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ABSTRACT: Metallothioneins (MTs) are cysteine-rich polypeptides that are naturally found coordinated to monovalent and/
or divalent transition metal ions. Three metallothionein isoforms from the Roman snail Helix pomatia are known. They differ in
their physiological metal load and in their specificity for transition metal ions such as Cd** (HpCdMT isoform) and Cu*
(HpCuMT isoform) or in the absence of a defined metal specificity (HpCd/CuMT isoform). We have determined the solution
structure of the Cd-specific isoform (HpCdMT) by nuclear magnetic resonance spectroscopy using recombinant isotopically
labeled protein loaded with Zn** or Cd*". Both structures display two-domain architectures, where each domain comprises a
characteristic three-metal cluster similar to that observed in the f-domains of vertebrate MTs. The polypeptide backbone is
well-structured over the entire sequence, including the interdomain linker. Interestingly, the two domains display mutual
contacts, as observed before for the metallothionein of the snail Littorina littorea, to which both N- and C-terminal domains are
highly similar. Increasing the length of the linker motionally decouples both domains and removes mutual contacts between
them without having a strong effect on the stability of the individual domains. The structures of Cds- and Zng-HpCdMT are
nearly identical. However, "*N relaxation, in particular '*N R, rates, is accelerated for many residues of Zni-HpCdMT but not
for Cdg-HpCdMT, revealing the presence of conformational exchange effects. We suggest that this snail MT isoform is
evolutionarily optimized for binding Cd rather than Zn.

embers of the protein superfamily of metallothioneins

(MTs) are characterized by chemical, structural, and
functional features related to the ability of these proteins to
bind d'° metals such as Zn>*, Cd**, and Cu* with high affinity."
The metal ions are coordinated by the sulfur atoms of the
protein’s cysteine residues and, in fewer cases, by nitrogen
atoms from His residues.’ Thereby, they form characteristic
metal clusters in which some of the thiolate ligands are shared
in a bridging manner by two metal ions, conferring the
polypeptide chain a well-defined conformation.” All three-
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dimensional (3D) structures of animal MTs known until
recently reveal dumbbell shapes comprising two spatially well-
defined globular domains, each of them housing one divalent
metal thiolate cluster,” separated from each other by a linker
of two to four residues. Owing to the flexibility of this linker,
the mutual orientation of the two domains has often remained
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poorly defined during structure determination by nuclear
magnetic resonance (NMR)® and has been largely precluded
analysis by crystallography.

Among all MT structures known so far, only four are from
invertebrate animals, those of sea urchin (Strongylocentrotus
purpuratus), blue crab (Callinectes sapidus),” lobster (Homarus
americanus),” and the marine snail Littorina littorea.”
Interestingly, the L. littorea metallothionein (LIMT) comprises
three domains, each presenting a three-metal cluster, thereby
conferring upon this MT the capability to bind an increased
amount of toxic Cd** metal ions. The 3D structures of these
invertebrate Cd-MT complexes differ in many details that are
expected to deeply affect their functionality. So far, it has been
impossible to predict the 3D structure of MTs from their
amino acid sequence,5 even if the bound metal ion is known.
The limited knowledge of MT structures is in striking contrast
to the vast number of primary sequences available from
invertebrates of very different taxa, spanning a broad range of
protein lengths, amino acid compositions, and numbers and
distributions of amino acid motifs supposed to be involved in
metal binding.'”'" Moreover, there is a growing body of
evidence that shows that peculiar functions among invertebrate
MTSs may vary in a taxon- or species-specific manner, or even
among different isoforms within a given species.'”"?

