MT. This mechanism was largely developed from dditained through spectroscopic
techniques such as UV-visible absorption, CD, MQIWIR, and EPR and on the
assumption that the MT metallation state was lgrgrimogeneous. Except for NMR
(whose signal intensity is resolved only for thetaheaturated and nonfluxtional clusters
and at millimolar concentrations), these technicaieprovide the average metal load of
all the concurrent species that exist. Howeverstasvn by numerous ESI-MS studies,

the metallation speciation of the MT strand is gigantly heterogeneous, with a spread
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of speciation summing to the average metal loads.data unambiguously confirm and
support this distributed heterogeneous binding n{gagires 4.3, 4.5 and 4.7).

4.4.4  Modeling site selection mechanisms between the a and 3
domains.
Three models of metal selectivity between the damé&r, in the case of our competition
experiments, the domain fragments) are shown inrEig.10. These models show the
expected experimental results for a completel¢Panel A) orp (Panel B) selective
mechanism, as well as for a mechanism in whicheth&rno selectivity between the
fragments (Panel C). Figure 4.10 provides the @eeraetal loading (top panels) and
domain selectivity (bottom panels) of those threedets. The relative selectivity is
defined as the difference in stepwise occupancydet the domains for each incoming
metal. A value of +1 indicates the incoming metalid specifically in the: domain,
and a value of -1 indicates the incoming metal lbospecifically in the domain. A
value of zero indicates the incoming metal wasritsted evenly between both

randomly, meaning no domain specificity.

The first model shows the domain occupancy wiselectivity where the first 4 equiv of
added metal binds to only tleedomain (Figure 4.10A). Once tlaedomain is filled with

4 equiv, the next 3 equiv fills the domain. The final equivalent supermetallatesdhe
domain to form (Cd/Zm)oMT as has been previously descrifédThe modeled
selectivity for theo domain over the domain is based on the order of the binding
constants that describe the reactions in the cotgpeexperiments (Scheme 4.1 and
Scheme 4.2, and discussed above). In this modefptlr sites with the highest affinities

are located exclusively in thedomain.

The second model shows the effect on occupancy pnvdlectivity; the first 3 equiv of
added metal binds to only tiiedomain (Figure 4.10B). Once tRedomain is filled, thex
domain binds the remaining incoming metals. Agéie, modeled selectivity for th@
domain over the domain is due to the order of the binding constamat would generate
this g selective model. In this model, the binding contstan the} domain have affinities

higher than that of the domain, and the binding fsdirected.
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Figure 4.10: Models of selectivity in binding of 2ic and cadmium to MT. Shown are
three possible mechanisms for binding of metals tMTs: (A) an a selective model,
(B) ap selective model, and (C) a model in which there 0 specific selectivity.Top
panels show the approximate speciation for theamesmetal loading in the and
domains. Bottom panels show the domain selectdutyng the course of the titration (+1

for o domain binding, -1 fop domain binding).
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In the final model, there is no specific selecyibetween the domains, and it is clear that
the first 6 equiv of added metal binds equally adhbdomains (Figure 4.10C). After the
first 6 equiv has been added, thedomain is filled and the domain binds the final
equivalent to complete the titration. Once agaims tmodel is based on the relative
magnitudes of the binding constants at each painihg the metal titrations. For this
model, the first six binding constants are mixetieen the two-domains and neither

domain shows selectivity.

4.4.5 Comparison of the experimental data and the models.

Figure 4.11 shows the stepwise, metal-by-metagcsglty calculated from the ESI-MS,
as zinc was added to the mixe@ndp fragments at (A) pH 7.4 and (B) 5.8. The dashed
lines indicate the occupancy per addition if theses 100% selectivity for either the
fragment (+1) or the fragment (-1). It is clear that, at pH 7.4, theren numerous
cysteines in thex fragment bias the results such that there is adttewards thex
fragment. The conclusion is that there is no spesdlectivity that cannot be ascribed to
the greater numbers of cysteines indifeagment (11 vs 9). At pH 5.8, however, there is
evidence of weak domain selectivity. Again, after the first zinads to the3 fragment,
the zinc ions bind to the fragment until thex cluster is filled and the remaining zinc
ions fill the B fragment. Our conclusion is that under acidic ¢comks, there is a weak

selectivity. Then fragment binds a greater fraction of, but nobélthe added zinc.

We next turn to data recorded for the stepwiselatgment of zinc by cadmium (Figure
4.12). This reaction has long been studied becatisiee toxicological implications of
cadmium exposure, and the initial structural datae from cadmium-containing protein.
In the experiments analyzed here, we are able dntifg the fragment (and later the
domain) selection that is the precursor to the donspecificity mentioned in the
literature. The ESI-MS data provide far more detiasin other techniques. Figure 4.12
provides the analysis of the mass spectral datss$ess the fragment selection for each
addition of cadmium. We note that for each cadmiadded, a zinc is displaced,
increasing [Zndee At pH 7.4 Figure 4.12A), we see that the two-domdill with

cadmium evenly.
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Figure 4.11: Experimental data for the zinc titrations at (A) pH 7.4 and (B) 5.8Top
panels show the calculated average zinc loadingdnh fragment over the stepwise
titration shown in Figure 4.3-4.4. Bottom panelswtthe differential domain selectivity

of each zinc addition (+1 far domain binding, -1 fop domain binding).

The selectivity shows a pattern almost exactlydhume as that for zinc. That is, the first
cadmium displaces a zinc in tiiecluster (we now talk about clusters because tlee tw
fragments are saturated with zinc so they exish@swo clustered species, Zysii:- o -

MT and ZnrCys-B-MT). There is, however, little evidence of morarhminor selectivity
for thea domain at pH 7.4. We conclude that, at pH 7.4ietlie little domain specificity

for cadmium displacing zinc.
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At pH 5.8 (Figure 4.12B), there is clearly an irage in the degree of selection of the
domain. The first cadmium still displaces the zim¢he 8 cluster, but then the domain
is preferred. Comparison with the theoretical satiohs shows that the preference is

nowhere near domain specific; rather, there isragaireference for thedomain.
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Figure 4.12: Experimental selectivity data for thecadmium titrations at (A) pH 7.4
and (B) 5.8.Top panels show the calculated average cadmiudiigdy each fragment
over the stepwise titration shown in Figure 4.5-88ttom panels show the differential
domain selectivity of each cadmium addition (+1 dadomain binding, -1 fof domain
binding).
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4.4.6  Potential for interdomain interactions and comparison to

existing data.
It is possible that the separated domains possesal inding properties, including
domain specificity, different from those in thedot protein, because the chain lengths
and cysteine content are different. For examplehesxe previously described a model
metallation pathway for the intact protein, basedie results of metal titrations to MTs
at basic pH, where the first five metals added poMiT bind in a beaded fashion,
forming (M")Cys, beads before clustering, following the addition tefo additional
metals to the two-domain protefhBy definition, this model meant that the metalsitd
initially in a non-domain specific fashion becaufar, example, the (M4(Cys)seMT
species uses 16 of the total 20 cysteines in theifg of the metals, more than occur in
either domain. Because the domain structure isfawhed at this point, we cannot
determine if the metals bound in the early stagékeptitration, (M')1.>MTs, occurred in
either the N-terminal or C-terminal region of th®tein first. The data presented in this
report of the separated domain fragments of MT1lfemx the data in support of the
model [at least for (M).-MTs], showing that the metals are distributed leet the
fragments at all points in the titration. The réswlso hint at interactions between the
domains in the intact MTs that may facilitate mdtimlding and change the metal binding
properties.

These results contrast with those of other studfedomain selectivity® > % % from
most notably NMR experiments of metal titrations MTs. However, data recently
reported by Chest al. showed, using NEM modification of intact MT2 stediby ESI-
MS/MS, that the stable GdMT species had the cadmium bound exclusively ®oth
domain at pH 7.4 An even more recent study by the same group stegfy#isat other
intermediate metallation states had cadmium boarabth domains, and suggested that
the Cd-MT was due to metal rearrangements to form a thdgymamically stable

product®

This apparent discrepancy in the determinatiomefgresence of domain selectivity may
be due to methodological differences in the stydies example, NEM (and other)

modifications may influence the cadmium binding dpdsh” the cadmium toward
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domain-selectivity, which could possibly arise froREM reaction rate differences
between the domains. Alternatively, connectionhef domains in the intact protein may
permit the reorganization of the bound metals fiotas distant on the sequence that is
more difficult for the separated domains to achieM8-MT metal transfers through
direct protein-protein interactions have been regabifor arsenic transfer between MT
species? which is significantly less labile than zinc odeaium. Finally, the difference
in the experimental data could simply be due todifierent isoforms having different
binding affinities for cadmium, as it has been ®gigd that different MTs do show
different metal selectivity’ Clearly, a careful and direct comparison betwdmnrhetal
binding properties of MT1 and MT2, studied undex game conditions, using the same

methodology is required.

4.5 Conclusions

It is becoming increasingly apparent that the tradal model of the two-domain
structure of MTs is an insufficient descriptor bétfunctionality of MT species. It is also
clear from many other experiments that the metalsITs are labile and occupy those
sites with the largest binding constants. Here haee investigated the role of the two
isolated domain fragments of MT1A in zinc acqueitiand cadmium exchange using
competitive metal titrations at two biologicallyleeant pHs. The data showed subtle
cadmium bias for ther fragment at lower pH. All species showed mixed afiation
states at all points in the competitive cadmiumhexge titration, for both the andfp

fragments.

