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Abstract 

We focused on the application of mass spectrometry and electrochemical methods combined 

with a chemometric analysis for the characterization of partially loaded Zn(II) MT3 species. 

The results showed decreased Cat1 and Cat2 signals for the Zn(II)-loaded MT3 species with 

respect to the metal-free protein, which might be explained by the arrangement of tetrahedral 

metal-thiolate coordination environments and the formation of metal clusters. Moreover, there 

was a decrease in the Cat1 and Cat2 signals, and a plateau was reached with 4-5 Zn(II) ions that 

corresponded to the formation of the C-terminal α-domain. Regarding the Zn7-xMT3 complexes, 

we observed three different electrochemical behaviours for the Zn1–2MT3, Zn3–6MT3 and 

Zn7MT3 species. The difference for Zn1–2MT3 might be explained by the formation of 

independent ZnS4 cores in this stage that differ with respect to the formation of ZnxCysy clusters 

with an increased Zn(II) loading. The binding of the third Zn(II) ion to MT3 resulted in high 

sample heterogeneity due the co-existence of Zn3–6MT3. Finally, the Zn7MT3 protein showed 

a third type of behaviour. The fact that there were no free Cys residues might explain this 

phenomenon. Thus, this research identifies the major proteins responsible for zinc buffering in 

the cell. 

 

Keywords: Metallomics; voltammetry; metal ions; chemometrics 

 

  



 
 

Highlights 

• Study of Zn(II)-loaded metallothionein-3 by voltammetric and chemometric analyses. 

• Electrochemical signals differed between the metal-free and metal-loaded MT3 species. 

• Zn−S networks were arranged differently for variously loaded Zn1–7MT3 species. 

• Zn1–2MT3, Zn3–6MT3 and Zn7MT3 were differentiated by PCA and PLS analyses. 

• Novel electrochemical signals were found to differentiate the protein species. 

 

  



 
 

1. Introduction  

Metallothioneins (MTs) are a heterogeneous superfamily of ubiquitous cysteine-rich and low-

molecular-weight proteins dispersed among all major kingdoms. Four isoforms (MT1-4) with 

multiple subisoforms are characteristic of mammalian MTs (mMTs) [1-3]. Their high cysteine 

content, which is ~ 30% of all the amino acid residues in the protein sequence, provides the 

capability for binding various metal ions (physiological and toxic) and for the formation of 

metal-thiolate clusters [1, 4]. However, it has been recognized that mMTs are involved in zinc 

and copper metabolism under normal conditions. Commonly, mMTs when bound to divalent 

metal ions (M) exhibit two separate domains, the N-terminal (β) with M3Cys9 and the C-

terminal (α) with M4Cys11 clusters. Interestingly, in other MT families, the number of domains 

or metal ions at each cluster differs [4, 5]. Metal-binding preferences vary between the mMT 

isoforms with regard to Cu(I) and Zn(II) ions. For instance, MT1 and MT2 isoforms are 

ubiquitously expressed and perform multiple physiological functions, including maintaining 

zinc homeostasis with varying metal binding abilities [6]. On the other hand, MT3 is mainly 

localized in the central nervous system, modulating neuronal zinc and copper metabolism [2, 

7]. Because of its cellular function, it is naturally isolated as a mixture of Cu(I)/Zn(II) 

complexes [2, 7, 8]. A study of the structure-to-function relationship is of vital importance to 

understand the existence of a high number of isoforms and subisoforms and their physiological 

and pathological importance [9]. In addition, the metal saturation degree regulates and buffers 

the free metal concentration of the cell [10, 11]. Previous spectroscopic and isothermal titration 

calorimetry (ITC) methods have determined the Zn(II) binding affinities for MT2 and MT3, 

and they revealed nano- and pico-molar affinities [12, 13]. These findings implicate that 

partially unsaturated Zn4–6MT species are important for the processes of zinc buffering and 

muffling in the cell [14-16]. The isolation and study of particular metal-depleted Zn7–xMT 

species is hampered by common biophysical methods due to the lack of secondary structures 



 
 

and aromatic amino acids. In addition to the highly disordered and dynamic protein behaviour, 

the silent spectroscopic character of Zn(II) and Cu(I) exacerbates the issue [4, 7, 17]. Currently, 

the use of native mass spectrometry (native MS) to preserve the non-covalent interactions of 

proteins from solution has become routine [18-21]. Thus, information about protein 

conformation and metal-ion coordination is easily obtained [22]. Several MS reports have 

indicated the co-existence of several partially loaded states of Zn(II)/Cu(I) or Zn(II)/Cd(II) in 

