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Abstract 

Mammalian metallothioneins ( MTs ) are important proteins in Zn ( II ) and Cu ( I ) homeostasis with the Zn ( II ) and Cu ( I ) binding to the 
20 cysteines in metal-thiolate clusters. Previous electrospray ionization ( ESI ) mass spectrometric ( MS ) analyses of Cu ( I ) binding to 
Zn 7 -MT were complicated by significant overlap of the natural abundance isotopic patterns for Zn ( II ) and Cu ( I ) leading to impossibly 
ambiguous stoichiometries. In this paper, isotopically pure 63 Cu ( I ) and 68 Zn ( II ) allowed determination of the specific stoichiometries in 

the 68 Zn, 63 Cu- βα MT1A species formed following the stepwise addition of 63 Cu ( I ) to 68 Zn 7 - βα MT1A. These species were characterized 
by ESI-MS and room temperature emission spectroscopy. The key species that form and their emission band centres are Zn 5 Cu 5 - βα

MT1A ( λ = 684 nm ) , Zn 4 Cu 6 - βα MT1A ( λ = 750 nm ) , Zn 3 Cu 9 - βα MT1A ( λ = 750 nm ) , Zn 2 Cu 10 - βα MT1A ( λ = 750 nm ) , and Zn 1 Cu 14 - βα

MT1A ( λ = 634 nm ) . The specific domain stoichiometry of each species was determined by assessing the species forming following 
63 Cu ( I ) addition to the 68 Zn 3 - β MT1A and 68 Zn 4 - α MT1A domain fragments. The domain fragment emission suggests that Zn 5 Cu 5 - βα

MT1A contains a Zn 1 Cu 5 - β cluster and the Zn 4 Cu 6 - βα MT1A, Zn 3 Cu 9 - βα MT1A, and Zn 2 Cu 10 - βα MT1A each contain a Cu 6 - β cluster. 
The species forming with > 10 mol. eq. of 63 Cu ( I ) in βα-MT1A exhibit emission from the Cu 6 - β cluster and an α domain cluster. This 
high emission intensity is seen at the end of the titrations of 68 Zn 7 - βα MT1A and the 68 Zn 4 - α MT1A domain fragment suggesting that 
the initial presence of the Zn ( II ) results in clustered Cu ( I ) binding in the α domain. 

Keywords: copper homeostasis, electrospray ionization mass spectrometry, emission spectroscopy, metallothionein, metalloprotein, 
zinc homeostasis 

Graphical abstract 

The use of isotopically pure 63 Cu and 68 Zn greatly simplifies the ESI-mass spectral data and allows for the unambiguous identification 

of specific Zn,Cu-MT1A stoichiometries. 

 

 

 

 

 

 

 

bonic anhydrase and alcohol dehydrogenase.5 In total, as many as 
3000 human proteins may be zinc proteins.6 

Metals are tightly regulated in biological systems to avoid un- 
wanted chemistry, such as copper catalysed Fenton reactions.7 , 8 

As such, many chaperone and storage proteins with varying affin- 
ity constants ( K F ) are involved in metal homeostasis so that met- 
als are shuttled through the cell in a controlled manner.9 This re- 
sults in the concentration of free cellular copper being less than 
10 −18 M.10 , 11 The concentration of free cellular zinc is similarly 
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Introduction 

Both copper and zinc are essential nutrients that are key to the
function of many proteins.1 Copper is required in enzymes such
as Cu, Zn-dependent superoxide dismutase ( SOD ) and ceruloplas-
min where copper redox chemistry is used to detoxify superoxide
radicals 2 and oxidize iron,3 respectively. Zinc is required for the
activity of many enzymes and plays a structural role in many ad-
ditional proteins, for example, zinc finger proteins.4 Zinc’s Lewis

acidity makes zinc an excellent cofactor for enzymes such as car- 
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Fig. 1 Amino acid sequence for recombinant human metallothionein 1A 
( A ) and its N terminal β ( B ) and C-terminal α ( C ) domain fragments. 
There are 20 cysteines in the full protein identified with yellow ovals 
numbered 1–20. The numbering of the cysteines in the domain 
fragments is based on the cysteine numbering in the full protein. 
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estricted, with concentrations estimated to be in the picomolar
r nanomolar range.12 

Metallothioneins ( MTs ) are small molecular weight proteins
ith a large number of cysteine residues that contribute to
omeostatic metal control.13 First discovered in equine renal cor-
ex 14 ; subsequently, many other MT proteins have been identified
hrough DNA sequence analysis.15 MTs are found across multiple
ranches of life including animals,16 , 17 plants,17 , 18 bacteria,19 and 
ungi.20 In mammalian MTs, there are four isoforms and many
ubisoforms, all containing 20 cysteines. MT1 is predominantly
ound in the kidneys and MT2 in the liver; however, both can
lso be found in various amounts throughout the entire body,21 

hereas MT3 and MT4 are expressed in the central nervous sys-
em 

22 and epithelial tissue,23 respectively. 
MT proteins lack enzymatic activity, rather the sulphur-

ontaining cysteine residues are used to bind Zn ( II ) and Cu ( I ) for
etal storage as part of the overall homeostatic pathways and
d ( II ) for heavy metal detoxification.24–34 MTs may also play a role
n redox reactions in the cell.35 , 36 MTs extracted from animal tis-
ues have been reported to contain Zn ( II ) , Cd ( II ) , and Cu ( I ) .13 , 37 , 38 

any transition metals have also been reported to bind MT in
itro .39–52 In vitro, human MT1 and MT2 can be fully metallated
ith 7 divalent metals, such as Zn ( II ) or Cd ( II ) ,53 or 20 monova-

ent metals, such as Cu ( I ) .39 When mammalian MTs are metal-
ated with exactly 7 divalent metals, two domains form: an N-
erminal β domain binding 3 Zn ( II ) or Cd ( II ) with 9 cysteines and a
-terminal α domain binding 4 Zn ( II ) or Cd ( II ) with 11 cysteines.53 

he two domains are connected by a short linker region ( Fig. 1 ) .54 

n vivo , partially metallated MTs are expected.55 

Cu-MTs exhibit phosphorescence. The emission spectra 
ecorded, following excitation of the protein at the S-Cu ( I ) LMCT
and ( 280 nm ) , have been used to identify the structure of
he chromophore as a Cu ( I ) -thiolate cluster in an environment
hielded from the solvent at both 77 K and room tempera-
ure.56–61 In the absence of Cu ( I ) -thiolate clusters, very weak
mission intensity is expected from isolated Cu ( I ) bound to
he cysteines in MT due to solvent deactivation of the triplet
tate. This sensitivity of the phosphorescence intensity to the
olvent means that the emission is, therefore, sensitive to the
verall protein structure. Previously, many researchers reported
he emission properties of Cu-MTs frozen at 77 K to show the
ormation of the Cu-thiolate clusters.57–59 However, the value of
tepwise metal titrations with MTs has been well established in
etermining species formation,62 , 63 especially when carried out 
n parallel with ESI-MS data.39 , 60 , 63 Metal titrations combined
ith 77 K emission spectroscopy cannot be carried out without
epeated freezing and thawing of the protein. Such constant
anipulation of the protein brings the risk of oxidation. Use of
 red sensitive spectrofluorometer to measure the room tem-
erature phosphorescence spectra overcomes these difficulties.
he use of room temperature emission also allows for relative
ntensities to be measured which gives useful indications on the
verall protein structure based on the relative emissiveness of
he clusters formed. The presence of room temperature phos-
horescence 39 , 57 , 60 , 61 further emphasizes that the Cu ( I ) ions are
ocated in a shielded, clustered environment. 
Recently, we have published detailed speciation information

n the Cu ( I ) -thiolate clusters that form in the metal-free apo
α MT1A and its isolated metal-free apo β and α domain frag-
ents.39 , 60 The Cu ( I ) -thiolate species formed from the apo protein
erve as a model for Cu ( I ) binding to MT newly synthesized by the
ell. Cu ( I ) may also bind to partially Zn-MTs 55 in vivo and so mixed
n, Cu-MT species are also expected. 
A recent paper by Mehlenbacher et al . has reported the stoi-
hiometry and structural properties of Cu ( I ) binding to Zn 7 -MT2
nd Zn 7 -MT3.64 In that paper, the authors provide detailed stoi-
hiometry and information on Cu ( I ) binding to the metal-free apo
T2 and MT3 prepared in situ using a large excess of glutathione

 GSH ) to coordinate the initial Zn ( II ) . These authors report that
ollowing addition of 20 mol. eq. of Cu ( I ) , both the apo MT2 and
po MT3 bind 8 Cu ( I ) per protein molecule using inductively cou-
led plasma mass spectrometric ( MS ) analysis. Due to the ∼2000
old excess of GSH, all of the Zn ( II ) is displaced from the protein
pon Cu ( I ) addition and so Cu ( I ) and Zn ( II ) do not coexist in the
nal protein. It should be noted that in vivo , the GSH level is not
igh enough to displace all of the Zn ( II ) from MT. The procedure
eported by Mehlenbacher et al .64 is unlike the experimental pro-
edures that we present in this paper where the Zn ( II ) is retained
n the protein as Cu ( I ) is added stepwise. 
Many MT isoforms bind mixtures of Cu ( I ) and Zn ( II ) in vivo and

o the binding pathways for all isoforms are of great interest. MT1
nd MT2 must be studied in detail to compare with the more spe-
ialized MT3 and MT4 isoforms. MT1 from rat kidneys has been
ound to contain a substantial amount of Zn ( II ) and Cu ( I ) .65 Zn,
u-MT1 has been isolated from horse and pig kidneys as well.66 , 67 

n, Cu-MTs have also been extracted from bovine fetal calf liver
ith 0–15 Cu ( I ) .38 Another well-known example is the Zn, Cu-MT3

solated from bovine brain with 4–5 Cu ( I ) and 2–2.5 Zn ( II ) ions
8 and from human brains with 4 Cu ( I ) ions and 3 Zn ( II ) ions.22 

he metallation of MTs may also change with disease. Human
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hepatocellular carcinoma cells have been reported to contain, Zn,
Cu-MT, and Cu-MT.69 A significant complication when assessing
the metallation status of MTs formed in vivo is that the natu-
ral balance between Zn ( II ) and Cu ( I ) may be disrupted by the ex-
traction procedures of these very air-sensitive proteins. Therefore,
stepwise additions of Cu ( I ) into dilute solutions of Zn-saturated
or partially saturated Zn-MT in controlled oxygen-free environ-
ments are of particular importance in establishing potential in
vivo speciation. 

Many of the techniques used in previous studies of Zn, Cu con-
taining MTs only report on the average metal content. However
electrospray ionization ( ESI ) MS studies have shown that mixtures
of species should be expected.39 , 60 , 70 The presence of multiple
species forming with varying degrees of cooperativity means that
the mol. eq. of copper added is not always a reliable technique for
determining the exact stoichiometry of the species formed. This
may explain the variation in reported Zn, Cu-MT stoichiome-
tries obtained from optical studies. Examples include Stillman
et al . who reported the formation of Zn 4 Cu 6 , Cu 12 , and Cu 20 species
from rabbit liver Zn 7 -MT2 using circular dichroism spectroscopy
and room temperature emission spectroscopy methods,71

Bogumil et al . who reported a Cu 4 cluster within Cu, Zn-MT3 us-
ing 77 K emission spectroscopy,68 and Bofill et al . who concluded
from UV-visible absorption and circular dichroism spectroscopy
that 4 Cu ( I ) bind cooperatively to the isolated β domain fragment
of mouse MT1. In that latter study, Chelex-100 was added to
bind the Zn ( II ) displaced by the incoming Cu ( I ) ; analysis revealed
that 2 mol. equiv. of Zn ( II ) were bound to the Chelex-100 leading
the researchers to conclude that a Zn 1 Cu 4 β mouse MT species
formed. However, in none of these previously mentioned studies
ESI-MS was used to confirm the speciation.68 , 71 , 72 

A later study by Bofill et al . reported several Zn, Cu-MT species
forming in mouse MT1 using ESI-MS methods.73 In their paper, the
masses listed for each species decreased over the course of the
titration, suggesting that there may be additional Zn, Cu species
forming that the authors could not resolve. An example of the dif-
ficulty in resolving mixed Zn, Cu species is also seen in the follow-
ing studies on Zn, Cu speciation in snail MT. In these papers, the
authors report only the total number of metals bound ( M x , where
x is the sum of both Zn ( II ) and Cu ( I ) ions bound ) .74 , 75 The issue in
distinguishing Zn ( II ) from Cu ( I ) lies not only in the similar aver-
ages masses but in the overlapping isotopic distributions of Cu ( I )
and Zn ( II ) . While high resolution mass spectrometers are able to
distinguish between very small mass differences, the broad MS
peaks that arise due to using natural abundance Zn ( II ) and Cu ( I ) ,
in addition to the isotopic distribution from the C, H, N, O, and S in
the protein, make it very difficult to clearly determine the Zn/Cu
exchange process that takes place as Cu ( I ) is added to Zn-MTs. We
note that even with the 140 000 resolution of the Q-Exactive TM Or-
bitrap mass spectrometer ( data unpublished ) , it was impossible to
clearly identify the exact stoichiometries of the Zn, Cu-MT species
of similar masses with > 3 Cu ( I ) and Zn ( II ) . 

In the studies described in this present paper, we overcome
these significant and longstanding difficulties and report the un-
ambiguous stoichiometry of a series of Zn, Cu- βα MT1A species
at pH 7.4 through the use of isotopically pure 68 Zn ( II ) and 63 Cu ( I )
when Cu ( I ) is added to human Zn 7 - βα MT1A. Our results show
that the Zn ( II ) is retained in the protein with up to 14 Cu ( I ) .
Through the use of the domain fragments, we identify the local-
ization of the remaining Zn ( II ) . Room temperature solution emis-
sion spectra measured in tandem with the stepwise ESI-MS data
provide evidence for the presence of a series of distinct Zn, Cu ( I ) -
thiolate clustered species. The data show that the specific species
that form with an increasing number of metal ions are controlled 
by the total positive charge from the sum of the Zn ( II ) and Cu ( I )
ions. For displacement of Zn ( II ) by Cu ( I ) , this means that the oxi-
dation state of the incoming metal ion ( here + 1 ) is an important
criterion in terms of the specific stoichiometric ratios, Zn: Cu, that 
are stable at equilibrium. 