The experimental data, supported by the modelsnbiguously show that, under these
conditions, neither zinc nor cadmium follows a dowgelective binding mechanism
between either of the isolated domains. The bindiffigity constants clearly span both
fragments in their magnitude, resulting in a disition of metals. This distribution is
driven by the interplay of these binding affinitige-"YK<>") that are close in magnitude,

resulting in the non-specific site selection betwte fragments.
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Chapter 5

5 Kinetics of metal transfer reactions between zinc
metallothioneins and carbonic anhydrase”

51 Introduction

Mammalian metallothioneins (MT) are small, multipietal binding proteins with roles
in zinc homeostasis, cadmium detoxification, anltze redox chemistry:* Using the
20 thiols of the cysteine residues, MTs bind updwen divalent metals into two peptide-
wrapped metal-thiolate clustetghis rather unusual, highly flexible metal coomtion
system permits metal binding with variable coortmageometries and stoichiometries.
Metals bound can be readily donated in exchangetioes depending on the relative
metal binding affinities. For example, MTs haveighler affinity for cadmium than for
zinc. This allows for exchange with and releaseint from Zn-MTs concomitant with

cadmium binding and sequestratfon.

Cadmium enters cells adventitiously via essentiatamion transport channels where it
associates with proteins containing metal-bindiegidues. These associations may
disrupt the protein structure or displace legitienatetals, rendering the protein non-
functional. MTs scavenge cadmium with an exceptlgriagh average binding affinity
[logio(Kr) > 10'°] and sequester the toxic cadmium into relativelgri binding sites,
potentially protecting the cell against possiblgidological effect$ Cellular cadmium
exposure also upregulates MT gene synthesis, ogeaBw apoMT and restoring metal

homeostasig.

Relatively few details of the mechanisms involvedhese metal exchange processes are
currently available. Scavenging by apoMT for cadmiweakly associated with metal
binding functionalities on the surfaces of protefaad other cellular macromolecules),

occurs rapidly® The scavenging ability of Zn-MTs is slightly slomdue to the occupied

DA version of this Chapter has been submitted:
T.B.J. Pinter and M.J. Stillman (2015).
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binding sites; however, the high binding affinitifference between zinc and cadmium
would also result in relatively fast exchange reast as is the case for free cadmium
added to Zn-MTsn vitro.™*

A more interesting situation arises when cadmiunbasind into a traditional metal
binding site of a metalloenzyme having, normallycagalytically active metal in the
active site. These active sites are usually notestlexposed because they are often
buried within the protein fold, a requirement fdretactivity and specificity of the
reaction being catalyzed.Thus, these metal sites are much less accesgidleare
sterically hindered towards ligand exchange ofttbend metal. This means that removal
of a toxic metal, such as a cadmium bound to alzinding site, would be more difficult.
Therefore, the reactions between cadmium subdlitzitec-dependent enzymes and Zn-
MTs are expected to be slower and would likely neginvolvement of protein-protein

interactions (PPIs).

To provide more details on the metal exchange nmesims that may occur between MT
and a zinc-dependent enzyme, as in the functiovi in vivo, we have in this Chapter,
investigated the kinetics of metal exchanges betwesious MTs and Cd- and Zn-
carbonic anhydrase (CA). Three experimental sitnatihave been studied kinetically
using electrospray ionization mass spectrometryl-S): (i) determination of the
kinetics of zinc donation from ZfMT to apoCA under MT limiting conditions, such tha
the donating species are AMTs (n < 7); (ii) determination of the kinetics afetal
exchange between zinc saturated MTs, with no ojpailinty sites, ZR#MT and Cd-CA,;
and, (iii) determination of the kinetics of metalchange in the presence of open binding
sites in the MT between #4MT (where n = 3-6) and Cd-CA.

5.2 Methods

5.2.1 Purification of recombinant MT1A.

Recombinant human MT1A was purified following pmawsly published procedures
(Appendix A)!* The DNA sequence corresponding to the human MTi#na acid
sequence, which contains additional tetra-alarepeats at the termini and domain-linker
region compared to WT human MT1A: MGKAAAACSC ATGGSCTG
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SCKCKECKCN SCKKAAAACC SCCPMSCAKC AQGCVCKGAS EKCSCG®®A
AA, was inserted as an N-terminal S-tag fusion mfeET29a plasmids and transformed

into BL21(DE3) competert. coli cells and stored as glycerol stocks at -80°C.

Briefly, cells were cultured into 4 L batches ofloaum-spiked LB (Miller) broth, MT
expression was induced when g~ 0.5 and cells harvested following ~4 h induction
period. MT was purified as the cadmium-saturatednfaising SP anion exchange
columns. The S-tag was removed with thrombin Cldéeang kits (Sigma) and separated
from the MT using SP cartridges. The protein wasceatrated and stored in aliquots at
-80°C.

5.2.2  Preparation of zinc metallothionein.

All solutions were vacuum-degassed and argon-datlit® impede cysteine oxidation.
Reducing agents were not added as these affe&irtbecs of metal exchange. Samples
of Cd-MT were thawed under vacuum and acidifiecokd 2.5 with formic acid. The
released cadmium was separated from the apoproseng Sephadex G-25 (fine) size
exclusion media (GE Lifesciences) equilibrated ehded with argon-saturated, formic
acid in water, pH 2.8. Protein was eluted usingaamyC0 equipped with a flow-cell
cuvette monitoring the 200-300 nm range. The apoNBs concentrated and buffer
exchanged to 5 mM ammonium formate, pH 7.4 buffedten argon using 3K MWCO
Amicon Ultra-4 (Millipore) filter units. A small fiction of the concentrated apoMT was
remetallated with cadmium and the concentratiomrdahed using:sonm = 89,000 M
femt,

Excess zinc acetate was added to the apoMT andellto react for 30 mins. The excess
zinc was separated from the Z2dT by centrifugation in 3K MWCO (Amicon Ultra-4
centrifugal filter unit filters), exchanged withrBM ammonium formate, pH 7.4 under
argon. The final concentration of the Z2MT was determined spectrometrically by
adding excess cadmium to a small fraction of the MM, as cadmium displaces zinc
stoichiometrically. The complete replacement ofroaan for zinc and zinc saturation for
the Zn-MT was confirmed by ESI-MS.
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5.2.3  Preparation of apocarbonic anhydrase and cadmium-
carbonic anhydrase.

10 mg of bovine erythrocyte Zn-CA (Sigma) was digsd in 4 mL of 5 mM ammonium
formate, pH 5.5 buffer containing 50 mM pyridiné&-2licarboxylic acid zinc chelator.
This was loaded into a prewashed 10K MWCO and adrated to 500 plL.
Approximately 4 mL of fresh PDC containing bufferasvadded to the concentrated
protein and again centrifuged. This process wa®atenl until all of the zinc was
removed from the CA and no zinc was detected irfittnate. In general, approximately
25 mL (6 additions of fresh PDC) were requireddgmove all of the zinc. The PDC was
then removed from the protein by adding 5 mM ammmonformate, pH 7.4 buffer to the
filter unit and spinning out the low molecular wieigPDC. This process was repeated
until no PDC was detected in the filtrate. In tpt@bproximately 50 mL of PDC-free

buffer were required to remove all of the PDC frthra protein.

Cd-CA was made by adding 3x excess cadmium aceétatihe apoCA stock and
incubating for 1 h at room temperature. The excesdmium was removed by
centrifugation in a 10K MWCO filter exchanged wimM ammonium formate, pH 7.4.
The Cd-CA concentrations were determined by UV spscopy using2sonm = 54,000

M™cm™. The metal content of the Cd-CA was verified byl-EES prior to experiments

and generally showed greater than 95% replacenie@mofor cadmium.

5.2.4  Reactions between Zn-MT and apoCA or Cd-CA and ESI-

MS parameterization.
Zn-MT was added to apoCA or Cd-CA in 5 mM ammonitormate, pH 7.0 buffer
under argon and loaded into a gastight syringe (Ham) and the reaction followed by
ESI-MS. The solution was infused at 10 puL/min fontnuous data collection using a
modified, temperature-controlled syringe pump thestated to the desired temperature
(x 0.5°C). ESI mass spectral data were collectecaddruker Micro-TOF Il (Bruker
Daltonics) operated in the positive ion mode calibd with Nal as an external calibrant.
The following settings were used: scan = 500-400f) nolling average = 2; nebulizer =
2 Bar; dry gas = 80°C @ 8.0 L/min; capillary = 4000 end plate offset = -500 V;
capillary exit = 175 V; Skimmer 1 = 30.0 V; Skimnfer 23.5 V; Hexapole RF = 800 V.
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5.2.5 Data treatment and kinetic analyses.

ESI mass spectra were averaged for a minimum ofntvmaites to ensure good signal-to-
noise ratios then deconvoluted using the Maximurtrdpy algorithm of the Compass
DataAnalysis software package (Bruker DaltonicsglaRve peak intensities were
extracted from these deconvoluted spectra andeplas a function of reaction times.

These data were fit to lines using either linegreession or the ExpDecay2 equation:

y= yo + A\le_(x_x())/tl +A2e—(x—x0)/t2 (1)

in Origin 7 SR2 (OriginLab, Northhampton, MA) asidgs.