MTs [23-29]. Nonetheless, the MS signal does not always provide a direct quantification of the 

metal-to-protein concentration or stoichiometry [30]. Metal deposition or supermetallation are 

processes that might occur in ESI-MS under certain conditions, and consequently, special care 

must be taken when studying protein metalation states [31, 32]. Therefore, it is of great interest 

to develop complementary tools that may provide new insights. Electrochemical methods have 

been applied in metallothionein studies; however, an interpretation of the voltammograms is 

rather complicated [33-37]. To solve this, multivariate curve resolution (MCR)-assisted 

voltammetry provides a way to interpret them [34, 38]. One sensitive method that has been 

widely applied in the past to quantify MT levels and separate MT isoforms is the Brdicka 

reaction [39, 40]. This electrochemical method measures the catalytic signal of hydrogen 

evolution catalysed by a protein with free RSH groups in a Co(III) complex solution. The 

obtained voltammogram is characterized by three main peaks: RS2Co (-1.25 V), Cat1 (-1.40 V) 

and Cat2 signals (-1.55 V) that correspond to the hydrogen evolution from the electrolyte 

catalysed by MT and to the two interactions of the MT-Brdicka electrolyte components, 

respectively [41]. For RSH quantification purposes, Cat2 demonstrated good analytical 

parameters. Different electrochemical behaviours were encountered for the MT subisoforms 

and isoforms and between the MT species [42-47]. Moreover, electrochemical changes of apo-

MT2 and apo-MT3 after a full metal loading with 7 eq. of Cd(II) and Pb(II) have been reported 

[48].  



 
 

To the best of our knowledge, the Brdicka reaction has not been applied to differentiate 

the Zn(II)-loading status of MTs, and only native MS has been used to investigate coexisting 

metal complex species. This research aimed to characterize and find differences in the 

electrochemical behaviour of free and partially Zn(II)-loaded MT3 species (Zn0–7MT3). The 

approach presented in this article provides a complementary methodology for studying the 

binding of metal ions to disordered proteins. 

 

2. Experimental 

2.1 Materials 

The following reagents were purchased from Sigma-Aldrich (Merck): ZnSO4·7H2O, 

(CdSO4)3·8H2O, NH4Cl, NH3(aq), [Co(NH3)6]Cl6, 4-(2-pyridylazo)resorcinol (PAR), 

(NH4)2CO3, tris(hydroxymethyl)aminomethane (Tris base), 4-(2-hydroxyethyl)-1 

piperazineethanesulfonic acid (HEPES), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 

ammonium acetate, 2,5-dihydroxybenzoic acid (DHB), ethylenediaminetetraacetic acid 

(EDTA), methanol (mass spectrometry grade), and acetonitrile (ACN, mass spectrometry 

grade). The metal-chelating resin Chelex 100 was acquired from Bio-Rad, and 98% 

hydrochloric acid (HCl) was purchased from VWR Chemicals. Tryptone, yeast extract, LB 

broth, agar, agarose, isopropyl-β-D-1-thiogalactopyranoside (IPTG), and SDS were obtained 

from Lab Empire; NaCl, NaOH, glycerol, KH2PO4·H2O, and K2HPO4 were obtained from 

POCH (Gliwice Poland); pTYB21 vector and chitin resin were obtained from New England 

BioLabs; and 5,5'- dithiobis-(2-nitrobenzoic acid) (DTNB) was obtained from TCI Europe. 

Dithiothreitol (DTT) and trifluoroacetic acid (TFA) were purchased from Iris Biotech GmbH.  

