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Abstract Mammalian metallothioneins (M';MTs) show a
clustered arrangement of the metal ions and a nonregular
protein structure. The solution structures of Cds-thiolate
cluster containing (3-domain of mouse 3-MT-1 and rat (3-
MT-2 show high structural similarities, but widely differing
structure dynamics. Molecular dynamics simulations
revealed a substantially increased number of NH-SY
hydrogen bonds in 3-MT-2, features likely responsible for
the increased stability of the Cds-thiolate cluster and the
enfolding protein domain. Alterations in the NH-SY
hydrogen-bonding network may provide a rationale for
the differences in dynamic properties encountered in the {3-
domains of MT-1, -2, and -3 isoforms, believed to be
essential for their different biological function.
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Introduction

Mammalian metallothioneins (MTs) are metal- and
cysteine-rich proteins possessing two sulfur-based metal
clusters, formed by the preferential coordination of d'
metal ions (Zn(I), Cu(l)) through a conserved array of 20
cysteines. In human, four distinct MT isoforms are known
designated MT-1 through MT-4. Whereas MT-1 and MT-2
are found in all tissues, MT-3 is expressed mainly in the
brain and MT-4 in cornified and stratified squamous
epithelium [1, 2]. MT-3, also known as the growth
inhibitory factor (GIF), occurs intra- and extracellularly in
the brain and exhibits neuronal growth inhibitory activity in
neuronal cell cultures [3]. The present knowledge suggests
that MTs can have different functions in a number of
biological processes. These include homeostasis and trans-
port of physiologically essential metals (Zn, Cu), detoxifi-
cation of toxic metals (Cd), protection against oxidative
stress, maintenance of intracellular redox balance, regula-
tion of cell proliferation and apoptosis, neuroprotective
role, and regulation of neuronal outgrowth [4-7].

The three-dimensional (3D) structure of mouse Cd;MT-1
and Cd;MT-2 from human, rat and rabbit were obtained by
NMR spectroscopy [1, 8, 9], but also by X-ray crystallog-
raphy of rat CdsZn,MT-2[10]. The structure reveals a
monomeric protein of dumbbell-shape containing two
metal-thiolate clusters: a cyclohexane-like 3-metal cluster,
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MY Cysy, located in the N-terminal B-domain and an
adamantate-like 4-metal cluster, M'",Cys,,, in the C-
terminal «-domain. The secondary structure elements in
these proteins are limited to numerous half-turns and two
short stretches of 3y-helices located in the x-domain. Both
the calculated root-mean-square deviation (RMSD) values
from NMR data and the crystallographic B-factors indicate
that a considerable degree of dynamic structural disorder
exists. The experimental data revealed an increased struc-
tural mobility of the 3-domains when compared to the «-
domains in mammalian Cd;MT-1/-2. Furthermore, despite
the average identity between the primary structures of the
structurally characterized 3-domains of MT-1 and MT-2 of
about 80% (Fig. 1) and their high structural similarities
(Fig. 2), p-MT-1 shows an increased flexibility compared
to 3-MT-2. This is best documented for mouse 3-MT-1 [9]
and rat 3-MT-2 [8] with fewer inter-residue NOEs, the
absence of slowly exchanging backbone amide protons, and
enhanced intersite cadmium exchange rates in the former
isoform. Previous molecular dynamics (MD) calculations
on MJMT—1/-2 have explored their conformational
behavior showing that the polypeptide loops between
cysteine ligands in the (3-domain exhibit an extraordinary
flexibility without disrupting the geometry of the metal
cluster [11-13]. Recently, a considerably enhanced flexibil-
ity of the 3-domain and the Cds-thiolate cluster dynamics
of human and mouse Cd;MT-3 permitted only the solution
NMR structure of the «-domain to be determined [14, 15].
Although the generated structural models of B-MT-3
containing the Cds-thiolate cluster suggested a similar
polypeptide fold to that of 3-MT-1/-2 [14, 16], the reason
for increased dynamics of 3-MT-3 remains unexplained. As
the bioactivity of the MT-3 isoform is related to the
structure of its 3-domain[17, 18], the knowledge of the
structural features responsible for the widely differing
mobility of the 3-domain in MTs is of great interest.