A particularly diverse and interesting subfamily of MTs is
that of pulmonate snails. These organisms belong to the
phylum Mollusca and have evolved, in contrast to many other
species, metal-specific MT isoforms. Hence, they possess MTs,
which can be isolated from preparations in vivo after exposure
of the snails to these metal ions as nearly pure, homometallic
metal complexes, loaded exclusively with either Cu* or Cd*"."
For example, terrestrial pulmonates such as the Roman snail
(Helix pomatia) express, on one hand, a Cu-specific MT
isoform (HpCuMT) in a particular cell type called
rhogocytes.'>'® These serve Cu-homeostatic functions in
connection with hemocyanin synthesis.'” On the other hand,
a second, Cd-specific MT isoform (HpCdMT) is expressed in
the snail digestive and excretory tissues and binds nearly
exclusively and with high affinity Cd** ions, thus shielding the
snail organism efficiently against environmental concentrations
of this toxic metal.'®'® In the absence of Cd*, this isoform
appears to be present at only low basal concentrations in
association with Zn*" ions, for which it probably plays also a
homeostatic role.'” Metal specificity in this case refers to the
couple of the two transition metal ions Cd** and Zn>'.
Consequently, molecular evolution of MT's in pulmonate snails
has led to a complete separation of metal-related functional
tasks,”” a feature that is related to differences in sequence and
most likely also three-dimensional structure.

The two metal-specific MT isoforms of H. pomatia also
exhibit their specific metal binding behavior when recombi-
nantly synthesized in metal-supplemented Escherichia coli cells,
as shown by isolation and analysis of the homometallic
complexes of the two recombinant isoforms with their cognate
metal ions.” Intriguingly, the two isoforms (HpCdMT and
HpCuMT) have achieved metal specificity by evolutionary
optimization of primary structure, and this must have been
achieved through residues that do not directly coordinate the
metals but rather influence the 3D structure of the protein.*’
To understand how these proteins can distinguish between
their cognate and noncognate metal ions and how the non-
cysteine amino acid residues contribute to this specificity, we
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determined the 3D solution structure of the Cd-specific
HpCdMT isoform and its Zn-loaded variant.

In this work, we demonstrate that high-quality structures of
both the Zn and Cd species can be determined owing to novel
approaches using NMR data from C- and '*N-labeled
proteins. We compare our structures of HpCdMT to published
structures from invertebrates and other known species. We
particularly focus in our analysis on correlations between
evolutionary distances of species and the similarity in their 3D
structure and the topology of the three-metal clusters.

B METHODS

Chemicals and Materials. ["*C]Glucose, "NH,C], and
perdeuterated Tris buffer were purchased from Spectra Stable
Isotopes. ''*CdCl, was obtained as a kind gift from M. Vasak.
Glutathione sepharose 4B and thrombin were bought from GE
Healthcare. TCEP was purchased from Hampton Research,
and isopropyl f-p-1-thiogalactopyranoside from Biosolve. All
other standard biochemical grade chemicals were ordered from
Sigma.

Size exclusion chromatography (SEC) steps were carried out
on a GE Healthcare HiLoad 16/60 Superdex 7Spg column.
Solutions were always freshly purged with argon.

Recombinant Expression and Purification of HpCdMT
and HpMcCdMT. The HpCdMT isoform of H. pomatia
metallothionein (HpCdMT) and its mutant HpMcCdMT
were expressed in E. coli BL21 (DE3) as described
previously.”’™** Higher yields of the Cd-loaded variant
prompted us to express the Cd-loaded species and produce
the Zn-containing form via a subsequent metal exchange. The
details concerning the cloning and plasmid topology are given
in refs 20 and 23.

Metal Exchange. Metal exchange to replace ''*Cd** ions
with NMR-active ''*Cd*" and to convert the Cd, into the Zn,
species was achieved by demetalation with a decrease in pH
(pH 2) in a reducing milieu [10 mM tris(2-carboxyethyl)-
phosphine (TCEP)], complete elimination of any free metal
ions, and readjustment to neutral pH to yield the apo form,
from which the differently metalated forms were obtained
using the following procedure. First, 0.2 mL of a Cd-HpCdMT
solution was diluted to 1 mL by adding argon-purged 20 mM
Tris-HCl and 10 mM TCEP (pH 7) and transferred to a
concentrating tube (Amicon Ultra-4 3K Centrifugal Filter
Device, EMD Millipore). The pH was decreased in four
centrifugal steps (3500 RCF) by adding each time 3—3.5 mL
of the same buffer that was used in the previous step (pH 2)
and spinning it down to 0.5—1 mL. Using the reverse
procedure (four centrifugal steps), each time adding 3.5 mL of
20 mM Tris-HCl buffer (pH 7), the pH was readjusted while
any free metal ions were effectively removed. Incubation with
1.3 equiv of the corresponding metal ions (from '"*CdCl, and
ZnCl,) dissolved in 1 mL of buffer (pH 7) over a period of 15
min achieved complete remetalation. Excess metal ions were
removed in additional centrifugation steps after dilution with
20 mM Tris-HCl and 10 mM TCEP (pH 7).