 

2.2 Expression, purification and reconstitution of metallothionein-3 



 
 

The cDNAs encoding human MT3 were purchased from GenScript and cloned into the pTYB21 

vector (New England Biolabs), which was deposited in the Addgene plasmid repository 

(https://www.addgene.org) as plasmid ID 105710 (MT3) [24]. Expression vectors were 

transformed into BL21(DE3)pLysS E. coli cells and cultured in a rich full culture medium 

(1.1% tryptone, 2.2% yeast extract, 0.45% glycerol, 1.3% K2HPO4, 0.38% KH2PO4, all w/w) at 

37 °C until 0.5 OD600 [49]. Cells were induced with 0.1 mM IPTG and incubated overnight at 

20 °C with vigorous shaking. Next, purification steps were conducted at 4 °C. Cells were 

collected by centrifugation (4,000 g, 10 min), resuspended in 50 ml of cold buffer A (20 mM 

HEPES, pH 8.0, 500 mM NaCl, 1 M EDTA, 1 mM TCEP) and sonicated for 30 min (1 min 

“on” and 1 min “off”) followed by centrifugation (20,000 g, 15 min) [50]. The supernatant was 

incubated with 20 ml of chitin resin in buffer A and kept overnight with mild shaking. After the 

incubation, the resin was washed 4-5 times with 50 ml of buffer A, and cleavage was induced 

by the addition of 100 mM DTT and incubation for 48 h at room temperature on a rocking bed. 

The eluted solution was acidified to pH ~ 2.5 with 7% HCl (v/v) and concentrated using Amicon 

Ultra-4 Centrifugal Filter Units with a membrane cut-off of 3 kDa (Merck). Then, the solution 

was purified on a size exclusion chromatography SEC-70 gel filtration column (Bio-Rad) 

equilibrated with 10 mM HCl. The identity of apo-MT3 protein (thionein) was confirmed by 

ESI-MS (API 2000 instrument, Applied Biosystems). The concentration of thiols was 

determined spectrophotometrically using the DTNB assay [51]. The protein binding capacity 

was confirmed spectrophotometrically by Zn(II) and Cd(II) titrations [13]. Purified thionein 

was mixed with a 10 molar excess of ZnSO4 under a nitrogen blanket, and the pH was adjusted 

to 8.6 with a 1 M solution of Tris base. The sample was concentrated with Amicon Ultra-4 

Centrifugal Filter Units, containing a membrane cut-off of 3 kDa (Merck), and purified on an 

SEC-70 gel filtration column (Bio-Rad) equilibrated with 10 mM Tris-HCl buffer at pH 8.6. 

The concentrations of thiols and Zn(II) were determined spectrophotometrically using DTNB 

https://www.addgene.org/


 
 

and PAR assays, respectively [51, 52]. Zn0–7MT3 samples were obtained by lowering to pH ~ 

2.5 with 7% HCl (v/v) of Zn7MT3 stock and separated on an SEC-70 gel filtration column (Bio-

Rad) with 10 mM HCl. Different amounts of ZnSO4 were added to apoMT3 and desalted using 

an Amicon Ultra-4 Centrifugal Filter (3K) to finally obtain the Zn0–7MT3 samples. 

 

2.3 Direct injection electrospray ionization-mass spectrometry (DI-ESI-MS) 

A Bruker Maxis Impact (Bruker Daltonik GmbH, Bremen, Germany) instrument was used for 

the native ESI-MS analysis. Aliquots of Zn0–7MT3 were diluted with 50 mM ammonium acetate 

and 10% methanol (v/v, pH 7.4) to a final concentration of 15 µM and then were injected 

directly by a syringe pump with a 2 µl/min flow rate. The following mass spectrometer 

parameters were used: end plate offset potential 500 V; capillary potential 4000 V; nebulizer 

gas (N2) pressure 1.5 bar; drying gas (N2) flow rate 4 l/min; drying temperature 180 °C. The 

mass range was set from 50 to 3000 m/z. Prior to analysis, the mass spectrometer was calibrated 

using a commercial ESI-TOF tuning mix (Merck).  

 

2.4 MALDI-TOF analysis 

The mass spectra were acquired with a MALDI-TOF/TOF MS Bruker UltrafleXtreme (Bruker 

Daltonik GmbH, Bremen, Germany) instrument. The instrument was controlled by flexControl 

v3.4 and flexAnalysis v3.4 software (Bruker Daltonik GmbH, Bremen, Germany). The DHB 

matrix was used as the MALDI-TOF matrix for protein analysis. The saturated matrix solution 

was prepared with 30% acetonitrile and 0.1% trifluoroacetic acid. The MALDI-MS analysis of 

proteins was performed in a linear positive mode with a 2–20 kDa range. The mass spectra were 

typically acquired by averaging 2,000 subspectra from a total of 2,000 laser shots per spot. The 

laser power was set to 5−10% above the threshold. The calibration was performed using a 

standard peptide and protein calibration mixture obtained from Bruker Daltonik GmbH.  



