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ABSTRACT 

 

Metallothioneins (MTs) constitute a family of cysteine-rich proteins that have the 

ability to bind a wide range of metal ions including Cd2+, Zn2+ and Ag+. MTs are 

important in metal homeostasis and detoxification. Even through apo- and partially 

metalated MTs are physiologically predominant, limited structural information is known 

about those species. Nanoelectrospray ion mobility mass spectrometry (nESI-IM-MS) 

provides another possibility to study apo- and partially metalated-MT.  

We presented here for the first report to apply collision-induced unfolding (CIU) 

to study the gas-phase stabilities of MTs after partially metalated by Cd2+, Zn2+ and Ag+. 

Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT differ dramatically in their gas-phase stabilities. 

A static mixing tee with variable lengths of capillary was chosen to probe abundance 

change of partially metalated species of MT binding with Cd2+ and Zn2+ during short 

reaction time. The mixing tee system also allows CIU study of intermediates under pre-

equilibrium conditions. The sequential addition of each Cd2+ and Zn2+ ion to MT results 

in the incremental stabilization of unique unfolding intermediates. 

We further focused on Ag+ metalated MT and combined multiple MS strategies, 

including mixed metalation, CIU, chemical labeling, top-down and bottom-up MS, and 

2D MS-CID-IM-MS, to unambiguously identify the binding sites of Ag4-MT. Both Cd2+ 

and Ag+ bind to MT cooperatively, however, Cd4-MT prefers binding to α domain while 

Ag4-MT binds to β domain.  
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Furthermore, some attempts including kinetic study with mixing tee during Cd2+ 

metalation, Cu+ binding to MT and studies related to possible solution phase structures of 

different charge states of MT are summarized. We hope those attempts can inspire future 

study. 
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NOMENCLATURE 

 

CE                               Collision energy 

CID                             Collision-induced dissociate 

CIU                             Collision-induced unfolding 

DTPA                         Diethylenetriaminepentaacetic acid 

ESI                              Electrospray ionization 

IM                               Ion mobility 

MT                              Metallothioneins 

MS                              Mass spectrometry 

NEM                           N-ethymaleimide 

TCEP                          Tris(2-carboxyethyl)phosphine 
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CHAPTER I  

INTRODUCTION  

Metallothioneins (MTs) constitute a group of metalloproteins characterized by 

their small size (0.5-14 kDa), extremely high thiolate sulfur and metal content (both in 

the order of 10 %, w/w), and a lack of tertiary structure in their apo form.1-2 Based on 

their sequence similarities and phylogenetic relationship, mammal MTs can be divided 

into subgroups: MT1 and MT2 are highly expressed in almost all organs such as liver 

and kidney; MT3 is expressed mainly in brain while MT4 can only be found in certain 

stratified tissues.3-5 Those subgroups of MTs differ in amino acid residues other than the 

conserved cysteines.1 

Since the discovery of mammalian MTs in 1957, it has received tense attention 

and research.6 However, the biological properties of MTs haven’t been fully understood 

yet, as further properties are still discovered continually. The main difficulty in 

understanding MT’s biological properties comes from the fact that MTs have been 

implied in tens of biological process, and the functions vary from one type of organisms 

to another, or even vary from isoforms in a single organism.2, 7 For the most widely 

expressed isoforms in mammals, MT1 and MT2, the properties are related to their high 

thiolate sulfur content. These involve basic metal homeostasis,8-9 heavy metal 

detoxification,10 defense against oxidative stress and scavenging reactive oxygen 

species.11 MT3 is thought to be a neuronal growth inhibitory factor.12 It plays important 

roles in homeostasis of the essential metal ions Cu(I) and Zn(II) in mammal brains, and 

may be involved in preventing the formation of neurotoxic β-amyloid plaques in 
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Alzheimer’s disease.13-16 MT4 is reported to have higher affinity towards Cu(I) than 

Zn(II) or Cd(II);17 its biological functions are related to the Cu-thioneine formation and 

tissue-specific expression.18-19 It is also reported that MT induction occurs in response to 

tissue injury, inflection and inflammation.20 Aberrant expression of MTs is even 

disclosed as a prognostic factor for tumor progression or as a cause of resistance in 

cancer treatment.21-22 

In order to understand the biological function of MTs, it is necessary to study the 

structure change of MTs during metalation and demetalation process. MTs are 

considered as natively unfolded proteins or intrinsically disordered proteins (IDP). 

Following their names, natively unfolded proteins show complete or almost complete 

loss of any ordered structure under physiological conditions in vitro and have the 

properties like low overall hydrophobicity and high net charge; the absence of a tightly 

packed core and high conformational flexibility.23 The structures of IDPs are governed 

by binding of their targets.23 For MTs, the structure properties are based on the 

formation of metal-thiolate clusters in a single domain (yeast), or in two such domains 

(mammals).2, 24-25 MTs have different affinity order of metal ions for the thiolate ligands: 

Zn(Ⅱ) < Cd(Ⅱ) < Cu(Ⅰ) < Ag(Ⅰ).26 Mammal MT1 and MT2 adopt similar structures 

binding with metal ions.27 Figure 1.1 shows the two types of metal-thiolate clusters that 

have been reported for MT2 binding with divalent metal ions like Zn(Ⅱ) and Cd(Ⅱ).28 

An M3Cys9 cluster is formed in the N terminal β domain of mammal MTs with three 

metal ions and three bridging cysteine sulfurs forming a six-membered ring. The 

M4Cys11 cluster found in the C terminal α domain contains two distorted six-membered 



 

3 

 

rings. Two bonds are shared between those two rings. Limited information for 

monovalent ions metalated mammal MT has been reported. At least twelve monovalent 

metals ions are required to form fully metalated MT.29 Both trigonal planar and 

line/diagonal coordination geometry can be involved in the cluster structure.1  

 

 

Figure 1.1. NMR structure of rabbit liver Cd7-metallothionein 2A. Cadmium atoms are 
shown as magenta spheres, thiolate bonds as yellow sticks. The amino acid sequence for 
rabbit MT2A is MDPNCSCAAA GDSCTCANSC TCKACKCTSC KKSCCSCCPP 
GCAKCAQGCI CKGASDKCSC CA.28 (β domain: 1MRB; α domain: 2MRB) 

 

Types of analytical techniques have been applied to elucidate the chemical 

properties and structures of MTs. MTs lack aromatic amino acids, instead, they show 

ligand-to-metal-charge-transfer (LMCT) absorption bands detectable in the ultraviolet–

visible (UV-vis) region.30-32 The LMCT bands fall around 220-240 nm for Zn(II) and 

240-250 nm for Cd(II).32 Circular dichroism (CD) spectroscopy is one of the most 

classic methods to study the structure changes of MTs during metalation. 31, 33-35 Infrared 

(IR) and Raman spectroscopy are also applied to MT studies. 36-37 The drawback of those 
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optical spectroscopy methods is the bands are usually broad and lack of details, since the 

products are usually mixtures of multiple metalated species. Due to band overlapping of 

the complex systems and lack of absorption information of each pure partially metalated 

species, optical spectroscopy can only provide an overall picture during the metalation 

process.1  

Structure determination for MTs is also challenging. The two most commonly 

used methods in structure study, X-ray crystallography and nuclear magnetic resonance 

(NMR) spectroscopy, all meet difficulties obtaining the 3-dimentional structures of 

MTs.1 MTs are hard to crystalize due to the relatively high flexibility of their backbone. 

For example, since the discovery of yeast copper thionein in 1975, crystallization 

attempts started.38 It was only until 2005 that Weser and co-workers succeeded to obtain 

a conclusive structure.39 Only 2 out of the 33 solved entries for MTs in the Protein Data 

Bank (PDB) are X-ray structures up to now. Even though solving most of the known 

structures, NMR meets challenges as well, such as very little information for glycine 

groups, difficulty to locate the positions of cysteine groups with conventional protein 

NMR spectroscopy.1 A replacement of the native metal ion by an NMR-active nucleus is 

always required, for example, Zn(II) is replaced by 111Cd(II) or 113Cd(II).28, 40-41 It cannot 

be guaranteed if the replacement is isostructural.1, 42 Finally, all the structures in PDB are 

for fully metalated MTs. In fact, apo form and the partially metalated species are more 

likely to be physiological predominant.43-45 Due to the unfolded property and flexible 

backbone, the structure of partially metalated species are unlikely to be obtained by 

either X-ray crystallography or NMR spectroscopy.1  
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One of the most popular methods in MTs study nowadays is mass spectrometry, 

especially electrospray ionization mass spectrometry (ESI-MS). ESI-MS is a soft 

ionization technique.46-47 It can generate tiny droplets with solution and target protein 

molecules. When solution molecules are evaporated during ESI process, the target 

protein can maintain a native-like structure without breaking covalence bonds.48-50 Non-

covalence bonds can be maintained by careful experimental design.51-53 The structure 

and folding of MTs are governed by the metal-thiolate bonds, which are thought to be 

covalence bonds.2, 54 Fenselau’s group is the first to introduce ESI-MS to MTs study.55 

With optimized experiment conditions such as neutral pH, volatile buffer, instrumental 

parameters, MTs are especially suitable for analysis by ESI-MS. In fact, ESI-MS is the 

only method allows the directly observation of individual partially metalated species of 

MTs during metal uptake and release.1, 56-59  

ESI-MS can not only provide classical mass-to-charge ratio (m/z), but also 

combined with other separation methods to provide structural related information. Ion-

mobility (IM) spectroscopy is one of those methods. IM is a gas-phase post ionization 

separation method which can provide an additional dimension to separate ions based on 

chemical classes or conformational classes.60-62 IM obtains the rotationally averaged 

collision cross-section (CCS) of gas-phase ions and nuclei acids along with m/z value.63-

64 ESI-IM-MS can thus act as a tool to separate complex mixtures, to resolve ions that 

may be difficult to distinguish by mass spectrometry only, to obtain structural 

information, or to study conformational dynamics like protein flexibility and 

folding/unfolding mechanisms.65-68 Even though ESI-IM-MS cannot provide atomic 
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resolution compared with NMR or X-ray crystallography, it has been applied 

successfully to examine protein dynamics and shows great potential for getting the 

structure characterization of IDP like MTs. 48, 56, 69-71  

Our group have focused on researches of MTs using ESI-IM-MS for years and 

made progress in understanding partially metalated species and the related structure-

function relationships. Molecular dynamics (MD) simulations data was integrated with 

IM-MS to provide a global view that shows stepwise metal-induced conformational 

transition: apo-MT and partially metalated MTs converge toward ordered, compact 

conformations as the number of bound Cd2+ ions increase.70 Bottom-up and top-down 

IM-MS was combined with chemical labels by N-ethylmaleimide (NEM) to 

unambiguously identify four Cd-binding sites of human Cd4-MT.56 Similar method was 

applied for kinetic study in the reaction of human Cd7-MT and NEM, and Cys33 was 

found to play special role in the metal displacement process.71 MTs are also used as 

examples to comparing conformations sampled by ESI-IM-MS to solution phase 

structures.48 

Most recently, we introduced collision-induced unfolding (CIU) to MT studies. 

CIU is a collisional activation method in which the CCSs of a protein complex under 

different activation energy are monitored.72 During a typical CIU experiment, the 

isolated ions are activated by collisions with a background gas (e.g. Argon). The internal 

energy of the ions is increased, leading to conformational change or unfolding. The 

increased internal energy is not sufficient to cause significant dissociation of covalent 

bonds.73-74 CIU describes the unfolding process of the protein complex, which reflects 
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gas-phase stability.75 CIU has been applied to distinguish subtle differences between 

biomarkers, study the structures of gas-phase biomolecules as well as protein-ligand 

interactions.76-82 Ruotolo and coworkers have developed software to simplify the data 

analysis process of CIU.83-84  

In CAPTURE II, the conformational preferences for partial metalated rabbit 

metallothionein-2A (MT) by Cd2+, Zn2+, and Ag+ is studied using nESI-IM-MS. We 

employ CIU to probe differences in the gas-phase stabilities of these partially metalated 

MTs. Our results show that despite their similarity in IM profiles under cool 

instrumental conditions, Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT differ dramatically in 

their gas-phase stabilities. Furthermore, the sequential addition of each Cd2+ and Zn2+ 

ion result in the incremental stabilization of unique unfolding intermediates. 