In the present studies, we carried out MD simulations
of the available NMR structures of rat 3-MT-2 and
mouse (3-MT-1 with the aim to gain an insight into the
structural features responsible for the different domain
mobility and the Cds-thiolate cluster dynamics in
Cd;MTs.

CdsB-MT-1 MDP-NCSCST@GSCTCTSSCBICKNCKCTSCK
CdsB-MT-2 MDP-NCSCATEGSCSCAGSCIJCKQCKCTSCK
Cd;B-MT-3 MDPETCPCPTGGSCTCSDKCKCKGCKCTNCK

* * * ok * *

Fig. 1 Aligned amino acid sequences of mouse 3—MT-1, rat 3—MT-2
and mouse (3—MT-3. Differences in the primary structure are
highlighted in f—MT-1 and —MT-2: bold, substitution of residues
with similar physico-chemical properties; grey background, polar/non-
polar substitution; and white on black background, charged/non-polar
substitutions. Terminal metal coordinating cysteines are marked as (*)
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Methods
Protein structures

The coordinates of the solution NMR structures of the [3-
domain of mouse MT-1 (Cd3-3-MT-1) and rat MT-2 (Cds-
[3-MT-2) were taken from Brookhaven Protein Data Bank
(PDB codes: 1DFT [9] and 2MRT (8], respectively). The
experimental data were used as initial structures in the
molecular dynamics simulations of 3-MT-1 and (3-MT-2
after energy optimization. Both structures were optimized
with the GROMO96 package with 10,000 steps of steepest
descent [19].

Parameters used in the molecular dynamics simulations
and optimization

Classical MD simulations were performed for each protein
embedded by 3500 water molecules in a rectangular box
(41x47x56 A%), using periodic boundary conditions. The
standard GROMOS with 43A1 parameters [19-21] was
used to calculate the potential energy function along the
optimization and molecular dynamics simulation. Charges of
sulfur atoms and Lennard Jones parameters of cadmium ions
were modified. The charge of cadmium ions and sulfur atoms,
and Lennard-Jones parameters (C6 and C12) for cadmium,
were taken from the previous publication of Berweger and
coworkers [11]. No counter-ions were considered. Other
approaches have included cadmium-sulfur bonding experi-
mental data to modify the MM3 force field [13]. However, in
our particular case we avoided to use of constraints on
cadmium-sulfur bonding in order to be able to explore
the underlying basis for differential dynamic properties of the
metal-thiolate clusters in MTs. Therefore, we used the
classical MD force field from the previous work of Berweger
et al. [11]. Of note, there is a novel method for metal-
loproteins in development by Sakharov and cow. [22, 23]
that accounts for the charge transfer and polarization effects.

A twin-range method was used to calculate the non-
bonding potential energies. The principal cut-off for the
potential energy was set at 8 A while for long-range
interactions we used the reaction field approach and an
additional list of interactions within a cut-off of 13 A around
each charged group, updated every 10 steps of simulation, to
account for large distance effects [24]. Bond lengths and
angles were constrained by SHAKE along the last 9500 steps
of the optimization and were kept unconstrained in the initial
500 steps in order to accommodate the structure [25]. Also,
position constraints were maintained on the metal cluster (3
cadmium and 9 sulfur atoms) during the first 500 ps of
simulation with a harmonical constraint with 4000 kJ
mol ' A% of force-constant. For the molecular dynamics
simulation the time step was 0.002 ps and only stretching
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Fig. 2 Left; Superimposition of
C® trace of the N-terminal
-domain of mouse MT-1 (res-
idues 1-30, cyan) and rat MT-2
(residues 1-30, white) as deter-
mined by NMR. Superimposi-
tion of the Cd;Sy clusters in
both isoforms is shown in balls
and sticks. Right: Metal-thiolate
cluster topology with bridging
(Sp) and terminal (S;) sulfur
atoms labeled

were constrained by SHAKE. Temperature and pressure
were maintained respectively at 300 K and 10° Pa using a
coupling bath.