The kinetic data were fit to pseudo-second ordactien mechanisms, assuming that all
zinc came from the Zn-MT species and all cadmiunmfthe Cd-CA and also that [Cd-

CA] = [Zn-MT] at t = 0. Under these assumptionsg #econd order rate law for Cd-CA

reacting with Zn-MT:

Cd-CA + Zn-MT=> Zn-CA + Cd-MT (2), is
Rate = d(cdcA) _ _ d(ZnMT) _ d(ZnCA) _ d(CdMT) (3), and, rearranging
dt dt dt dt
d(C:tCA) = _k[cdC A]2 (4), integrated, gives
1 1 (5)
[Ale et + [Alo

Thus, a plot of:—] is linear with slope % and intercept T%]' Eq 5 was plotted for each
t 0

of the three reactions and used to determine tharapt second order rate constants.
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5.3 Results

5.3.1 Kinetics of the reaction between Zn-MT and apoCA under
MT-limiting conditions
We devised an experiment where excess apoCA couahghete with Zn-MT for its bound
zinc to evaluate the zinc donation properties of-Mi (n < 7). The zinc exchange
between Zn-MT and apoCA in a 0.75:1.0 ratio (pruojmiotein) was followed
continuously via ESI-MS. Figure 5.1 shows the tooarse for the metallation by Zn-MT
of apoCA. The charge states of the mass specttal ata shown on the left, and the
corresponding reconstructed deconvoluted masseshemnright. At the start of the
reaction, the CA was almost completely in the aponf with no detected Zn-CA in
either the charge states or the deconvoluted spéeigure 5.1A), demonstrating the near
complete extraction of zinc from Zn-CA by the zirnmoval procedure. Figure 5.1B-E
show an increase in Zn-CA levels as the apoCA imlated by the Zn-MT. The apoCA
is only approximately 50% metallated after 12 mezfction time (Figure 5.1D) and is still
not complete by 24 h (Figure 5.1E).

The complimentary data for MT are shown in Figur2. Ihe speciation of the MT is
complicated by the multiple metallation states t@xist in solution. At the start of the
experiment, the MT was mostly ZMT with a small amount of ZAMT and
approximately 0.5 equiv (per binding site) of cadmiremaining from the purification
and metal exchange procedures (Figure 5.2A). Agdhetion proceeded, the £NIT
signal intensified and ZAMT appeared after 1.5 h (Figure 5.2B). There wagereral
buildup of signal intensity for Zrs-MT over the duration of the experiment, with a
corresponding decrease inZZdT. Significantly, no Zg-MT was detected in either the

charge state or deconvoluted spectra.
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Figure 5.1: Time dependence of the CA metallationybZn-MT. Representative ESI
mass spectral data measured during the reactiorebet1l5 uM apoCA and 12 uM £n
MT are shown. The +10 and +11 charge states arsvrshmn the left, and the

corresponding deconvoluted mass on the right. Tdm&itons of the reaction were: 5

mM ammonium formate, pH 7.0 buffer, 25°C.
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To compare the changes in speciation as a funofidime, the relative peak intensities
were extracted from the deconvoluted data andquads a function of time for the MT
(Figure 5.3A) and CA (Figure 5.3B) species. Thengfgain MT speciation over time
shows that there was fast transfer fromy-EAT, followed by much slower release from
Zns- and Zr-MT. In fact, the Zg- and Zr-MT speciation traces reached steady states
only after 10,000 s. Figure 5.3A shows the extidtelividual populations of the four
key MT species. The overall reaction is;TAMT > Zne-M 2> Zns-MT - Zns-MT, with
each step donating a zinc to the apoCA. The equifibdata in Chapter 2, showed that,
at this metallation point, these three partiallyng¢allated species would coexist (recall
that the data in Chapter 2 started from apoMT gmCA whereas the data here start
with Zn,-MT and apoCA). Figure 5.3A then, shows the changgpeciation population
as each of these partially metallated speciesibcatés over time. The complexity in the

figure arises from the presence of all four MT sgemn the mass spectral data.
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Figure 5.3: Time courses of the demetallation of (AZn-MT and the metallation of
(B) apoCA extracted from the ESI mass spectral datalThe lines have been fit to the
data using the ExpDecay 2 equation as describ8edtion 5.2.5.
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Figure 5.3B shows the corresponding time courséh®ICA speciation. Because there is
only one zinc bound, the data are significantlysleemplicated. At the 80,000 s data
point only 80% of the CA had metallated, despite fict that there were still significant

amounts of ZpMT and Zn-MT in solution.
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Figure 5.4: Second order kinetic analysis of the ac metallation of apoCA under
MT limiting conditions. The line is based on the speciation trace showrigaore 5.3
and [apoCA}o = 15 uM. The apparent second order rate con&tathe reaction under
these conditions, as determined from a linear ssgpa of the data, is 3.8(5) £ 0.5(8)

Mist,

Pseudo-second order kinetic analysis, based omagtemption that all of the zinc that
was bound by the apoCA was originally bound in Zm;Ns shown in Figure 5.4. The
plot shows a strong correlation to the linear fithee data, especially for the early phase
of the reaction. The second order rate constast,drder in apoCA and first order in Zn-
MT, determined from the slope was 3.8 + 0.6V Linear regression of the data for the
first 12,500 s of the reaction (analysis not showaye a slower second order rate
constant of 2.5 + 0.5 N&™.

5.3.2 Kinetics of the reaction between Zn,-MT and Cd-CA

Metal exchange between 30 uM-2dT and 30 uM Cd-CA was measured continuously
using ESI-MS. The peak intensities were extractethfthe deconvoluted spectra of the
data as described in the Section 5.2.5. The spatitne course curves of MT show the

successive reactions of ZMT with Cd-CA forming ZrCdi-MT, which can react with
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another equivalent of Cd-CA to give 8d,-MT. The time course for these reactions,

from the ESI mass spectral data measured over @8,0fre shown in Figure 5.5A and B,

respectively.
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Figure 5.5: Time course of the metal exchange beter Zn,-MT and Cd-CA. (A)

MT and (B) CA. Species were extracted from the ESI mass speldtalof the reaction

between an equimolar (30 uM) mixture of Cd-CA amg-MIT. The lines have been fit to

the data using the ExpDecay 2 equation as descib®dction 5.2.5. Conditions: 5 mM

ammonium formate, pH 7.0, 37°C.

The only MT species that were detected in the E&grspectral data were the metal

saturated forms [(M;-MTs], as mixtures of zinc and cadmium. Initiallhe reaction

began with zinc saturated ZMT, which exchanged one zinc for a cadmium bound i
Cd-CA to form CdZns-MT. This species reacted with another Cd-CA tarfdCdZns-

MT. No other cadmium containing species were oletin either the charge state or

deconvoluted mass spectra. The trend in theC@nMT population reflects the
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equilibrium between ZaMT and ZnCd,-MT, where the trafficking of the zinc to the CA
in response to the change due to cadmium bindirtgedVIT results in a near constant
population for ZgCd-MT.

The corresponding CA metallation time course is enagtraightforward which is
reflective of the simpler one-for-one exchangearoium for zinc over the course of the
reaction, where the zinc from the Zn-MT is exchaggiith the cadmium initially bound
as Cd-CA. Again, only 80% of the Cd-CA exchangethvdn-MT by 30,000 s despite

the fact that significant amounts of exchangealnie @Zn-MT) were available.
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Figure 5.6: Second order kinetic analysis of the eetion of Cd-CA with Zn,-MT.
The line is based on the speciation trace showfigare 5.5 and [Cd-CA = 30 uM.
The apparent second order rate constant for thetiseaunder these conditions, as

determined from the linear regression of the daté,0(0) + 0.5(8) Ms™.

The integrated, pseudo-second order rate plotf{GUICA] vs. t, for the reaction between
Zn-MT and Cd-CA and based on assumptions regardiegkihetics of the reaction
described in detail in the Section 5.2.4 and 5$hBws a good correlation to the linear fit
of the data (Figure 5.6). We determined the se@rddr rate constant (first order in Cd-
CA and first order in Zn-MT) for the reaction of @A with Zn-MT at 37°C to be
approximately 6.0 Ms™.

www.manaraa.com



127

5.3.3 Kinetics of the reaction between partially metallated MTs and
Cd-CA

We have investigated the effects of unoccupied Intetaling sites in the MT on the
reaction between partially metallated Zn-MT and CAl- 30 uM Cd-CA was reacted
with 30 uM unsaturated Zn-MT (protein concentragipat 37°C and the cadmium-zinc
exchange reaction monitored continuously using ESI-The mass spectral data (not
shown) indicated that the MT initially existed asnature of Zn ¢MT, with Zn,- and
Zns- being the most populated MT metallated statesisTlat the start of the reaction
there was a mixture of between one and four undedumetal binding sites, with an

average of between two and three unoccupied birgliag per MT protein.

The time course for the change in the populatioallodf the MT species extracted from
the deconvoluted ESI mass spectral data for tlastien is shown in Figure 5.7A. This
figure shows the change in the relative speciatiball of the detected MT species as a
function of reaction time and highlights the conxtle of these reactions involving
multiple species. The ZfMT species remains approximately constant as @tregthe
net balance of all of the reactions that consumgroduce Zg-MT: Zns-MT > Zn,-MT

+ Zr*" Zng-MT > Zne-MT + Zn?*; Zne-MT + Cd¥* > Zn,Cdi-MT. The change in the
populations for each of the other MT species showiFigure 5.7A is also the net sum of

the set of reactions involving that species.