Among all the partially metalated MTs we studied (Zni-MT, Cdi-MT and Agi-

MT), Agi-MT is extremely interesting. MT can bind more Ag+ ions than Cd2+ and Zn2+ 

ions; meanwhile, Ag4-MT behave as a cooperative products. Further research was 

performed to get better understanding of silver metalated MTs. In CAPTURE III,  direct 

metalation and CIU are used to obtain cooperative binding pattern of MT towards Ag+ 

and track structural changes of multiple partially metalated-MT. The result proves that 

Ag4-MT is a cooperative product. Mixed metalation experiment, top-down and bottom-

up mass spectrometry is combined with NEM labeling to identify that all four Ag+ ions 

in Ag4-MT are bound to β domain, which is significantly different from Cd2+ or Zn2+. 

These differences might be important to MTs’ physiologically function in metal 

homeostasis and detoxification as well as diseases development. 
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In CAPTURE V, we provided a comprehensive investigation of other MT related 

projects, which included real-time MS based kinetic study, Cu(I) metalation and  CIU of 

Cu(I) metalated MT, as well as the relationship between solution-phase structures and 

gas-phase structures sampled by ESI-MS. We hope those results can inspire future 

research of MT. 
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CHAPTER II                                                                                         

COLLISION-INDUCED UNFOLDING OF PARTIALLY METALATED 

METALLOTHIONEIN-2A: TRACKING UNFOLDING REACTIONS OF GAS-

PHASE IONS* 

 

Introduction 

Metallothioneins (MTs) constitute a group of metalloproteins characterized by 

their small size (0.5-14 kDa) and the high abundance of cysteines which serve as metal 

ion coordination sites. The apo forms of MT exhibit a diverse array of disordered tertiary 

structures, but metal binding to the cysteine residues (thiolate groups) serve as strong 

determinants of MT structural properties.1-2, 24 It has been suggested that the apo- and 

partially-metalated MT species are more likely to be physiologically predominant 

species,85-86 but due to their conformational diversity and low in vitro abundances, the 

structures of partially metalated species are difficult to study using X-ray crystallography 

or NMR spectroscopy.1  

Fenselau et al. pioneered the use of electrospray ionization mass spectrometry 

(ESI-MS) for studies of metallothioneins,55 and Stillman et al. have championed ESI for 

studies of ion reactivity and kinetics of metalation reactions.31, 87-91 More recently, we 

have made extensive use of nano-electrospray ionization mass spectrometry in 

 

* Reprinted with permission from Dong, S.; Wagner, N. D. and Russell, D. H.. 
COLLISION-INDUCED UNFOLDING OF PARTIALLY METALATED 
METALLOTHIONEIN-2A: TRACKINF UNFOLDING REACTIONS OF GAS-
PHASE IONS. Anal. Chem. 2018, 90 (20), 11856-11862. Copyright (2018) by American 
Chemical Society 
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combination with ion mobility (IM) spectrometry (nESI-IM-MS) for determination of 

the conformational preferences of both partially and fully metalated MTs.48, 56, 70-71 IM-

MS has been applied to protein structure study, and can be used to probe protein 

dynamics and shows great potential for structural characterization of natively unfolded 

MTs, specifically conformational changes upon binding metal ions or other folding 

effectors.60, 63, 65, 69, 92-96 As examples, Chen et al. combined bottom-up and top-down 

nESI-IM-MS proteomic approaches with chemical labeling to unambiguously show that 

metalation involves sequential addition of Cd2+ to the -domain resulting in preferential 

formation of an intermediate, Cd4-MT2, but at higher metal ion concentrations the 

excess Cd2+ ions add to the -domain to yield the fully metalated Cd7-MT2.56 Likewise, 

demetalation (by EDTA) occurs in the reverse order.56 A similar approach was used to 

examine the reaction of human Cd7-MT2 and N-Ethylmaleimide (NEM) to show that 

Cys33 played an important role in the metal displacement process.71 Another study used 

molecular dynamics (MD) simulations to identify candidate structures for the partially 

and fully metalated MTs.70 The simulation results were integrated with IM-MS to 

provide a global view of stepwise metal-induced conformational transitions; apo-MT2 

and partially metalated ions converge toward ordered, compact conformations as the 

number of bound Cd2+ ions increases.70-48  

Here, we employ collision-induced unfolding (CIU) experiments to investigate 

how the rotationally-averaged collision cross section (CCS) of the partially metalated 

MT ions change as the ion’s internal energy is increased upon collisional activation. This 

approach is used to compare the conformational preference of partially metalated ions 
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and the differences in their gas-phase stabilities.77 CIU is analogous to protein melting 

experiments,97 but instead of thermal heating of a solution containing the protein of 

interest, the ions are heated by energetic collisions with a bath gas.79 The unfolding that 

occurs as a result of collisional activation (CA) can be related to the relative stabilities of 

noncovalent (secondary/tertiary structure) intramolecular interactions of the gas-phase 

protein ions. Although the mass spectral data for the partially metalated MT species 

reveal some similarities, the CIU plots for these ions are quite different and reveal 

substantial differences in gas-phase stability. In some cases, however, the abundances 

for the partially metalated ions, viz., (metal)i-MT, where i = 1-3, are quite low; 

consequently, a mixing tee apparatus was developed in an effort to kinetically trap the 

low abundance ions.   

 

Experimental Section 

Recombinant rabbit metal-free MT2A (denoted as apo-MT) was obtained from 

Bestenbalt LLC (Tallinn, Estonia). Bradykinin and bradykinin mutant peptide, cadmium 

acetate, zinc acetate, silver acetate, ammonium acetate, formic acid (FA) and tris (2-

carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich (St. 

Louis, MO). Deionized water (18.2 MΩ) was obtained from a Milli-Q water apparatus 

(Millipore, Billerica, MA).  

Rabbit apo-MT powder was reconstituted in 1% FA and 0.6 mM TCEP, divided 

into 10 μL aliquots, flash frozen in liquid nitrogen, and lyophilized. These apo-MT 

samples were stored at -20 °C until use. 17.5 μM apo-MT was reconstituted in 50 mM 
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ammonium acetate (pH = 6.8), 10 % methanol and 1 mM TCEP. 70 μM (four 

equivalents) cadmium acetate, zinc acetate, and silver acetate, or 105 μM (six 

equivalents) silver acetate were added for partially metalated studies. The solution was 

incubated for 1 h at room temperature and then analyzed by nESI-IM-MS. 

All experiments were performed on a Waters Synapt-G2 HDMS instrument 

(Manchester, UK). nESI-IM-MS experiments were carried out using instrument 

conditions that minimize collisional heating as previously described.48 nESI-CIU-MS 

experiments were carried out as described previously.98 Identical collisional heat 

minimizing conditions were used prior to collisional activation. The ion of interest was 

mass-selected by the quadrupole mass analyzer and then collisionally activated (CA) 

prior to IM analysis. Different collision energies were applied by changing the voltage 

(increments of 5 V) drop between the exit of the quadrupole and the entrance to the 

TWIG-trap region filled with the collision gas argon. The activation energy was reported 

as lab-frame collision energy which was calculated as the product of ion charge and 

acceleration voltage. CA data were compiled into CIU heat maps, i.e. 2-dimensional 

plots of CCS vs. lab-frame collision energies using CIUSuite as described by Ruotolo et 

al.83  

The CIU heat maps for the partially metalated species obtained using titration 

experiments are of poor quality owing to the low abundances of the Cdi-MT (i = 1-3) 

product ions during the titration experiments. This problem was circumvented by using a 

micro-mixing tee (IDEX Heath & Science LLC, Oak Harbor, WA) apparatus that allows 

for better control of the reaction time, i.e. kinetic trapping of the partially metalated 
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product ions (see Figure 2.1). The length of capillary between the mixing tee and the 

ESI source is variable, which allows for better control of the reaction time. For these 

experiments one channel of the micro-mixing tee contained 35 µM apo-MT (1 mM 

TCEP, 10 % MeOH and 50 mM ammonium acetate) and the other channel contained 

four equivalents of cadmium acetate or zinc acetate in 10 % MeOH and 50 mM 

ammonium acetate. The two channels were mixed in the mixing tee and allowed to react 

in a capillary prior to nESI; the reaction time was then selected by varying the length of 

the capillary. CIU for apo-, Cd1-, Cd2-, Cd3-MT and Cd4-MT was obtained using a 

capillary with a length of 60 cm and an internal diameter of 75 μm. The CIU for Zn1-, 

Zn2-, Zn3-MT and Zn4-MT was obtained using a capillary with a length of 10 cm and an 

internal diameter of 75 μm. 

 

 

Figure 2.1. Schematic diagram of the micro-mixing tee assembly used to kinetically trap 
partially metalated Cdi-MT (i=1-3). Reprinted with permission from [123]. 
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Results and Discussion 

Figure 2.2 contains nESI mass spectra for apo- and partially metalated MT ions 

(Cd2+, Zn2+, and Ag+) acquired from equilibrated solutions. Specifically, apo-MT ions 

react with Cd2+, Zn2+, and Ag+ to yield product ions of 5+ charge states (Cd4-MT, m/z 

1314.6; Zn4-MT, m/z 1276.4; and Ag4-MT, m/z 1311.4), and 4+ product ions (Cd4-MT, 

m/z 1642.7; Zn4-MT, m/z 1595.5; and Ag4-MT, m/z 1639.2). Signals corresponding to 

Zn1-MT, Zn2-MT and Zn3-MT are also detected, as well as low abundance Ag5-MT and 

Ag6-MT, whereas in the case of Cd2+ only metalated product ions corresponding to Cd4-

MT product ions are observed.  

 

Figure 2.2. ESI-MS spectra acquired from equilibrated solutions containing MT and 
either no metal ion (apo-MT) or four equivalents of Cd2+, Zn2+, or Ag+ (Cd4-MT, Zn4-
MT, and Ag4-MT). The solution was incubated for 1 h at room temperature and then 
analyzed by nESI-MS. Reprinted with permission from [123]. 
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It is interesting to note the changes in the charge state distribution that occur 

upon metal ion binding. Previous studies showed that charge state distributions of the 

metalated ions are dependent on the numbers of metal ions bound to MT,70 and here it is 

shown to also be dependent on the identity of the metal species. For example, the 5+ ion 

is the most abundant charge state for apo-MT; however, after binding four equivalents of 

Cd2+ or Zn2+, the 4+ ion is the most abundant charge state, but this behavior is not 

observed upon binding of Ag+ ions. This observation suggests that the solvent accessible 

surface area (SASA) for the 5+ and 4+ charge states are quite different---indirect 

evidence that these ions have very different conformations. That is, binding of Cd2+ or 

Zn2+ ions results in formation of conformers that are very different from that for apo-

MT, and these differences in conformation alters the exposure of hydrophilic regions of 

the protein. As reported previously,70 Cd4-MT is a relatively stable product wherein the 

first four Cd2+ ions bind preferentially to the α-domain, resulting in more compact 

conformations of this domain; a similar structure for Zn4-MT has been proposed by 

Messerle.99 This increase in order in the α-domain would likely result in an overall 

decrease in the SASA of the protein, which is consistent with the observed lower charge 

state. Ag4-MT, on the other hand, shows a preference for 5+ ions---very much like that 

observed for apo-MT, thus it appears that the SASA of Ag4-MT is similar to that of apo-

MT, as opposed to the other partially metalated counterparts. Independently, Zelazowski 

and Palacios reported that MT reacts to bind more than six Ag+ ions to each domain,100-

102 which raises questions as to whether Ag4-MT forms a compact metal-coordinated 

structure because no domain is “full”, a degree of disorder is retained. Although MTs 
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bound with Zn2+ and Cd2+ adopt tetrahedral coordination spheres, where the metal ion is 

coordinated by four cysteine residues,1, 28, 103 coordination of Ag+ ions by MT are more 

likely to have digonal or trigonal geometries;1, 104 consequently, as the numbers of Ag+ 

ions bound to MT increases, the structure of the Agi-MT complex may be less ordered 

than are the structures of Cdi- or Zni -MT complexes.105  

Results from collision-induced dissociation (CID) studies provide interesting 

clues concerning the binding of metal ions to MT. Figure 2.3 contains CID spectrum for 

5+ apo-MT, Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT. For apo-MT, the most abundant 

fragment ions are derived from backbone dissociation within the β-domain, and similar 

fragment ions are observed for all of the (metal)4-MT complexes. The most abundant 

CID fragment ions correspond to y-type fragment ions, where charge is retained by the 

C-terminus,106 and all of these ions, with exception of y24 fragment ions contain four 

metal ions. Note, however that the b-type fragment ions, where charge is retained by the 

N-terminus,106 do not contain metal ions. The CID spectra for 5+ ions of Cd4-MT, Zn4-

MT, Ag4-MT and Ag6-MT (see Figure 2.3B) are very similar and suggest that Cd2+, 

Zn2+, and Ag+ are most strongly bound by ligands (thiolates) that fall between Cys14 and 

Cys60. Note that CID of Cd4-MT, Ag4-MT and Ag6-MT produces y24 fragment ions 

(corresponding to cleavage at Pro39), which suggest interactions with thiolate ligands 

near the C-terminus may be weaker than those with the Cys located near the middle of 

the amino acid chain. Stillman suggested that at physiological pH, Zn2+ is bound to the 

N-terminal Cys5 and Cys7 and forms bead-like structure(s) rather than a 

M4Cys11 cluster,107-109 but hereto the CID fragmentation suggest that Cys5 and Cys7 are 
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at most weakly interacting with the Zn2+ in Zn4-MT. The CID results do not preclude the 

possibility that metal ions initially coordinated by Cys located near the N- (Cys5 and/or 

Cys7) and C-terminus (Cys located between positions 42 and 61) migrate to new binding 

sites prior to dissociation. Similar metal ions migration may also occur for Ag6-MT. 