 
 

 

2.5 Determination of metallothionein by the Brdicka solution 

Electrochemical determination of metallothionein-3 was performed using an 884 Professional 

VA potentiostat/galvanostat (Metrohm AG, Herissau, Switzerland) connected to an 889 IC 

Sample Center autosampler (Metrohm AG, Herissau, Switzerland) controlled with Viva v2.0 

and MagIC NET v3.1 software (Metrohm AG, Herissau, Switzerland). Viva v2.0 software was 

also used for raw data processing. An electrolyte stock solution and electrochemical cell were 

cooled to 4 °C using a Julabo F25 (JULABO GmbH, Seelbach, Germany) instrument during 

storage and measurements. Before dosing, samples were stored at 5 °C using the 889 IC Sample 

Center autosampler. Differential pulse voltammetry measurements were performed using a 

standard three-electrode system with a hanging mercury drop electrode as the working electrode 

(drop area of 0.4 mm2), and Ag/AgCl/3 M KCl and a platinum electrode were used as the 

reference and auxiliary electrode, respectively. An electrolyte with a dosed sample (exchanged 

after each measurement) was deoxygenated prior to measurement by purging with 99.999% 

argon (Messer Technogas, Brno, Czech Republic) for 20 s. As a supporting electrolyte, the 

Brdicka solution (1 mM [Co(NH3)6]Cl3 in 1 M ammonia buffer (NH3(aq) + NH4Cl, pH 9.6) 

was used. The parameters of the metallothionein determination were as follows: (i) a 

potentiostatic pre-treatment was carried out with a stirring time of 5 s, a stirring rate of 

2,000 min−1, a start potential of -0.70 V, and a wait time of 60 s, (ii) sweep with a start potential 

of -0.70 V, an end potential of -1.75 V, a potential step of 0.003 V, a potential step time of 

0.45 s, a sweep rate of 0.007 V/s, a pulse amplitude of 0.025 V, a pulse time of 0.04 s, a 

measuring time of 0.02 s, and a sweep duration of 157.5 s. The lowest current measuring range 

was set to 2 µA, and the highest measuring range was 2 mA. The volume of the dosed 

electrolyte was 4.5 ml (a dosing rate of 4 ml/min), and the volume of the injected sample of 

diluted Zn0–7MT3 was between 1.0–27 µl, with an increment of 3.0 µl for each of the following 



 
 

set of measurements (30 µl of a Zn0–7MT3 stock solution was diluted with 1470 µl of Milli-Q 

water prior to use for the electrochemical measurements). Each Zn0–7MT3 concentration 

measurement was repeated six times. 

 

2.6 Chemometrics analysis 

Four pre-treatment combinations were performed thorough this work: i) scaling by mean 

centring combined with unit variance (auto-scaling) [53]; ii) multiple scatter correction (MSC) 

using a mean spectrum as a reference to correct the scatter was followed by auto-scaling [54]; 

iii) 1st derivative calculated by Savitzky-Golay filters [55] followed by auto-scaling and iv) 2nd 

derivative calculated by Savitzky-Golay filters followed by auto-scaling [56]. An exploratory 

analysis was carried out by a principal component analysis (PCA), while partial least squares 

(PLS) was used for building a classification model [57]. Although many PLS algorithms have 

been developed, there were three considered for this work, the original non-linear iterative 

partial least squares (NIPALS), kernel algorithms and a statistically inspired modification of 

the PLS algorithm SIMPLS [58]. In this work, we used the NIPALS algorithm to compute the 

PLS1 modelling [59]. Seven cross-validations were used to determine the optimum number of 

latent variables (LVs) using the Y explained variance (R2) and the predictable Y ability (Q2Y) 

[60]. An evaluation of their predictive performance and validation of the PLS models was 

achieved by several approaches. First, an evaluation by the cumulative Q2Y metric evaluates 

the error between the predicted and theoretical response variable vector (y) value from the 

regression model and the cumulative R2X that evaluates the goodness of fit. However, the use 

of the Q2Y value as a diagnostic criterion is not recommended when the number of features 

highly exceeds the number of samples because it leads to overfitting problems [61]. To further 

validate the PLS model, permutation tests (n = 1,000) were performed by randomly permuting 

the response variable vector (y) and calculating the Q2Y value [62]. Then, we can compare the 