Overall, the cadmium content of the MT speciesaase over the course of the reaction
and the zinc content decreases. This trend is eesiy observed in Figure 5.7B, where
the ratio of ZR-MT / CdhZn,1-MT has been plotted as a function of reaction time
order to compare the change in cadmium contentnpaallation state [i.e. each line
represents the change in cadmium content fdh){MMT]. For example, the positive
slope of the blue line (Z&€d-MT / Zns-MT) shows that the Z&€d;-MT population is
increasing relative to the population ofsZT.
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Figure 5.7: Time dependence of the populations of etallothionein species for the
reaction between partially metallated Zn-MT and CdCA. (A) Experimentally
determined time courses of MT species extracteah fitte ESI mass spectral data of the
reaction between an equimolar (30 pM) mixture of@%l and Zi.e-MT. Conditions: 5
mM ammonium formate, pH 7.0, 37°C. (B) Change i@ thtio of CdZh.1yMT / Zny-
MT for the values of n = 4, 5, and 6. The changeadmium occupancy shown for each

of the detected species as a function of time.lifes are based on linear fits to the data.
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The corresponding time course for the CA speciatioming the reaction with the

partially metallated Zn-MT is shown in Figure 5I8itially, all of the CA was of the

cadmium bound form. Notably the apoCA did not edttrne zinc from the partially

metallated Zn-MT presumably because the zinc l@adirthe MT was only Zne-MT to

begin with. Thus, the formation of the apoCA, fodvieom extraction of cadmium by the

unoccupied MT sites, which have larger cadmiumndifivalues, occurs at a faster rate

than does formation of the Zn-CA.
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Figure 5.8: Experimentally determined time courseof CA species extracted from

the ESI mass spectral data of the reaction betweem equimolar (30 pM) mixture of
Cd-CA and Zn@.s-MT. Conditions: 5 mM ammonium formate, pH 7.0, 37°@eTines
have been fit to the data using the ExpDecay 2 temuas described in the methods

sections.

The disappearance of Cd-CA was plotted as a pseectmd order reaction (first order

with respect to CA and to MT) and is shown in Feg@w.9. The data show strong

correlation to a linear fit that determined theaset order rate constant as approximately

11.7 M's*, from the slope of the line in Figure 5.9. Thiteris approximately twice as

that determined for the reaction between zinc-agtdr MT and Cd-CA at the same

temperature (Figure 5.6).
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Figure 5.9: Second order kinetic analysis of the eetion of Cd-CA with partially
zinc metallated MT. The line is based on the speciation trace showfigare 5.8 and
[Cd-CA]i=o = 30 uM. The apparent second order rate constarthe reaction under
these conditions, as determined from the linearession of the data, is 11.6(8) £ 0.7(2)

M1st,

5.4 Discussion

5.4.1 Protein-protein interactions between metallothionein and

other metal binding sites
Evidence of PPIs between MTs and metalloenzymesesamostly from reports of the
zinc donation properties of ZMT to apo-zinc-dependent protei{s® There have been
two reports of metal substitution between MTs aadnsium-substituted zinc-dependent
enzymes. In the first report, ZMT was shown to exchange a single zinc for the
cadmium bound to the zinc finger domain of the Trask transcriptional repressor
protein’’ The second report investigated the kinetics ofntie¢al exchange between apo
and Zn-MT and cadmium-substituted bovine carbonic anhgelréCd-CA) where the
apoMT extracted the cadmium from Cd-CA over 20xeashan the ZRMT exchange

reaction'®

Most reported studies between Zn-MT and zinc biggliroteins use an excess of Zn-MT
as the zinc source. Therefore, those results agella descriptive of the reactions
involving Zn,-MT only, since it is in excess, and not the pdytianetallated species.

Previously, our group and others have demonstrdi@dthere are seven different zinc
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binding affinities of MTs; thus, the metal affinifgr an incoming metal depends on the
metal loading® # Each of the reactions of ZMTs (where n = 0-6) for either zinc
donation or cadmium exchange is controlled by diff¢ reaction parameters. This is
important because there is evidence of substambials of partially metallated MTsn

vivo, which means that these partially metallated MEy gl key role in MT’s functiofi:

5.4.2  Metal binding to carbonic anhydrase

Zinc and cadmium are bound in CA tetrahedrally b1S and a labile water molecule.
Significantly, CA binds zinc and cadmium with siaril affinities of approximately

(logio(Kp)) 12.0 and 11.1, respectively at pH 70Thus, the ratio of the binding
constants KYKg2" is small compared to the same ratio for MT andetis, therefore,

no significant driving force for metal exchange @A. This means that CA with an
existing cadmium or zinc in its binding site isist@nt to exchange with free metal in
solution, as has been demonstrated for many metatse similar exchanges involving

free metals were shown to take from days to wéeks.

Free metals added to the apoCA protein bind rapiBbr example, in both zinc and
cadmium titration experiments of apoCA, metal bmgdbccurs within the time of ESI
mass spectral data acquisition (< 10 s) followitggchiometric mixing (data not shown).
However,in vivo, metal concentrations are tightly regulated arel ¢bncentrations of
free metals are far below that which would supjfree metal association to apoenzymes
following their transcriptional synthesis. Therefpiother zinc sources and chaperones
must deliver and insert the zinc into these ac$ies, as suggested as a function of Zn-
MTs.!°

With the goal of obtaining more details regardihg tole of Zn-MTs in reactions with

metalloenzymes, we have investigated a series tdlragchange reactions between Zn-
MTs and CA. We used CA as a putative zinc-bindirgggin. The above results describe
the metallation statuses of both the MT and CA iggeas a function of time. We have
shown mass spectral data for only the first setrezctions as a guide to aid in

interpretation of the speciation plots that follow.
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5.4.3 Are the zinc donation kinetics different for partially metallated
MTs?

In the latter stages of the metal transfer readbetween Zn-MTs and apoCA, when a
significant fraction of the apoCA is metallated atietre is less apoCA to accept a
donation, the ZAMT 2> Zne-MT > Zns-MT - Zn,-MT reactions occur at
approximately the same rate such that the ratemhdtion of Zp-MT approximately
matches the rate of loss of ZMT. We interpret this result as due to the redsition of
zinc in the MT species, restoring the thermodynaityqreferred zinc occupancy based
on the zinc affinities of the different Z4MT species following a zinc donation event

from Zns.~-MT to apoCA.

These data match the results from the competitixegion between apoMT and apoCA
for added zinc under equilibrium conditioflsThe apoCA was shown to compete
effectively only with Zg.~~-MT, and not with Zn4,-MT. In another set of experiments,
where the ratio of apoCA:468d,-MT was 7:1, only 1.4 zinc ions were released l®y th
MT, though further zinc donation was initiated Ingubation in the presence of GSH and
GSSG®

Other experiments, where the 2T was in excess, meaning that the majority of the
donated zinc species would be fromzBAT = Zne-MT, usually showed faster zinc
donation kinetics. For example, in time course expents between excess ZMT and
apoCA, also studied by ESI-MS, the apoCA was 50%altated within 2,400 s
(conditions: 10 mM ammonium acetate, pH 7.5, unkmdemp.)> This is over 10x

faster than the reaction shown here where the apeGB% metallated after 25,000 s.

In conclusion, the zinc donation properties of Zmdvlare modulated by the binding
affinity differences between the zinc donor and zive acceptor. The thermodynamics
(and kinetics) favour donation more strongly theager the binding affinity difference is
between the donor and acceptor, and the reactiomr®daster as well. We now know
that the zinc are bound to MT with differing affies (Chapter 2) and we thus expected
to see slower zinc donation kinetics for,2ZTs (n < 7). Comparing these new data to

those available in the literature, we have showat #n- and Zr-MTs donate much
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more slowly than ZrMTs. These results support the model of-EAT and Zn-MT as
the most probable source of MT zinc donation.

5.4.4  How readily does zinc saturated MT exchange with Cd-CA?

Cadmium detoxification is another commonly desdibe vivo function of Zn-MTs.
Several studies have shown that cadmium binds t@ M& very fast reaction, often
within the dead-time of stopped-flow instrumentsl® ms), using free cadmium as the
Cd-sourcé® % These reactions are significantly slowed whencg@mium is bound by
another chelator, such as another prateifhe metal exchange reactions are reflective of
the relative binding affinities for cadmium and zibetween the two binding sites, i.e.,
the difference between the metal preferences ofsdrers. another. For example, in the
case of Cd-CA mixed with Zn-MT, the metal exchamgk depend on the magnitude of

K(:AZn . KMTCd

" . CA binds zinc with a higher affinity than cadmiumnd MT binds

K,
cadmium with a higher affinity than zinc. This mats largely positive and a favourable

exchange is thermodynamically predicted to occur.

The population time course data for the MT spe@iegure 5.5A) show that there is an
initial rapid Zn-MT to CdiZne-MT reaction, most likely due to a small excess of
cadmium that was non-specifically bound to the moteof the Cd-CA protein. This is
followed by a slower reaction of Ghs-MT forming CdZns-MT. The intermediate
CdiZns-MT reaches approximately a steady state withinfitse 2,000 s, after which,

formation from ZR-MT matches the rate of the reaction that formsZ0gfMT.

The CA (Figure 5.5B) shows a similar change in gi@n over the reaction time. The
initial zinc exchange for the bound cadmium, fronmarily Zn-MT (up to 2,000 s),
appears to occurs at a faster rate than latereimehction (where the pool of MT contains
more cadmium and the Cd-CA would also encountaZ@dMT). Interestingly, even up
to almost 30,000 s, a significant fraction of thé~CA remains, despite the fact that there
are zinc ions available for donation from the M 81T and CdZng-MT). We interpret

this to indicate that the reaction is approachiggilérium, where the average relative
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affinity constants for zinc and cadmium bindingMd are approaching equality to those

for CA, with respect to the concentrations of eatthe species in solution.