Even though there are reports that Ag6-MT may have a fully metalated β domain, the 

CID results of Ag6-MT illustrate that most of the fragmentations are metal containing y-

type fragment ions and metal free b-type fragment ions.102, 110-112 

 

Figure 2.3. (A) CID spectra showing the fragmentation product ions from CID of apo-, 
Cd4-, Zn4-, Ag4- and Ag6-MT. For Zn4-MT, the signal intensity is magnified by 5 times 
from 1000 to 1570 (m/z). (B) Summary of identified fragment ions from A. α and β 
indicate the two MT domains. No metal ion dissociation was detected. Note that starred 
peaks are the products of b5-acetly group and a5-CH3SH. Reprinted with permission 
from [123]. 
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Figure 2.4. Ion mobility profiles of apo- and Cd4-MT with different charge states (6+, 
5+ and 4+ for apo-MT; 5+ and 4+ for Cd4-MT) and sprayed from different 
concentrations of methanol (0 - 50% V/V). Note that starred peaks are the products of 
high background noise and not differences in MT conformational preference. Reprinted 
with permission from [123]. 
 

While nESI-MS and nESI-MS-MS are able to distinguish different metalated 

species on the basis of mass-to-charge ratios, the mass spectra do not provide 

secondary/tertiary structural information. Combining ion mobility with nESI-MS, e.g., 

nESI-IM-MS, affords direct measurements of the conformational diversity of the ion 

population as well as ion size (shape), information that can be related to 

structure/conformation.63, 79, 82, 98 Apo-MT has been described as an intrinsically 

disordered protein, and indeed the CCS profiles for 6+ and 5+ ions are composed of 

multiple peaks (Figure 2.4), consistent with a heterogeneous population of states, as 
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opposed to a population of interconverting states. Note also that CCS profiles obtained 

from methanolic solutions, generally thought to be denaturing conditions, are very 

similar, suggesting that the addition of methanol does not significantly alter the 

structure/conformational diversity of MT.113 

Collision-Induced Unfolding of Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT  

CCS profiles for the 5+ ions of Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT as well 

as how the CCS profiles change upon collisional activation, viz. collision-induced 

unfolding (CIU) are shown in panels A and B of Figure 2.5. Cd4-MT and Ag4-MT were 

selected because they are formed in high abundance relative to the (metal)i-MT, where i 

= 1-3, which suggests that these ions are more stable and/or less reactive toward further 

metal addition reactions.56 Although Zn4-MT does not behave similarly to Cd4-MT or 

Ag4-MT in terms of stability/reactivity toward metalation, it does provide interesting 

comparisons to the Cd4-MT and Ag4-MT complexes. The relative abundance of the Ag6-

MT complex is also not enhanced relative to that of the other Agi-MT (where i = 5,6 and 

8-10; see Figure 2.6), but it has been suggested that Ag6-MT “might provide an intact 

cluster”.110-112 These data allow for comparisons of CIU for mono- and divalent-metal 

ions, which differ in terms of coordination, diagonal versus tetrahedral, respectively, and 

it has been reported that fully metalated MTs are known to have different backbone 

folds.104, 114  
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Figure 2.5. (A) CCS profiles for the 5+ ions of apo-MT, Cd4-MT, Zn4-MT, Ag4-MT and 
Ag6-MT acquired using different collisional activation conditions. Laboratory frame 
collision energies are: (a) 25 eV, (b) 75 eV, (c) 125 eV, and (d) 175 eV. (B) CIU heat 
maps for (a) apo-, (b) Cd4-, (c) Zn4-, (d) Ag4- and (e) Ag6-MT. The collision voltage was 
changed in increments of 5 V across the full range from 5 V to 45 V. Reprinted with 
permission from [123]. 

 

Prior to CA the CCS profiles for apo-MT ions span the range from ~760-1100 Å2 

(Figure 2.5A(a)) but the CCS profile for the activated apo-MT ions shift to ~950-1100 

Å2 (Figure 2.5A(b-d)). Similar shifts in CCS profiles are observed for each of the 

metalated ions. Prior to CA the peak maximum of the CCS profile for Cd4-MT is 

centered at approximately 750 Å2, but at the highest CA energies the CCS for Cd4-MT 

ranges from ~700-1000 Å2 with a peak maximum centered at ~900 Å2. Although the fine 
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structure in the CCS profiles for Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT are somewhat 

different, the overall shapes of the CCS profiles at the various CA energies are quite 

similar. 

 

Figure 2.6.  Mass Spectra (5+) of apo-MT mixing with six equivalents sliver acetate. 
Reprinted with permission from [123]. 
 

The following discussion will be directed toward the CIU heat maps because 

these data better illustrate the general trends observed in the unfolding reactions. These 

data better illustrate how small changes in the CA energies induce structural changes of 

the apo- and metal-MT complex. Apo-MT ions unfold at relatively low (10-25 eV) CA 

energies to yield an ion population having CCS of approximately 1050 Å2, which was 

previously assigned to a fully extended conformer.70 The CIU behavior of Cd4-MT and 

Ag6-MT ions are similar in terms of the initial and final CCS, but they unfold through 

different intermediate ion states. Cd4-MT initially unfolds (10-50 eV) to form families of 

conformers having CCS between 775-850 Å2. At collision energies below <50 eV Ag6-

MT unfolds to form conformers having CCS that range from ~725-775 Å2, but these 
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ions undergoes a one-step unfolding transition at ~ 75 eV to form the final state having a 

CCS of ~900 Å2. At CA energies above 90 eV the most abundant states have CCS of 

~900 Å2 and lower abundance states with CCS extending beyond 1000 Å2. The CIU 

behavior of Cd4-MT and Zn4-MT are similar in terms of the early unfolding reactions, 

but Zn4-MT is most similar to Ag4-MT in terms of initial and final unfolded states. Zn4-

MT unfolding occurs in four steps, the first three steps yield conformers having CCS that 

are similar to those for Cd4-MT, and the final unfolded states have CCS that range from 

975-1025 Å2. Ag4-MT unfolds at low collision energies similar to that for both Cd4-MT 

and Zn4-MT, but at collision energies greater than ~50 eV it unfolds to form conformers 

that are most similar to fully extended apo-MT (CCS ~1000 Å2).  

CIU of Cdi-MT and Zni-MT (i = 1-3)  

We previously using MD simulations showed that step-wise addition of Cd2+ 

ions to MT promotes folding in the region around the metal ion, whereas other regions 

that are not involved in metal ion binding remain dynamic.15 The simulations suggested 

that species with i = 2-3 were more ordered than are apo- or Cd1-MT ions, but the 

majority of the backbone remains unstructured and dynamic. CIU provides an 

experimental means to test the results of the MD simulations and to compare the CIU of 

Cdi-MT and Zni-MT (i = 1-3) to Cd4-MT and Zn4-MT. Unfortunately, these same ions 

(Agi-MT (i = 1-3)) are only observed at very low abundances (see Figure 2.7) and we 

have been unable to obtain reproducible CIU data using either pre-mixed solutions or the 

mixing-tee, Figure 2.8 contains CIU heat maps for Cdi-MT and Zni-MT (i = 1-3).  
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Figure 2.7. Mass Spectra (4+) showing using mixing tee and different capillary length to 
mix apo-MT with four equivalents sliver acetate. The top mass spectrum is of apo-MT 
acquired without the use of a mixing tee. The capillary length used after is 5 cm, 10 cm, 
15 cm, 60 cm, 178 cm and 400 cm (from top to bottom). No partially metalated 
intermediate is trapped other than Ag4-MT. Reprinted with permission from [123]. 
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Figure 2.8. (A) CCS profiles for the 5+ ions of Cd1-, Cd2- and Cd3-MT acquired using 
different collisional activation conditions. Laboratory frame collision energies are: (a) 25 
eV, (b) 75 eV, (c) 125 eV, and (d) 175 eV. (B) CIU heat maps for (e) Cd1-, (f) Cd2- and 
(g) Cd3-MT. (C) CCS profiles for the 5+ ions of Zn1-, Zn2- and Zn3-MT acquired using 
different collisional activation conditions. Laboratory frame collision energies are: (a) 25 
eV, (b) 75 eV, (c) 125 eV, and (d) 175 eV. (D) CIU heat maps for (e) Zn1-, (f) Zn2- and 
(g) Zn3-MT. Reprinted with permission from [123]. 
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The pre-CA CCS profile for Cd1-MT reveal a high abundance of compact 

conformers (~725-920 Å2) and a smaller population of ions with CCS ~1000 Å2, but 

these conformers unfold at relatively low collision energies (Elab < 60 eV) to form 

conformers with CCS of ~1000-1075 Å2. Interestingly, at collision energies > 80 eV, 

some of the Cd1-MT ion population adopts a CCS approximating that observed for the 

fully unfolded apo-MT ions (~1050 Å2); however, the most abundant population has 

CCS centered at ~ 1000 Å2. Cd2-MT and Cd3-MT also populate compact conformers 

(~725-800 Å2), but display a higher abundance of ions with a CCS ~750 Å2 and a much 

lower abundance of the larger ~1000 Å2 conformers. At the highest collision energies 

these ions unfold to conformers with CCSs of ~900 and then ~1000 Å2. Further 

unfolding from the 900 Å2 conformers to the more extended ~1000 Å2 conformers 

occurs at higher collision energy for Cd2-MT and an even higher collision energy for 

Cd3-MT. Note that the extended conformers with CCS of ~1000 Å2 were not observed 

for Cd4-MT at any collision energy. Collectively, these results illustrate incremental 

stabilization (folding) upon binding of Cd2+ ions, and on the basis of our prior work we 

propose that this structural ordering is the result of metalation of the α-domain---the final 

ordering occurs upon addition of the fourth Cd2+ ion.56 

The CIU heat map of Zn1-MT is remarkably similar to that observed for Cd1-MT, 

specifically conformers with CCS of ~750-920 Å2 unfold at relatively low collision 

energies through an intermediate (CCS ~875 Å2) to much more extended conformers 

(~1000 Å2). Zn2-MT and Zn3-MT ions show greater preferences for the more compact 

conformers (CCS ~750 Å2) at lower collision energies. As the CA energies are increased 
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these ions unfold to form a small population of ions having CCS of ~900 Å2, but the 

dominant products of CIU are ions having CCS of ~1000 Å2, which is very similar to the 

CCS for the final product observed for Zn4-MT. In fact, the CIU heat maps for Zn3-MT 

and Zn4-MT are quite similar, but the energies at which unfolding occurs are lower for 

Zn3-MT than that for Zn4-MT. Overall, Cd2+ and Zn2+ have different ability to stabilize 

(fold) MTs.  

The initial unfolding of Zn4-MT involves conformers that have CCS that are very 

similar to Cd4-MT, but the CA energies needed for unfolding are somewhat different. 

For example, a portion of the Zn4-MT ions are unfolded at ~50 eV, but a significant 

fraction of the ion population remains folded. Complete unfolding to conformers having 

CCS of ~900 Å2 requires ~100 eV. The final unfolded conformers of Zn4-MT ions have 

CCS (~1000 Å2) that are assigned to the fully expended β-domain for Cd4-MT.  

 

Conclusions 

Chen et al.70 reported IM-MS results and MD simulations that provide strong 

evidence that all four Cd2+ ions of Cd4-MT are located in the α-domain, and the CIU data 

reported here generally agree with their results. We propose that the early transitions in 

the CIU of Cd4-MT involve conformational changes involving the metal-free β-domain. 