 
 

obtained permutated values with the original Q2Y value and assess its significance. Using 

n = 1,000 for the permutation tests, we were able to assess whether the original model was 

significant at the 0.001 level (1/n). Variable importance in the projection (VIP) was employed 

as a variable selection method to elucidate those variables that boosted the accuracy for the 

developed PLS models [63]. A variable with a VIP score greater than one was considered 

relevant for the model. All analyses and plots were performed in R programming version 3.6.1 

using the R packages “pls” and “ggplot2” [64, 65]. 

 

3. Results and Discussion 

3.1 Electrochemical characterization of the apoform and partially Zn(II)-loaded MT3 

species. 

Previous research characterized metallothionein voltammograms according to three typical 

peaks: RS2Co peak (-1.25 V), Cat1 peak (-1.40 V) and Cat2 peak (-1.55 V) [48], which are 

shown in Fig. 1. Numerous previously published papers [39, 41, 42, 48, 66], demonstrated the 

usefulness of the Brdicka procedure for the detection and quantification of MT2 and MT3. One 

of the main aims of this study was to study the electrochemical behaviour of partially Zn(II)-

loaded MT3 species (Zn1–7MT3), which has been attributed to the role of homeostatic control 

of intracellular Zn(II) levels in the cell [13, 14]. The MALDI-MS analysis confirmed the purity 

of FPLC-purified apo-MT3 (Fig. S1A). Moreover, a set of aliquots with various Zn(II)-to-

protein molar ratios were prepared. The metal-ion stoichiometry was assessed by native MS 

prior to electrochemical analysis (Fig. S1B).  

As previously demonstrated, a decrease in the Cat2 peak height was observed with 

regard to the apo form and fully saturated Zn7MT3 [48]. This decrease might be linked with the 

arrangement of the tetrahedral metal-thiolate coordination environments and the formation of 

metal clusters [67, 68]. Moreover, the voltammograms showed how the RS2Co peak and Cat1 



 
 

peak shifted for the Zn1–7MT3 proteins (Fig. 1A). We observed a continuous decrease in the 

peak heights (Cat1 and Cat2) until they reached a plateau with 5 Zn(II) ions; the above 

observation corresponded to the formation and saturation of the C-terminal α-domain with the 

Zn4Cys11 cluster (Fig. 1B, Fig. S2). However, the use of peak heights (Cat1 or Cat2) did not 

reveal major differences between the metal-depleted species Zn5–7MT3, which are considered 

responsible for cellular zinc buffering (Fig. 1B, inset, Fig. S2).  

 

3.2 Integration of electrochemical studies with chemometrics. 

The electrochemical behaviour between partially Zn(II)-loaded MT3 species seemed similar 

when visually inspected and analysed for the Cat1/Cat2 peak heights. Thus, we decided to 

employ a chemometric approach to overtake the limitations that might come from a manual 

data analysis. In the first step, voltammograms were divided into four intervals with regard to 

potential values, although the full voltammogram ranging from -0.8 to -1.7 V was also 

considered for modelling. Spectral data are usually correlated; thus, the use of potential 

windows instead of full spectra may reduce false positives and achieve better predictions [69]. 

Next, the reduced intervals and full spectrum were subjected to several pre-processing methods 

to improve the subsequent modelling. Signal processing has been demonstrated to be useful 

before statistical analysis because it improves the extraction of relevant features to feed into 

statistical models [70]. Once the data were pre-processed, an exploratory analysis using PCA 

was carried out. In fact, PCA-score plots are of very useful for an exploratory analysis to find 

patterns where the number of variables highly exceeds the number of samples in the study [57]. 

Once the exploratory analysis was performed, combinations of interval range spectra and pre-

processing methods that led to maximum differences in the PCA-score plot were considered for 

further analysis by PLS. The constructed PLS models were validated by seven internal cross-

validation tests and compared in terms of their predictive ability (Q2Y), goodness of fit (R2X) 



 
 

and permutation tests. These metrics determined which interval of the spectrum and the pre-

processing method led to better predictions. Finally, we extracted the discriminant features or 

potential values for the PLS model that achieved the best predictive performance. This variable 

selection was carried out through a VIP analysis of the PLS models, which allowed us to 

elucidate the potential values that promoted differences for the apo form and partially metal-

loaded complexes. 