This second order rate constant determined hefeOoM’s™ at 37°C is faster than the
reported value of 2.3 N&* at the same temperature by Ejetkal.’® The approximate
agreement between these two values, however, ettiiat the experimental design and
data analysis procedures are accurately refledtiegkinetics of these (and similar)
reactions. We also attempted to measure the ksati@5°C, but we observed no metal
exchange reaction, up to 18 h (~65,000 s). Thisltreéso agree with those reported by
Ejnik et al. where the second order reaction rate constad8 (B's') was almost 7x

slower at the colder temperatdfe.

In conclusion, ZaMT is able to efficiently exchange bound zinc fasund cadmium

from Cd-CA. Because the rate of the reaction betmibe Zn-MT and Cd-CA occurs
much more rapidly than is possible for a dissoegtissociative metal exchange
mechanism, these results support the PPl modeleathlnexchange between MT and
enzymes. Cadmium and zinc each bind to MT and CihA valatively high affinities and

therefore small dissociation constantg,<k10"%. Thus, only very small concentrations of
free cadmium or free zinc would be in a solutiontaming MT and CA, and the rate of
the exchange, for a dissociative-associative metalhange mechanism would be

extremely slow.

5.4.5 Are the metal exchange kinetics between Cd-CA and Zns.s)-
MTs faster or slower compared to those for Zn,-MT?

The results from the previous set of experimeriteran interesting question: if all of the
metal binding sites in the MT-CA complex are oceapihow does the metal exchange
take place? Since there are no obvious metal byndiands that are free in the MT, and
the CA active site is prefilled with cadmium, theclkbange must somehow take place
within the MT-CA complex. With open metal bindinges in either the CA or MT, the
metal exchange may become easier because théylabbilhe metals allows for the use of

a transient metal binding site to facilitate thelenge process.
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The speciation time courses in Figure 5.7 are ciaeld by the overlap of two
competing processes: the binding of cadmium, whicheases the metal load per MT, is
competing against the zinc donation to the apoChichv decreases the metal loading.
The metal donation properties of partially metadaMTs differs significantly depending
on the number of zincs bound. Thus, the time ceursd-igure 5.7 are each the sum of
the reactions that bind cadmium and donate zinoking only at the zinc metallation
species, we see a decrease in the Znd Zr-MT speciation over the course of the
reaction and a significant increase insAMT population.

The time course data corresponding to the CA spgéigure 5.8) clearly show how,
under these conditions, the metal exchange betzeeGA and Zp-MT occurs via a
two-step mechanism. The first step is the relagivast extraction of cadmium from the
Cd-CA into the empty metal binding sites in thetiadly metallated Zn-MTs. The second
step is the relative slow release of zinc from pgletially metallated Zn-MTs to the now
available apoCA from the previous step. It is impot to note that the rates of these two
steps will depend on the metal loading status efNMi'; more empty metal binding sites

will extract cadmium faster while MTs with more ziwill donate zinc faster.

These results support the hypothesis that an opendination site results in faster
cadmium extraction from a cadmium-substituted zBmzyme. The second order rate
constant obtained here (11.2'8) is slower than that reported by Ejrék al of 18.2 M
!s? for the reaction between apoMT and CdCA also nrealsat 37°C® Significantly,
the second order rate constant for the partialljaitated MTs (~11 Ns?) falls between
that of zinc saturated MT (~6 T4") and apoMTs (~18 Ms'), which is a reflection of

the cadmium-extraction abilities of each of the Bpkecies.

54.6 The structure of CA and relevance to PPIs with MT

The crystal structure of carbonic anhydrase Il shtvat the 3 His active site sits at the
bottom of a cavity that is approximately 10 — 20aéross and 15 — 20 A deep (Figure
5.10). This cavity is large enough to allow amirmdaside chains from the MT to

approach the metal binding site, especially folya §lde chain within a flexible loop.
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Figure 5.10: X-ray crystal structure of CA and metd binding residues that could

facilitate metal transfers. Structure of human erythrocyte carbonic anhydréise
(1CA2)?® showing (A) the surface and active site and (B)dhrtoon representation. The
residues have been coloured according to charge:=re@egatively charged, blue =

positively charged. The zinc in the active sitshsewn as a green sphere.

Figure 5.11: Manual docking of the crystal structues of CA and MT.CA (1CA2Y®
and MT (4MT2§° electrostatic contacts near the active site ofGAeare able to align
with complimentary charged residues of MT. The tasgize outside of the active site

also permits close approach of the MT protein.
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In the MT-CA complex, nearby metal binding residussng the metal exchange
pathway may facilitate the metal exchange procEss.structure of CA shows that there
are two histidine that would be well suited to ss$n the zinc delivery or cadmium
removal as intermediate metal binding residuesiénetxchange process. His4 sits on the
rim of the active site funnel and His64 sits apjrately halfway down the length of the
funnel (Figure 5.10B, right of the zinc bindingelitOther features of the CA protein that
would be favourable to PPIs with MT are the preseoicmultiple surface charges that

could form electrostatic interactions with the M3 shown in Figure 5.11.

55 Conclusions

The metal donation properties of metallothioneiaseh been well studied, yet many
guestions remain. Initially MTs were identifiedl@sving solely toxicological action from
the reports of binding toxic metal ions. More reberVITs have been suggested to play
roles in the essential metal ion homeostasis af aimd copper. The true function of MTs
in vivo are likely a combination of the toxic metal defmdtion and essential metal
homeostasis, depending on the cellular metallastatus (a role in cellular redox

chemistry has also been suggested).

In this work, we have investigated the role of jaédlst metallated MTs in zinc donation to
an apo zinc-dependent enzyme, carbonic anhydraseshéived that partially metallated
MTs donate zinc with different propensities as eedli result of the relative binding
affinities of each ZpMT species for its bound zinc ions. These ressitpport our

current model where Znand Z-MT are the primary zinc donating species for ZnsvT

We have also shown that partially metallated MTes alole to extract cadmium at rates
intermediate to apoMT (fastest) and zinc-saturdé&d (slowest) as a function of the
number of open metal binding sites. These resuligest that metal exchange occurs in
two separate steps where cadmium removal from Cb€Ars first, followed by a slow
binding of zinc from the Zn-MT. Taken together, ttesults from this work support a
model for metal transfers between MT and otherginst that is via protein-protein
interactions which permit the essential metal hostete and toxic metal sequestration

roles of MTsin vivo.

www.manaraa.com



10.

11.

12.

13.

14.

15.

16.

17.

138

5.6 References

Kang, Y. J. (2006) Metallothionein redox cycle and function, Exp. Biol. Med. 231, 1459-
1467.

Maret, W., and Vallee, B. L. (1998) Thiolate ligands in metallothionein confer redox
activity on zinc clusters, Proc. Natl. Acad. Sci. U. S. A. 95, 3478-3482.

Saboli¢, I, Breljak, D., Skarica, M., and Herak-Kramberger, C. M. (2010) Role of
metallothionein in cadmium traffic and toxicity in kidneys and other mammalian organs,
Biometals 23, 897-926.

Maret, W. (2000) The function of zinc metallothionein: a link between cellular zinc and
redox state, J. Nutr. 130, 14555-1458S.

Braun, W., Vasak, M., Robbins, A., Stout, C., Wagner, G., Kagi, J., and Wiithrich, K. (1992)
Comparison of the NMR solution structure and the X-ray crystal structure of rat
metallothionein-2, Proceedings of the National Academy of Sciences 89, 10124-10128.
Nielson, K. B., Atkin, C., and Winge, D. (1985) Distinct metal-binding configurations in
metallothionein, J. Biol. Chem. 260, 5342-5350.

Hinkle, P. M., Kinsella, P., and Osterhoudt, K. (1987) Cadmium uptake and toxicity via
voltage-sensitive calcium channels, J. Biol. Chem. 262, 16333-16337.

Waalkes, M. P., and Goering, P. L. (1990) Metallothionein and other cadmium-binding
proteins: recent developments, Chem. Res. Toxicol. 3, 281-288.

Bertin, G., and Averbeck, D. (2006) Cadmium: Cellular effects, modifications of
biomolecules, modulation of DNA repair and genotoxic consequences (a review),
Biochimie 88, 1549-1559.

Ejnik, J., Robinson, J., Zhu, J., Forsterling, H., Shaw, C. F., and Petering, D. H. (2002)
Folding pathway of apo-metallothionein induced by Zn 2+, Cd 2+ and Co 2+, J. Inorg.
Biochem. 88, 144-152.

Ejnik, J., Shaw Ill, C. F., and Petering, D. H. (2010) Mechanism of Cadmium lon
Substitution in Mammalian Zinc Metallothionein and Metallothionein a Domain: Kinetic
and Structural Studies, Inorg. Chem. 49, 6525-6534.

Laskowski, R. A., Luscombe, N. M., Swindells, M. B., and Thornton, J. M. (1996) Protein
clefts in molecular recognition and function, Protein Sci. 5, 2438.

Chan, J., Huang, Z., Watt, I., Kille, P., and Stillman, M. J. (2007) Characterization of the
conformational changes in recombinant human metallothioneins using ESI-MS and
molecular modeling, Can. J. Chem. 85, 898-912.

Mason, A. Z., Moeller, R., Thrippleton, K. A., and Lloyd, D. (2007) Use of stable
isotopically enriched proteins and directly coupled high-performance liquid
chromatography inductively coupled plasma mass spectrometry for quantitatively
monitoring the transfer of metals between proteins, Anal. Biochem. 369, 87-104.