Methods 

MT synthesis 
βα MT1A and its N-terminal β domain fragment and C-terminal α
domain fragment were made recombinantly using BL21 ( DE3 ) Es- 
cherichia coli cells containing the MT1A gene in a pET29a vector 
as published previously.60 The recombinant human MT1A protein 
had the sequence MGKAAAAMDP NCSCATGGSC TCTGSCKCKE 
CKCTSCKKSC CSCCPMSCAK CAQGCICKGA SEKCSCCAKK AAAA.
The N-terminal β domain fragment, referred to as β MT, had 
the sequence MGKAAAACSC ATGGSCTCTG SCKCKECKCN SCK- 
KAAAA. The C-terminal α domain fragment, referred to as α MT,
had the sequence MGKAAAACCS CCPMSCAKCA QGCVCKGASE 
KCSCCKKAAA A. An N-terminal S-tag with the sequence MKE- 
TAAAKFE RQHMDSPDLG TLVPR GS was used to increase protein 
stability in vivo . The tag was cleaved off before any metallation ex-
periments. Tag cleavage resulted in a ‘GS’ left on the N-terminal of
the protein. We note that the extra N- and C-terminal flanking se-
quences have insignificant effect on the metal binding properties 
of MT. 

Cells from a glycerol stock were incubated in autoclaved 
LB broth ( Millipore Sigma ) overnight and added to additional 
LB broth the following morning. The addition of cadmium ac- 
etate ( Millipore Sigma ) during E. coli growth ensured that all 
MT produced was saturated with cadmium. Isopropyl β-d-1- 
thiogalactopyranoside ( IPTG ) ( BioShop Canada ) was added once 
the A 600 reached 0.6. The cells were harvested by centrifugation at 
8983 × g 4 h after the addition of IPTG and resuspended in pH 7.4
tris ( hydroxymethyl ) aminomethane ( Tris ) buffer ( Millipore Sigma ) .
The cell suspension was stored at –80°C until protein purification.

During the purification process, cells were lysed using a cell dis-
ruption system ( Constant Systems, UK ) at 18, 20, and 22 kpsi. All
buffers used in the purification process were saturated with ar- 
gon to prevent protein oxidation. The cell lysate was centrifuged 
at 20 442 × g and the lysate was loaded onto two 5 ml HiTrap SP
Sepharose cation exchange columns ( Cytiva ) . Protein elution was 
monitored by the 250 nm S-Cd ligand to metal charge transfer 
band ( LMCT ) measured by a Cary 50 UV-Vis Spectrophotometer 
( Varian ) . The collected protein was concentrated to a final volume 
of 20 ml using a stirred ultrafiltration cell ( EMD Millipore ) with a
3 kDa cellulose membrane under nitrogen pressure. The Throm- 
bin CleanCleave kit ( Millipore Sigma ) was used to remove the S- 
tag from the MT. Thrombin resin was removed from the protein 
sample by centrifugation, and the purified protein was separated 
from the S-tag fragment using the HiTrap SP Sepharose cation ex- 
change columns again. Purified protein was stored at –20°C. 

Formation of 68 Zn-MT 

All solutions were thoroughly evacuated and saturated with ar- 
gon before use. Cadmium saturated MT was demetallated and 
desalted using a PD10 column ( Cytiva ) containing pH 2.5 ammo- 
nium formate. Excess Cd ( II ) was removed by buffer exchange with
argon-saturated ammonium formate ( J. T. Baker ) using 3 kDa cen- 
trifugal filters ( Amicon ) . The pH of the protein was raised with
an additional PD10 column containing argon-saturated pH 7.4 
ammonium formate. Tris ( 2-carboxyethyl ) phosphine ( TCEP ) was 



4 | Metallomics 

Table 1. ESI-MS parameters 

Parameter Value

End plate offset 500 V 
Capillary voltage 4500 V 
Nebulizer 29.0 psi
Dry gas 6.0 L/min 
Dry temp 200°C 
Target mass range 800–3000 m/z 
Capillary exit voltage 180.0 V 
Hexapole RF 600 Vpp 
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ncluded in all ammonium formate solutions to prevent thiol oxi-
ation. The protein concentration was measured by metallating a
raction of the protein sample with cadmium and measuring the
bsorbance at 250 nm ( S-Cd LMCT ) . 68 ZnO was purchased from
race Sciences International and dissolved in dilute acetic acid
ith heating. The pH was increased to 4.1 with dilute NH 4 OH and
iluted to a final concentration of 10 mM with Milli Q water. The
8 Zn solution was deaerated and argon-saturated before being
itrated into the apo protein until the majority of the protein was
8 Zn 7 - βα MT1A, 68 Zn 3- β-MT1A, or 68 Zn 4 - α MT1A as seen by the
SI-MS. The pH of the 68 Zn-MT1A was adjusted to 7.4. 

u ( I ) titrations 
sotopically pure 63 CuCl 2 was obtained from Trace Sciences Inter-
ational. Reduced GSH ( Sigma ) was dissolved in argon-saturated
0 mM ammonium formate at pH 7.4. 63 CuCl 2 was added at a 3:1
SH: 63 Cu ( II ) ratio to form reduced Cu ( I ) -GSH as reported by Fer-
eira et al .76 All 63 Cu ( I ) solutions were made to be 10 mM. All so-
utions were rigorously deaerated and argon-saturated to prevent
xidation. Molar equivalents of the 10 mM 

63 Cu-GSH were added
tepwise ( based on the MT concentration ) to the Zn-saturated pro-
ein assuming all Cu ( II ) was reduced to Cu ( I ) . For each addition of
Cu ( I ) ’, we mean the addition of Cu ( I ) bound to an unknown num-
er of GSH ligands and the oxidized GSSG product. The Cu ( I ) ( SG ) x 
pecies are not observed in the ESI-MS so the value of x cannot
e determined at this time by our methods. All Cu ( I ) was added
o protein at pH 7.4 and room temperature. Zn, Cu-MT samples
ere measured either by ESI-MS or emission spectroscopy ap-
roximately 30 s after each addition as there were insignificant
hanges in the mass spectrum or the emission spectrum after this
ime point. There was no indication of oxidation of the protein
hat would result from Cu ( I ) disproportionation or any evidence
f coloured, oxidized Cu ( II ) . 

lectrospray ionization mass spectrometry 

amples prepared by the methodology above were measured by
irect infusion into the Bruker MicrOTOF II ( Bruker Daltonics ) in
ositive ion mode. The parameters used are shown in Table 1 . All
amples were rigorously deaerated and argon-saturated to pre-
ent oxidation. The relative abundance of each species detected
as normalized and the mol. eq. of Cu ( I ) bound to the protein was
alculated from those values. 

mission spectroscopy 

oom temperature Cu ( I ) -thiolate cluster phosphorescence was
easured using a Photon Technology Quanta Master 4 ( QM4 )
canning spectrofluorometer ( PTI Inc., London, Canada ) . Protein
amples ( prepared by the methodology above ) were kept anaer-
bically in a 1 cm sealed quartz cuvette to prevent oxidation.
amples were excited at 280 nm using a Xenon flash lamp ( flash
ate = 100 Hz ) , and the resulting room temperature phosphores-
ence was measured from 500–900 nm with a 750 nm blazed grat-
ng and a red-sensitive GaAs phototube. A yellow filter was used
o decrease the scatter of the excitation overtone band. All slits
ere held constant at 10 nm. The Xenon flash lamp allowed for
hosphorescent lifetime measurements. Since different Zn, Cu-
T species have different wavelengths of emission, the presence
f mixtures in the solution results in multiple overlapping band
nvelopes with the λmax representing an average. The species con-
ributing to the emission were identified by measuring the ESI-MS
rofiles for each point in the titration alongside the emission mea-
urements. 
The phosphorescent decay of selected wavelengths was mea-

ured after exciting the sample at 280 nm. The emission was mea-
ured for 20–30 μs in 100 steps with a 1–2 μs integration time.
hen multiple emission bands are present, wavelengths on the

dge of the emission band envelope away from other emission
ands were selected to decrease the chance of measuring an aver-
ge lifetime of the two emission bands. The lifetimes were calcu-
ated using the QM-4 software. All samples were rigorously deaer-
ted and argon-saturated to prevent oxidation. 

ass spectrometry isotope simulations 
imulated MS data were generated using Compass IsotopePattern
 Bruker ) with the resolution set to 10 000. The isotope pattern for
po- β MT1A was calculated by inputting the protein sequence.
or the simulations of the metallated β MT1A species, 2 protons
ere removed for each Zn ( II ) bound and 1 proton for each Cu ( I )
ound. In a deconvolution calculation, the charge of the metal
ons is compensated for the loss of the same number of protons,
ndependent of the apparent coordination numbers. For example,
he 14 + charge of 7 Zn ( II ) is compensated for in the calculation
y the loss of 14 protons. These numbers are observed in the ex-
erimental ESI-MS data upon metal binding. The program calcu-
ated the abundance of each isotopomer with different combina-
ions of carbon, hydrogen, nitrogen, oxygen, and sulfur isotopes as
ell as the zinc and copper, when natural abundances were be-

ng considered. Isotopically pure 68 Zn and 63 Cu were added to the
imulated mass spectra manually as the Compass Isotope Pattern
rogram does not have a function for simulating isotopically pure
lements. The simulations of apo- β MT1A, Zn 3 - β MT1A, Zn 1 Cu 5 - β
T1A, and Cu 6 - β MT1A were compared to the experimental data.
he contributions of Zn 1 Cu 5 - β MT1A and Cu 6 - β MT1A to the ex-
erimental M 6 peak were determined by adding together varying
ractions of the isotope pattern for isotopically pure 63 Cu 6 - β MT1A
nd 68 Zn 1 63 Cu 5 - β MT1A until the simulation matched the exper-
mental data. The contributions of 68 Zn 2 63 Cu 4 - α MT1A and 68 Zn 3 
3 Cu 3 - α MT1A to the experimental M 6 peak were determined by
dding together varying fractions of the isotope pattern for iso-
opically pure 68 Zn 2 63 Cu 4 - α MT1A and 68 Zn 3 63 Cu 3 - α MT1A until
he simulation matched the experimental data. The contributions
f Zn 5 Cu 5 - βα MT1A and Zn 4 Cu 6 - βα MT1A to the experimental
 10 peak were determined by adding together varying fractions of

he isotope pattern for isotopically pure 68 Zn 4 63 Cu 6 - β MT1A and
8 Zn 5 63 Cu 5 - β MT1A until the simulation matched the experimen-
al data. 

esults and discussion 

sotope simulations prove the necessity 

f using 

63 Cu ( I ) and 

68 Zn ( II ) in mixed 

etal binding to MTs 
S is key to determining the exact stoichiometry of the many
etallated species of MT. Previously, researchers have had
onsiderable difficulty in determining accurate Zn, Cu-MT
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Fig. 2 Simulated and experimental mass spectral data showing the 
isotopic distributions of apo- β MT1A ( A, B ) and Zn 3 - β MT1A ( C–E ) . ( A ) 
Simulated isotopic pattern of apo- β MT1A. ( B ) Experimental ESI-mass 
spectral data of apo- β MT1A. ( C ) Simulated isotopic pattern for natural 
abundance Zn 3 - β MT1A. ( D ) Simulated isotopic pattern for isotopically 
pure 68 Zn 3 - β MT1A. ( E ) Experimental ESI-mass spectral data of 68 Zn 3 - β
MT1A. Note the x-axis ranges differ between A, B and C, D, E because of 
the additional mass of the three Zn ( II ) ions bound. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Simulated and experimental mass spectral data showing the 
isotope patterns for Zn 1 Cu 5 - β MT1A and Cu 6 - β MT1A. ( A ) Simulated 
isotope pattern for natural abundance Zn 1 Cu 5 - β MT1A. ( B ) Simulated 
isotope pattern for natural abundance Cu 6 - β MT1A. ( C ) Simulated 
isotope pattern for a 42:58 ratio of natural abundance Cu 6 - β MT1A: 
Zn 1 Cu 5 - β MT1A. ( D ) Simulated isotope pattern for isotopically pure 
68 Zn 1 63 Cu 5 - β MT1A. ( E ) Simulated isotope pattern for isotopically pure 
63 Cu 6 - β MT1A. ( F ) Simulated isotope pattern for a 42:58 ratio of 
isotopically pure 63 Cu 6 - β MT1A: 68 Zn 1 63 Cu 5 - β MT1A. ( G ) Experimental 
isotope pattern for a mixture of isotopically pure 63 Cu 6 - β MT1A and 
68 Zn 1 63 Cu 5 - β MT1A formed from binding 3.48 mol. eq. of 63 Cu ( I ) to 
52.8 μM Zn 3 - β MT1A. ( H ) Experimental isotope pattern for 63 Cu 6 - β
MT1A formed from binding 5.64 mol. eq. of 63 Cu ( I ) to 52.8 μM Zn 3 - β
MT1A. The Cu ( I ) equivalences for ( G ) and ( H ) were determined through 
analysis of the ESI-mass spectral data. 

Table 2. Stable isotopes of copper and zinc 

Isotopes of Cu Abundance 

63 Cu 69.15% 

65 Cu 30.85% 

Isotopes of Zn Abundance

64 Zn 49.17% 

66 Zn 27.73% 

67 Zn 4.04% 

68 Zn 18.45% 

70 Zn 0.61% 
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stoichiometries.74 , 75 Even with high-resolution mass spec-
trometry ( Q-Exactive TM Orbitrap mass spectrometer ) ( data
unpublished ) , we were still unable to determine the exact sto-
ichiometry without ambiguity even with a higher resolution of
140 000. 