Analyses of the time-series

The MD simulations were used to explore the conformational
space in terms of energy, conformational flexibility and
dynamics of the N-terminal 3-domains of MT-1 and MT-2
during 5 ns. The structures of the entire N-terminal domain
were analyzed by means of atomic-positional root-mean-
square deviations (RMSD) curves, calculated for all x-carbon
atoms of the domain [26] and by means of the hydrogen
bonding pattern. The RMSD values for the backbone and the
C* atoms provide information as to the deformation and the
fluctuation of the (-MT structure along the simulation,
respectively. Deformation refers to the deviation from the
original structure and indicates the degree of malleability.
Fluctuation refers to the deviation of the coordinates of C*
atoms with respect to its average position along a time
interval of the simulation and indicates the flexibility of a
given fragment of the sequence.

The hydrogen bonding pattern was obtained as a time
percentage of distances between hydrogen atoms and
electronegative atoms (oxygen and sulfur atoms) shorter
than 2.8 A and at the angle between donor and acceptor of
proton, centered on the hydrogen atom, between 145° and
215°. Intramolecular NH—SY hydrogen bonds involving
the hydrogen of peptide nitrogen atoms and coordinating
cysteine sulfur atoms have also been analyzed. The reported
N-S and H-S distances in small molecules are 3.25-3.55 A
and 2.3-2.8 A, respectively [27].

The topology and deformation of the Cds-thiolate clusters
during the simulation has been characterized by the time-
averaged distances of the cadmium-sulfur bonds and
averaged angles, distinguishing between angles between a
metal linked to two bridging sulfurs (metal ring bridge,
Sp-Cd-Sy), to two terminal sulfurs (metal terminal angle,

S-Cd-S,) as well as angle at a metal between terminal and
bridging sulfurs (S,-Cd-Sy). The cluster fluctuation is shown
as the standard deviation (SD) around these averages.

The disorder and fluctuation of the Cd;Sy metal-thiolate
cluster have also been estimated by the virtual entropy
calculated using Schlitter’s formula and essential dynamics
[28-30]. The designation virtual entropy is used to
distinguish it from its thermodynamic definition [31]. It
was assumed that the Cd;Sy cluster is not largely deformed
along the simulation, otherwise the calculation would be
biased by the matrix used to superpose the conformations
from the MD simulation. Therefore, the virtual entropy
calculated by Schliter’s formula is mainly due to the cluster
intrinsic disorder and it is not an artifact of the superimpo-
sition with the polypeptide chain. The calculation extracted
from the fluctuation matrix of the 12 atoms forming the
cluster is translated into energy in kJ mol ' at 300 K. The
obtained values give information about the degree of
disorder related to the entropy function.

Results

Deviation from the original structure and polypeptide chain
fluctuation

Although the average structures of the (-domain in
mammalian Cd;MT-1/-2 are very similar [1, &, 9],
substantial differences among their mobility exist. Experi-
mental evidence suggests a markedly increased flexibility
of the polypeptide and cluster dynamics in mouse (3-MT-1
in comparison with that of rat 3-MT-2.

The structural equilibria of 3-MT-2 and (3-MT-1 polypep-
tide chains were obtained after the first nanosecond (Fig. 3A).
The RMSD values indicate a deformation from the original
structure, which can be related to the polypeptide fold
flexibility or to the malleability of the conformation. In order
to further explore the conformational flexibility of the
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Fig. 3 (a) Time series (ps) of RMS deviations (A) of the backbone
atoms in Cd;B3-MT-1 (continuous line) and Cd;3-MT-2 (line with
circles). (b) C* atom-positional RMS fluctuations (A) per residue
around the averaged structures in the last 4 ns MD simulation of
Cd;[3-MT-1 (continuous line) and Cd;3-MT-2 (line with full circles)

protein, the positional RMSD for C* atoms was obtained
from atomic fluctuations after the superimposition of
structures extracted from the last 4 ns of the trajectory
(Fig. 3B). The analysis of the C* fluctuations shows a larger
flexibility of 3-MT-1 with respect to 3-MT-2, mainly in the
N-terminal region of the domain, the fragment near the linker
region and in the loop between residues 8 and 12. The
experimental structures and the averaged structures after the
simulations of 3-MT-1 and (3-MT-2 are shown in Fig. S1.

Metal-thiolate cluster analysis

The Cds-thiolate cluster (Cd;So) in the [3-domain of
Cd;MT-1/-2 is characterized by a six-membered ring
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formed by the three cadmium ions and three bridging
sulfur atoms with an additional two terminal sulfur atoms
involved in the coordination of each cadmium. The
deformation of the cluster topology was small in both
isoforms and its effect on the six-membered cluster ring
was unnoticed, as observed in previous MD simulations
[11] (see Table 1). The metal ring bridge angles (S,-M-Sy,)
of the six-membered ring in both isoforms are smaller than
the experimental tetrahedral angles due to classical MD
parameterization [11].