Zaia, J., Fabris, D., Wei, D., Karpel, R. L., and Fenselau, C. (1998) Monitoring metal ion
flux in reactions of metallothionein and drug-modified metallothionein by electrospray
mass spectrometry, Protein Sci. 7, 2398-2404.

Zalewska, M., Trefon, J., and Milnerowicz, H. (2014) The role of metallothionein
interactions with other proteins, Proteomics 14, 1343-1356.

Roesijadi, G., Bogumil, R., Vasak, M., and Kagi, J. H. (1998) Modulation of DNA binding of
a tramtrack zinc finger peptide by the metallothionein-thionein conjugate pair, J. Biol.
Chem. 273, 17425-17432.

www.manaraa.com



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

139

Ejnik, J., Muioz, A., Gan, T., Shaw lll, C. F., and Petering, D. (1999) Interprotein metal ion
exchange between cadmium-carbonic anhydrase and apo-or zinc-metallothionein, J.
Biol. Inorg. Chem. 4, 784-790.

Pinter, T. B., and Stillman, M. J. (2014) The Zinc Balance: Competitive Zinc Metalation of
Carbonic Anhydrase and Metallothionein 1A, Biochemistry 53, 6276-6285.

Krezel, A., and Maret, W. (2007) Dual nanomolar and picomolar Zn (ll) binding
properties of metallothionein, J. Am. Chem. Soc. 129, 10911-10921.

Petering, D. H., Zhu, J., Krezoski, S., Meeusen, J., Kiekenbush, C., Krull, S., Specher, T.,
and Dughish, M. (2006) Apo-metallothionein emerging as a major player in the cellular
activities of metallothionein, Exp. Biol. Med. 231, 1528-1534.

Lindskog, S., and Nyman, P. O. (1964) Metal-binding properties of human erythrocyte
carbonic anhydrases, Biochim. Biophys. Acta, Spec. Sect. Biophys. Subj. 85, 462-474.
Kidani, Y., and Hirose, J. (1977) Coordination Chemical Studies on Metalloenzymes Il.
Kinetic Behavior of Various Types of Chelating Agents towards Bovine Carbonic
Anhydrase, J. Biochem. (Tokyo) 81, 1383-1391.

Coleman, J. E. (1965) Human Carbonic Anhydrase. Protein Conformation and Metal lon
Binding™*, Biochemistry 4, 2644-2655.

Mason, A. Z., Perico, N., Moeller, R., Thrippleton, K., Potter, T., and Lloyd, D. (2004)
Metal donation and apo-metalloenzyme activation by stable isotopically labeled
metallothionein, Mar. Environ. Res. 58, 371-375.

Irvine, G. W., Duncan, K. E., Gullons, M., and Stillman, M. J. (2015) Metalation Kinetics of
the Human a-Metallothionein 1a Fragment Is Dependent on the Fluxional Structure of
the apo-Protein, Chem.--Eur. J. 21, 1269-1279.

Li, T.-Y., Kraker, A. J., Shaw, C. F., and Petering, D. H. (1980) Ligand substitution reactions
of metallothioneins with EDTA and apo-carbonic anhydrase, Proceedings of the National
Academy of Sciences 77, 6334-6338.

Eriksson, A. E., Jones, T. A., and Liljas, A. (1988) Refined structure of human carbonic
anhydrase Il at 2.0 A resolution, Proteins: Struct., Funct., Bioinf. 4, 274-282.

Braun, W., Vasak, M., Robbins, A., Stout, C., Wagner, G., Kagi, J., and Wiithrich, K. (1992)
Comparison of the NMR solution structure and the X-ray crystal structure of rat
metallothionein-2, Proc. Natl. Acad. Sci. U. S. A. 89, 10124-10128.

www.manaraa.com



140

Chapter 6

6 Conclusion”

6.1 The metal binding affinities of MT

Metallothioneins (MTs) were initially discovered bihe repeated purification of
cadmium-containing fractions of samples from equideey cortex. For many years the
main function of MTs was thought to be protectigaiast the actions of toxic metals
through sequestration of those metals. More regelTs have been suggested to play
key roles in cellular zinc and copper homeostasds & addition, it has been suggested
that they are involved in cellular redox chemistfié The interaction of metals with MTs
has therefore been at the forefront of this filldesearch as these suggested functions
involve metal binding and release reactions. Thiegsetions are then intricately tied to
the metal binding affinities of MTs for the metalns and determining toxic metal
binding affinities of metallothioneins (MTs) hasemea significant research goal since

this family of metal binding proteins was first ciwered’ °

Since MTs bind multiple metals, there are two valtieat can be assigned to the metal
binding affinity: (i) the average binding affinifacross all metals bound) and (ii) the per
metal or per binding site affinity. Historically,atals were thought to bind to MTs with
approximately the same affinity, where the firsttahevas bound to the apoMT with
approximately the same affinity as the last metaforming the metal-saturated MT.
More recent results have shown that metal bindmdgVviTs occurs over a range of

affinities®°

Accurately and precisely determining the metalndiés on a per site basis has been
complicated by the unique properties of the MT @irofamily such as the ability to bind
numerous metal ions per protein strand, lack ofgimosecondary structural elements or

preformed metal binding sites, high fluxionalityydametal lability within and between

DA version of this Chapter is in preparation:
T.B.J. Pinter and M.J. Stillman (2015).

www.manaraa.com



141

MTs. The focus of the research carried out for thésis was to determine accurate metal
binding affinities per site and understand how ¢heffinities control the homeostatic

functions of MTs.

6.2 Metal affinities from competition experiments

At the outset of this research, it was thought as had four very high affinity sites
with similar affinities, and 3 weaker affinity sitevith significantly decreasing affinitiés.
One of our initial goals was the development oftrods to resolve the individual binding
affinities of all seven sites and assign them mggbarent formation constants under

biologically relevant conditions.

Using competition experiments between apoMT andCéptor zinc monitored by ESI-
MS, we showed that each of zinc ions was bound Towith a distinct affinity. Eight
zinc binding events were observed as distinct, re¢épaeactions. These experiments
formed the basis of Chapter 2. Modelling the setjagncompetitive, reversible
bimolecular reactions that describe formation of-EAT from apoMT and Zn-CA from
apoCA, allowed us to determine the relative zinwhbig affinities for each of the eight
reactions. Optimization of the parameters that mlescall eight reactions in one
simultaneous fitting procedure ensured the datae \eecurately reflected in the models

and that the modelled parameters were fundamerstallgd for all of the reactions.

The binding affinities of the MT were directly refited in the change in metal occupation
of the CA throughout the titration. The most sigrght result from Chapter 2 was the
locking of the relative binding affinity of each tife seven independent MT metallation
reactions to the known, experimentally determinetue for zinc binding to apoCA.
These apparent binding affinities demonstrate tihatMT metal affinities span a range
that simultaneously permits zinc storage, for thve bccupancy, high affinity sites (da
MTs), and also zinc donation to zinc enzymes ferhilgher occupancy, low affinity sties
(Zns.~MTSs).

We have summarized the overall scheme of bindifigitaés in a cartoon (Figure 6.1).

This figure illustrates our current model of thedter” of binding affinities for the
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homeostatic roles of MT. At low concentrations ofcz the predominant species will be
low occupancy Zn,-MTs, which act as deep zinc sinks. These higmigfisites remove
zinc from zinc sensors that turn on zinc importatimcreasing cellular zinc content. As
the concentration of zinc increases, the weakenigffZns-MTs donate the weakly
coordinated zinc to zinc enzymes and other zindibonsties. When the concentration of
zinc exceeds all available MT binding sites, ziesponsive elements turn on zinc export

and upregulation of MT.

. ZINC E)(PORTATION
high

[Zn]

ZINC IMPORTATION

Figure 6.1: The “ladder” of zinc affinities in MTs. Reproduced with permission of

ref.% copyright (2014) American Chemical Society.

6.3 The location of the strong and weak affinity binding
sites

In the work described in Chapter 2 we were unableldétermine the location of the
mostly weakly bound zinc. In that report, we hasbasuggested that suppression of the
first two, and largest, zinc binding constants wlas to tangling of the apoMT peptide
backbone (pink triangles, Figure 3.7). We therefoext studied the competitive

metallation reactions of the domain fragments ef MiI with apoCA in order to observe
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the effect of a reduced chain length on the metalation properties and those results

were described in Chapter 3.

Using the ESI-MS we were able to show the zinc paogy between all species in
solution. Modelling the ESI mass spectral datavetid us to accurately determine the
individual zinc binding constants for each of theee and four zinc ions in the N-
terminal B-domain and C-terminal domain fragments, respectively. We proposed that
the strongest zinc binding site was located inGherminus of the apoMT and that the
weakest metal, the one being donated fromMims was located in th@-domain, N-

terminal fragment.

In contrast to the trend in the full two-domain tgia, the zinc binding affinities of the

separated domain fragments, relative to those teghdor the connected domains in the
intact protein did not show the same suppressiothi®first zinc bound (Figure 3.7, red
circles and black squares). We suggested thatwihs due to the fact that the apo

fragments were too short to significantly tangle.

From a combination of the results presented in @map and 3, it is apparent that the
increased affinity for the inta@o-MT protein, relative to the sum of the separdiezhd

a domains, was due to presence of the 20 cystelmsallow more binding mode
options. This is important in the homeostatic @&T with respect to zinc based on the
model of Zr-MT < Zng-MT < Zn,-MT as shown in the model of zinc homeostasis in
Figure 6.2.