In Figs 2 and 3 ( and later 6, 8, and 12 ) , we use the program,
‘Compass IsotopePattern’, to simulate mass spectra and demon-
strate that the problem is the multiple, overlapping stable Zn ( II )
and Cu ( I ) isotopes ( Table 2 ) that combine with the broad peptide
MS envelope. The protein peak is broad due to the many com-
binations of carbon isotopes, particularly 12 C and 13 C, as well as
isotopes of H, N, O, and S isotopes in the protein. The effects of
the broad protein peak and the multiple Zn ( II ) and Cu ( I ) isotopes
make it impossible to distinguish between the mass of Zn ( II ) and
Cu ( I ) . The use of isotopically pure metals dramatically improves
species identification without the need for more specialized high-
resolution mass spectrometers. The use of isotopically pure ele-
ments has also been used to study metal exchange 77 , 78 as well as
the formation of other metal-sulfur clusters.79 We note that these
simulations use the β domain fragment and that the complexity is
further exacerbated when the full βα-MT1A protein is metallated.

The clarity in the measurement of Zn 3 - β MT 

using isotopically pure 

68 Zn ( II ) 
To confirm the validity of the simulations, the isotope pattern
of the apo protein ( Fig. 2 A ) was first modelled and compared
to experimental ESI-MS data ( Fig. 2 B ) . There is good agreement
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Fig. 4 Deconvoluted ESI-mass spectral data showing key steps in the 
63 Cu ( I ) titration of 29.6 μM 

68 Zn 3 - β MT1A titration. All steps in the 
titration are shown in Supplementary Fig. S3. Charge state data are 
shown in Supplementary Fig. S4. 3D speciation data are shown in 
Supplementary Fig. S5. The masses of all species detected are in 
Supplementary Table S1. The mol. eq. refer to the mol. eq. of Cu ( I ) bound 
to the protein as determined by ESI-MS. 
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etween the experimental and simulated mass spectra. Metal-
ated β MT1A species were then simulated. The isotopic pattern
or natural abundance Zn 3 - β MT1A becomes very complicated
ith 21 isotopomers as a result of the 5 stable Zn ( II ) isotopes

 Fig. 2 C ) . The result is that the peak, centred on 3943 Da, is very
road ( Fig. 2 C ) . 
In contrast, the width of the simulated isotope pattern for

he isotopically pure 68 Zn 3 - β MT1A ( Fig. 2 D ) is identical to that
f the apo protein as expected for the addition of an element
ith a single isotope. The experimental isotope pattern of 68 Zn 3 -
MT1A is shown in Fig. 2 E. The experimental band envelope is
n almost identical copy of the simulation ( Fig. 2 D ) , except with
ome additional low-intensity peaks corresponding to 68 Zn 2 63 Cu 1 -
MT1A centred on 3946 Da. This species formed as a result of

esidual 63 Cu ( I ) in the ESI-MS PEEK tubing. It is the use of iso-
opic 68 Zn ( II ) and 63 Cu ( I ) that allows for the detection of the adja-
ent 68 Zn 2 63 Cu 1 - β MT1A species. If natural abundance Zn ( II ) were
sed, this species would be indistinguishable from the main Zn 3 - β
T1A peak. 

se of isotopically pure 

63 Cu ( I ) and 

68 Zn ( II ) 
reatly increases clarity in the ESI-MS of 
sotopically pure 

68 Zn, 63 Cu- β MT1A species 
hile Cu ( I ) only has two stable isotopes, the isotopic pattern
uickly becomes complicated when multiple Cu ( I ) ions are con-
idered. The combination of the broad protein MS peak and the
verlapping Zn ( II ) and Cu ( I ) isotopes essentially makes it impos-
ible to distinguish species with the same total number of metals
ut differing Zn: Cu ratios. This is seen in the simulations of the
n 1 Cu 5 - β MT1A ( Fig. 3 A ) and Cu 6 - β MT1A ( Fig. 3 B ) MS peaks as
ell as the simulation of the 42:58 ratio of Cu 6 - β MT1A: Zn 1 Cu 5 - β
T1A. It is, therefore, not surprising that previous reports of Cu
nd Zn stoichiometries in Zn, Cu MT species using ESI-MS and
atural abundance Zn ( II ) and Cu ( I ) have been unable to resolve
he presence of specific species.74 , 75 

The isotopic pattern is again compressed with the use of the
sotopically pure metals. The reduction in the breadth of the
eak as well as the greater mass difference between 63 Cu ( I ) and
8 Zn ( II ) ( compared to the average natural abundance masses ) al-
ows for the clear distinction between 68 Zn 1 63 Cu 5 - β MT1A ( Fig. 3 D,
128.5 Da ) and 63 Cu 6 - β MT1A ( Fig. 3 E, 4124.5 Da ) . 
In the case where 68 Zn 1 63 Cu 5 - β MT1A and 63 Cu 6 - β MT1A exist

t the same point in the titration, we can simulate the overall MS
nvelope for any given ratio of the two species ( vide infra Fig. 6 ) .
 ratio of 42:58 63 Cu 6 - β MT1A: 68 Zn 1 63 Cu 5 - β MT1A ( Fig. 3 F ) best
atched the experimental data in Fig. 3 G. The experimental ESI-
S peak for 63 Cu 6 - β MT1A is centred on 4124.5 Da ( Fig. 3 H ) , similar

o the simulated 63 Cu 6 - β MT1A mass spectrum ( Fig. 3 E ) . 
Supplementary Figs S1 and S2 show the experimental results of

dding natural abundance Cu ( I ) to 68 Zn 3 - β MT1A. It is clear from
upplementary Fig. S2 that using both isotopically pure 63 Cu ( I )
nd 68 Zn ( II ) results in much better separation between Zn 1 Cu 5 - β
T1A and Cu 6 - β MT1A; however, in the absence of isotopically
ure Cu ( I ) , room temperature emission and circular dichroism
pectra ( Supplementary Fig. S1 ) aid in the identification of two
eparate species. 

se of 63 Cu ( I ) and 

68 Zn ( II ) reveals a series of 
ixed-metal Zn, Cu-MT clustered species 

sing isotopically pure 68 Zn ( II ) acetate and 63 Cu ( I ) -GSH, our de-
ailed ESI-MS results discussed below show the Zn ( II ) /Cu ( I ) ex-
hange reactions first in the Zn 3 - β MT1A ( Fig. 4 ) and Zn 4 - α MT1A
 Fig. 7 ) domain fragments. These results are used to explain the
rocess of Zn ( II ) /Cu ( I ) exchange in the Zn 7 - βα MT1A ( Fig. 10 ) . The
asses of all the species detected by ESI-MS are listed in Sup-
lementary Tables S1–S3. While Zn 7 -MT1A may not occur in the
ell, these experiments serve as a basis for future studies of par-
ially metallated MTs using this method. In the subsequent de-
criptions, we omit the isotopically pure descriptor for the Cu ( I )
nd Zn ( II ) and the GSH ligand for the Cu ( I ) . The displaced Zn ( II )
an be bound by the GSH; however, the binding constants for the
n ( II ) and Cu ( I ) in the various clustered structures of MT are much
reater 39 , 80 than the binding constants for Cu ( I ) or Zn ( II ) binding
o the GSH 

11 , 64 , 81 so the presence of GSH does not significantly
hange the outcome of the titration of Cu ( I ) into Zn-MT. 

u ( I ) metallation of 68 Zn 3 - β MT1A results in the 

ormation of Zn 1 Cu 5 - β MT1A, then Cu 6 - β MT1A 

o gain insight into the pathways involved when Cu ( I ) replaces
n ( II ) in the β domain, 68 Zn ( II ) was added to the β domain frag-
ent to make 68 Zn 3 - β MT1A at pH 7.4 and room temperature. The

esulting species, formed after 11 stepwise additions of Cu ( I ) , were
easured by ESI-MS ( Fig. 4 ) and room temperature emission spec-

roscopy ( Fig. 5 ) . The approach of connecting the emission data
ith parallel measurement of the speciation using ESI-MS allows
or the unambiguous identification of the key Zn, Cu-MT species
ontributing to the phosphorescence spectra. The ESI-MS data
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Fig. 5 Room temperature phosphorescence spectra recorded during a 
63 Cu ( I ) titration of 68 Zn 3 - β MT1A. ( A ) Emission spectra showing relative 
intensity changes throughout the titration. λex = 280 nm. ( B ) Emission 
spectra normalized for the amount of Cu ( I ) bound at each step in the 
titration. ( C ) λmax as a function of Cu ( I ) bound to the protein. 
Phosphorescence decay traces are shown in Supplementary Fig. S6. The 
mol. eq. refer to the mol. eq. of Cu ( I ) bound to the protein as determined 
by ESI-MS. 
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clearly show that at certain steps multiple species are present
resulting in an average emission band envelope comprising one
or more specific bands. Because isotopic 68 Zn ( II ) and 63 Cu ( I ) were
used, the stoichiometry is well known and specific band centres
can be discerned from the overall spectral envelope allowing the
identity of the contributing species with increased certainty. 

Significant changes in the ESI-MS data are highlighted with
coloured arrows and numbers indicating the total number of met-
als bound. The changes in the emission spectra generated by these
species are highlighted using the same coloured arrows. In the
cases where two species result in adjacent peaks in the mass spec-
trum ( e.g., Zn 1 Cu 5 - β MT1A and Cu 6 - β MT1A ) , the two species are
separated by a slash and the major species is bolded. While these
are not visible as two separate peaks when looking at the entire
mass region, zoomed in regions of key peaks have been added
as insets. Due to the complexity of the mixtures of Zn, Cu-MT
species, we describe the data in terms of the change in the number
of metal ions bound. 

M 3 to M 4 /M 5 . The first addition of Cu ( I ) to Zn 3 - β MT1A results in
the formation of an M 4 species, Zn 3 Cu 1 - β MT1A, and a smaller
amount of M 5 species, Zn 2 Cu 3 - β MT1A ( Fig. 4 B, Zn 2 Cu 3 labelled
with purple arrow and ‘5’ for the total metals bound ) . Additional
Cu ( I ) results in an increase in the abundance of both of these
species and one Zn ( II ) in a fraction of both species is replaced by
Cu ( I ) to form minor amounts of Zn 2 Cu 2 - β MT1A and Zn 1 Cu 4 - β
MT1A ( Fig. 4 C ) . 

M 4 /M 5 to M 6 . The next species to form is M 6 which forms initially
as Zn 1 Cu 5 - β MT1A ( light blue arrow, blue ‘6’ ) . We note that the
formation of both Zn 2 Cu 3 - β MT1A and Zn 1 Cu 5 - β MT1A is pre-
ferred over the M 4 species, as evident by the formation of these
species before Zn 3 - β MT1A is fully consumed. The formation of 
the Zn 2 Cu 3 - β MT1A is associated with emission intensity ( Fig. 5 A )
at 690 nm ( purple arrow ) . As the abundance of Zn 1 Cu 5 - β MT1A
increases in the MS data, the emission grows in intensity and red-
shifts to a λmax = 701 nm with 4.9 mol. eq. Cu ( I ) bound ( blue arrow ) .

Additional Cu ( I ) results in a gradual change from Zn 1 Cu 5 - β
MT1A ( blue arrow ) to Cu 6 - β MT1A in the ESI-MS ( yellow arrow ) ,
until the Cu 6 - β MT1A becomes the major species at 5.7 mol. eq.
Cu ( I ) bound. The insets in Fig. 4 E and F show clear differences be-
tween the Zn 1 Cu 5 - β MT1A and Cu 6 - β MT1A when the mass re-
gion is expanded to show only the M 6 mass region. The change
is clearer in Fig. 6 , where the M 6 peak is shown for seven steps in
the titration, ranging from 3.48 mol. eq.to 5.84 mol. eq. bound. The
experimental data was compared to MS simulations to determine 
the ratio of Cu 6 - β MT1A: Zn 1 Cu 5 - β MT1A. The transition from
these two species is accompanied by a redshift in the Zn 1 Cu 5 - β
MT1A emission spectrum with λmax = 701 nm ( 4.9 mol. eq. Cu ( I ) ) to
the Cu 6 - β MT1A emission spectrum with λmax = 737 nm ( 5.7 mol.
eq. Cu ( I ) ) . The Zn ( II ) , with its typically tetrahedral coordination in
MT, is likely located within the cluster to share the thiols with
some of the Cu ( I ) ions. The nine cysteines of the β domain can
bridge the one Zn ( II ) and 5 Cu ( I ) ions. We note that when Cu ( I ) is
added to the apo- β MT1A, a Cu 7 S 9 cluster is a dominant structure
with a unique emission spectrum 

60 which suggests the replace- 
ment of two Cu ( I ) with one Zn ( II ) while retaining the cluster struc-
ture is reasonable. The emission intensity also drastically drops at 
this point, indicating that a different structure has formed. 

The drop in emission intensity is especially evident in Fig. 5 B,
where the emission intensity has been normalized for the mol.
eq. of Cu ( I ) bound. The lower emission intensity suggests that the
Cu 6 - β MT1A cluster and/or the protein backbone wrapped around 
it is more open or porous than the Zn 1 Cu 5 - β MT1A cluster, which
leads to an increase in triplet state deactivation. This is also seen
directly in the luminescence decay profiles with Zn 1 Cu 5 - β MT1A
having a lifetime of 3.0 ± 0.9 μs ( λem 

= 700 nm ) and Cu 6 - β MT1A
having a lifetime of 1.9 ± 0.7 μs ( λem 

= 800 nm ) ( Supplementary 
Fig. S6 ) . 