 

3.3 Modelling Zn(II) metallothionein-3 complexes by a chemometric analysis 

 Initially, we considered modelling the electrochemical curves obtained by a simple 

criterion: the apo form versus Zn(II)-metallothionein complexes. The combination of pre-

processing methods and voltammogram intervals was first examined by PCA analysis. The use 

of PCA-score plots may reveal natural data aggravation, and it is especially useful when the 

number of variables highly exceeds the number of samples [57]. In all cases, there were two 

clearly separated clusters that corresponded to the apo-MT3 and Zn1–7MT3 protein species, as 

shown for auto-scaled data in Fig. 2A. The natural aggravation of the data was further assessed 

by PLS modelling, which showed a high performance for the assayed figures of merit and was 

independent of the pre-processing method applied and the voltammogram interval chosen 

(Tables S1-S4). However, when the data were scaled by mean centring combined with unit 

variance, the complex models requiring a low number of latent variables (LVs) were simplified. 

In all the constructed PLS models, high Q2Y and R2X values were obtained (Table 1). The PLS-

score plot for the first and second LV for the full voltammogram clearly showed two separated 

groups that corresponded to the apo form and Zn7-1MT3 complexes (Fig. 2B). Moreover, the 

permutation test (pQ2Y) proved that the predictive ability was not randomly obtained and 

validated the performance achieved for all models [62], as shown in Fig. 2C. All four assayed 

intervals showed lower pQ2Y values than their counterpart Q2Y (Table 1). Interestingly, the 



 
 

PLS models that comprised Cat1 (-1.2/-1.4 V) and Cat2 (-1.5/-1.7 V) peaks required only 1 LV 

in comparison to the three used by the full voltammogram; furthermore, all of them provided 

lower maximum values for pQ2Y values. To elucidate the potential values that promoted 

differences for the apo form and metal-MT3 complexes, a variable selection was performed 

through a VIP analysis over the PLS models [63]. The potential values that achieved VIP values 

higher than 1.0 were extracted and analysed. As expected, the Cat2 peak (−1.57 V) provided 

the highest VIP value, indicating that this feature contributed the most to describing the PLS 

model (Fig. 3A). There was a decrease in the intensity of the Cat1 and Cat2 peaks for the MT3 

Zn(II)-loaded complexes (p < 0.0001) (Fig. 3B-C). In addition, we identified a potential value 

(−0.8 V) that was not previously assigned but showed differences between the MT3 apo form 

and Zn(II)-loaded states (p < 0.0001) (Fig. 3D). 

Considering such promising results, we further examined the possibility of building an 

effective classification model for the Zn(II) content in MT3 following a previous chemometric 

workflow. First, an unsupervised PCA was performed over full voltammograms of the Zn1MT3 

to Zn7MT3 protein species, thus leading to a three-component model that explained 92% of the 

data variation. The PCA-score plot revealed the natural grouping structure of the data with three 

main clusters (Fig. 4A). One cluster was formed by Zn7MT3, another cluster was formed by 

Zn1–2MT3, and the last cluster was formed by a mixture of the Zn3–6MT3 species. In a previous 

study, it was demonstrated how the binding of the third Zn(II) equivalent to MT2 resulted in 

high sample heterogeneity with the co-existence of species with various metal ions bound, more 

specifically the formation of the Zn3–7MT2 species [24]. This agreed with our results for MT3, 

which showed the co-existence of the Zn3–6MT3 species. Subsequently, a PLS analysis was 

conducted on the full and reduced interval voltammograms with a set of pre-processing 

methods. In this approach, the performance obtained for the PLS models highly varied 

according to the voltammogram interval and how it was processed (Table S5-S8). Overall, auto-



 
 

scaling and the 2nd derivative followed by auto-scaling gave the best results, although the 1st 

derivative provided the highest figures of merit (Table 2). Interestingly, the interval that isolated 

the Cat2 peak (-1.5/-1.7 V) yielded a poor predictive capability in this case, suggesting that 

Cat2 had no ability to discriminate between the group of constructed metal complexes. In 

contrast, the full or interval voltammograms that considered the Cat1 peak (-1.2/-1.4 V) 

achieved highly similar metrics. We observed that the PCA-score plot obtained with respect to 

the Cat1 peak interval led to intuitively clustered data with the proposed metal complexes (Fig. 