6.4 Metal selectivity between separated a and 3
domains

The studies described above assume pure zinc amoypdlowever, cadmium is
commonly bound to MT, especially in the liver aidneys™ With seven (M) binding
sites the question arises: Does the cadmium bisgéaific regions of the peptide chain?
In the saturated protein, as noted in Chapter 1, éthibits two-domains, and the

guestion may be refined to ask: Is there thermoaym@&ontrol over the binding sites of
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cadmium in the presence of zinc for a specific dafM&s a result, discussion of domain

specificity has been a common theme in MT research.

Zn,-MT-1 2-domain

j
| ;’h
?
X
\

ol

o T

-2 Zn

Figure 6.2: The model of homeostatic control of zim by MT. Reproduced with

permission of ref.copyright (2013) American Chemical Society.

For domain specificity to be apparent, the compgetiretal binding affinities in specific
sites must be significantly different. The metatiatsimulations in Chapters 1 and 2,
showed that these differences should be largerdhariog unit to generate a mechanism
where metals distribute selectively to the highi#inidy sites, as would be required for
MT domain specificity. The relative zinc affinitpostants reported in Chapter 3 revealed
that there was some separation in the zinc afficatystants between the separateahd
B-domain fragments and we questioned whether tlparagon was sufficiently large
enough to generate a domain specific metal bindieghanism for either zinc binding to
apoMTs or cadmium exchange into Zn-MTs as showFigare 6.3. In the intact protein,
there are two models for zinc binding. Either theczbinds randomly across both
domains or zinc preferentially binds in the N-tamos region or the C-terminus region.

The second model could result in domain specifigisubsequent zinc binding formed a
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clustered domain. A more complicated model involties binding of cadmium in the
presence of ZaMT. Again, there are two possible models. Eithadraium distributes
randomly between the sites, or the cadmium sekdgtibinds to one of the (filled)

clustered domains.

1 2 3 4 5 6 7
K Zinc Binding / Cadmium Exchange

Figure 6.3: Model of cadmium exchange with Zn-MT dmain fragments. The
relative affinity constants of the two-domains cofg the metal distributions between the

two separated fragments and, therefore, withinrtteet protein.

The experiments described in Chapter 4 challengedzinc domain selectivity between
the apoBMT and apoeMT domain fragments followed by the cadmium domain
selectivity between the zinc saturateds;-BMT and Zn-oMT domain clusters. This
chapter introduced the concept of competing affinéttios between two metal binding
species (e.g. K / K&) that ultimately determine where metals will bihodeling of the
data from the ESI-MS experiments showed that theas no significant domain
specificity for either cadmium binding to Zn-MTs pinc binding to apoMTs. We also
showed that selectivity for the domain fragment was enhanced at lower pH. These
results suggest that, while the apparent bindirfonités are separated as shown in
Chapter 3, the ratios between the competing spacgesot significantly different enough

to generate the domain-specific mechanism of mdialding. These results
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fundamentally challenge our current understandifigzioc binding to apoMTs and
cadmium exchange with Zn-MTs as these reactiong Ipagviously been suggested to

occur in a completely domain specific manner.

6.5 Kinetics of the metal exchange reactions between
MTs and CA

The results discussed thus far have mostly beesrigésns of the equilibrium reactions
between apoMTs and apoCA in competition for addestals. Under physiological
conditions, these proteins will largely be prematatl with either zinc or cadmium
depending on the relative cellular loading of eafhthose metals. A frequently cited
concern regarding cadmium toxicity is its abilitydisplace zinc ions from metal binding
sites that require zinc for function, forming namétional cadmium-substituted zinc
binding proteing?

MTs are considered to be a key component in thiellaeldefense mechanism against
cadmium toxicity** The high cadmium affinities of MTs leads to tigiwordination and
sequestration of any cadmium the protein encountersventing other potentially
disruptive binding interactions from occurrifgMTs are also considered to be active in
the rescue of cadmium-poisoned zinc binding pretebyy extracting the erroneously
bound cadmium and subsequently donating one d¥liheoordinated zinc. This process

of cadmium sequestration and zinc donation formbtmas of MT functionin vivo.

In Chapter 5, we described three reactions stullieetically that challenge the zinc
donation and cadmium sequestration functions ofMArs. Using kinetic ESI-MS
experiments, we showed that the kinetics of zingation from partially metallated MTs
was significantly slower than the zinc donationnfr@inc-saturated MTs (ZAMTSs).
These results reinforced our model of zinc donatiom Zn-MT to apo-zinc dependent
enzymes, where the primary zinc donors are the daglupancy, weak affinity Znand
Zng-MTs.

The exchange of cadmium for zinc in Cd-CA usingMhs as the zinc donor was also
studied kinetically. These results showed that ZfsMvere able to restore the Cd-CA to
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the native Zn-CA. The rates of the cadmium extoectvere dependent on the number of
unfilled metal binding sites in MT, where more dablie binding sites extracted the
cadmium faster. The rate of zinc donation was dégenon the total zinc loading of the

MT, where higher zinc loading showed faster zinnatmn kinetics.

The rates of the metal exchange reactions betweEramd CA all occurred faster than
would be possible if a dissociative mechanism wasrative. Therefore, these results
also provide support for the model whereby MT aretailbenzymes exchange metals
via protein-protein interactions. These interaddi@me likely formed through favourable
electrostatic contacts between the surface residiésee MT and CA and stabilized by
the relative fluxtionality of the MT peptide chaiMetal exchange can then occur via
translocation across transient metal binding ressdwshuttling the metals from one

binding site to the other along the affinity gradiéor the metal in question.

6.6 Final Word

This work was carried out using novel applicatiohsompetition reactions for the study
of metal binding affinity constants. A key featwkthe experimental methodology was
the extensive use of semi-quantitative data fronectebspray-ionization mass
spectrometry, supported by modelling of the equiiim reactions involved. We have
challenged the conventional understanding of how &ETs in its homeostatic role,
particularly with respect to the zinc donation tanatalloenzyme. These results have
fundamental significance in interpreting the hontaos roles of metallothionein
proteins. Of the several experiments reported,otie that illustrates the power of the
techniques reported in this thesis, concern thepetitive binding of zinc by &MT and
CA (Figures 2.2 and 2.3). The remarkable claritytred distribution of the ten species
involved in the metallation of theoBVIT and the CA is only observable by mass
spectrometry. The fact that the distribution of #peecies indicates the relative binding
constants without the need for sophisticated amalysderlines the significance of the

experimental data which directly reflect the seaébnked binding constants.

www.manaraa.com



10.

11.

12.

13.

14.

148

6.7 References

Margoshes, M., and Vallee, B. L. (1957) A cadmium protein from equine kidney cortex, J.
Am. Chem. Soc. 79, 4813-4814.

Nordberg, M. (1998) Metallothioneins: historical review and state of knowledge,
Talanta 46, 243-254.

Sutherland, D. E., and Stillman, M. J. (2014) Challenging conventional wisdom: single
domain metallothioneins, Metallomics 6, 702-728.

Blindauer, C. A. (2015) Advances in the molecular understanding of biological zinc
transport, Chem. Commun. 51, 4544-4563.

Pulido, P., Kagi, J. H., and Vallee, B. L. (1966) Isolation and Some Properties of Human
Metallothionein*, Biochemistry 5, 1768-1777.

Chen, R., and Ganther, H. (1974) Relative cadmium-binding capacity of metallothionein
and other cytosolic fractions in various tissues of the rat, Environ. Physiol. Biochem. 5,
378-388.

Kagi, J. H. R. (1993) Metallothionein Ill, (Suzuki, K. Y., Imura, N., and Kimura, M., Eds.),
pp 29-35, Birkhauser, Basel.

Krezel, A., and Maret, W. (2007) Dual nanomolar and picomolar Zn (ll) binding
properties of metallothionein, J. Am. Chem. Soc. 129, 10911-10921.

Summers, K. L., Sutherland, D. E. K., and Stillman, M. J. (2013) Single-domain
metallothioneins: Evidence of the onset of clustered metal binding domains in Zn-rhMT
1a, Biochemistry 52, 2461-2471.

Pinter, T. B., and Stillman, M. J. (2014) The Zinc Balance: Competitive Zinc Metalation of
Carbonic Anhydrase and Metallothionein 1A, Biochemistry 53, 6276-6285.

Dudley, R. E., Gammal, L. M., and Klaassen, C. D. (1985) Cadmium-induced hepatic and
renal injury in chronically exposed rats: likely role of hepatic cadmium-metallothionein
in nephrotoxicity, Toxicol. Appl. Pharmacol. 77, 414-426.

Valleg, B. L., and Ulmer, D. D. (1972) Biochemical effects of mercury, cadmium, and lead,
Annu. Rev. Biochem. 41, 91-128.

Goering, P. L., and Klaassen, C. D. (1984) Tolerance to cadmium-induced hepatotoxicity
following cadmium pretreatment, Toxicol. Appl. Pharmacol. 74, 308-313.