Figure 5 C summarizes the emission of the key species by show-
ing the λmax as a function of Cu ( I ) bound to the protein. With
the first 2–4 mol. eq. of Cu ( I ) bound, the λmax stays constant at
about 690 nm and is characteristic of the Zn 2 Cu 3 - β MT1A species.
From 4–5 mol. eq. Cu ( I ) bound, there is a shift in the λmax to
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Fig. 6 Series of experimental and simulated mass spectra showing the transition from 

68 Zn 1 63 Cu 5 - β MT1A to 63 Cu 6 - β MT1A formed during the 63 Cu ( I ) 
titration of 29.6 μM 

68 Zn 3 - β MT1A titration. Full titration is shown in Fig. 4 . The dashed line indicates the middle of the initial peak. 
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pproximately 700 nm, characteristic of the Zn 1 Cu 5 - β MT1A
pecies. From 5–6 mol. eq. Cu ( I ) bound, there is a further shift in
he λmax to approximately 740 nm which is characteristic of the
u 6 - β MT1A species. A similar emission spectrum is seen with
he formation of Cu 6 from the apo domain fragment.60 

 6 to M 7 . Only a small amount of an M 7 species, Zn 1 Cu 6 - β MT1A,
orms even with excess Cu ( I ) added ( Fig. 4 F ) . To test whether the
u 6 - β MT1A was kinetically inhibited from expanding to Cu 7 - β
T1A, the sample containing Cu 6 - β MT1A formed from Zn 3 - β
T1A was heated from room temperature to 60°C and allowed

o equilibrate for 2 min before the mass spectrum was measured
gain ( Supplementary Fig. S7 ) . Despite heating, no further metal-
ation of the Cu 6 - β MT1A was observed. This is unlike the Cu ( I )
itration into the apo- β MT1A domain fragment where all of the
rotein is readily converted from Cu 6 - β MT1A to Cu 7 - β MT1A.60 

his suggests that the Cu 6 - β MT1A species that forms from Zn 3 - β
T1A is a different structure and that significant rearrangement
ould likely be necessary to bind a 7 th Cu ( I ) to the protein. It is
lear that the M 6 species in the β domain are preferentially formed
ver species with fewer metals, whether they are comprised only
u ( I ) or a mixture of Zn ( II ) and Cu ( I ) . 

3 Cu ( I ) metallation of 68 Zn 4 - α MT1A results 
n a continuum of mixed Zn, Cu MT species 
o investigate the Cu ( I ) replacement of the four Zn ( II ) ions in
he α domain of MT1A, 63 Cu ( I ) was titrated into 68 Zn 4 - α MT1A.
he resulting species were measured by both ESI-MS ( Fig. 7 ) and
mission spectroscopy ( Fig. 9 ) . The coloured arrows highlight key
pecies in the mass spectra and show the corresponding changes
n the emission spectra. In the case where two species result in
djacent peaks in the mass spectrum ( e.g., Zn 2 Cu 4 - α MT1A and
n 3 Cu 3 - α MT1A ) , the two species are separated by a slash and
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Fig. 7 Deconvoluted ESI-mass spectral data showing key steps during 
the 63 Cu ( I ) titration of 35 μM 

68 Zn 4 - α MT1A at pH 7.4 and room 

temperature. All steps of the titration are shown in Supplementary Fig. 
S8. Charge state data are shown in Supplementary Fig. S9. 3D speciation 
data are shown in Supplementary Fig. S10. The masses of all species 
detected are listed in Supplementary Table S2. The mol. eq. refer to the 
mol. eq. of Cu ( I ) bound to the protein as determined by ESI-MS. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Experimental and simulated deconvoluted ESI-mass spectra 
showing transition from Zn 3 Cu 3 - α MT1A to Zn 2 Cu 4 - α MT1A as during 
the 63 Cu ( I ) titration of 35 μM 

68 Zn 4 - α MT1A. Full titration is shown in 
Fig. 7 . The dashed line indicates the middle of the initial peak. 
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the major species is bolded. The presence of key species has been
shown in insets. 

M 4 to M 5 /M 6 . Cu ( I ) addition to Zn 4 - α MT1A leads to the forma-
tion of M 5 and M 6 species. The M 5 species that form are Zn 4 Cu 1 - α
MT1A and Zn 3 Cu 2 - α MT1A. As more Cu ( I ) is added, the M 6 species,
Zn 3 Cu 3 - α MT1A ( Fig. 7 B, shown by the blue arrow, blue ‘6’ ) is
formed. Additional Cu ( I ) converts the M 6 Zn 3 Cu 3 - α MT1A to the
M 6 Zn 2 Cu 4 - α MT1A ( Fig. 7 D, shown by orange arrow, orange ‘6’ ) .
Insets have been added to Fig. 7 C and D to demonstrate this subtle
shift to lower mass; however, there is always a mixture of species
as evident by the broad peak. The detailed transition from Zn 3 Cu 3 -
α MT1A to Zn 2 Cu 4 - α MT1A is shown in Fig. 8 . The experimental
MS peak for the mixture of Zn 3 Cu 3 - α MT1A and Zn 2 Cu 4 - α MT1A
has been compared with simulations to determine the ratio of the
species present at each Cu ( I ) level. 
There is very weak emission with λmax = 590 nm when 2.9 mol.
eq. Cu ( I ) are bound ( Fig. 9 ) . We attribute this emission to the for-
mation of Zn 2 Cu 4 - α MT1A ( orange arrow ) . 

M 5 /M 6 to M 7 /M 8 . Further addition of Cu ( I ) increases the total
number of metals bound to α MT1A resulting in the M 7 species,
Zn 2 Cu 5 - α MT1A ( Fig. 7 D, shown by the green arrow, green ‘7’ ) .
The metallation plateaus with this species with additional Cu ( I ) ,
meaning that the abundance of Zn 2 Cu 5 - α MT1A increases and
very little of the M 8 species, Zn 1 Cu 7 - α MT1A, forms until about
6.3 mol. eq. Cu ( I ) are bound to the protein ( Fig. 7 G ) . The formation
of Zn 2 Cu 5 - α MT1A increases the emission intensity and results 
in a redshift in the emission spectra ( Fig. 9 , green arrow ) . As the
amount of Cu ( I ) bound to the protein increases, the abundance of
the Zn 1 Cu 7 - α MT1A and Zn 1 Cu 8 - α MT1A ( pink arrow, pink ‘9’ ) also
increases before the Zn ( II ) is removed forming Cu 10 - α MT1A and
Cu 11 - α MT1A. The results in Figs 4 and 7 clearly show that the two
domains have very different binding patterns. 

Significant continuation of phosphorescent 
intensity at Cu ( I ) : MT ratios > 9 

The phosphorescence intensity of the orange Cu ( I ) -thiolate emis- 
sion measured at room temperature in solution has been charac- 
terized as arising from shielded Cu ( I ) -thiolate clusters. The phos- 
phoresce intensity resulting from Cu ( I ) binding to the apo protein 
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Fig. 9 Phosphorescence data for the Cu ( I ) titration to Zn 4 - α MT1A at pH 

7.4 and room temperature. λex = 280 nm. ( A ) Phosphorescence emission 
spectra showing relative emission intensity. Phosphorescence decay 
traces are shown in Supplementary Fig. S11. ( B ) Phosphorescence 
spectra normalized for the mol. eq. of Cu ( I ) bound to the protein as 
determined based on the ESI-mass spectral data are shown in Fig. 7 . ( C ) 
Trend in λmax as a function of Cu ( I ) bound to the protein. The mol. eq. 
refer to the mol. eq. of Cu ( I ) bound to the protein as determined by 
ESI-MS. 
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ecreases steeply past Cu ( I ) : MT ratios > 7. The expectation is that
ith > 7 Cu ( I ) bound to the initially apo protein, the cluster struc-
ure collapses which exposes the Cu ( I ) to water, therefore deac-
ivating the triplet state.60 As noted in the heading and shown
n Fig. 9 , when starting from Zn 4 - α MT1A, the phosphorescence
ntensity is not quenched and actually increases with Cu ( I ) : MT
atios > 9. 
The changes in metallation are accompanied by shifts in

he λmax to higher wavelengths. The phosphorescent lifetimes
 Supplementary Fig. S11 ) are slightly longer than those measured
or the β domain fragment, suggesting that the Cu ( I ) in the α
omain is slightly more shielded by the protein backbone. Since
here is a mixture of species at each step, the lifetimes obtained
re averages for all the species present. For example at the 6.3 eq.
tep, the Zn 2 Cu 5 - α MT1A, Zn 1 Cu 7 - α MT1A, and Zn 1 Cu 8 - α MT1A
pecies have an average lifetime of 7.1 ± 0.3 μs. Unusually, the
mission continues to grow ( λmax = 634 nm ) even after all of the
n ( II ) has been displaced from the protein. This is especially ev-
dent when the emission intensity is normalized for the amount
f Cu ( I ) bound ( calculated from the ESI-MS ) ( Fig. 9 B ) . We would
xpect the cluster structure in the protein to collapse in response
o such high levels of Cu ( I ) and would therefore expect a decrease
n the phosphorescence intensity. This effect is seen when Cu ( I )
s added to the apo α domain fragment.60 However, this is not ob-
erved when Cu ( I ) is added to Zn 4 - α MT1A which suggests that
he initial presence of the Zn ( II ) locks the protein backbone in a
tructure that can accommodate the 10 th and 11 th Cu ( I ) in a clus-
ered environment. Even at the end of the titration, the mixture
f species has an average phosphorescent lifetime of 4.5 ± 0.1 μs
 Supplementary Fig. S11 ) . Based on the X-ray structure of Zn 2 Cd 5 -
T described by Robbins and Stout 82 where the clustered metals
re clearly enveloped by the protein, we conclude that the Cu ( I )
n the Cu ( I ) -thiolate clusters is similarly enclosed by the remain-
er of the protein, thus excluding the solvent from accessing the
u ( I ) -S excited state. 
Figure 9 C shows the trend in the λmax as a function of Cu ( I )

ound to the protein. There is a gradual redshift in the λmax 

o higher wavelengths. Notably, there is a lack of intermediary
lateaus in the trend unlike the trend for the β domain fragment
n Fig. 5 C. This may be due to the fact that in the α domain frag-
ent, we always see a mixture of species that gradually shifts
pon the addition of Cu ( I ) . 
If the binding of Cu ( I ) to Zn 4 - α MT1A was strictly non-

ooperative, in which case Cu ( I ) binds on a statistical basis to the
rst available cysteines, one would expect an approximately bino-
ial distribution of species where the centre of the distribution
hanges to higher metallated species as more metals are added.
or example, in a Zn ( II ) titration of apo α MT1A, an approximately
inomial distribution of Zn 2 - α MT1, Zn 3 - α MT1A, and Zn 4 - α MT1A
s observed in the ESI-MS when 3.9 mol. eq. of Zn ( II ) are bound to
he protein.70 On the other hand, cooperative binding results in
he formation of specific species without significant formation of
ntermediate species. The difference in non-cooperative and coop-
rative binding is seen in Supplementary Fig. S2 of Melenbacher
t al .60 While it is true that a distribution of species is present at
ach step in the titration with no single species dominating, there
re certain steps in the titration where the speciation deviates
rom the expected binomial distribution, mainly at the 4.2 mol.
q. point. In this spectrum, after the formation of the M 7 species,
n 2 Cu 5 - α MT1A, there is a significant absence of the M 8 species
ndicating that the formation of these species is preferred over
orming species with higher total number of metals. In contrast
o the apo α domain, the high degree of cooperativity is not seen
hen Zn ( II ) is present.60 

u ( I ) displacement of Zn ( II ) in Zn 7 - βα MT1A 

orms mixed metal Zn, Cu species: Zn ( II ) 
s not displaced strictly on a stoichiometric 
r charge basis 

3 Cu ( I ) was titrated stepwise into a solution of 68 Zn 7 - βα MT1A
t pH 7.4 and room temperature, and the resulting sequence of
pecies was measured by both ESI-MS ( Fig. 10 ) and emission spec-
roscopy ( Fig. 11 ) . In the case where two species result in two ad-
acent, but resolved peaks in the mass spectrum ( e.g., Zn 3 Cu 9 - βα

T1A and Zn 2 Cu 10 - βα MT1A ) , the two species are separated by a
lash and the major species is bolded. Unlike what was assumed
n previous work for Zn, Cu exchange, we do not see exchange
trictly on a stoichiometric basis ( i.e., 1 Cu ( I ) for 1 Zn ( II ) ) or on a
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Fig. 10 ESI-mass spectra of key steps in the stepwise addition of 63 Cu ( I ) into 13.6 μM 

68 Zn 7 - βα MT1A at pH 7.4 and room temperature. The coloured 
arrows on the mass spectra indicate the key species. Large numbers are shown by the key species to indicate the total number of metals bound. The 
asterisks denote impurity peaks. All steps in the titration are shown in Supplementary Fig. S12. Charge state data are shown in Supplementary Fig. 
S13. 3D speciation data are shown in Supplementary Fig. S14. The masses of all species can be found in Supplementary Table S3. The mol. eq. refer to 
the mol. eq. of Cu ( I ) bound to the protein as determined by ESI-MS. 
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charge basis ( 2 Cu ( I ) for 1 Zn ( II ) ) . What we mean by this, is that
the Zn ( II ) is retained in the protein longer than expected. 

M 7 to M 10 . Cu ( I ) binds to the initial M 7 species, Zn 7 - βα MT1A,
which results in a series of species starting with Zn 7 Cu 1 - βα MT1A,
Zn 5 Cu 4 - βα MT1A, and Zn 5 Cu 5 - βα MT1A with 1.4 mol. eq. Cu ( I )
bound ( Fig. 10 B ) . There is very weak emission indicating some of
the Cu ( I ) are bound in a shielded environment ( Fig. 11 A ) . Further
additions of Cu ( I ) increase the abundances of these species, with
Zn 5 Cu 5 - βα MT1A ( identified by a dark blue arrow and a blue ‘10’
for the total number of metals bound in Fig. 10 C ) serving as the
first plateau in the titration, meaning that as more Cu ( I ) is added,
the previous species are consumed to form more Zn 5 Cu 5 -MT1A
before metallating the protein further. The initial species, Zn 7 - βα

MT1A, is still present during the formation of Zn 5 Cu 5 - βα MT1A in-
dicating that the formation of Zn 5 Cu 5 - βα MT1A is preferred over
metallating all of the protein to a species with less Cu ( I ) . With the
increase in Zn 5 Cu 5 - βα MT1A, the emission intensity increases and 
the λmax redshifts to 684 nm ( Fig. 11 A ) . There is a gradual transi-
tion from Zn 5 Cu 5 - βα MT1A to Zn 4 Cu 6 - βα MT1A ( Fig. 10 E, shown
by the yellow arrow and yellow ‘10’ for the total number of met-
als bound ) with the majority of the M 10 species being Zn 4 Cu 6 - βα

MT1A by 6.6 mol. eq. Cu ( I ) bound. Insets in Fig. 10 C and D show
an expanded view of the M 10 peak, though the changes are more
evident when examining a series of mass spectra and comparing 
these changes to simulations ( Fig. 12 ) . This allows the exact ratios
of Zn 5 Cu 5 - βα MT1A: Zn 4 Cu 6 - βα MT1A to be determined. 