The CCS of ~775 Å2 for the calculated compact conformer of Cd4-MT, where all four 

Cd2+ ions are in the -domain and β-domain is also compact, is in good agreement with 

the experimental CCS of ~750 Å2. Mild CIU shifts the CCS to 805–875 Å2 owing 

formation of partially unfolded β-domain, which also agrees quite well with the MD 
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simulations. Additional increases in the collision energies produces a family of 

conformers that have CCS of ~900 Å2, and small population of ions have CCS that 

extend to >950 Å2. The MD simulations suggest that conformers having a native-like -

domain and an extended -domain should have a CCS greater than 950 Å2. Thus, it 

appears that the β-domain of Cd4-MT is not fully extended, but rather adopts some 

partially unfolded conformations. Presumably, these conformers retain some interactions 

between the thiolates of the β-domain and the Cd2+ ions of the α-domain, and the more 

extended conformers having CCS of ~1000 Å2 are formed upon breaking these 

interactions. The CIU heat map for Ag6-MT is most similar to that of Cd4-MT, thus we 

propose that Ag6-MT forms a “metal cluster” within the α-domain similar to that of Cd4-

MT. It also appears that thiolate ligands located β-domain inhibit unfolding that yields 

an extended β -domain in a manner similar to Cd4-MT. It should be noted, however, that 

Nielson, Li, and Palacios et al. have proposed that the Ag6Cys9 cluster is formed in the 

β-domain.102, 110-112  

Although MD simulations have not been performed on Zn4-MT, Ag4-MT or Ag6-

MT, it is interesting to use the simulations for Cd4-MT as models for interpreting the 

results for these complexes. The differences for Cd4-MT and Zn4-MT are for the final 

unfolded states, which are attributed to the relative binding energies of the β-domain 

thiolate groups and those located in the α-domain. The absences of similar intermediate 

states for the Ag4-MT complex suggest that similar interactions are not present, or they 

are much weaker. Regardless, the population of conformers formed at the highest 

collision energies for both Zn4-MT and Ag4-MT have CCS that extent to ~ 1000 Å2. The 
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observed differences for Ag4-MT from Cd4-MT and Zn4-MT are likely a result of the 

coordination geometries, divalent metals exhibit saturation favor tetrahedral coordinated 

structures, whereas monovalent metals are likely to form a digonal or trigonal 

coordination, which have been shown to give rise to different saturated complexes upon 

addition of twelve or higher numbers of metal ions.104, 114 Differences in coordination 

geometries would also influence the energetics of CIU of Ag4-MT relative to both Cd4-

MT and Zn4-MT. Ag4-MT ions unfold at quite low collision energies (~10 eV) to form 

conformers having CCS of 800 Å2, but a fraction of these ions are stable up to ~50 eV at 

which point they unfold to form conformers having CCS of 1020 Å2, which is assigned 

to a fully extended conformer. The initial CCS for Ag6-MT are similar to that for Ag4-

MT (~750 Å2), but this conformer unfolds to yield a family of conformers that is most 

similar to that of the most abundant unfolded conformer observed for Cd4-MT, i.e., CCS 

~ 900 Å2.  

Overall, ion mobility combined with CIU/CID provides additional information as 

to structural details for each species. As noted above, the mass spectra nor the CID 

spectra reveal information about conformational preferences of the metal-MT complex; 

however, the Cd4-MT and Ag6-MT only form low abundances CID spectra provides a 

very interesting but subtle feature of the metal-complex---the smallest y-fragmentation 

contained in the CID spectrum is y45, which contains multiple metal ions, and the only 

metal-free y-fragment ions are y23/y24. These results are evidence that the metal 

binding affinities for Cys located in the β-domain from Met1 to Ala17 and in the a-

domain from Pro39 to Ala62 are smaller than the Cys located in the middle of the 
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protein, specifically from Asn18 to Cys38. The Cys percentage from Met1 to Ala17 is 

23.5%, 33.6% from Pro39 to Ala62 and 42.9% between Asn18 to Cys38. The high 

percentage of cysteine in the middle of MT may favor inter-domain interactions during 

CIU/CID process and stabilize bound metal ions. Previous research of our group shows 

Cys33 played an important role in the metal displacement process,71 and it is interesting 

that Cys33 falls in the region of high percentage cysteine binding. Stillman suggested a 

non-cooperative metal ion binding mechanism, viz. “the metals bind initially to the 

protein in a non-specific manner followed by a redistribution of the metal ions to the 

more thermodynamically favorable position’’ rather than a domain preference binding 

pattern.89, 115 If that is the case, the cysteine rich region from Asn18 to Cys38 may be 

involved in first stage metal ion recognition and binding before rearrangement. Such a 

mechanism is consistent with the CIU results, i.e., for all the complexes studies here the 

last regions of the molecule to take on extended conformations are the terminal regions. 

In particular, of fully extended conformers at collision energies that approach the 

dissociation threshold.  

The combination of CID and CIU reveals incremental folding and stabilization of 

MT structure upon addition of each Cd2+/Zn2+ ion. This research demonstrates an 

alternative approach to understanding the physiologically predominant partially 

metalated species of MT. Lastly, while this is the first report describing differences in 

structure and coordination of these partially metalated species, the insights obtained 

about the complexes are very encouraging and clearly illustrate future potential for 

combining these approaches with molecular dynamics simulations.   
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CHAPTER III  

AG+ ION BINDING TO HUMAN METALLOTHIONEIN-2A IS COOPERATIVE 

AND DOMAIN SPECIFIC 

 

Introduction 

Metallothioneins (MTs) constitute a family of cysteine-rich small proteins that 

bind a wide range of metal ions.1-2 While the exact biological function(s) of MTs are not 

fully understood, they have been implicated in diseases such as Alzheimer's, Parkinson’s 

and cancer, which suggests that MTs have functions other than “sponges” for metal 

homeostasis, heavy metal detoxification and autoxidation.1, 3, 116-118 Although apo-MTs 

lack well-defined tertiary structure, the structure(s) and folding stabilities of metalated 

forms are largely determined by metal-thiolate bonds.1, 28 Detailed structural 

characterization of MTs has proved challenging owing to difficulties associated with 

growing high-quality crystals required for X-ray crystallography, and it has been equally 

difficult to locate metal bound cysteine residues using conventional protein NMR 

spectroscopy.1-2 While it is possible to substitute NMR silent metal ions with NMR 

active nuclei, i.e., Zn(II) by 111Cd(II) or 113Cd(II), or Cu(I) by 109Ag(I), it is unclear that 

such replacements are isostructural.1 Studies of structure/function relationships of MTs 

are further complicated by the fact that the physiologically dominant forms of MTs are 

the apo and partially metalated forms;85, 119-121 but their low abundances and 

conformational heterogeneity have prohibited in vitro studies of partially metalated MTs 

using traditional structural approaches, viz. x-ray cryptography or NMR spectroscopy.1  
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Fenselau55 and Stillman122 were the first to exploit electrospray ionization-mass 

spectrometry (ESI-MS) for studies of partially- and fully-metalated MTs. More recently, 

nano-electrospray ionization combined with ion mobility-mass spectrometry (nESI-IM-

MS) was used to investigate conformational preferences of apo- and partially-metalated 

MT.48, 56, 70-71, 123 These early studies showed that under suitable instrumental conditions, 

it is possible to maintain noncovalent interactions, such as the metal-ligand interactions 

formed in MTs.70, 123-124 Collision-induced unfolding (CIU), an IM-MS method that is 

used to monitor unfolding (changes in the collision cross section) following collisional 

activation provides additional information on stabilities of gas phase ions,72 has also 

been used for studies of metalloproteins and protein complexes.76-82 Combining nESI-

IM-MS with “bottom-up” and “top-down” proteomic strategies in concert with chemical 

labeling yielded new insights on reactivity and metal binding sites of Cd4-MT.56 In 

addition, the combination of IM-MS and molecular dynamic simulations revealed the 

high-level of conformational diversity for both apo- and partially metalated MT.70 nESI-

IM-MS has also been used to study reactions of Cd7-MT and N-ethylmaleimide (NEM) 

as well as kinetic stability of Cdi-MT (i=1 to 7). This approach also revealed evidence 

for greater kinetic stability of the α-domain of MT as well as potential role for Cys33 in 

domain interaction associated with Cd2+ binding.71 More recently, CIU was used to 

probe the gas-phase stabilities of partially metalated products with different metal 

species.123 

These earlier studies on MTs were focused on reactions of divalent metal ions 

(Cd2+ and Zn2+); however, monovalent ions such as Ag+ are also of physiological 
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importance.1, 102, 125-126 Here, direct metalation and collision-induced unfolding (CIU) are 

used in an effort to better understand this important class of proteins reacting with Ag+, 

as well as difference between Agi-MT and Cdi-MT. These results show that the products 

of metalation and stabilities of the gas-phase ions Agi-MT complexes are significantly 

different from those Cdi-MT complexes. Top-down and bottom-up mass proteomic MS 

data of the NEM labeled Ag4-MT provides strong evidence that all four Ag+ ions on 

Ag4-MT are strong bound to β-domain, which is significantly different from Cd4-MT 

complex.127-128 These differences may play important roles in regulating physiological 

function(s) for metallothioneins in metal homeostasis and detoxification as well as 

diseases development.  

 

Experimental Section 

Silver acetate, cadmium acetate, ammonium acetate, zinc acetate, 

diethylenetriaminepentaacetic acid (DTPA), dithiothreitol (DTT), tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP) and N-ethylmaleimide (NEM) were purchased from 

Sigma-Aldrich (St. Louis, MO). Sequencing grade modified trypsin was purchased from 

Thermo Fisher Scientific (Waltham, MA). Deionized water (18.2 MΩ) was obtained 

from a Milli-Q water apparatus (Millipore, Billerica, MA). Micro Bio-Spin 6 columns 

were purchased from Bio-Rad Laboratories, Inc. (Hercules, CA).  

Recombinant human Zn7-MT2A (GS MDPNCSCAAG DSCTCAGSCK 

CKECKCTSCK KSCCSCCPVG CAKCAQGCIC KGASDKCSCC A) was express and 

purified. Plasmid for MT was constructed with an N-terminally encoded 6xHis+MBP 
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tag (pET28b) and transformed into E. coli cells (DE3, Agilent). Colonies were grown in 

LB media supplemented with kanamycin (50 mg/ml) and zinc acetate (200 µM) at 37 °C 

until OD600 of 0.6. IPTG (0.5 mM) was used to induce cells with 1 mM zinc acetate and 

incubated overnight at 16 °C. Cells were harvested and centrifuged to remove cellular 

debris and loaded on HisTrap HP column (GE Healthcare) pre-equilibrated with 300 

mM NaCl, 20 mM Tris, 20 mM imidazole and 1 mM DTT at pH=7.4 (NHA). Bound 

protein was eluted with buffer NHB (300 mM NaCl, 20 mM Tris, 500 mM imidazole 

and 1 mM DTT at pH=7.4) and immediately loaded to desalting column (HiPrep 26/10, 

GE Healthcare) and eluted with NHA buffer. Infused 6×His tag and MBP protein was 

cleaved using TEV protease overnight at 24 °C. A Superdex HiLoad 16/600 75 pg size-

exclusion column (GE Healthcare) was used to separate TEV and cleaved tags from 

hMT using 50 mM NaCl, 20 mM Tris and 1 mM DTT at pH=7.4 and purified protein 

was flash frozen and stored at -80 °C. 

Zn7-MT was demetalated by 100x DTPA (pH=7.4) and buffer exchanged with 

Micro Bio-Spin™ 6 Columns (BIO-RAD) to solution of 50 mM ammonium acetate 

(pH=6.8), 10% MeOH and 1 mM TCEP before using. 

Protein storage and preparation process was performed as previously reported.123 

17.5 μM apo-MT was reconstituted in 50 mM ammonium acetate, 10 % methanol and 1 

mM TCEP. The concentration of apo-MT was estimated by Cd2+ titration experiments 

(results are not shown). The Ag+ metalation experiment was performed by sequential 

addition of 1.75 μL 1 mM (one equivalent) silver acetate to 100 μL MT solution until the 
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metalation degree of products showed saturation. Each time after Ag+ addition, the 

solution was incubated at room temperature for 1 h and then analyzed by nESI-IM-MS. 