4A-B, S3A-B). The PLS-score pots for both models showed distinguished clusters, with more 

pronounced clusters when using the full voltammogram interval (Fig. 4C-D, S3C-D). The 

predictive ability of both PLS models was validated by permutation tests that evidenced lower 

Q2Y values for the permutated models in comparison to the Q2Y values obtained for the original 

models (Fig. 4E-F, S3E-F). Moreover, we inspected the potential values where major 

differences relied on the classification of metal complexes by the VIP analysis over the PLS 

models. The extracted potential values with VIP ≥ 1 showed three main regions that are 

attributed to the Cat2, Cat1 and P peak regions from the voltammogram, although the highest 

VIP value was provided by the Cat1 peak region (-1.2/-1.4 V) (Fig. 5A). The distribution of the 

autoscaled intensity data for these peaks was shown by box plots (Fig. 5B-D). One-way analysis 

of variance (ANOVA) and pairwise comparisons by Tukey’s HSD were performed to determine 

whether differences existed between the mean values of the groups in each peak region. For the 

Cat2 peak, there were differences (p < 0.001) between Zn1–2MT3 and Zn3–6MT3 and between 

Zn3–6MT3 and Zn7MT3; however, no significant differences were found between the mean 

values of the Zn1–2MT3 and Zn7MT3 groups (Fig. 5B). In the case of the Cat1 peak, all the 

groups exhibited differences (p < 0.001) between them (Fig. 5C). The last peak region, P, 

showed mean value differences (p < 0.001) between Zn1–2MT3 and Zn7MT3 and between Zn3–

6MT3 and Zn7MT3. However, in this case, the differences were not significant among Zn1–



 
 

2MT3 and Zn3–6MT3 (Fig. 5D). In fact, it was not surprising why the isolated interval -1.2/-

1.4 V that corresponded to the Cat1 peak region yielded high PLS metrics (Table 2). In 

conclusion, the Cat1 peak region was able to distinguish between all three groups of proteins, 

whereas the other two peak regions that contributed to the PLS models showed incomplete 

mean differences for the groups. The strategy implemented herein demonstrated the usefulness 

of specific intervals from the voltammograms, which relied on differences between the most 

important metal-MT3 complexes. Thus, those indicators might be employed later to 

characterize the Zn(II) content in metallothionein proteins. 

 

Conclusions 

In this research, we studied the electrochemical behaviour of partially loaded Zn(II) 

metallothionein-3 species through the use of the Brdicka reaction coupled with a chemometric 

analysis. The importance of partially Zn(II)-saturated MT species has been previously 

highlighted because of their zinc buffering role in the cell. The methodology proposed herein 

allowed us to differentiate between metal-free and metal-loaded MT3 proteins. Electrochemical 

signals were attributed to the arrangement of tetrahedral ZnCys4 coordination environments and 

the formation of ZnxCysy clusters. Moreover, using the methodology implemented, we 

modelled three types of electrochemical nature corresponding to partially saturated Zn1–2MT3, 

Zn3–6MT3 and Zn7MT3 species. Their electrochemical differences might be explained by 

several phenomena: i) the formation of independent ZnCys4 sites in the Zn1–2MT3 species with 

respect to the formation of ZnxCysy clusters in the other species; ii) when considering high 

Zn(II)-loading states, the formation of ZnxSy and the co-existence of multiple metal-saturated 

species led to the Zn3–6MT3 species grouping together; and iii) fully loaded Zn7MT3 does not 

contain a free Cys residue in comparison with Zn3–6MT3, and thus, their electrochemical 

features differ. Previous research solved the Zn(II) binding mechanism and the molecular 



 
 

events associated with the MT2 isoform through a combination of mass spectrometry and 

molecular dynamics simulations. The present research pointed out similar molecular events for 

the differentiation of the Zn7-xMT3 complexes and concluded that MT2 and MT3 share a 

common Zn(II)-binding mechanism and speciation. The workflow employed here 

demonstrated an alternative and complementary approach to other structural and 

thermodynamics studies that are used for studying metal binding proteins. 
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Table 1. Predictive performance of PLS-DA models for modelling the autoscaled 

voltammograms for the apo-MT3 and metallothionein-3 Zn(II)-loaded states. 

aMean and maximum of 1000 Q2Y values of the permutated PLS models. 