The virtual entropy values for the Cds-thiolate cluster
of 125 kJ mol ' in B-MT-1 and 96 kJ mol ™' in B-MT-2
indicate a larger cluster disorder and internal dynamics in
the B-domain of MT-1. In addition, the calculated
electrostatic energy between the cadmium ions and the
atoms of the polypeptide chain was about 6000 kJ mol
more stable in 3-MT-2 compared to 3-MT-1. (Fig. S2).
This difference is indicative of a more compact polypep-
tide enfolding of the Cds-thiolate cluster in the former
isoform.

Hydrogen bonding pattern

The analysis of the set of hydrogen bonds preserved more
than 50% of the time along the simulations shows a
substantially larger percentage of hydrogen bonds in f3-
MT-2 than in 3-MT-1 (Table 2). The difference between
both -domains arises from the increased number of
hydrogen bonds in (3-MT-2 between sulfur atoms of
terminal metal-coordinated cysteine side-chains and pep-
tide amides (NH—S"). We found six hydrogen bonds of
this type in B-MT-2 and only two in (3-MT-1. Some
prominent hydrogen bonds emerging during the simula-
tions in 3-MT-2 with percentages above 75% are Ser6
(NH)—Cys21(S), Cys7(NH)—Cys5(S), Cysl15(NH)—
Cys13(S), Cys26(NH)—Cys29(S) and Lys30(NH)—
Cys29(S). On the other hand, the hydrogen-bonding
network in 3-MT-1 is more relaxed and less conserved,
with only one high-percentage NH—S” bond occurring
between Cys15(NH) and Cys13(S). All NH—S” hydrogen
bonds are to the terminal thiolate ligands possessing a
greater electronegativity compared to the bridging thio-
lates. Moreover, additional hydrogen-bonds involving
side-chain atoms are only present in 3-MT-2. The H—S
distances and NH—S” angles are similar to those found in
other metalloproteins, such as the high-potential iron-
sulfur proteins (2.50 A, 164°) [32] and the Zn,Cysg cluster
of yeast transcription factor GAL4 (2.19-2.63 A, 149
171°) [33].

The visual comparison presented in Fig. 4 illustrates the
NH—S" hydrogen bonding network in the averaged
conformations of BMT-1 and BMT-2 obtained from the
last 4 ns of MD simulation.
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Table 1 Metal-thiolate cluster topology of Cd;Cysy in 3-MT-1 and
B-MT-2. Time-averaged and fluctuations (SD) of bond lengths (A)
and bond angles (deg) between bridging (Sy) or terminal (S,) sulfur
atoms CdsSo

atoms and cadmium ions (Cd). Mean values from the experimental
NMR structures have also been calculated for comparison. The
calculated virtual entropy shows the local disorder of the cluster

Entropy (kJ/mol K) Cd-S; (A) Cd-S,, (A) Si-Cd-S; (degrees) Sp-Cd-S; (degrees) Sp-Cd-Sy, (degrees)

Cd3p3-MT-1 125.0 2.29+0.00 2.61+0.03 1177 106+3 81+16
Cd3p3-MT-2 96.0 2.23+0.00 2.26+0.00 115+33 106+8 93+6
Cd;B-MT-1? - 2.50+0.11 2.54+0.01 108+7 108+14 118+6
Cd;p-MT-2 ® - 2.51£0.02 2.57+0.08 110+4 113+2 104+2

? Taken from [9]

® Taken from [8]

Discussion

Table 2 Hydrogen-bonding network. Hydrogen bonds present in
Cd;-p-MT-1 and Cd;-p3-MT-2 structures with percentages larger than
50% of hydrogen bond formation between donor and acceptor atoms
during the equilibrium time of the simulation (4 ns). NH—S”
hydrogen bonds are highlighted in bold