The transition from Zn 5 Cu 5 - βα MT1A to Zn 4 Cu 6 - βα MT1A is
accompanied by the appearance of a shoulder in the emission 
band at about 750 nm ( Fig. 11 B, yellow arrow ) . As the fraction of
Zn 4 Cu 6 - βα MT1A increases, the emission intensity decreases as 
the cluster within the Zn 4 Cu 6 - βα MT1A species is less emissive
than that of the Zn 5 Cu 5 - βα MT1A. Lifetime measurements show 

that these two species have different phosphorescent lifetimes of 
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Fig. 11 Room temperature phosphorescence spectra measured during 
the 63 Cu ( I ) titration of 68 Zn 7 - βα MT1A. Cu ( I ) equivalences have been 
determined from what is bound according to the ESI-mass spectra data 
in Fig. 10 . ( A ) Phosphorescence spectra for 1.4–5.0 mol. eq. Cu ( I ) . ( B ) 
Phosphorescence spectra for 5.4–7.8 mol. eq. Cu ( I ) . ( C ) Phosphorescence 
spectra for 9.0–14.3 mol. eq. Cu ( I ) . ( D ) Phosphorescence spectra for 
15.7–18.2 mol. eq. Cu ( I ) . Phosphorescent decay is shown in 
Supplementary Fig. S15. The inset in D shows the result of subtracting 
the 6.6 mol. eq. spectrum ( black ) , characteristic of Cu 6 - β, from the 
18.2 mol. eq. spectrum ( red ) to separate the β domain Cu 6 emission 
component ( black ) from the α domain emission ( blue ) at 18.2 mol. eq. 
Cu ( I ) . The specific domain distribution of the Zn ( II ) and Cu ( I ) is 
described in further detail later in the text. The mol. eq. refer to the mol. 
eq. of Cu ( I ) bound to the protein as determined by ESI-MS. 

Fig. 12 Experimental and simulated deconvoluted ESI-mass spectra 
showing transition from Zn 5 Cu 5 - βα MT1A to Zn 4 Cu 6 - βα MT1A during 
the 63 Cu ( I ) into 13.6 μM 

68 Zn 7 - βα MT1A. The dashed line indicates the 
middle of the initial peak. 
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.3 ± 0.2 μs ( Zn 5 Cu 5 - βα MT1A, λem 

= 630 nm ) and 3.0 ± 0.1 μs
 Zn 4 Cu 6 - βα MT1A, λem 

= 750 nm ) ( decay traces shown in Supple-
entary Fig. S15 ) . The differences in phosphorescent lifetime in-
icate different degrees of solvent exposure to the cluster. With
ts longer lifetime, we expect the MT protein to be more tightly
rapped around the Cu ( I ) containing cluster in Zn 5 Cu 5 - βα MT1A,
ompared to the Cu ( I ) cluster in Zn 4 Cu 6 - βα MT1A. 

 10 to M 12 . At 6.6 mol. eq. Cu ( I ) , minor fractions of Zn 4 Cu 7 - βα

T1A and Zn 3 Cu 9 - βα MT1A ( Fig. 10 D, orange arrow, orange ‘12’
or the total number of metals bound ) also form. The M 12 species
n 3 Cu 9 - βα MT1A/Zn 2 Cu 10 - βα MT1A are the next plateaus in the
itration as we see no further metallated species ( M > 12 ) over
he next ∼2 mol. eq. Cu ( I ) bound ( Fig. 10 E and F ) . The distinct
ack of a binomial distribution of species, which would occur if
inding were strictly on a statistical basis, indicates that the for-
ation of Zn 3 Cu 9 - βα MT1A is slightly preferred over the earlier
pecies as well as further metallation. The formation of Zn 3 Cu 9 -
α MT1A results in a slight decrease in emission intensity and
edshift to λmax = 703 nm ( Fig. 11 B ) ( orange arrow ) due to the loss
f the more intense emission band from the Zn 5 Cu 5 - βα MT1A.
verall, the emission spectrum of Zn 3 Cu 9 - βα MT1A is similar to
he Zn 4 Cu 6 - βα MT1A emission in the 700–900 nm range. 
At 9.6 mol. eq. Cu ( I ) bound, Zn 2 Cu 10 - βα MT1A ( Fig. 10 F, pur-

le arrow, purple ‘12’ ) is now the major species in the solution.
he insets in Fig. 10 E and F show the change in the ESI-MS. The
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Fig. 13 3D speciation showing species forming after the addition of Cu ( I ) 
to Zn 3 - β MT1A ( A ) and Zn 4 - α MT1A ( B ) . Versions of these figures with a 
full legend are shown in Supplementary Figs S5 and S10. These figures 
were generated from the ESI-mass spectral data shown in Figs 4 and 7 . 
The mol. eq. refer to the mol. eq. of Cu ( I ) bound to the protein as 
determined by ESI-MS. ( A ) Percent intensity of β domain species, from 

left to right: Zn 2 - β MT1A, Zn 3 - β MT1A, Zn 4 - β MT1A, Zn 3 Cu 1 - β MT1A, 
Zn 2 Cu 2 - β MT1A, Zn 3 Cu 2 - β MT1A, Zn 2 Cu 3 - β MT1A, Zn 1 Cu 4 - β MT1A, 
Zn 1 Cu 5 - β MT1A, Cu 6 - β MT1A, Zn 2 Cu 5 - β MT1A, Zn 1 Cu 6 - β MT1A, Cu 7 - β
MT1A, Zn 2 Cu 8 - β MT1A, Zn 1 Cu 7 - β MT1A, Cu 8 - β MT1A, Zn 1 Cu 8 - β MT1A, 
Cu 9 - β MT1A. ( B ) Percent intensity of α domain species, from left to right: 
Zn 3 - α MT1A, Zn 4 - α MT1A, Zn 3 Cu 1 - α MT1A, Zn 2 Cu 2 - α MT1A, Zn 5 - α
MT1A, Zn 4 Cu 1 - α MT1A, Zn 3 Cu 2 - α MT1A, Zn 3 Cu 3 - α MT1A, Zn 2 Cu 4 - α
MT1A, Zn 1 Cu 5 - α MT1A, Zn 2 Cu 5 - α MT1A, Zn 1 Cu 6 - α MT1A, Zn 3 Cu 5 - α
MT1A, Zn 2 Cu 6 - α MT1A, Zn 1 Cu 7 - α MT1A, Zn 3 Cu 6 - α MT1A, Zn 2 Cu 7 - α
MT1A, Zn 1 Cu 8 - α MT1A, Zn 2 Cu 8 - α MT1A, Zn 1 Cu 9 - α MT1A, Cu 10 - α MT1A, 
Zn 1 Cu 10 - α MT1A, Cu 11 - α MT1A. 
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transition from Zn 3 Cu 9 - βα MT1A to Zn 2 Cu 10 - βα MT1A does not
significantly change the emission spectrum in the 700–900 nm
range ( Fig. 11 C ) . There are slight changes in the emission spec-
tra between 600 and 700 nm suggesting that the transition from
the Zn 3 Cu 9 - βα to Zn 2 Cu 10 - βα MT1A may result in a very weakly
emitting cluster in the α domain. The lifetime of the Cu ( I ) cluster
in the Zn 3 Cu 9 - βα and Zn 2 Cu 10 - βα MT1A species is 2.4 ± 0.1 μs
( λem 

= 800 nm ) ( decay trace shown in Supplementary Fig. S15 ) . 

M 13 to M 20 . Also at 9.6 mol. eq., the M 13 species form, Zn 2 Cu 11 -
βα MT1A and Zn 1 Cu 12 - βα MT1A. Remarkably, the final Zn ( II ) re-
mains bound to the protein with up to 14 Cu ( I ) ions ( Fig. 10 G, green
arrow ) . The first Cu ( I ) -only species to form is Cu 16 - βα MT1A ( pink
arrow, pink ‘16’ ) ( Fig. 10 H ) . The end of the titration is characterized
by approximately binomial distributions of species with up to 20
Cu ( I ) ions ( Fig. 10 I ) . This suggests a non-cooperative binding mode,
akin to cysteine modification, which is clearly different from the
earlier steps of the titration. 

The Cu ( I ) -thiolate cluster phosphorescence 

intensity remains high even with Cu ( I ) : MT 

ratios > 12 

It is striking that the emission intensity at 634 nm remains high
( Fig. 11 C and D ) , even as more Cu ( I ) is added. The emission from
750–900 nm is constant after 6.6 mol. eq., which we assigned to
a Cu 6 cluster in the β domain. Therefore, changes in the spectra
after 6.6 mol. eq. from 550 to 750 nm are due to metallation of
the α domain. The emission spectra in Fig. 11 C and D show the
formation of a single band with λmax = 634 nm which we suggest
to be from the species forming after Zn 2 Cu 10 - βα MT1A up to Cu 20 -
βα MT1A ( pink arrow ) . The last species to form, Cu 17 , Cu 18 , Cu 19 ,
Cu 20 , have a phosphorescent lifetime of 3.3 ± 0.1 μs ( λem 

= 630 nm,
Supplementary Fig. S15 ) . 

The inset in Fig. 11 D shows the 18.2 mol. eq. spectrum ( red )
and the result of subtracting the 6.6 mol. eq. spectrum ( plotted
in black ) , i.e., the Cu 6 β emission, to obtain the emission band of
the α domain Cu ( I ) cluster ( blue ) . The emission spectra from the α
domain fragment ( Fig. 9 ) are similar to this spectrum in the inset
which supports our hypothesis that the α domain is responsible
for the continued presence of emission at the end of the titration.
This is unlike the Cu ( I ) titration into apo MT1A 

39 which suggests
that the initial presence of the Zn ( II ) in the α domain aligns the
protein in such a way that the increasing number of Cu ( I ) ions
bound occupy a clustered binding site. 

Two different metallation profiles for the β and α
domains 
Figure 13 shows the % abundance of each species as a func-
tion of Cu ( I ) bound to the protein where the relative intensities
were determined from the ESI-MS data ( Figs 4 and 7 ) . The use
of this 3D block diagram format separates the sequential forma-
tion of species in both the X and Z directions such that the sto-
ichiometric changes taking place as a function of Cu ( I ) bound to
the protein can be clearly observed. This figure emphasizes the
fact that there are two different metallation pathways for the β
MT1A ( Fig. 13 A ) and α MT1A ( Fig. 13 B ) domain fragments. We see
only a few species forming in the β domain fragment, specifically
Zn 2 Cu 3 - β MT1A, then Zn 1 Cu 5 - β MT1A, and finally Cu 6 - β MT1A as
the major final product. 

The α domain fragment is characterized by a distribution of
mixed Zn, Cu species that are all present throughout the titra-
tion at relatively similar abundances. Particularly, Zn ( II ) is present
in the α domain fragment up to Zn 1 Cu 8 - α MT1A. Further Cu ( I )
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Table 3. Summary of the major species formed following 63 Cu ( I ) metallation of Zn 3 - β MT1A, Zn 4 - α MT1A, and Zn 7 - βα MT1A and their 
emission band centres 

β domain 
fragment species 

Cationic 
charge 

β

emission 
band 
centre 

α domain 
fragment species 

Cationic 
charge 

α

emission 
band 
centre 

Total stoichiometry 
as seen in βα MT1A 

experimental data a 
Cationic 
charge 

Emission 
band 
centre 

Zn 3 Cu 1 - β MT1A 7 - Zn 4 - α MT1A 8 - Zn 7 Cu 1 - βα MT1A 15 
Zn 1 Cu 5 - β MT1A 7 700 nm Zn 4 - α MT1A 8 - Zn 5 Cu 5 - βα MT1A 15 684 nm 

Cu 6 - β MT1A 6 738 nm Zn 4 - α MT1A 8 - Zn 4 Cu 6 - βα MT1A 14 750 nm 

Cu 6 - β MT1A 6 738 nm Zn 4 Cu 1 - α MT1A 9 - Zn 4 Cu 7 - βα MT1A 15 750 nm 

Cu 6 - β MT1A 6 738 nm Zn 3 Cu 2 - α MT1A 8 - Zn 3 Cu 8 - βα MT1A 14 750 nm 

Cu 6 - β MT1A 6 738 nm Zn 3 Cu 3 - α MT1A 9 - Zn 3 Cu 9 - βα MT1A 15 750 nm 

Cu 6 - β MT1A 6 738 nm Zn 2 Cu 4 - α MT1A 8 590 nm Zn 2 Cu 10 - βα MT1A 14 750 nm 

Cu 6 - β MT1A 6 738 nm Zn 2 Cu 5 - α MT1A 9 624 nm Zn 2 Cu 11 - βα MT1A 15 634 nm 

Cu 6 - β MT1A 6 738 nm Zn 1 Cu 8 - α MT1A 10 634 nm Zn 1 Cu 14 - βα MT1A 16 634 nm 

a The species shown in this column are observed in the ESI-mass spectral data shown in Fig. 10 and are the sum of the isolated domain fragment species. 
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esults in displacement of the final Zn ( II ) and formation of up to
u 11 - α MT1A. 
Overall, these diagrams show how the β domain has maximum

aturation with 6 Cu ( I ) , whereas the α domain binds to form a
umber of species with a maximum of 11 Cu ( I ) . We speculate that
he formation of the Cu 6 cluster in the β domain may be strength-
ned by the occurrence of the four Cys-X-Cys motifs ( Fig. 1 ) in the
domain which may provide a more systemic series of donor lig-
nds. The additional cysteines in the α domain appear to stabi-
ize the presence of the Zn ( II ) together with the Cu ( I ) . In the ab-
ence of the Zn ( II ) , the maximum cluster size in the α domain
ragment was found to be Cu 7 S 9 .60 The key features are that in
he βα MT1A ( to be described below ) , the species forming in the
domain, for example Cu 6 - β, and the species in the α domain,

or example Zn 1 Cu 8 - α, exist together ( Table 3 ) . In particular, the
ixture of the Zn, Cu ratios in the α domain can only be deter-
ined using the isotopically pure 68 Zn ( II ) and 63 Cu ( I ) because of

he extensive overlap of the natural abundance isotopes. 