All experiments were performed on a Waters Synapt-G2 HDMS instrument 

(Manchester, UK). Instrumental conditions were tuned to minimize collisional heating as 

previously described.48 

nESI-CIU-MS experiments were carried out as described previously.98, 123 

Different collision energies were applied by changing the voltage (increments of 5 V) 

drop between the exit of the quadrupole and the entrance to the TWIG-trap. The 

activation energy was reported as lab-frame collision energy.123-124 Ion mobility profiles 

under different activation energy were compiled into CIU heat maps using CIUSuite as 

described by Ruotolo et al.83 CIU50 data were extracted with CIUSuite2 to compare the 

unfolding energy.84 Averages and standard deviations were calculated using three 

acquisitions. The standard deviations are within 3%. 

Ag/Cd mixed metal synthesis experiment was performed by addition of ~3.5 

equivalent of 1 mM Ag+ to apo-MT and incubating for 1 h at room temperature. 

Afterwards, 3.5 equivalent of 1 mM Cd2+ was added and incubated for 1 h at room 

temperature. Mass spectra and CIU heat maps of the product ions was obtained. Similar 

experiment was performed after switching the order of adding Ag+ and Cd2+.  

An Ag/Cd mixture solution was prepared by mixing 1 mM silver acetate and 1 

mM cadmium acetate solution by 1:1 ratio. Apo-MT was mixed with 7 eq of Ag/Cd 

mixture, and incubated at room temperature for 1 h before analysis. 
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Ag4-MT was obtained by metalation of apo-MT (adding 7 μL 1 mM Ag+ to a 

17.5 μM apo-MT solution). 4 µL 10 mM NEM was added to Ag4-MT and incubated for 

1 h at room temperature to completely react with metal-free cysteinyl groups. The 

alkylated metalated products (Ag4NEM14-MT) were mass-selected for direct sequencing 

by tandem mass spectrometry (top-down approach). 

In-solution digestion of Ag4NEM14-MT was performed by trypsin at a weight 

ratio of 1:50 (trypsin to protein) at 37 ⁰C overnight (bottom-up approach). The resulting 

digest was analyzed by ESI-MS, and the metal-bound peptides (Ag4NEM3-β domain) 

were further analyzed by MS-CID-IM-MS. 56, 96 

 

Results and Discussion 

Previous studies have illustrated the utility of nESI-MS for MT studies, as well 

as the added information afforded by combining it with IMS.1, 48, 56, 70-71 nESI-MS allows 

detection and separation of each partially metalated MT species, while IMS can probe 

the shape and size of each individual partially metalated MT.123 Here, a comprehensive 

mass spectrometry-based strategy employing metalation, covalent chemical labeling 

with NEM, top-down and bottom-up proteomic MS and collision-induced unfolding 

(CIU) is used to better understand the structure and stabilities of products formed by 

reactions of Ag+ with MT-2A (denoted as MT). Rotationally-averaged collision cross 

section (CCS) profiles obtained by ion mobility for the 5+ apo-MT ions are 

multicomponent, a signature for a conformationally heterogeneous, whereas those for 4+ 

MT ions are narrow indicative of an ion population that contains less conformational 
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diversity.129-130 Owing to differences in the conformational diversities of the ion 

population, the following sections are focused exclusively on the metalation reactions of 

the MT5+ ions. It should be noted, however, the rates of reactions and the numbers of 

metals ions added to MT are similar for both charge states. 

Synthesis of human Agi-MT complexes 

 

Figure 3.1. ESI-MS spectra taken following sequential addition of Ag+ to apo-MT 
solution. Peaks with asterisks (*) and circles (°) are for ions that shifted by ∼23 and ~60 
Da, corresponding to sodium and acetate adducts, respectively. 
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Figure 3.1 contains mass spectra acquired Ag+ ion titration of human MT. 

Although the spectral congestion that arises from formation of adduct ions (e.g., Na+, 

acetate ions and oxidized MT) and the metalated (Agi-MT5+) product ions complicate 

accurate kinetic measurements, the combined use of IMS and high mass resolution is 

sufficient to allow for high confidence level assignment of the product ions.96, 131-132 

During the entire titration, MT can bind up to seventeen Ag+ ions. With increasing 

concentration of Ag+ in MT solution, the abundances of metalated product ions 

increased. Upon addition of solutions containing Ag+ ions, low abundance signals 

corresponding to Agi-MT (i=1-3) and much higher abundance ions corresponding to 

Ag4-MT are detected. The low abundances of Agi-MT (i = 1-3) is not surprising owing 

to the high concentrations of thiol ligands (20 SH group per MT molecule) as well as a 

high degree of cooperativity for formation of the Ag4-MT product ion. Similar 

cooperative binding results were obtained for Cd2+ titration in our previous research.56 

Ag+ displacement by reactions with N-ethylmaleimide (NEM)  

Previous studies on Cd7-MT5+ reported that displacement of Cd2+ occurred by a 

two-component, cooperative mechanism, viz. rapid displacement of three Cd2+ ions 

followed by slow loss of the remaining four Cd2+ ions.71 Additional experimental results 

revealed that displacement of Cd2+ by NEM was domain specific; the three Cd2+ ions 

that are displaced first are from the β-domain whereas subsequent Cd2+ displacement is 

from the α-domain.71 Similar experiments were carried out for Agi-MT (i = 9 - 14) (see 

Figure 3.2). Addition of NEM to a solution containing Agi-MT (i = 5 - 17) produced 

primarily the Ag4NEM14-MT complex. The results for displacement of Ag+ by NEM 
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provide additional evidences of the uniqueness of Ag4NEM14-MT complex, specifically, 

the Ag+ ions of the Agi-MT (i = 5 - 17) complexes are considerably more labile than are 

those of the Ag4-MT in solution phase.  

 

Figure 3.2. MS spectra of apo-MT, Ag9- to Ag14-MT and Ag4NEM14-MT. Apo-MT was 
mixed with ~12 eq of Ag+ and incubated in room temperature for 1 h before analysis. 
After that, the formed Agi-MT (i=9-14) was mixed with 20 eq NEM and incubated in 
room temperature overnight before MS analysis. The asterisks (*) denote the Na+ 
adducts.  
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Synthesis and stabilities of mixed metal (Ag+/Cd2+) MT: Preferred binding domains for 

Ag+ and Cd2+ 

The high abundance of Ag4-MT product ions formed by titration of MT with Ag+ 

ions are strikingly similar to that for titration of MT by Cd2+ ions,70 viz. Ag4-MT appears 

to be formed cooperatively. This raises a question, do Ag+ and Cd2+ ions bind to the 

same or different domain? 102, 110-112 In an effort to answer this question, cross metalation 

experiments were performed. These experiments were carried out by addition of Ag+ or 

Cd2+ to aliquots of solutions containing MT to form Ag4-MT (Figure 3.3A) and Cd4-MT 

(Figure 3.3C), respectively. Following incubation period (1 hour) each solution was 

then reacted by addition of Cd2+ (Figure 3.3D) or addition of Ag+ (Figure 3.3E). The 

final products of these reactions produced mixed metal complexes of Ag4Cd4-MT or 

Cd4Ag4-MT and low abundances of Ag5Cd4-MT or Cd4Ag5-MT, respectively. The 

Ag4Cd4-MT product was also formed by addition of solutions containing equal 

concentrations of Ag+ and Cd2+ ions to a solution of apo-MT (Figure 3.3E). Similar 

metalated products are obtained regardless of the order of metal addition. No metal 

replacement is observed. The results from these experiments are interpreted as evidence 

that Ag+ and Cd2+ bind to specific domains (see below).  
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Figure 3.3. Mass spectra of MT obtained following addition Cd2+/Ag+ ions; (A) apo-
MT; (B) after addition of four equivalence Ag+; (C) after addition of four equivalence 
Cd2+; (D) addition of four equivalence Cd2+ to solution of Agi-MT; (E) addition of four 
equivalence Ag+ to solution of Cdi-MT; (F) apo-MT reacted with Ag+/Cd2+ mixture. 
Peaks with an asterisk are for Na+ adducts.  
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Top-down and bottom-up proteomics following covalent labeling of Ag4-MT with NEM: 

Where are the Ag+ ions bound? 

Top-down proteomics sequencing strategies were combined with NEM labeling 

to further characterize Ag4-MT. Addition of excess NEM to a solution containing Ag4-

MT (prepared as described above) yielded Ag4NEM14-MT. This product suggests that 

among the 20 cysteine residues in MT, 14 are labeled by NEM and the remaining 6 are 

coordinated to Ag+ ions. CIU heat maps for Ag4NEM14-MT are shown in Figure 3.4A. 

The shifts in the CCS obtained by CIU are used to track unfolding transition of the 

Ag4NEM14-MT ions. The CCS of Ag4NEM14-MT is shifted from ~860 Å2 to ~880 Å2 

with collisional activation, but at higher collision energies (CE) the CCS remains 

constant indicating that the Ag4NEM14-MT complex resists unfolding.  

The [Ag4NEM14-MT]5+ ions were also analyzed by MS-CID-IM-MS, which 

mass-selected [Ag4NEM14-MT]5+ ions are activated by energetic collisions with a neutral 

gas atom (Ar) and the product ions formed are then analyzed by ion mobility (on the 

basis of size-to-charge) and mass spectrometry (on the basis of mass-to-charge) as 

illustrated in Figure 3.4B. Using this approach the CID fragment ions are dispersed 

along charge-state trendlines, which reduces spectral congestion and simplifies 

identification of the fragment ions.56, 60, 96, 132-133 The mass spectra shown in Figure 3.4C 

were obtained by extracting the ion signals bracketed by the dashed lines (marked with 

charge states) in Figure 3.4B. The fragment ions in each spectrum shown in Figure 

3.4C are then used to assign the locations of the Ag+ ions and NEM labels, as 

summarized in Figure 3.4D.   
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Figure 3.4. (A) CIU of Ag4NEM14-MT. Due to the limited fragmentation coverage from 
Ser12 to Ser32, 13 (colored in red) out of the 14 NEM labeled cysteines can be located 
with top-down approach. Cys29 (colored in pink) is proved to be NEM labeled later with 
the bottom-up approach. (B) 2D MS-CID-IM-MS spectrum of Ag4NEM14-MT. The 
trendlines are shown for ions of different charge states as labeled (+1 to +5). (C) 
Extracted mass spectra for each trendline; for simplicity NEM is abbreviated as “N”. (D) 
Summary of identified fragment ions and corresponding model from panel C. The labels 
α and β indicate the location of the domains. The N-terminal GlySer-tag, a product of tag 
cleavage using TEV protease, is not included in the amino acid position assignments. 
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The most abundant CID fragment ions correspond to y-type fragment ions, viz. 

fragment ions formed by cleavage of the amide bond with charge retention by the C-

terminus.106 Assignments for the CID fragment ions of the Ag4NEM14-MT species are in 

Figure 3.4D. A series of metal-free, α-domain CID fragments ranging from y2 to y29 

also contain 1 to 11 NEM labeled residues serve as evidence that none of cysteine 

residues in the α-domain are involved in Ag+ binding (see Figure 3.4D). In addition, 

Cys5 and Cys7 are also labeled by NEM, which is considered as evidence that these sites 

are not involved in binding Ag+ or that the metal binding is weak relative to other 

binding sites. Among the 7 cysteine residues between Cys13 to Cys29, 6 are involved in 

binding Ag+ ions and one is labeled by NEM. The limited fragment ion coverage from 

Ser12 to Ser32 does not allow identification among Cys13 to Cys29; however, similar 

results for the β domain discussed below help to resolve this issue.  

IM-MS data of tryptic digested Ag4NEM14-MT was used to assign the Ag+ 

binding sites of the β-domain. Tryptic digestion Ag4NEM14-MT produced a number of 

peptides corresponding to cleavages of α domain (see Figure 3.5 and Table 3.1) as well 

as tryptic fragments corresponding to the intact β domain, viz. m/z 1329.62 (3+) (GlySer-

Met1-Lys30) containing four Ag+ ions and three NEM labels. The CIU heat map 

(Figure 3.6) suggests that the Ag4NEM3-β domain3+ is quite stable, viz. the complex 

does not unfold even at the highest CE, and the MS-CID-IM-MS data (Figure 3.6B and 

C) is strong evidence that Cys5, Cys7 and Cys29 are bound to NEM and the four Ag+ 

ions of Ag4NEM3-β domain are bound to Cys13, Cys15, Cys19, Cys21, Cys24 and 

Cys26. Note fragments from y3 to y9 contain one NEM and no Ag+ ion, which suggests 



 

44 

 

that among Cys24, Cys26 and Cys29, only Cys29 is labeled by NEM. Cys24 and Cys26 

are coordinated with Ag+ ions, but the binding between these two cysteines and Ag+ ions 

are relatively weak upon collisional activation. Lastly, missed tryptic cleavages at 

Lys20, Lys22, and Lys25 suggests that these residues are buried within a relatively 

stable Ag4Cys6 cluster, which is consistent with the CIU heat map (Figure 3.6A) for a 

high degree of stability for the Ag4Cys6 cluster. 