Cd;B-MT-1

Donor Atom Acceptor Atom %

5 CYS(N) 23 ASN(O) 86.3
8 SER(N) 25 LYS(O) 53.7
15 CYS(N) 13 CYS(S7) 97.9
17 SER(N) 14 THR(O) 543
18 SER(N) 14 THR(O) 93.8
25 LYS(N) 5 CYS(0) 93.5
28 SER(N) 26 CYS(S?) 54.6
Cd;B-MT-2

Donor Atom Acceptor Atom %

4 ASN(N) 2 ASP(0°) 98.0
5 CYS(N) 2 ASP(0°) 67.5
6 SER(N) 21 CYS(S7) 99.8
6 SER(Ov) 21 CYS(S?) 62.7
7 CYS(N) 5 CYS(S?) 98.9
14 SER(N) 13 CYS(S?) 61.0
15 CYS(N) 13 CYS(S7) 91.9
17 GLY(N) 28 SER(O) 68.2
20 LYS(N¢)? 13 CYS(S) 57.0
22 LYS(N) 4 ASN(0) 73.0
23 GLN(N) 4 ASN(0°) 61.5
26 CYS(N) 29 CYS(S?) 75.8
27 THR(N) 30 LYS(Oxt) 57.1
28 SER(N) 26 CYS(0) 81.9
30 LYS(N) 29 CYS(S7) 83.7
30 LYS(N¢)? 19 CYS(S7) 55.0
30 LYS(N?)* 29 CYS(S?) 76.0

? For the percentage of H-bonds formed by N°H; groups, the
percentages of the three hydrogen atoms with the same acceptor are
summed

Experimental evidence shows different structure dynamics
of the 3-domain of Cd;MTs which follows the order 3-MT-
2 < B-MT-1 < B-MT-3. Our MD simulations have
reproduced the differences in flexibility of the polypeptide
chain and the Cds-thiolate cluster between rat 3- MT-2 [8]
and mouse (3-MT-1 [9]. A larger fluctuation of the
polypeptide chain in mouse 3-MT-1 compared to rat {3-
MT-2 obtained from the RMSD values are in line with the
experimental results. The analyses of topology and the
virtual entropy of the Cdj-thiolate clusters also indicate
enhanced cluster dynamics in 3-MT-1 than in 3-MT-2
(Table 1). The most important finding of our studies are
the striking differences in the number of the NH—S”
hydrogen bonds in 3-MT-1 and 3-MT-2 (Table 2). While
the more flexible B-MT-1 shows only two NH-S”
hydrogen bonds with more than 50% occurrence, 3-MT-
2 has six of them, with all but one showing a high
occurrence (>75%). Thus, a correlation between the
number of NH—S” hydrogen bonds and [-domain
dynamics exists. Consequently, different dynamic proper-
ties exhibited by the 3-domain of MT isoforms could be
mainly explained by changes in the NH—S” hydrogen
bonding network. The inspection of differences in amino
acid sequences between the 3-MT-1 and 3-MT-2 isoforms
revealed that from the seven substitutions only five confer
dissimilar physico-chemical properties (Fig. 1), without
altering the overall polarity of the protein (see below). The
prominent substitution is that of Aspl0O in 3-MT-2 by
Glyl10 in 3-MT-1 which produces two contiguous glycine
residues as a part of the peptide loop between Cys7 and
Cysl13 in the latter sequence, conferring a great backbone
conformational freedom without any side-chain steric
hindrance. Thus, the combination of small sequence
differences in the 3-domain of MTs may modulate the
formation of a NH—S” hydrogen-bonding network leading
to a greater pliancy and cluster disorder in the 3-domain
of MT-1.
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Fig. 4 NH—S” hydrogen a
bonding network in the aver-
aged conformations of
Cd3;AMT-1 (a) and Cd;MT-2
(b) obtained from the last 4 ns
of MD simulation. Side-chains
and main-chains of residues in-
volved in NH—S”? hydrogen
bonds are displayed in stick
representation. Metal ions are
shown as white spheres, metal-
thiolate bonds as dotted yellow
lines, and NH—S"? hydrogen
bonds as dotted cyan lines