Klaassen, C. D., Liu, J., and Diwan, B. A. (2009) Metallothionein protection of cadmium
toxicity, Toxicol. Appl. Pharmacol. 238, 215-220.

www.manaraa.com



149

Appendix A: Protein purification details

Table C-1: Chemical inventory

Chemical Name Supplier
B-Isopropylthioglactoside (IPTG) Fisher
Kanamycin A, monosulphate (>5% Kanamycin B) Fisher
Cadmium Sulphate Fisher
Sodium Chloride ACP
Formic Acid J. T. Baker
Ammonium Formate Fisher
Ammonium Hydroxide Fisher
Tris (hydroxymethyl) aminomethane Caledon
Hydrochloric Acid Caledon
18 MQ Deionized (dl) water Branstead
1,4-dithiothreitol (DTT) Chemalog
L.B. (Luria Bertani). Broth, Miller (0.5% lactose) Fisher
L.B. (Luria Bertani). Agar, Miller (0.5% lactose) Difco

Zinc Acetate Dihydrate Fisher
Cadmium Acetate Dihydrate Acros Organics

The recombinant human MT1A genes were engineeratianaboratory of Dr. Peter

Kille at Cardiff University, Wales. The MT genes ngenserted into pET-29a plasmids
that contain a kanamycin resistance marker, a drgotase and, a Lac | repressor.
Kanamycin resistance is used as a means of seleatidhe cells are grown on and in
media that contain kanamycin. The transcriptaseeduired for the biosynthesis and
amplification of the protein. IPTG binds to the Uaepressor, resulting in the expression
of the MT gene. This plasmid results in the additaj a short peptide called an S-tag
appended onto the N-terminus of the protein, wimcheases protein stability during the
purification process. The plasmids containing thdéadgded-MT gene, kanamycin

resistance marker atdc | repressor were transformed into E. coli BL21(DES)s.

Scheme C-1 shows the protocol used to synthesidasatate MT. Transformed cells
stored at -8%C as glycerol stocks were plated onto agar comtgibD mg/L kanamycin.

The cells were grown at 3Z overnight. These cells were inoculated into 4 Ix liquid
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cultures containing 50 mg/L kanamycin and @@ CdSQ, The liquid cultures were
shaken at 37C and the absorbance of the cell culture was madtat 600 nm until the
absorbance was in the range of 0.4 to 0.6. MT aspva was then induced by addition of
0.7 mL of 1M IPTG. After 30 min, an additional 150 of 1M CdSQ was added to
metallate the expressing MT. The cells were haeees# h after induction by
centrifugation at 6,000 rpm for 15 min at 4 °C wilm Avanti J-series centrifuge
(Beckman-Coulter, Canada) and JLA-9.1000 rotor. Sieernatant was decanted and the
cell pellet was resuspended in a solution of argaiovated 10 mM Tris-HCI pH 7.4.

E. Cali plated at 37 °C in the presence of
50 pg/mL kanamycin

' ' 1. After 3 hrs of incubation, mid-log phase
Incubation for 8 hrs at 37 °C in| induction of protein expression
liquid culture in the presence | (+ 1 mM IPTG)

of 50 ug/mL kanamycin and

25 UM CdSC 2. Metallation 0.5 hrs after induction

(+ 75 UM CdSQ)

Cells in liquid culture

4. Centrifugation of liquid culture

(0.25 hrs at 6000 rpm)

5. Resuspension of cells (10 mM Tris-HCI
pH 7.4 + 3 mVB-mercaptoethanc

Harvest cells

v

Isolated cells
6. Cell disruptor (+ 10 mM Tris-HCI pH
7.4 wash)
Lyse cells

7. Remove cellular debris by
centrifugation (1 hr at 13 000 rpm)

v
Supernatant

Eluents: 10 mM Tris-HCI pH 7.4, 1 M NaCl
SP ion-exchange in 10 mM Tris-HCI pH 7.4

v
Protein solution

Eluent: 25 mM Ammonium Formate-HCI
G-25 size-exclusion purification| pH 7.4

Identification and characterization

Purified recombinant—— DY UV-VIS spectroscopy and
protein solution electrospray-ionization mass

spectrometry.

Scheme C-1: Protein preparation protocol for the sythesis of recombinant human

metallothionein.
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The cell pellet was stored at 80 thawed, and lysed using the cell disruptor (Garts
Systems, UK). Cellular debris was removed by ckrgation at 13,000 rpm for 1 h at
4°C with an Avanti J-series centrifuge (Beckman-CanjIMississauga, ON, Canada) and
JLA-25.50 rotor.

A Dionex Ultimate 3000 LC pump (Thermo Scientifi@anada) was used in combination
with a Hi Trag™ SP Sepharos¥ cation exchange cartridge (Amersham Biosciences/GE
Healthcare, Piscataway, NJ, USA) to purify the Mhe protein was eluted from the
column using a salt (NaCl) gradient. Eluent conteas monitored using UV-visible
spectroscopy and the eluted fractions containing Ware collected, pooled and
concentrated using a stirred ultrafiltration célhficon Bioseparations/Millipore) with a
YM-3 membrane, which has a molecular weight cutedfB000 Da. Approximately 3.5
mL deoxygenated aliquots of the protein solutioreyensealed under Ar and stored at
-20°C.

G25 gel filtration was used to further purify thé Mfter the SP ion-exchange. Following
SP ion-exchange, the protein solution containselagounts of salt which must be
removed in order to analyze the protein samplesnbgs spectroscopy. G25 was also
used to demetallate the recombinant MT to genesaliefree and metal-free, apoMT.
Concentrated salty Cd-MT was added to a columnatoing G25 media and eluted
using 25 mM ammonium formate at pH 2.7 resultingappMT. The elution of the
protein was monitored by UV-visible spectroscopy #ime MT species were verified by
ESI-MS.

Cadmium-bound MT was expressed as the fusion proteh a 34 residue S-tag attached
to the N-terminus of the protein. Recovery of thetive MT was achieved through
cleavage of the S-tag with the enzyme thrombin qu§ihrombin CleanCleav¥ Kits

(Sigma). Cleavage of the S-tag followed manufactsirastructions.

Briefly, the protocol for cleaving the S-tag was falows: the thrombin beads were
suspended in a 90% (v/v) mixture of 10x cleavagéeb({500 mM Tris-HCI pH 8.0, 100
mM CaC}) and protein solution and were constantly agitateernight at #C under Ar.

The beads were pelleted using centrifugation amutepr was separated from the
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thrombin beads following the included instructioiifie supernatant containing the MT
was collected, diluted (to reduce salt concentnatio the MT would stick to the SP ion
exchange column) and loaded onto a Hi-trap SPidgetr The S-tag peptide now cleaved
from the MT only binds to the Hi-trap SP cation leaage column with a very weak
affinity, and the S-tag elutes from the columntfiSleaved MT protein fractions were
then pooled and concentrated using a stirred idtedfon cell (Amicon
Bioseparations/Millipore) with a YM-3 membrane. 53mL aliquots of the protein
solutions were sealed under Ar and stored G20
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Appendix B: Supplementary figures for Chapter 2
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Figure A-1: Charge state ESI mass spectral data ¢fie competitive zinc titration

used to generate the deconvoluted data from Figur21.
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Figure A-2: Overlaid fits of experimental and modeéd data sets of the competitive

titration shown in Figure 2.2 and 2. 3.The experimental data sets are each shown as

blue diamonds. The simulation of the best fit mtateKs shown in Figure 2.4.
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Appendix C: Supplementary figures for Chapter 3
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Figure B-1: Overlaid fits of experimental and modetéd data sets of the competitive
titration of apo-aMT and apoCA shown in Figure 3.1 and 3.2The experimental data
sets are shown as blue diamonds. The lines arsitidation of the data based on the
calculated zinc binding affinities of theViT fragment in competition with the CA shown
in Figure 3.3 and Scheme 3.1.
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Figure B-2: Overlaid fits of experimental and mode¢d data sets of the competitive
titration of apo-BMT and apoCA shown in Figure 3.4 and 3.5The experimental data
sets are shown as blue diamonds. The lines arsirthdation of the data based on the
calculated zinc binding affinities of tfgMT fragment in competition with the CA shown

in Figure 3.6 and Scheme 3.2.
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Figure B-3: Alternative modeled simulation of the ompetitive zinc metallation of

apof3MT (A) in the presence of apoCA (B).This simulation uses lagkr of 12.48,

12.05, and 11.00 for theMT affinity constants. These affinities were detered by

minimization of the RMSD between the simulated datd the experimental data with

the relative affinities anchored to the known affirof CA (11.4).
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Figure B-4: Overlaid fits of experimental and the &ernatively modeled data sets of
the competitive titration of apofMT and apoCA shown in Figure 3.1 and 3.2The
experimental data sets are shown as blue diamdigslines are the simulation of the
data based on the calculated zinc binding affigio€é theBMT fragment in competition
with the CA shown in Figure B-3 and Scheme 3.2.
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ACSPublications Titie: The Zinc Balance: Competitive
v Most Trusted. Most Cited. Most Read. Zinc Metalation of Carbonic
Anhydrase and Metallothionein
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Author: Tyler B. J. Pinter, Martin J.
Stillman

Publication: Biochemistry

Publisher: American Chemical Society
Date: Oct1, 2014

Copyright © 2014, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you
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Figure D-1: ACS Copyright Permission for Chapter 2.
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ACSPublications Titte: Domain selection in

Most Trusted. Most Cited. Most Read. metallothionein 1A: Affinity
controlled mechanisms of zinc
binding and cadmium exchange

Author: Tyler B. J. Pinter, Gordon W
Irvine, Martin J. Stillman

Publication: Biochemistry

Publisher: American Chemical Society
Date: Jul 1,2015

Copyright © 2015, American Chemical Sodety
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= Appropriate credit for the requested material should be given as follows: "Reprinted (adapted)
with permission from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American
Chemical Society." Insert appropriate information in place of the capitalized words.
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Figure D-2: ACS Copyright permission for Chapter 4.
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