 

Figure 3.5. MS spectra of Ag4NEM14-MT after tryptic digestion. The identified 
fragmentation and corresponding sequence are listed in Table 3.1.  
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Table 3.1. Identified fragmentation ions of bottom-up approach of Ag4NEM14-MT. The 
signal at m/z 1329.62 (3+) is assigned as the intact β domain (GlySerMet1-Lys30) 
containing four Ag+ and three NEM bound. It was further analyzed by MS-CID-IM-MS. 
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Figure 3.6. (A) CIU heat map of Ag4NEM3-β domain. (B) 2D MS-CID-IM-MS 
spectrum of Ag4NEM3-β domain. The trendlines are shown for ions of different charge 
states as labeled (+1 to +3). (C) Extracted mass spectra for each trendline. NEM is 
abbreviated as “N” for simplicity. (D) Summary of identified fragment ions and 
corresponding model from C. The asterisks (*) denote the Na+ adducts and the circles (◦) 
denote the products formed by loss of H2O. 
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Collision-induced unfolding (CIU) of Ag+/Cd2+-MT and Agi-MT: Stabilities of metalated 

MT  

While previous studies have shown that sequential addition of metal ions to MTs 

yields incremental stabilization and unique folding intermediates,123 the CIU results adds 

new insights for the effects of metalation and the stabilities of MT. CIU was also used to 

investigate the stabilites of the mixed metal complexes, i.e., Ag4Cd4-MT, Ag5Cd4-MT, 

and Cd4Ag4-MT, Cd4Ag5-MT (Figure 3.7). Prior to collisional activation, the CCS 

profile for Ag4Cd4-MT ions is centered at ~750 Å2; CCS profiles at different CE are 

contained in Figure 3.8. Parts of those ions unfold at ~75 eV to around 900 Å2, while 

portions remain folded upon collisional activation. Similar results are observed for 

Cd4Ag4-MT except that Cd4Ag4-MT unfolds at lower activation energy than Ag4Cd4-

MT. The CCS profile for Ag5Cd4-MT ions is centered at ~ 750 Å2, but small portions of 

Ag5Cd4-MT unfold at ~100 eV to around 900 Å2, while the majority stays folded upon 

collisional activation. Similar results are observed for Cd4Ag5-MT except that Cd4Ag5-

MT unfolds at lower activation energy than does Ag5Cd4-MT. Intriguingly, addition of 

Cd2+ followed by addition of Ag+ and addition of a mixture of Ag+/Cd2+ to apo-MT yield 

almost identical CIU heat maps, whereas addition of Ag+ followed by addition of Cd2+ 

yields products that retain higher abundance of the compact, folded conformers at almost 

all activation energy. 
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Figure 3.7. Collision-induced unfolding (CIU) heat maps for Ag4Cd4-MT, Ag5Cd4-MT, 
and Cd4Ag4-MT, Cd4Ag5-MT. The legends at the top of each panel provide the sequence 
of addition of each metal ion.   
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Figure 3.8. CCS profiles for 5+ ions of Ag4Cd4-, Ag5Cd4-, Cd4Ag4- and Cd4Ag5-MT 
acquired using different collisional activation conditions. Lab-frame collision energies 
are (A) 25, (B) 75, (C) 125, (D) 175 and (E) 225 eV. 
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Note that the CIUs of Cd4Ag4- and Ag4Cd4-MT show some dependence on the 

order of metal addition. This effect may be attributed to the influence of Cys33, which 

was previously shown to be highly solvent exposed and a weak binding site of Cd2+ ions 

that can be displaced upon addition of NEM.71, 134 It may have weak interaction with Ag+ 

in the formation of Ag4-MT. With the addition of Cd2+, the interaction between Cys33 

and Ag+ can be partially maintained. However, if Cd2+ is added before Ag+, the 

Cd4Cys11 cluster formed in α domain may inhibit interactions between Ag+ and Cys33. 

As a result, MT metalated by Ag+, then by Cd2+ produces higher abundance of compact 

conformer than MT metalated by Cd2+ first or by Ag+/Cd2+ mixture. 

Results from CIU also allows for comparisons of the stabilities of the various 

Agi-MT (i = 4 - 17) complexes (Figure 3.9).72, 123 CCS profiles for the Ag4-MT ions are 

relatively broad and span the range from ~ 650 to 800 Å2, and a low abundance signals 

are observed as high as 950 Å2 (see Figure 3.10). Similar to that observed for apo-MT, 

the width of the CCS profile is a signature for a conformationally disordered ion 

population.123 As CE increased, the CCS of the ions increase to a maximum value of 

~1000 Å2. For example, at CE ~45 eV the abundances of ions with CCS of 750 Å2 

decreases and those in the range from ~850 Å2 steadily increases, and at CE of 

approximately 60 eV the abundances of ions with CCS ~950 Å2 has increased, and at CE 

of ~75 eV conformers with CCS of ~1000 Å2 reach a maximum. Although the CCSs for 

Ag5-MT to Ag7-MT show some differences, an intermediate state is observed across a 

narrow range of CE for Ag5-MT, and a similar state is observed for Ag6- and Ag7-MT, 
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but this state appears to be more stable that observed for Ag5-MT. In fact, a state with a 

similar CCS (~ 875 Å2) appears to be the final state for Ag8-, Ag9-, Ag10- and Ag11-MT.  

 

Figure 3.9. CIU heat maps for Ag4-MT to Ag17-MT. Asterisks (*) indicate that the CIU 
heat maps are truncated due to collision-induced dissociation. CID forms fragmentations 
from N-terminus; no Ag+ dissociation is detected. 
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Figure 3.10. CCS profiles for 5+ ions of apo- and Agi-MT (i=4-17) acquired at different 
collisional activation conditions. Lab-frame collision energies are (A)(A’)(A”) 25, 
(B)(B’)(B”) 75, (C)(C’)(C”) 125, and (D)(D’)(D”) 175 eV. Each IMS is mathematically 
deconvoluted with minimums peaks to ensure R2>0.99. Multiple peaks under each CCS 
profile is a signature for structural heterogeneity. Based on peak position, fitted peaks 
are divided into three groups: relatively compacted conformers (~ 650-800 Å2) labeled 
by blue, intermediate conformers (~800-900 Å2) labeled by red and extended conformers 
(larger than 900 Å2) labeled green. 
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The CIU heat maps for Ag4-MT through Ag7-MT show considerable differences, 

whereas those for Ag8-MT through Ag11-MT are quite similar, as summarized in Figure 

3.11. At low CE the CCS center on ~ 700 Å2 and a maximum value ~850 Å2 at the 

higher CE from Ag8-MT to Ag11-MT; however, the threshold CE required to produce 

ions having the higher CCS increases as the numbers of bound Ag+ ions increases from a 

CE value of ~55 eV for Ag4-MT to ~110 eV for Ag11-MT. For Ag12-MT through Ag17-

MT the CCS remain constant; for all of these ions that no change in CCS occurs as the 

collision energy is increased. However, at the high energies (200 eV) some of these ions 

begin to dissociate, without loss of Ag+ ions.  

 

Figure 3.11. (A) CCS of the extended and the major conformers after unfolding. (B) 
Lab-frame collision energy correspond to CIU50 for each Ag+ metalated product. 
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There is a sharp drop in the CCSs for Ag12-MT through Ag17-MT, see Figure 

3.11A. Nielson, Li and Zelazowski et al. have shown that MT requires at least 12 Ag+ 

ions to fully metalate both domains, which is also supported by the results reported 

here.100, 110-111 Ag12-MT is resistant to unfolding because both domains are fully 

metalated. Ag+ can adopt two different binding geometries with thiolates: trigonal and 

diagonal.1, 104 For trigonal binding geometries, each Ag+ ion interacts with three 

cysteines; whereas, in diagonal binding geometries, each Ag+ ion interacts with two 

cysteines. Consequently, more Ag+ ions can be accommodated if Ag+ ion adopts 

diagonal geometry comparing with trigonal geometry. Ag12-MT cannot be unfolded by 

CIU, which suggests it is a fully metalated product and Ag+ ions probably adopt trigonal 

geometry. All 20 cysteines are involved in binding with Ag+ ions. Because of trigonal 

geometry, 12 Ag+ are the minimal amount that is required to fully metalated MT. 

Following addition of more Ag+ ions, the binding geometries of the excess Ag+ ions can 

change from trigonal to diagonal and terminal cysteines turn to bridging cysteines. The 

binding geometry changes increase MT tolerance to Ag+ ions, resulting in the formation 

of Ag13-MT to Ag17-MT.   

Another possible mechanism for the formation of Ag12- to Ag17-MT is the 

influence of Ag-Ag interaction.135-136 That is, formation of Ag nanoclusters have been 

previously reported for nucleic acids/silver complexes,137-139 and similar products may 

be formed by partially and/or fully metalated MTs. Studies are underway to explore 

whether Ag nanoclusters are indeed formed. 
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For comparison, ESI-MS spectra and CIU heat maps for Agi-rMT (rabbit MT) 

are provided in here (Figure 3.12 and 3.13, respectively). The CCSs for Agi-rMT are 

somewhat larger than those for Agi-MT, but CIU heat maps show similar changes to 

those of Agi-MT. Blindauer states that the folding of MTs is dominated by metal binding 

and the formation of metal-cysteine clusters,1 therefore, the structure should be mainly 

influenced by metal ions and cysteine residuals involved in metal binding. In our 

experiment, CIU heat maps during Ag+ titration are quite similar for both types of MTs, 

which represents similar stabilities of Agi-rMT and Agi-MT (i=4 to 17). Similar CIU 

process of partially metalated MTs with difference in non-cysteine residuals is consistent 

with Blindauer’s statement.  

 

Figure 3.12. ESI-MS spectra of sequential addition of Ag+ to apo-rMT solution. 
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Figure 3.13.  CIU of Agi-rMT (i=4-17). 
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Conclusions 

Since the discovery of mammalian metallothioneis in 1957, it has received tense 

attention and research.6 ESI-MS can be used to assign the products formed by reactions 

of MT with metal ions; however, combining ESI-MS with ion mobility spectrometry 

provides additional information on the structures and stabilities of the metal-containing 

products. Here, a comprehensive ESI-IM-MS approach, viz. nESI-MS-CID-IM-MS has 

been combined with covalent labeling of the cysteine residues in an effort to better 

understand this complex system. The end results of the investigation can be summarized 

as follows: 

The Ag4-MT complex formed by reaction with Ag+ occurs by a cooperative 

mechanism, and top-down proteomic tandem mass spectrometry data for the NEM 

labeled complex, Ag4NEM14-MT, clearly shows that the four Ag+ ions are bound to 

cysteine side chains located in the -domain, viz. in the region of the protein between 

Cys13 through Cys29. Similar studies of the Ag4NEM3--domain complex, formed by 

tryptic digestion of the Ag4NEM14-MT complex, shows that Cys29 also carries an NEM 

label, thus Ag+ binding sides can be unequivocally assigned to Cys13-Cys26. It is 

interesting to note that the favored metal ion binding domains of Ag4-MT and Cd4-MT 

are very different as illustrated in Figure 3.14.  
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Figure 3.14. Summary of binding sites identification. Ag+ ions (blue) of Ag4-MT are 
located in the -domain whereas Cd2+ ions (orange) of Cd4-MT are located in the -
domain. The binding sites for Cd4-MT are summarized from previous publication.56  

 

Ag+ ions in Agi-MT (i=5 to 17) can be displaced by NEM to form Ag4NEM14-

MT. Such metal displacement was reported previously.71, 127 In those cases, the 

dissociation equilibrium of metal-thiolate bond provides thiolate sites that are weakly 

associated with metal ions; those thiolate sites are easier to be attacked by NEM.71, 127 

The Ag+ ions that can be replaced by NEM are more labile in solution phase. 

The metal binding affinities for Cys located in the β-domain (from Met1 to 

Ser18) and in the α-domain (from Pro38 to Ala61) appear to be smaller than the Cys 

located in the middle of the protein (ignoring GlySer tag).123 The Cys percentage from 

Met1 to Ser18 is 22.2%, 29.2% from Pro38 to Ala61 and 47.4% between the middle 

region from Cys19 to Cys37. We previously showed that Cys33 played an important role 

in the formation of Cd4Cys11 cluster in α domain.71 Cys33 is in the region of high 

cysteine percentage as well. The binding sites identified for Ag4-MT also falls in this 
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region, which further suggests that the mid-region of MT, specifically from Cys19 to 

Cys37, play key roles in early stage metalation.  