nexpected retention of the Zn ( II ) 
he presence of this single Zn ( II ) with its binding constant 83 of
0 11 in the presence of a huge stoichiometric excess of Cu ( I ) with
ts binding constant of 10 19 is totally unexpected. The 10 19 value
or MT is based on the K F value for the formation of Cu 10 -MT2 de-
ermined by Banci et al .9 and updated with a more accurate DTT
inding constant from Xiao et al .84 In previous studies, analysis
f the spectral data assumed that Cu ( I ) would systematically dis-
lace the Zn ( II ) on a stoichiometric or charge basis.68 , 71 , 72 Even
n studies using ESI-MS methods, the presence of the Zn ( II ) was
isguised by the significant overlap of the natural abundance iso-
opic masses.73–75 

The presence of Zn ( II ) in βα MT1A increases the number of
table species that form at physiological pH. We have previously
eported that Cu ( I ) -thiolate species containing specifically 4, 6,
0, and 13 Cu ( I ) ions are formed from apo- βα MT1A with few
ntermediate species.39 , 60 In the cell, it is likely that Cu ( I ) will be
inding to partially metallated Zn ( II ) -MT or newly synthesized
po-MT. The presence of multiple stable Zn, Cu species cements
he idea that MT is a good candidate for Zn ( II ) and Cu ( I ) storage
s this would require flexibility in the stoichiometry. Most species
orm at a relatively similar abundance, suggesting that the energy
inimum for this group of species is very broad. 
se of the β domain and α domain fragment data
o analyse βα speciation: metallation of the Zn 3 - β
nd Zn 4 - α fragments with Cu ( I ) match the 

etallation pathway of the Zn 7 - βα MT1A 

e can gain insight into the specific clusters that form in each do-
ain of the Zn, Cu- βα MT1A species by analysing the ESI-MS met-
llation and emission profiles of the Zn 3 - β-MT1A and Zn 4 - α MT1A
omain fragments ( Table 3 ) . We have previously used this method
ith the apo protein.60 The use of the fragments gives valuable in-
ight into the domain structures of the Zn, Cu- βα MT1A species
n the absence of NMR or X-ray structures. The key species are
ummarized graphically in Supplementary Fig. S16. 

u ( I ) binds first to the β domain leaving Zn 4 - α. Previously, we have
hown that Cu ( I ) preferentially binds to the apo β domain over
he apo α domain.60 Assuming Cu ( I ) also preferentially binds to
he β domain of Zn 7 - βα MT1A, the species that form in the Zn 3 -
domain fragment upon addition of Cu ( I ) combined with Zn 4 in

he α domain accounts for the species that form in the first half
f the titration of Zn 7 - βα MT1A. For example, Zn 3 Cu 1 , Zn 1 Cu 5 ,
nd Cu 6 in the β domain and an intact Zn 4 cluster in the α do-
ain would result in the stoichiometries seen in the full protein:
n 7 Cu 1 - βα MT1A, Zn 5 Cu 5 - βα MT1A, and Zn 4 Cu 6 - βα MT1A. This is
upported by the similarities in the Zn 5 Cu 5 - βα MT1A ( 684 nm ) and
n 1 Cu 5 - β MT1A ( 700 nm ) as well as similarities in the Zn 4 Cu 6 - βα

T1A ( 750 nm ) and Cu 6 - β MT1A ( 738 nm ) emission spectra. We
herefore attribute the emission in the Zn 5 Cu 5 - βα MT1A ( 684 nm )
nd Zn 4 Cu 6 - βα MT1A ( 750 nm ) species to be from a Zn 1 Cu 5 and
u 6 cluster, respectively, in the β domain with a non-emissive Zn 4 
luster in the α domain. The trend in the relative emissiveness
f the transition from Zn 5 Cu 5 - βα MT1A to Zn 4 Cu 6 - βα MT1A also
racks the trend in emissiveness seen in the β domain fragment.
he Cu 6 cluster formed from the apo β domain fragment also has
 similar emission spectrum.60 

fter β domain is saturated with 6 Cu ( I ) , the α domain binds Cu ( I ) . The
esults from the Cu ( I ) metallation of Zn 3 β-MT1A ( Fig. 4 ) suggest
hat after forming the Cu 6 cluster within the β domain of βα

T1A, the β domain cannot accommodate more Cu ( I ) . Therefore,
ne would expect that the formation of species after Zn 4 Cu 6 - βα

T1A is due to the metallation of the α domain. The species
orming in α-MT1A, Zn 4 Cu 1, Zn 3 Cu 2 , and Zn 3 Cu 3 , and Zn2Cu4,
ombined with Cu 6 in the β domain explain the stoichiometry
f the remaining βα species, Zn 4 Cu 7 - βα MT1A, Zn 3 Cu 8 - βα MT1A,
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Zn 3 Cu 9 - βα MT1A, and Zn 2 Cu 10 - βα MT1A. The mass spectra in
Figs 7 C and 10 E as well as Fig. 7 H and G have similar profiles
providing further evidence that metallation of the α domain is
responsible for this part of the titration. The emission spectra
of the Zn 3 Cu 9 - βα MT1A and Zn 2 Cu 10 - βα MT1A resemble the
spectrum for Zn 4 Cu 6 - βα MT1A suggesting that the emitting
cluster for all of these species is a Cu 6 cluster in the β domain.
The Zn 3 Cu 9 - βα MT1A/Zn 2 Cu 10 - βα MT1A mixture also has the
same phosphorescent lifetime as the Cu 6 cluster formed in the β
domain fragment. While the phosphorescent lifetime of the Cu 6
cluster in the Zn 4 Cu 6 - βα MT1A ( measured at 5.4 mol. eq. Cu ( I ) )
appears to decrease for the same Cu 6 cluster in the Zn 3 Cu 9 - βα

MT1A and Zn 2 Cu 10 - βα MT1A species, the lifetime measured at
5.4 mol. eq. of Cu ( I ) may appear longer due to overlap of the
emission bands. A small amount of emission from the Zn 5 Cu 5 - βα

MT1A ( which has a longer lifetime ) at the same wavelength as
the Zn 4 Cu 6 - βα MT1A may be present, therefore inflating the
measured lifetime. For Zn 3 Cu 9 - βα MT1A and Zn 2 Cu 10 , with
an emissive Cu 6 cluster in the β domain, this leaves Zn 3 Cu 3
and Zn 2 Cu 4 in the α domain which appear to be non-emissive.
However, species forming with M > 12 have emission at 634 nm,
which is characteristic of the α domain emission. This indicates
that emissive clusters form in the α domain with a combination
of Cu ( I ) and Zn ( II ) . For example, the last Zn ( II ) containing species,
Zn 1 Cu 14 , is formed as a result of a Cu 6 cluster in the β domain
and a mixed metal Zn 1 Cu 8 cluster in the α domain. 

The total cationic charge is surprisingly constant 
while Cu ( I ) is added to Zn ( II ) -MT 

Examining the cationic charge from the metals in each Zn, Cu-
βα MT1A species reveals that most species have a combination
of metals that sums to a charge of 14 + to 16 + ( Supplementary
Fig. S17 ) with only one species having a cationic charge of < 14 + .
We suggest that species with this range of cationic charge may
be more stable and Zn ( II ) is retained in the cluster region until
enough Cu ( I ) has been added to maintain the charge within this
region of stability. The charges of the species forming in the β and
α domain fragments can also be calculated and added together to
model the full βα-MT1A protein ( Table 3 ) . This analysis assumes
that the Cu ( I ) displaces Zn ( II ) in the β domain first, leaving the
four Zn ( II ) ions in the α domain with an 8 + charge. Once the β do-
main forms Cu 6 , the charges for the α domain species are added
to the 6 + charge of the Cu 6 cluster in the β domain. At each com-
bination of β and α domain fragment species, the summed charge
is equal to the charge of the species measured experimentally in
the full βα-MT1A protein. For example, the 6 + charge of Cu 6 and
the 8 + charge of Zn 4 sum together to the 14 + charge of Zn 4 Cu 6 -
βα MT1A. This provides strong supporting evidence that the sto-
ichiometries of the clusters forming in each domain within the
full βα-MT1A protein systematically follow the species that form
in the individual domain fragments. The species with charges of
17 + to 20 + are less stable and occur when the binding pattern has
shifted to a non-specific thiolate binding pathway, akin to cysteine
modification, as evident by the binomial distributions of species. 

Our results in context with previous reports 
Use of the ESI-MS for metallation studies 
ESI-MS provides details of all species in solution allowing for the
determination of the exact stoichiometry of the possibly many
species that exist at each step in the titration. The data in this
paper illustrate the complexity of metallation with two different
metals, but there is also complexity in the metallation of MTs with
a single metal. In the past, the extent of metallation was often de-
termined using atomic absorption spectrometry ( AAS ) or induc- 
tively coupled plasma atomic emission spectrometry ( ICP-AES ) .
More recently ICP-MS has also been used. Without the separation 
of each metallated species, which is not typically carried out be- 
fore analysis, these techniques provide an average of the metalla- 
tion status such that there is no information on the distribution of
the metals in different species. This can be misleading when there 
are multiple species present or the presence of cooperativity. We 
now discuss some previous results of Zn, Cu-MTs that were found
before ESI-MS was widely available. For example, Chen et al .38 , 65 

quantify Cd, Zn, and Cu in rat kidney MT using AAS. They con-
clude that the MT1 isolated from rat kidney cytosol contains a 1:1
ratio of Cu: Zn.65 Our ESI-MS results suggest that either Zn 5 Cu 5 - βα

MT1A or Zn 4 Cu 6 - βα MT1A could be possibilities for the MT stoi-
chiometry in the kidney as these are the only species we find with
a 1:1 ratio. However, our results only take account of the species
that form when Cu ( I ) is added to Zn 7 -MT1A, which may not be the
case in vivo . Similarly, Zn, Cu-MT1/2 has been extracted from calf
liver samples. Chen et al .38 reported a range of Cu: Zn ratios by AAS
methods. Notably, a sample containing 9.6 g atoms of metal/mol 
protein had a Cu: Zn ratio of 1.4, which would be similar to the
Zn 4 Cu 6 - βα MT1A species we report. 

Our results on Cu ( I ) binding to the β domain fragment of hu-
man MT1A can be compared to the previous studies of the β do-
main fragment of mouse MT1.72 Bofill et al . report the cooperative
formation of a Zn 1 Cu 4 cluster in the β domain fragment of mouse
MT1.72 In this study, the metal content was also determined by 
AAS. In our results, we see multiple species continuously through- 
out the titration and only minor amounts of this Zn 1 Cu 4 - β MT1A
species. With only the average metal binding available from the 
AAS data, it is possible that a fraction of the protein measured by
Bofill et al .72 may have had more than 4 Cu ( I ) bound. This is seen in
our studies of the human β MT1A domain fragment where with an 
average of 4.2 Cu ( I ) ions bound to the protein, a variety of species
are seen with most having 3–5 Cu ( I ) ions bound. 

We can also compare our α domain fragment and βα results 
with the species reported to form from natural abundance Zn 4 - α
mouse MT and Zn 7 - mouse MT by Bofill et al .73 The three species
reported to form from Zn 4 - α mouse MT after the addition of nat-
ural abundance Cu ( I ) are Zn 2 Cu 3 - α mouse MT, Zn 1 Cu 4 - α mouse
MT, and Zn 1 Cu 5 - α mouse MT. We do not see species with these
stoichiometries forming, rather at the point at which 5 or 6 metals
are bound to the human α MT1A, we see mainly Zn 4 Cu 1 - α MT1A,
Zn 3 Cu 3 - α MT1A, and Zn 2 Cu 4 - α MT1A ( Fig. 7 ) . In addition, Bofill
et al .73 report several Zn, Cu βα species, including Zn 3 Cu 7 -MT.
From our results reported in Fig. 10 , we find that when 10 metals
are bound to the protein, there are still 5 Zn ( II ) ions present in
human βα MT1A. These differences in stoichiometric ratios may 
be due to the methods used to quantify the stoichiometry. While 
ESI-MS was used by Bofill et al .,73 the closeness of the Cu ( I ) and
Zn ( II ) natural abundance masses required the additional use 
of ICP-AES to determine stoichiometry: Chelex-100 was used 
to bind the displaced Zn ( II ) and then the metals bound to the
protein were quantified using ICP-AES.73 This technique results 
in the average metal content in the solution, which again makes 
determination of specific stoichiometric ratios very difficult. 