 

Table 2. Predictive performance of the PLS-DA models for modelling the voltammograms for 

the Zn(II) metallothionein-3 complexes. 

aMean and maximum of 1000 Q2Y values of the permutated PLS models. 

 

 

 

 

 

 

Interval (V) Pre-processing R2X Q2Y pQ2Ya 

(mean/max) 

LVs 

-0.8/-1.7 Auto-scaling 0.94 0.85 -0.82/0.25 4 

-0.8/-1.7 2nd derivative + auto-scaling 0.70 0.60 -0.41/0.38 2  

-1.2/-1.4 Auto-scaling 0.99 0.88 -0.70/0.38 6 

-1.2/-1.4 2nd der. + auto-scaling 0.94 0.75 -0.82/0.34 5 

Interval (V) R2X Q2Y pQ2Ya 

(mean/max) 

LVs 

-0.8/-1.7 0.97 0.98 -0.54/0.42 3 

-1.5/-1.7 0.97 0.97 -0.05/0.397 1 

-1.3/-1.5 0.99 0.98 -0.19/0.45 2 

-1.2/-1.4 0.89 0.97 -0.08/0.39 1 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Protein preparation and electrochemical characterization. A) Inset: Schematic 

workflow for the preparation of the Zn7-xMT3 protein complexes. Different molar equivalents 

of Zn(II) were added to the FPLC-purified apo-MT3 protein. Voltammogram obtained by 

differential pulse voltammetry in the Brdicka electrolyte for the apo-MT3 and Zn1–7MT3 

species. The typical characteristic peaks in the voltammogram (RS2Co, Cat1 and Cat2) are 

indicated. B) Relative peak height for Cat1 as a function of the number of Zn(II) ions. 

 

 

 



 
 

 

 

Figure 2. Chemometric analysis of the autoscaled voltammograms from the apo-MT3 vs Zn1–

7MT3 protein species. A) PCA-score plot obtained for the first and second principal components 

for the apo-MT3 and Zn1–7MT3 complexes; B) PLS score plot from the PLS model considering 

the full voltammograms; C) density plot of the 1000 permutated Q2Y values obtained for the 

PLS model built from considering the full voltammograms (-0.8 to -1.7 V). The arrow indicates 

the Q2Y obtained for the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Variable importance projection (VIP) analysis of the PLS model considering full 

voltammograms of the apo- and metal-MT3 proteins. A) VIP values obtained for the 

voltammogram. The Cat1, Cat2 and P peaks are labelled; B) Box-plot of the Cat2 peak; C) Box-

plot of the Cat1 peak; D) Box-plot of the P peak. The y-axis in the box plots refers to the 

autoscaled intensity. 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

Figure 4. Chemometric analysis of the autoscaled voltammograms from the Zn1–7MT3 

complexes. A) PCA-score plot obtained for the first and second principal components in the 

full voltammogram; B) PCA-score plot obtained for the first and second principal components 

in the interval -1.2/-1.4 V; C) PLS- score plot from the PLS model considering the full 

voltammogram; D) PLS- score plot from the PLS model considering the interval -1.2/-1.4 V; 

E) Density plot of the 1,000 permutated-Q2Y values obtained for the PLS model built by 

considering the full voltammogram (-0.8 to -1.7 V); E) Density plot of the 1000 permutated 

Q2Y values obtained for the PLS model built by considering the interval -1.2/-1.4 V. The arrow 

indicates the Q2Y obtained for the model. 

 

 

 

 

 



 
 

 

 

 

 

Figure 5. Variable importance in the projection (VIP) analysis of the PLS models for the 

autoscaled voltammograms from the Zn1–7MT3 proteins. A) VIP plot with selected potential 

values holding a VIP value higher than one; B) Box-plots of the Cat2 peak highlighted by the 

VIP plot for the three groups: Zn1–2MT3, Zn3–6MT3 and Zn7MT3; C) Box-plots of the Cat1 

peak highlighted by the VIP plot for the three groups: Zn1–2MT3, Zn3–6MT3 and Zn7MT3; D) 

Box-plots of the P peak highlighted by the VIP plot for the three groups: Zn1–2MT3, Zn3–6MT3 

and Zn7MT3. The y-axis in the box plots refers to the autoscaled intensity. 
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