Zangger et al. suggested that the higher flexibility and
cluster dynamics of 3-MT-1 results in part from the reduced
electrostatic attractions within this domain and between
both domains of MT-1 compared to MT-2 [9]. However,
compared to rat 3-MT-2, mouse 3-MT-1 has one negative
(aa 10) and one positive (aa 20) residues less (Fig. 1).
Although it would appear that these differences would
make (-MT-1 less polar than (3-MT-2, further changes
between the primary structures of 3-MT-1 and 3-MT-2, i.e.,
the substitution of residues Ser8, Thr16, and Serl7 to Ala,
Ala, and Gly, respectively, suggests that the differences in
polarity should be rather small. In the crystal structure of rat
liver Cds,Zn,MT-2 [10], the greater intersite metal ex-
change in the (-domain compared to the «-domain
observed by NMR, has been discussed in terms of the
stabilization of the unligated thiolate state of the cysteine
residues by the NH—S” hydrogen bonds and the distribu-
tion of positively charged lysine side chains. However, our
MD simulations point to a different structural role of the
formed NH—S” hydrogen-bonding network, i.e., the struc-
tural stabilization of the metal-containing (3-domain. This
can be envisaged as a network of NH—S?” hydrogen bonds
buttressing the Cdj-thiolate cluster (Fig. 4). Indeed, the
calculated electrostatic energy difference between the
polypeptide atoms and Cd(Il) ions in 3-MT-2 compared
to 3-MT-1 indicates a tighter polypeptide enfolding of the
metal-thiolate cluster in the former, less dynamic isoform,
features consistent with the experimental NMR data.

The suggested importance of the NH—S” hydrogen-
bonding network for the dynamics of the [-domain
structures in MT-1/-2 is supported by additional simulations
performed on the S6P, S§P+T5 mutant of Cd;p3-MT-1.
Previous biological and structural studies revealed that the
engineering of the three critical amino acid residues ThrS5,
Pro7 and Pro9, present in the conserved TsCPCPy motif of
p-MT-3, into the biologically inactive isoform MT-1
(Fig. 1) brings about not only the neuronal inhibitory
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activity, but also a greatly enhanced flexibility of the f(3-
domain and the Cds-thiolate cluster dynamics not seen in
the wild type protein [17]. In our MD simulations four
conformations of the 3-MT-1 mutant, taking into account
all isomeric states of the prolyl residues, were modeled
using the structure of Cd;3-MT-1 as the template. It may be
noted that the Gly-Gly motif in 3-MT-1 is also present in
3-MT-3 (Fig. 1). Interestingly, the occurrence of amide
NH—S” hydrogen bonds was dramatically reduced in all
these simulations (Table S1). In particular, none of the
NH—S7 hydrogen bonds found with more than 50%
occurrence in the simulation of 3-MT-2 and p-MT-1
(Table 2), occurred in the 3-MT-1 mutant with percentages
larger than 20%. Furthermore, the loss of NH—S”
hydrogen-bonding interactions in the 3-MT-1 mutant was
accompanied by the deformation of the Cds-thiolate cluster
and large RMSD deviations and fluctuations of the
polypeptide backbone (Table S2 and Fig. S3, Fig. S4)

Within proteins, amide backbone-core NH—S” hydrogen
bonds are often observed to electronically stabilize metal
core thiolates, such as in the Zn,Cysq cluster of yeast
transcription factor GAL4 [33], zinc finger proteins [34, 35]
and iron-sulfur proteins [36]. In the latter group of
proteins, the discovery of NH-S hydrogen bonds to
cysteinyl and inorganic sulfur atoms has provided the
key information as to our understanding how the biolog-
ical iron-sulfur clusters differ from their synthetic ana-
logues. This NH—S” hydrogen bond network also plays an
important role in determining the local protein fold and its
overall stability as well as the regioselectivity of active-
site thiolates in zinc enzymes [37, 38]. Our results reveal
another structural attribute of such NH—S” hydrogen
bonds in MTs: the modulation of the Cds-thiolate cluster
dynamics, which has been shown to be critical for the
biological activity of MT-3 and, although still enigmatic,
may serve a functional role for this class of proteins in the
cellular environment.
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Conclusions

Our work reproduces the increased structure flexibility of
the 3-MT-1 when compared to the 3-MT-2, as determined
by NMR methods. We observe a correlation between the
number of backbone amide hydrogen bonds to metal
coordinated cysteines and the structure flexibility. There-
fore, we propose that NH—S” hydrogen bond interactions
are a controlling factor in the regulation of the unique
metal-thiolate cluster dynamics of MTs.
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