CIU heat maps indicate that binding with different metal ions varies the structure 

of MT, altering the number and location of metal-free cysteines, and further influencing 

the metal binding affinity of MT. However, as shown in MT reacting with mixed metal 

ions (Ag+ and Cd2+), when binding to different domains, the bound metal ions in one 

domain may have limited influence on the binding behavior in the other domain. The 

metal selectivity in different domains may be important to MTs’ physiologically 

function in metal homeostasis and detoxification. 
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CHAPTER IV  

FUTURE DIRECTIONS 

 

Our current work presented here provides a better understanding of partially 

metalated metallothioneins in metalation, gas-phase stability and binding sites 

identification. However, new questions have been raised in the same time. Some 

attempts focusing on real-time mass spectrometry, Cu+ binding as well as possible 

differences in solution phase structures of MT4+ and MT5+ have been summarized below, 

which may inspire future MT study. 

 

Real-time mass spectrometry with a micromixing tee and the application to kinetic 

studies of Cd2+ binding to methallothionein-2A 

Background 

Trapping and studying intermediates during reactions is of significance to 

understand the mechanism and biological functions of a certain reaction,140-142 which 

requires analytical methods that can response within short time. Optical methods such as 

UV-vis or fluorescence are suitable for short time scale analyses, but they can only 

detect one or two species at a time, making them difficult to be applied to multistep 

reactions with a large number of species involved.140, 143 Circular dichroism (CD) spectra 

can provide information related to secondary structure with high sensitivity, such as the 

formation of metal-cysteine bonds; 144-145 however, it is different to obtain quantitate 

kinetic data with CD spectra. 
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Real-time mass spectrometry, or time-resolved electrospray ionization, was 

initially designed to study rapid chemical and biochemical reactions occurring in the 

millisecond to second time-scale without a chromophore.146 One of the most classic 

capillary based systems consists of a static mixing tee.91, 147-148 The length of capillaries 

after mixing is variable, allowing the changing of reaction time. The mixing tee 

apparatus has advantages including straight-forward assignment and low cost. Other 

mixing systems includes apparatus with an adjustable reaction chamber to measure 

various reaction times in a single experiment149 or combined with a microfluidic chip150. 

We chose for our experiments the static mixing tee with variable lengths of capillary to 

probe abundance change of partially metalated species during short reaction time. 

Mixing tee has the potential to trap intermediates under pre-stable states; which is 

applied to study the CIU of partially metalated MTs. 

The assumptions to apply mass spectrometry in quantification research are 

summarized by Stillman et al.31, 33 as follows: (ⅰ) each species should have similar 

ionization ability with the ESI source; (ⅱ) the signal abundance of each species is 

proportional to its concentration in the solution phase; (ⅲ) the concentrations of all the 

species are proportional to their respective concentration in solution; (ⅳ) for MTs, no 

metal ion is lost or bound in the ESI process. MT species of same isoform but differ in 

metalation degree are assumed to share same ionization efficiency according to Palacios 

et al.151 

 

Methods 
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For reaction time calibration of the mixing tee, 10 µM Bradykinin (BK) (Arg1-

Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9) and P3A/P7A Bradykinin mutant peptide 

(BKM) were prepared in 0.1 % Formic Acid. BK was introduced at 2 µL/min until 

stable spray established. At the start of acquisition, BKM was added at 1 µL/min, and 

the flow rate of BK was slowed down to 1 µL/min simultaneous. The two peptides were 

switched afterward: BKM was introduced until stable spray established. BK was added 

at the start of acquisition. The time required for the added peptide to be detected was 

acquired with capillaries ranging from 4.95 cm to 177.50 cm in length and a constant 

diameter of 75 µm. A plot of capillary length vs time required for the added peptide to 

be detected was used as a calibration curve. Averages and standard deviations were 

calculated using 6 acquisitions. 3 for BK added to BKM, 3 for BKM added to BK. 

The calibration curve was applied to the kinetic study of MT binding with four 

equivalent of Cd2+. One channel of the mixing tee contained 16 µM apo-MT in 1 mM 

TCEP, 10% MeOH and 50 mM ammonium acetate; the other contained four equivalents 

of cadmium acetate in 10% MeOH and 50 mM ammonium acetate. Cd2+ solution was 

introduced first, and then MT was added, as described before. 

 

Results 

Figure 4.1A shows the 2+ charge state mass spectrum when BK was added to 

BKM. The signal of BKM was observed as dominant at the start of an acquisition. 

However, at the end of an acquisition，the signal of BK was dominant. The small 

difference in abundance could come from the different purity of two purchased samples. 
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Sample plots of the relative abundance of all BK ions vs. time using different capillary 

lengths were showed in Figure 4.1B. BK had a relative abundance of about 5% at the 

start, and this number rose to above 65% at the end of mixing. Signals have good 

stabilities at the start and the end of an acquisition. The relative abundance changing of 

the signal was dramatic within 28 s. Plot of capillary length vs time required for the 

added peptide to be detected is shown in Figure 4.1C. Averages and standard deviations 

were calculated using 6 acquisitions. The relationship between length and time was 

directly proportional.  
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Figure 4.1. (A) Mass spectrums show the 2+ charge state for both the P3A/P7A mutant 
and BK at the start of an acquisition (blue) and at the end of an acquisition (red). (B) 
Sample plots of the relative abundance of all BK ions vs. time using different capillary 
lengths. Note that the mutant was allowed to fill the capillary prior to acquisition; the 
addition of BK began at the start of acquisition. (C) Plot of capillary length vs time 
required for the added peptide to be detected. Averages and standard deviations were 
calculated using 6 acquisitions. 

 

The kinetic plots for apo- and Cdi-MT (i=1-5) are summarized in Figure 4.2. 5+ 

mass spectra (Figure 4.2A) showed the similar trends as the 4+ (Figure 4.2B). The 

signal abundance of 4+ ions was larger, resulting in a higher signal to noise ratio. We 

attribute the charge state difference between apo-MT and metalated MT to structure 

folding induced by Cd2+ binding. The metal induced folding of MT decreases the solvent 

accessible surface area, making lower charge state more favorable. The signals for the 

same number of metal ions bound (i) but differing in charge state (4+ and 5+) are 

summed together to provide a total abundance of the Cdi-MT species (Figure 4.2C). 
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Figure 4.2. (A) 5+ and (B) 4+ mass spectrum acquired at different reaction time and 
after incubation in room temperature for 1 h. (C) kinetic plots for apo-, Cdi-MT (i=1-5) 
for 4+ and 5+ summations.  
 

Future Work 

The calibration curve is impressive. It has the potential to be applied to other 

similar real-time mass spectrometry systems. Currently, the calibration curve was 

acquired only with peptides smaller than 1100 Da. A similar reacting time calibration 

should be done with larger proteins such as ubiquitin and myoglobin before it can be 

confidently applied to larger protein systems. 

The kinetic study of MT shows interesting results. The capillary length can be 

increased until the spectrum matches that after incubating at room temperature for 1 h. 
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The ratio of protein and metal solution can also be varied to obtain kinetic information 

for other intermediates such as Cd6-, Cd7-MT.  

Multiple mixing tee systems can be established. For example, the outcoming 

solution of the first mixing tee can be introduced into another mixing tee, and mixed 

with a model alkylating agent like NEM, more detailed binding information of 

intermediates could be obtained.  

 

Combining direct metalation and collision-induced unfolding to track structural 

changes of metalliothioneins in sequential metalation by copper ions 

Background 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by 

memory loss, cognitive decline and physical deterioration.152-153 The neuropathology of 

AD includes the accumulation of extracellular plaques containing amyloid β peptide 

(Aβ) in the cortical regions of the brain.154 The aggregation of Aβ is catalyzed by 

reactions with zinc and copper.155-156 In fact, in AD Cu is abnormally redistributed to the 

plaques, leaving the tissue and cells deficient in Cu.157  

MTs uphold the metal homeostasis in the body, appearing to be a strategy for 

preventing the formation of Cu-Aβ complexes.158-159 One specific isoforms of MTs, 

MT3, is reduced in AD brain160 and can antagonize the neurotoxic and neurotrophic 

effects of Aβ complexes.14, 161 Faller et al. studied the metal exchange between Zn7-MT3 

and Cu-Aβ complexes, showing that an Aβ-metal-MT3 was not formed, however, “key 

questions about the metal exchange mechanisms remain unanswered”.162 A decrease in 
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Cu-Aβ mediated cytotoxicity was also reported for MT2A (donate as MT), and MT2A 

showed an even stronger capability than MT3 to prevent Aβ related neurotoxicity.163  

Here, direct metalation and collision-induced unfolding (CIU) are used in an 

effort to better understand MT reacting with Cu+, and the difference between Cui-MT 

and Agi-MT, as well as divalent-ion-metalated products (Cdi-MT and Zni-MT). These 

results show that the metalation process and stabilities of the gas-phase ions of Cu+ 

bound MTs complexes are significantly different from those for other metal ions. 

 

Methods 

nESI-IM-MS was performed on a Waters Synapt-G2 HDMS instrument 

(Manchester, UK). The metalation experiment was performed by sequential addition of 1 

to 12 μL of 1 mM of copper acetate to 100 μL of a 7 μM apo-MT solution. Following 

each addition of Cu2+, the protein was allowed to react with the metal ion for 1 h under 

ambient conditions before MS measurement. nESI-IM-MS experiments were carried out 

using instrument conditions that minimize collisional heating as previously described.48 

For CIU studies, different collision energies were applied by changing the 

voltage (increments of 5 V) drop between the exit of the quadrupole and the entrance to 

the TWIG-trap region filled with the collision gas argon. CA data were compiled into 

CIU heat maps using CIUSuite.83  

 

Results 



 

68 

 

Directly metalation provides a general view of MT’s metalation process in 

thermodynamically stable mode. Figure 4.3 shows the sequential metalation of apo-MT 

by Cu2+. The mass spectrum for apo-MT was acquired before Cu2+ addition. Low 

abundance oxidized peaks were detected. No metalated product was detected for apo-

MT. Metalated MT started to form after Cu2+ addition. With increasing concentration of 

Cu2+ in MT solution, the metalation degree of products increased. No signal from Cu1- 

to Cu3-MT was detected; Cu4-MT was the first detected metalated product. Intriguingly, 

metalation of MT by Cu2+ showed a preference for binding even numbers of copper ions 

per protein molecule, etc. Cu4-, Cu6-, Cu8- and Cu10-MT. Signal to noise ratio decreased 

significantly with copper concentration, which might be caused by protein participation 

and fragmentation. The charge state of copper bound to MT could be a mixture of Cu+ 

and Cu2+. 

 

Figure 4.3. ESI-MS spectra (5+) of sequential addition of Cu2+ to apo-MT solution. 
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Figure 4.4. CIU heat maps for Cu4-,Cu6-, Cu8-and Cu10-MT. 
 
 

CIU heat maps from Cu4-MT to Cu10-MT are shown in Figure 4.4. With the 

binding of each Cu+, the energy required for unfolding increases; CCS of the most 

extended conformer after unfolding decreases. Cu4-MT unfolded from around 750 Å2 to 

above 1100 Å2; Cu6-MT unfolded to two distinguishable states with higher activation 

energy, while both Cu8- and Cu10-MT unfold to round ~900 Å2 with collisional 

activation.  

Comparing CIU heat maps of Cui-MT to Cdi-, Zni- and Agi-MT provide more 

information about the structure heterogeneity of MTs. The CIU heat maps for Cdi-, Zni- 

and Agi-MT are reported previous.123 As summarized in Figure 4.5, lab-frame collision 

energy required to start the unfolding and CCS of the most extended conformer after 

unfolding not only depend on the metalation degree, but also the species of metal ion 

that binds to MT. 
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Figure 4.5. (A) Lab-frame collision energy when Cd4-, Zn4-, Ag4- and Cu4-MT, Ag6- 
and Cu6-MT starts to unfold. (B) CCS of the most extended conformer after unfolding 
for Cd4-, Zn4-, Ag4- and Cu4-MT, Ag6- and Cu6-MT. 
 