The importance of using isotopically pure elements 
With the use of isotopically pure 63 Cu ( I ) and 68 Zn ( II ) , we have re-
solved the longstanding difficulty of determining the exact sto- 
ichiometry of mixed Zn, Cu-MT species. The use of isotopically 
pure elements has been used successfully in previous MS studies 
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f proteins. For example, in a study by Blindauer et al .77 67 Zn ( II )
as used to study Zn ( II ) exchange in the Zn 4 cluster of cyanobac-
erial MT. Only one Zn ( II ) ion was found to be inert to exchange.77 

eloni and Vašák 78 used isotopically pure 63 Cu ( I ) and 67 Zn ( II ) and
eported the removal of Cu ( II ) from α synuclein- 63 Cu ( II ) by MT3.
ore recently, Crack et al .79 used isotopically pure 34 S to label the
ulphide ions of FeS clusters which allowed the unambiguous as-
ignment of the FeS cluster stoichiometry. Together, these studies
llustrate the dramatic increase in information that is obtained
sing a combination of ESI-MS methods and isotopically pure
lements. 

onclusions 

he novel use of isotopically pure 68 Zn ( II ) and 63 Cu ( I ) eliminates
he overlapping isotopic patterns of natural abundance Zn ( II ) and
u ( I ) which is required to determine the stoichiometry of mixed
etal Zn, Cu-MT species. This, in combination with MS simula-

ions, reduces the difficulty in analysing the MS data of mixed
etal Zn, Cu-MT species, allowing for the exact determination
f the stoichiometry of all Zn, Cu-MT species that form upon
he addition of 63 Cu ( I ) to 68 Zn 7 - βα MT1A. Room temperature so-
ution phosphorescence measurements, combined with ESI-MS 
easurements, allow the unambiguous identification of multiple
ixed Zn, Cu-thiolate clusters in MT1A that exhibit specific λmax 

nd μs lifetimes. 
We used the β and α domain fragment room temperature emis-

ion spectra in parallel with the stepwise ESI-MS data to guide
he assignment of the βα emission spectra. The addition of Cu ( I )
o Zn 7 - βα MT1A resulted in the formation of Zn 5 Cu 5 - βα MT1A,
hich exhibits emission at 684 nm due to a Zn 1 Cu 5 cluster in the
domain. The appearance of a shoulder at 750 nm with the for-
ation of the Zn 4 Cu 6 - βα MT1A species is due to the formation
f a Cu 6 cluster, with the Cu ( I ) again located solely in the β do-
ain. Addition of Cu ( I ) to form Zn 3 Cu 9 - βα MT1A and Zn 2 Cu 10 - βα

T1A resulted in very little change in the emission spectra, indi-
ating the continued presence of the Cu 6 - β cluster. The additional
u ( I ) clearly binds to the α domain and is either not emissive or
ery weakly emissive at this stage. Further metallation resulted
n an increase in emission intensity at 634 nm that arises from
lusters forming in the α domain. Even at the end of the titration,
mission spectra characteristic of Cu ( I ) -thiolate clusters were ob-
erved, which is quite unlike Cu ( I ) metallation of the apo MT1A
rotein with molar excess Cu ( I ) .39 The emission intensity remains
igh at the end of the titration with the Zn 4 - α MT1A domain frag-
ent or Zn 7 - βα MT1A, but not for the Zn 3 - β MT1A domain frag-
ent. The initial presence of the Zn ( II ) must have a profound ef-

ect on the overall structure of the α domain. We suggest that the
n ( II ) locks the α domain in a specific conformation that allows
or the Zn, Cu ( I ) -thiolate cluster structure and later the pure Cu ( I ) -
hiolate cluster structure to be maintained even in the presence
f molar excess Cu ( I ) . 
Finally, we combined all of the species forming in the Zn 3 - β
T1A and Zn 4 - α MT1A domain fragments upon Cu ( I ) addition to

dentify each domain’s contribution to the overall stoichiometry
f species forming in the Zn 7 - βα MT1A protein. The species that
ormed in the Zn 3 - β MT1A domain fragment also form in the full
α MT1A protein while the α domain remains as Zn 4 . This ac-
ounts for all the species that form in the first half of the titra-
ion of Cu ( I ) into Zn 7 - βα MT1A. The species that formed in the
n 4 - α MT1A domain fragment then form in βα MT1A in combina-
ion with the Cu 6 cluster that has already formed in the β domain
f the βα-MT1A which accounts for all the species forming in βα
T1A in the second half of the titration. Further, we have exam-
ned the cationic charge brought in by the metals in each species
nd have found that Cu ( I ) binding to Zn 7 - βα MT1A protein occurs
ver a narrow, stable region of 14 + to 16 + . The cationic charge of
he species that form in the β domain combined with the cationic
harge of Zn 4 - α combine to the cationic charges of the species
orming in the first half of the βα titration. The cationic charge
f the Cu 6 cluster in the β domain combined with the cationic
harges of the α domain species add up to the cationic charges of
he species formed in the second half of the βα titration. 

upplementary material 
upplementary data are available at Metallomics online. 
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15. A. Kr ̨e żel and W. Maret, The functions of metamorphic metal-
lothioneins in zinc and copper metabolism, Int. J. Mol. Sci., 2017,
18 ( 6 ) , 123710.3390/ijms18061237 

16. S. R. Davis and R. J. Cousins, Metallothionein expression in ani-
mals: a physiological perspective on function, J. Nutr., 2000, 130
( 5 ) , 1085–1088. 10.1093/jn/130.5.1085 

17. Y. Kojima and J. H. Kägi, Metallothionein, Trends Biochem. Sci.,
1978, 3 ( 2 ) , 90–93. 10.1016/S0968-0004 ( 78 ) 80006-1 

18. E. Freisinger, Plant MTs-long neglected members of the metal-
lothionein superfamily, Dalton Trans., 2008, 47 ( 47 ) , 6663–6675.
10.1039/b809789e 

19. C. A. Blindauer, Bacterial metallothioneins: past, present, and
questions for the future, J. Biol. Inorg. Chem., 2011, 16 ( 7 ) ,
1011.10.1007/s00775-011-0790-y 

20. A. Ziller and L. Fraissinet-Tachet, Metallothionein diversity and
distribution in the tree of life: a multifunctional protein, Metal-
lomics , 2018, 10 ( 11 ) , 1549–1559. 10.1039/C8MT00165K 

21. N. Romero-Isart and M. Vašák, Advances in the structure and
chemistry of metallothioneins, J. Inorg. Biochem., 2002, 88 ( 3-4 ) ,
388–396. 10.1016/S0162-0134 ( 01 ) 00347-6 

22. Y. Uchida, K. Takio, K. Titani, Y. Ihara and M. Tomonaga, The
growth inhibitory factor that is deficient in the Alzheimer’s dis-
ease brain is a 68 amino acid metallothionein-like protein, Neu-
ron , 1991, 7 ( 2 ) , 337–347. 10.1016/0896-6273 ( 91 ) 90272-2 

23. C. J. Quaife, S. D. Findley, J. C. Erickson, G. J. Froelick, E. J. Kelly,
B. P. Zambrowicz and R. D. Palmiter, Induction of a new metal-
lothionein isoform ( MT-IV ) occurs during differentiation of strat-
ified squamous epithelia, Biochemistry , 1994, 33 ( 23 ) , 7250–7259.
10.1021/bi00189a029 

24. R. C. De Lisle, M. P. Sarras, J. Hidalgo and G. K. Andrews, Metal-
lothionein is a component of exocrine pancreas secretion: im-
plications for zinc homeostasis, Am. J. Physiol. Cell Physiol., 1996,
271 ( 4 ) , C1103–C1C10. 10.1152/ajpcell.1996.271.4.C1103 

25. K. T. Suzuki, A. Someya, Y. Komada and Y. Ogra, Roles of metal-
lothionein in copper homeostasis: responses to Cu-deficient di- 
ets in mice, J. Inorg. Biochem., 2002, 88 ( 2 ) , 173–182. 10.1016/S0162- 
0134 ( 01 ) 00376-2 

26. H. Shen, H. Qin and J. Guo, Cooperation of metallothionein 
and zinc transporters for regulating zinc homeostasis in hu- 
man intestinal Caco-2 cells, Nutr. Res., 2008, 28 ( 6 ) , 406–413.
10.1016/j.nutres.2008.02.011 

27. J. Seagrave, J. L. Hanners, W. Taylor and H. A. O’Brien, Trans-
fer of copper from metallothionein to nonmetallothionein 
proteins in cultured cells, Biol. Trace Elem. Res., 1986, 10 ( 3 ) ,
163.10.1007/BF02795615 

28. Q. Liu, W. Wei, L. Cai and M. G. Cherian, 10.24 - metallothionein
and intracellular sequestration of metals, In: CAS McQueen ( ed ) .
Comprehensive Toxicology, 3rd edn. Oxford: Elsevier, 2018, 557–573.

29. M. Vašák, Advances in metallothionein structure and 
functions, J. Trace Elem. Med. Biol., 2005, 19 ( 1 ) , 13–17.
10.1016/j.jtemb.2005.03.003 

30. K. Balamurugan and W. Schaffner, Copper homeostasis in eu- 
karyotes: teetering on a tightrope, Biochim. Biophys. Acta , 2006,
1763 ( 7 ) , 737–746. 10.1016/j.bbamcr.2006.05.001 

31. S. Lutsenko, Human copper homeostasis: a network of intercon- 
nected pathways, Curr. Opin. Chem. Biol., 2010, 14 ( 2 ) , 211–217.
10.1016/j.cbpa.2010.01.003 

32. C. M. St.Croix, K. J. Wasserloos, K. E. Dineley, I. J. Reynolds, E. S.
Levitan and B. R. Pitt, Nitric oxide-induced changes in intracellu- 
lar zinc homeostasis are mediated by metallothionein/thionein,
Am. J. Physiol. Lung Cell. Mol. Physiol., 2002, 282 ( 2 ) , L185–LL92.
10.1152/ajplung.00267.2001 

33. D. J. Ecker, T. R. Butt, E. J. Sternberg, M. P. Neeper, C. Debouck,
J. A. Gorman and S. T. Crooke, Yeast metallothionein function 
in metal ion detoxification, J. Biol. Chem., 1986, 261 ( 36 ) , 16895–
16900. 10.1016/S0021-9258 ( 19 ) 75973-0 

34. S. R. Sturzenbaum, O. Georgiev, A. J. Morgan and P. Kille, Cad-
mium detoxification in earthworms: from genes to cells, Environ.
Sci. Technol., 2004, 38 ( 23 ) , 6283–6289. 10.1021/es049822c 

35. H. Gonzalez-Iglesias, C. Petrash, S. Rodriguez-Menendez, M.
Garcia, L. Alvarez, L. F. V. Cueto, B. Fernandez, R. Pereiro,
A. Sanz-Medel and M. Coca-Prados, Quantitative distribution 
of Zn, Fe and Cu in the human lens and study of the Zn-
metallothionein redox system in cultured lens epithelial cells 
by elemental MS, J. Anal. At. Spectrom., 2017, 32 ( 9 ) , 1746–1756.
10.1039/C6JA00431H 

36. S. Rodríguez-Menéndez, M. García, B. Fernández, L. Álvarez,
A. Fernández-Vega-Cueto, M. Coca-Prados, R. Pereiro and H.
González-Iglesias, The zinc-metallothionein redox system re- 
duces oxidative stress in retinal pigment epithelial cells, Nutri- 
ents , 2018, 10 ( 12 ) , 187410.3390/nu10121874 

37. J. R. Riordan and V. Richards, Human fetal liver contains both 
zinc- and copper-rich forms of metallothionein, J. Biol. Chem.,
1980, 255 ( 11 ) , 5380–5383. 10.1016/S0021-9258 ( 19 ) 70797-2 

38. P. Chen, P. Onana, C. F. Shaw, III and D. H. Petering, Character-
ization of calf liver Cu,Zn-metallothionein: naturally variable 
Cu and Zn stoichiometries, Biochem. J., 1996, 317 ( 2 ) , 389–394.
10.1042/bj3170389 

39. J. S. Scheller, G. W. Irvine, D. L. Wong, A. Hartwig and M. J. Stillman,
Stepwise copper ( i ) binding to metallothionein: a mixed coopera- 
tive and non-cooperative mechanism for all 20 copper ions, Met- 
allomics , 2017, 9 ( 5 ) , 447–462. 10.1039/C7MT00041C 

40. G. W. Irvine and M. J. Stillman, Cadmium binding mechanisms 
of isolated domains of human MT isoform 1a: non-cooperative 



18 | Metallomics 

 

4  

 

 

4  

 

 

 

4  

 

4  

4  

 

4  

 

4  

 

4  

4  

 

5  

 

 

5  

 

5  

 

5  

5  

 

 

5  

 

 

 

5  

 

5  

 

 

5  

 

5  

 

 

6  

 

 

6  

 

 

6  

 

6  

 

 

 

6  

 

 

 

 

 

6  

 

 

6  

 

6  

 

 

 

6  

 

 

6  

 

 

 

7  

 

 

7  

 

 

 

 

211.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/15/1/m

fac101/6965832 by Karlsruher Institut fur Technologie - KIT user on 02 February 2023
terminal sites and cooperative cluster sites, J. Inorg. Biochem.,
2016, 158 ( 5 ) , 115–121. 10.1016/j.jinorgbio.2016.03.001 

1. D. L. Wong and M. J. Stillman, Metallothionein: an ag-
gressive scavenger—the metabolism of rhodium ( ii ) tetraac-
etate ( Rh2 ( CH3CO2 ) 4 ) , ACS Omega , 2018, 3 ( 11 ) , 16314–16327.
10.1021/acsomega.8b02161 

2. A. J. Zelazowski and M. J. Stillman, Silver binding to rabbit liver
zinc metallothionein and zinc. alpha. and. beta. fragments. For-
mation of silver metallothionein with silver ( I ) , protein ratios of
6, 12, and 18 observed using circular dichroism spectroscopy, In-
org. Chem., 1992, 31 ( 16 ) , 3363–3370. 10.1021/ic00042a008 

3. T. T. Ngu and M. J. Stillman, Arsenic binding to human met-
allothionein, J. Am. Chem. Soc., 2006, 128 ( 38 ) , 12473–12483.
10.1021/ja062914c 

4. W. Bernhard, M. Good, M. Vašák and J. H. Kägi, Spectr oscopic
studies and characterization of metallothioneins containing 
mercury, lead and bismuth, Inorg. Chim. Acta , 1983, 79 ( 2 ) , 154–
155. 10.1016/S0020-1693 ( 00 ) 95191-0 

5. G. Schmitz, D. Minkel, D. Gingrich and C. Shaw, The binding of
gold ( I ) to metallothionein, J. Inorg. Biochem., 1980, 12 ( 4 ) , 293–306.
10.1016/S0162-0134 ( 00 ) 80270-6 

6. H. Sun, H. Li, I. Harvey and P. J. Sadler, Interactions of bismuth
complexes with metallothionein ( II ) , J. Biol. Chem., 1999, 274 ( 41 ) ,
29094–29101. 10.1074/jbc.274.41.29094 

7. M. Vasak, J. H. Kaegi, B. Holmquist and B. L. Vallee, Spectral
studies of cobalt ( II ) -and nickel ( II ) -metallothionein, Biochemistry ,
1981, 20 ( 23 ) , 6659–6664. 10.1021/bi00526a021 

8. M. Vasak and J. H. R. Kagi, Metal thiolate clusters in cobalt ( II ) -
metallothionein, Proc. Natl. Acad. Sci. USA , 1981, 78 ( 11 ) , 6709–
6713. 10.1073/pnas.78.11.6709 

9. M. Good and M. Vasak, Iron ( II ) -substituted metallothionein: ev-
idence for the existence of iron-thiolate clusters, Biochemistry ,
1986, 25 ( 26 ) , 8353–8356. 10.1021/bi00374a003 

0. A. Pattanaik, G. Bachowski, J. Laib, D. Lemkuil, C. Shaw, D.
Petering, A. Hitchcock and L. Saryan, Properties of the re-
action of cis-dichlorodiammineplatinum ( II ) with metalloth- 
ionein, J. Biol. Chem., 1992, 267 ( 23 ) , 16121–16128. 10.1016/S0021-
9258 ( 18 ) 41975-8 

1. M. Morelock, T. Cormier and G. Tolman, Technetium
metallothioneins, Inorg. Chem., 1988, 27 ( 18 ) , 3137–3140.
10.1021/ic00291a017 

2. C. Acharya and C. A. Blindauer, Unexpected interactions of
the cyanobacterial metallothionein SmtA with uranium, Inorg.
Chem., 2016, 55 ( 4 ) , 1505–1515. 10.1021/acs.inorgchem.5b02327 

3. D. E. K. Sutherland and M. J. Stillman, The "magic numbers” of
metallothionein, Metallomics , 2011, 3 ( 5 ) , 444–463. 