Both Zn4- and Ag4-MT start to unfold at comparable lab-frame collision energy 

(~50 eV). Cd4-MT starts to unfold at lowest activation energy, while Cu4-MT requires 

highest activation energy. The order of unfolding energy is consistent with the order of 

the dissociation energy of each metal-sulfur bond. The dissociation energy of Cu-S 

bound is 274.5 ± 14.6 kJ/mol, higher than all the other metal-sulfur bound (Cd-S 208.5 ± 

20.9 kJ/mol, Zn-S 224.8 ± 12.6 kJ/mol, Ag-S 216.7 ± 14.6 kJ/mol).164 The strength of 

Cu-S bound attributes to higher collision energy required for unfolding. Ag6-MT unfolds 

at higher energy than Ag4-MT; Cu6-MT unfolds at higher energy than Cu4-MT. With 

more metal ions bound, increasing numbers of cysteines are involved binding with metal 

ions, making the metalated products harder to unfold.  

The CCS of the most extended conformer after unfolding also varies with metal 

species. Cd4-MT has the most compacted CCS after fully unfolding. As we reported 

previously, this CCS correspond to a compacted α domain and a fully unfolded β 

domain.56, 123 Zn4-MT, Ag4-MT and Cu4-MT have similar CCS after unfolding. None of 
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them may adopt a fully metalated domain.123 The binding mechanism for Zn2+ is still 

amphibolous. Stillman raised a mechanism that Zn2+ is bound to the N-terminal Cys5 

and Cys7 to form bead-like structure(s) rather than a M4Cys11 cluster;107-109 meanwhile, 

some reports suggest that MT binds more than 12 monovalent ions like Ag+ and Cu+, 

and the first six metal ions would bind to β domain.101-102, 111 The CIU maps show that 

Ag6- and Cu6-MT have comparable CCS after unfolding, which may indicate they adopt 

similar structures.  

 

Future Work 

Cu2+ binding to MT provides the most interesting results so far. The first 

question need to be answered is why Cu2+ binds in pairs, as well as what is the charge 

state of the bound Cu pairs. Are they Cu+ with Cu+, or Cu0 with Cu2+, or Cu2+ with Cu2+?  

Is there any oxidation-reduction reaction that influences the binding mechanism?  As 

shown previous study, MT binds to Cd2+ and Ag+ cooperatively and domain 

specifically.56, 123 Does Cu2+ also bind specifically to a certain domain? If so, which 

domain is it? A combination of chemical labeling, proteomics and even computer 

simulation need to be considered to better understand the process of copper binding to 

MT. 
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Do different charges of metallothioneins in mass spectroscopy originate from 

different solution phase structures? 

Background 

Many scientists in the field of mass spectrometry did not believe that covalent 

bonds can be maintained when biomolecules transfer into gas phase.165 Even after the 

introduction of soft ionization methods such as matrix-assisted laser desorption 

(MALDI)166 and electrospray ionization (ESI)167, there is still debate on whether the 

results of gas-phase experiments obtained by MS is faithful to reflect solution-phase 

characteristics.168 

The retention of native like structure for protein and protein complexes presented 

by ESI-MS has been reported.169-173 However, some globular proteins such as 

cytochrome c and ubiquitin undergo side-chain collapse, unfolding and refolding into 

new gas phase structures.174-175 Metallothioneins (MTs) are considered as one type of 

intrinsically unfolded proteins.4, 176 The apo form of MT lacks tertiary structures; after 

reacting with metal ions, metal-cysteine clusters start to form, and then relatively stable 

structures of MT start to build.1, 4 In other words, the structures and folding of metalated 

MTs are dominated by the formation of metal–thiolate bonds. The overall stability 

constants of the metal-cysteine complexes are very high.177-179 Can MTs maintain 

solution phase structure when transfers into gas phase with ESI-MS? We have noticed 

the IM spectra of MT in different charge states shares limited similarity.70 Different 

instrumental conditions are applied to understand the relationship between different IM 

spectra and effective ion temperature (Teff).48 However, even under “cool condition”, 4+ 
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and 5+ of MT present distinguishing IM spectra.48, 70 MT5+ is more pronounced for 

conformational diversity and disorder, while MT4+ keeps compacted. Although for 

higher charge state, the larger Columbic repulsion between the charge charring amino 

acids can lead to broader conformers with larger CCS, it is also possible that MT5+ 

comes from solution phase conformers with higher structural disorder and larger solvent 

accessible surface area (SASA), while MT4+ comes from solution phase conformers with 

lower structural disorder and smaller SASA. 

Here, CIU of apo-, Cd4-, Zn4- and Ag4-MT (4+ and 5+) are obtained for 

understanding the stability of apo- and partially metalated metalothionein-2A in gas 

phase. NEM titration are performed for apo-MT and Cd4-MT. Different charge states 

(6+, 5+ and 4+ for apo-MT; 5+ and 4+ for Cd4-MT) are compared to illustrate if cysteine 

residues are exposed differently in solution phase. 

 

Methods 

nESI-IM-MS was performed on a Waters Synapt-G2 HDMS instrument 

(Manchester, UK). Four equivalents of cadmium acetate, zinc acetate and silver acetate 

were added for studies on partial metalation. The solution was incubated for 1 h at RT 

and then analyzed by nESI-IM-MS. For nESI-CA-IM-MS, target ions were selected in 

the quadrupole and collisionally-activated (CA) prior to IM. CA data were compiled into 

CIU curves, CCS vs. collision voltage maps. CIU and difference plots were compiled 

using CIUSuite 2.84  
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The NEM titration experiment was performed by sequential addition of 4 to 12 

equivalents of 4 mM NEM solution to 100 μL 16 μM apo-MT or 100 μL 16 μM Cd4-MT 

solution. Following each addition of NEM, the solution was incubated for 1 h at RT 

before MS measurement. nESI-IM-MS experiments were carried out using instrument 

conditions that minimize collisional heating as previously described.48, 123 

 

Results 

As shown in Chapter II Figure 2.2, metalation alters charge state distribution. 

The predominant charge state is metal dependent. The 5+ charge state is predominant for 

apo-MT under cool experimental conditions, however, after binding with four 

equivalents of Cd2+ or Zn2+, 4+ becomes the predominant charge state; Ag4-MT, on the 

other hand, shows a preference for 5+ ions, which can be explained by a change in 

solvent accessible surface area (SASA).  

 

Figure 4.6. CIU heat maps (5+ and 4+, top to bottom) for apo-, Cd4-, Zn4- and Ag4-MT.  
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CIU profiles of apo-, Cd4-, Zn4- and Ag4-MT (4+ and 5+) are shown in Figure 

4.6. The 5+ ions show incremental unfolding with increasing activation voltage. Several 

unfolding stages are observed, which is more obvious for the metalated species. Cd4-

MT5+ shows three, Zn4-MT5+ shows four while Ag4-MT4+ shows two unfolding stages. 

Intriguingly, the 4+ ions almost keep the same CCS regardless of activation voltage and 

don’t unfold before fragmentation. Overall, the CIU profiles obtained for apo-MT4+ and 

Metal4-MT4+ (Metal = Cd, Zn and Ag) are significantly smaller than that for apo-MT5+ 

and Metal4-MT5+.  

Since there is a strong correlation between observed charge states and SASA, 

ESI charge-state distributions have been directly related to solution-phase 

conformation.129, 180 Do MT4+ and MT5+ originate from conformers that have different 

SASA in solution phase? NEM titration experiment has been performed attempting to 

gradually label the solvent exposed cysteines. ESI-MS spectra (6+, 5+ and 4+) of 

sequential addition of NEM to apo-MT solution is shown in Figure 4.7 (A). Relative 

abundance of MTs binding with different numbers of NEM as well as average number of 

NEM bounded per MT molecule during NEM titration are summarized in Figure 4.7 (B) 

and (C) for better illustration. For all three charge states studied, with increasing NEM 

concentration in solution, the overall distribution of NEM bound MT shifts to the right, 

showing more cysteine residuals are labeled. However, the average number of NEM 

bounded per MT molecule during NEM titration doesn’t differ much from 6+ to 4+. The 

average number of NEM bounded per MT molecule is proportional to the equivalence of 
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NEM added in solution, which indicates that all 20 cysteine residuals of MT are to some 

degree solvent exposed. 

 

Figure 4.7. (A) MS spectra of apo-MT and apo-MT reacting with NEM, (B) relative 
abundance of MTs binding with different numbers of NEM and (C) average number of 
NEM bounded per MT molecule during NEM titration. For simplicity NEM is 
abbreviated as “N”.  
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Figure 4.8. (A) MS spectra of Cd4-MT and Cd4-MT reacting with NEM, (B) relative 
abundance of MTs binding with different numbers of NEM and (C) average number of 
NEM bounded per MT molecule during NEM titration. For simplicity NEM is 
abbreviated as “N”.  
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Similar NEM titration experiment was performed for Cd4-MT (Figure 4.8). Our 

previous results show that the α domain of MT is fully metalated in Cd4-MT, forming a 

Cd4Cys11 cluster.56 This stable cluster structure induces folding of MT, further 

decreasing SASA and making lower charge states more favorable.123 As a result, 6+ ions 

are no longer detected. However, 5+ and 4+ behave almost the same during NEM 

titration. The key different of Cd4-MT from apo-MT when reacting with NEM is that the 

average number of NEM bounded per MT molecule is no longer linearly increasing with 

NEM concentration in solution. NEM can label all 9 cysteine residuals in the metal-free 

β domain, however, the labeling process slows down with 8 and 12 eq NEM added. 

Those cysteines that are harder to be labeled in β domain may be located close to α 

domain, viz., Cys29, Cys 26 or Cys 24. The relatively bulky Cd4Cys11 cluster formed in 

α domain can limit the attacking direction of NEM and decrease the reaction rate of 

NEM labeling. 

 

Future Work 

The CIU profiles of apo- and metalated MT show a strong dependence on charge 

state. The difference CIU of each charge state may reflect different solution phase 

structures, or simply reflect different gas phase structures forming in ESI process. 

However, different charges of apo-MT or Cd4-MT behave similarly during NEM 

titration. NEM is a small size, relatively strong alkyl agent; other weaker or bulky alkyl 

agents may be able to distinguish the different solvent exposed cysteines in solution 

phase. Meanwhile, binding NEM may induce MT to unfold and refold in solution phase, 
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which can also alter the detected charge states in gas phase. X/D exchange will be 

another method to study the SASA of MT in solution phase. 
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CHAPTER V  

CONCLUSIONS 

MTs have attracted attention and been extensively studied since their discovery 

in 1950s. Although a tremendous amount of knowledge has been accumulated, some 

questions concerning the fundamental understanding of MTs are still unanswered, 

especially related to partially metalated intermediates.  

In our research here, CIU/CID of partially metalated MT with different metal 

species (Cd2+, Zn2+ and Ag+) has been studied, which provide a global view of metal-

dependent gas phase stabilities of partially metalated MTs. Our results show that despite 

their similar ion mobility profiles, Cd4-MT, Zn4-MT, Ag4-MT and Ag6-MT differ 

dramatically in their gas-phase stabilities. Furthermore, the sequential addition of each 

Cd2+ and Zn2+ ion results in the incremental stabilization of unique unfolding 

intermediates. The introduction of a micromixing tee allows the trapping of transient 

intermediates in a pre-equilibrium condition, which can be applied to intermediates 

study of other systems. 

It has been noticed that monovalent metal ions, such as Ag+, behaved 

dramatically different than divalent metal ions (Cd2+ and Zn2+) during the metalation 

process. We combined nano ESI-MS and nano-ESI-IM-MS with collision-induced 

unfolding (CIU), chemical labeling using N-ethylmaleimide (NEM) and both bottom-up 

and top-down proteomics in an effort to better understand the metal binding sites of the 

partially metalated forms of human MT, viz. Ag4-MT. The results for Ag4-MT are then 

compared to similar results obtained previously for Cd4-MT. The results show that Ag4-
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MT is a cooperative product, and data from top-down and bottom-up proteomic mass 

spectrometry analysis combined with NEM labeling revealed that all four Ag+ ions of 

Ag4-MT are bound to the β-domain. While both Ag+ and Cd2+ react with MT to yield 

cooperative products, i.e., Ag4-MT and Cd4-MT, Ag+ ions of Ag4-MT are located in the 

β-domain whereas Cd2+ ions of Cd4-MT are located in the α-domain. 

To our best knowledge, our report is the first report focusing on the unfolding 

process of partially metalated MTs and unambiguously identifying the binding sites of 

Ag4-MT. The results of our research provide a global view of metal-induced 

conformational transition of MT binding with different metal species or different 

metalation degree, which leads to new insights regarding the metalation activity and 

structure-function relationship of MT. 
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