4. A. Robbins, D. McRee, M. Williamson, S. Collett, N. Xuong, W.
Furey, B. Wang and C. Stout, Refined crystal structure of Cd,
Zn metallothionein at 2.0 Å resolution, J. Mol. Biol., 1991, 221 ( 4 ) ,
1269–1293 

5. D. H. Petering, J. Zhu, S. Krezoski, J. Meeusen, C. Kieken-
bush, S. Krull, T. Specher and M. Dughish, Apo-metallothionein
emerging as a major player in the cellular activities of
metallothionein, Exp. Biol. Med., 2006, 231 ( 9 ) , 1528–1534.
10.1177/153537020623100912 

6. M. Beltramini and K. Lerch, Luminescence properties of Neu-
rospora copper metallothionein, FEBS Lett., 1981, 127 ( 2 ) , 201–203.
10.1016/0014-5793 ( 81 ) 80204-9 

7. D. L. Pountney, I. Schauwecker, J. Zarn and M. Vasak, Formation of
mammalian cu8-metallothionein in vitro: evidence for the exis-
tence of two Cu ( I ) 4-thiolate clusters, Biochemistry , 1994, 33 ( 32 ) ,
9699–9705. 10.1021/bi00198a040 
8. P. Faller and M. Vašák, Distinct metal −thiolate clusters in the N-
terminal domain of neuronal growth inhibitory factor, Biochem-
istry , 1997, 36 ( 43 ) , 13341–13348. 10.1021/bi9711994 

9. D. W. Hasler, P. Faller and M. Vašák, Metal −thiolate clus-
ters in the C-terminal domain of human neuronal growth in-
hibitory factor ( GIF ) , Biochemistry , 1998, 37 ( 42 ) , 14966–14973.
10.1021/bi9813734 

0. A. Melenbacher, N. C. Korkola and M. J. Stillman, The path-
ways and domain specificity of Cu ( I ) binding to human
metallothionein 1A, Metallomics , 2020, 12 ( 12 ) , 1951–1964.
10.1039/d0mt00215a 

1. A. R. Green, A. Presta, Z. Gasyna and M. J. Stillman, Lumines-
cence probe of copper-thiolate cluster formation within mam-
malian metallothionein, Inorg. Chem., 1994, 33 ( 18 ) , 4159–4168.
10.1021/ic00096a046 

2. K. B. Nielson, C. L. Atkin and D. R. Winge, Distinct metal-binding
configurations in metallothionein, J. Biol. Chem., 1985, 260 ( 9 ) ,
5342–5350. 10.1016/S0021-9258 ( 18 ) 89027-5 

3. P. Palumaa, I. Tammiste, K. Kruusel, L. Kangur, H. Jörn-
vall and R. Sillard, Metal binding of metallothionein-3 ver-
sus metallothionein-2: lower affinity and higher plasticity,
Biochim. Biophys. Acta Proteins Proteomics , 2005, 1747 ( 2 ) , 205–211.
10.1016/j.bbapap.2004.11.007 

4. M. R. Mehlenbacher, R. Elsiesy, R. Lakha, R. L. E. Villones, M. Or-
man, C. L. Vizcarra, G. Meloni, D. E. Wilcox and R. N. Austin,
Metal binding and interdomain thermodynamics of mam-
malian metallothionein-3: enthalpically favoured Cu + sup-
plants entropically favoured Zn2 + to form Cu4 + clusters un-
der physiological conditions, Chem. Sci., 2022, 13 ( 18 ) , 5289–5304.
10.1039/D2SC00676F 

5. D. H. Petering, J. Loftsgaarden, J. Schneider and B. Fowler,
Metabolism of cadmium, zinc and copper in the rat kidney: the
role of metallothionein and other binding sites, Environ. Health
Perspect., 1984, 54 ( 1 ) , 73–81. 10.1289/ehp.845473 

6. M. Nordberg, C.-G. Elinder and B. Rahnster, Cadmium, zinc and
copper in horse kidney metallothionein, Environ. Res., 1979, 20
( 2 ) , 341–350. 10.1016/0013-9351 ( 79 ) 90010-0 

7. A. Zetzsche, N. Schunter, J. Zentek and R. Pieper, Accumula-
tion of copper in the kidney of pigs fed high dietary zinc is due
to metallothionein expression with minor effects on genes in-
volved in copper metabolism, J. Trace Elem. Med. Biol., 2016, 35,
1–6. 10.1016/j.jtemb.2016.01.006 

8. R. Bogumil, P. Faller, D. L. Pountney and M. Vašák, Evidence for
Cu ( I ) clusters and Zn ( II ) clusters in neuronal growth-inhibitory
factor isolated from bovine brain, Eur. J. Biochem., 1996, 238 ( 3 ) ,
698–705. 10.1111/j.1432-1033.1996.0698w.x 

9. M. Ebara, H. Fukuda, R. Hatano, H. Saisho, Y. Nagato, K. Suzuki,
K. Nakajima, M. Yukawa, F. Kondo, A. Nakayama and H. Sakurai,
Relationship between copper, zinc and metallothionein in hep-
atocellular carcinoma and its surrounding liver parenchyma, J.
Hepatol., 2000, 33 ( 3 ) , 415–422. 10.1016/S0168-8278 ( 00 ) 80277-9 

0. D. E. K. Sutherland, K. L. Summers and M. J. Stillman, Non-
cooperative metalation of metallothionein 1a and its iso-
lated domains with zinc, Biochemistry , 2012, 51 ( 33 ) , 6690–6700.
10.1021/bi3004523 

1. M. J. Stillman, A. Y. C. Law, W. Cai and A. J. Zelazowski, Infor-
mation on metal binding properties of metallothioneins from
optical spectroscopy, In: JHR Kägi YS Kojima ( eds ) . Metalloth-
ionein II: Proceedings of the «Second International Meeting on Metal-
lothionein and Other Low Molecular Weight Metalbinding ProteinsÈ,
Zürich, August 21–24, 1985 . Basel: Birkhäuser Basel, 1987, 203–



Paper | 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/15
72. R. Bofill, Ó. Palacios, M. Capdevila, N. Cols, R. González-Duarte,
S. Atrian and P. González-Duarte, A new insight into the Ag +
and Cu + binding sites in the metallothionein β domain, J.
Inorg. Biochem., 1999, 73 ( 1-2 ) , 57–64. 10.1016/S0162-0134 ( 98 )
10091-0 

73. R. Bofill, M. Capdevila, N. Cols, S. Atrian and P. Gonzàlez-Duarte,
Zinc ( II ) is required for the in vivo and in vitro folding of mouse
copper metallothionein in two domains, J Biol Inorg Chem , 2001,
6 ( 4 ) , 405–417. 10.1007/s007750100216 

74. Ò. Palacios, E. Jiménez-Martí, M. Niederwanger, S. Gil-Moreno,
O. Zerbe, S. Atrian, R. Dallinger and M. Capdevila, Analysis
of metal-binding features of the wild type and two domain-
truncated mutant variants of littorina littorea metallothionein
reveals its Cd-specific character, Int. J. Mol. Sci., 2017, 18 ( 7 ) ,
1452.10.3390/ijms18071452 

75. M. Dvorak, R. Lackner, M. Niederwanger, C. Rotondo, R. Schnegg,
P. Ladurner, V. Pedrini-Martha, W. Salvenmoser, L. Kremser, H.
Lindner, M. García-Risco, S. Calatayud, R. Albalat, Ò. Palacios, M.
Capdevila and R. Dallinger, Metal binding functions of metal-
lothioneins in the slug Arion vulgaris differ from metal-specific
isoforms of terrestrial snails, Metallomics , 2018, 10 ( 11 ) , 1638–
1654. 10.1039/C8MT00215K 

76. A. M. Ferreira, M. R. Ciriolo, L. Marcocci and G. Rotilio, Copper ( I )
transfer into metallothionein mediated by glutathione, Biochem.
J., 1993, 292 ( 3 ) , 673–676. 10.1042/bj2920673 

77. C. A. Blindauer, N. C. Polfer, S. E. Keiper, M. D. Harrison, N. J.
Robinson, P. R. R. Langridge-Smith and P. J. Sadler, Inert site
in a protein zinc cluster: Isotope exchange by high resolution 
mass spectrometry, J. Am. Chem. Soc., 2003, 125 ( 11 ) , 3226–3227.
10.1021/ja0284409 

78. G. Meloni and M. Vašák, Redox activity of α-synuclein—Cu is si-
lenced by Zn7-metallothionein-3, Free Radical Biol. Med., 2011, 50 
( 11 ) , 1471–1479. 10.1016/j.freeradbiomed.2011.02.003 

79. J. C. Crack, M. Y. Y. Stewart and N. E. Le Brun, Gener-
ation of 34S-substituted protein-bound [4Fe-4S] clus- 
ters using 34S-L-cysteine, BIol Methods Protoc , 2019, 4 ( 1 ) ,
bpy015.10.1093/biomethods/bpy015 

80. T. B. J. Pinter and M. J. Stillman, The zinc balance: competitive
zinc metalation of carbonic anhydrase and metallothionein 1A,
Biochemistry , 2014, 53 ( 39 ) , 6276–6285. 10.1021/bi5008673 

81. M. J. Walsh and B. A. Ahner, Determination of stability constants 
of Cu ( I ) , Cd ( II ) & Zn ( II ) complexes with thiols using fluorescent
probes, J. Inorg. Biochem., 2013, 128 ( 9 ) , 112–123. 

82. M. J. Stillman, C. F. Shaw and K. T. Suzuki, Metallothionein: Synthe-
sis, Structure, and Properties of Metallothioneins, Phytochelatins, and 
Metal-Thiolate Complexes . New York, USA: Wiley-VCH, 1992 

83. T. B. Pinter and M. J. Stillman, The zinc balance: competitive zinc
metalation of carbonic anhydrase and metallothionein 1A, Bio- 
chemistry , 2014, 53 ( 39 ) , 6276–6285. 10.1021/bi5008673 

84. Z. Xiao, J. Brose, S. Schimo, S. M. Ackland, S. La Fontaine and
A. G. Wedd, Unification of the copper ( I ) binding affinities of the
metallo-chaperones Atx1, Atox1, and related proteins: detection 
probes and affinity standards, J. Biol. Chem., 2011, 286 ( 13 ) , 11047–
11055. 10.1074/jbc.M110.213074 
/1/m

fac101/6965832 by Karlsruher Institut fur Technologie - KIT user on 02 February 2023


	Introduction
	Methods
	MT synthesis
	Formation of 68Zn-MT
	CuI titrations
	Electrospray ionization mass spectrometry
	Emission spectroscopy
	Mass spectrometry isotope simulations

	Results and discussion
	Isotope simulations prove the necessity of using 63CuI and 68ZnII in mixed metal binding to MTs
	The clarity in the measurement of Zn3-b MT using isotopically pure 68ZnII
	Use of isotopically pure 63CuI and 68ZnII greatly increases clarity in the ESI-MS of isotopically pure 68 Zn,63Cu-b MT1A species
	Use of 63CuI and 68ZnII reveals a series of mixed-metal Zn, Cu-MT clustered species
	CuI metallation of 68Zn3-b MT1A results in the formation of Zn1Cu5-b MT1A, then Cu6-b MT1A
	63CuI metallation of 68Zn4-&#x03B1; MT1A results in a continuum of mixed Zn, Cu MT species
	Significant continuation of phosphorescent intensity at CuI: MT ratios >9
	CuI displacement of ZnII in Zn7-b MT1A forms mixed metal Zn, Cu species: ZnII is not displaced strictly on a stoichiometric or charge basis
	The CuI-thiolate cluster phosphorescence intensity remains high even with CuI: MT ratios >12
	Two different metallation profiles for the b and domains
	Unexpected retention of the ZnII
	Use of the b domain and domain fragment data to analyse b speciation: metallation of the Zn3-b and Zn4- fragments with CuI match the metallation pathway of the Zn7-b MT1A
	The total cationic charge is surprisingly constant while CuI is added to ZnII-MT
	Our results in context with previous reports

	Conclusions
	Supplementary material
	Acknowledgements
	Funding
	Conflicts of interest
	Author contributions
	Data availability
	References