NMR Spectroscopy. All spectra were recorded on samples
at a protein concentration of approximately 1.0 mM in 10 mM
[*H]Tris and 1 mM TCEP (pH 7.0) at 298 K on Bruker AV-
600 or AV-700 spectrometers equipped with cryoprobes.
Proton chemical shifts were referenced to the water signal.
Nitrogen shifts were referenced indirectly to liquid NH;.**
Raw data were processed using Bruker Topspin software
versions 2.0 and 2.1 and transferred to CARA™ for further
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Table 1. Summary of Structure Calculations

Cd-HpCdMT, ambiguous”

Input Data for Structure Calculation

no. of NOE distance restraints

total 968
short-range (li —jl < 1) 565
medium-range (1 < li — jl < 5) 185
long-range (li — jl > S) 218
Structural Statistics
20 conformers, consensus run
CYANA (NOE assignment)
CYANA target function value (A?) 0.35 + 0.04
RMSD (A) for backbone atoms (residues 9—65) 1.46 + 0.55
RMSD (A) for backbone atoms (residues 9—35) 0.63 + 0.19
RMSD (A) for backbone atoms (residues 38—65) 0.46 + 0.08
RMSD (A) for heavy atoms (residues 9—65) 1.76 + 0.56
RMSD (A) for heavy atoms (residues 9—35) 1.09 + 0.20
RMSD (A) for heavy atoms (residues 38—65) 0.84 + 0.09
Xplor-NIH (water refinement)
energy (kcal/mol) —1400 + 84
NOE violations (number, threshold of 0.5) 0.1+ 03
RMSD (A) for backbone atoms (residues 9—65) 1.49 + 0.60
RMSD (A) for backbone atoms (residues 9—35) 0.69 + 0.16
RMSD (A) for backbone atoms (residues 38—65) 0.50 + 0.08
RMSD (A) for heavy atoms (residues 9—65) 1.80 + 0.60
RMSD (A) for heavy atoms (residues 9—35) 1.16 + 0.17
RMSD (A) for heavy atoms (residues 38—65) 0.89 + 0.09
PROCHECK Ramachandran plot analysis
residues in most favored regions (%) 724
residues in additional allowed regions (%) 232
residues in generously allowed regions (%) 32
residues in disallowed regions (%) 1.2

Cd-HpCdMT,” unambiguous®  Zn-HpCdMT,” unambiguous®

992 962

577 S3S

189 217

226 210

0.39 + 0.03 0.50 + 0.05
0.71 + 0.26 0.86 + 0.27
0.36 + 0.11 0.51 £ 0.23
0.38 + 0.14 0.28 + 0.14
1.01 £+ 0.25 1.17 £ 0.27
0.75 + 0.16 0.97 £ 0.24
0.77 £ 0.14 0.62 + 0.09
—1446 + 95 —1261 + 68
0.0 £ 0.0 0.0 £ 0.0
0.76 + 0.23 0.95 + 0.30
0.46 + 0.08 0.60 + 0.17
0.40 £ 0.10 0.34 + 0.07
1.09 + 0.22 1.28 + 0.28
0.88 + 0.06 1.06 + 0.20
0.82 + 0.10 1.37 £ 0.29
774 79.9

21.1 17.2

0.3 2.4

12 0.6

“Deposited in the Protein Data Bank. bUsing generic metal—metal and metal—Cys-S” distances. “Adding explicit metal—Cys-S” (extracted from

'3Cd—"H correlation spectra or from consensus runs).

analysis. All two-dimensional (2D) experiments utilized TPPI-
States’”*” for quadrature detection in indirect proton
dimensions and gradient-selected coherence selection (echo—
antiecho)” in combination with sensitivity enhancement
schemes”®*” in all experiments that detect amide protons.

Resonance Assignment. Backbone assignment was
achieved with the help of 3D CBCA(CO)NH’’ and
HNCACB®' spectra. Side chain assignment was accomplished
using a combination of 16 ms mixing time (H)CCH- and
H(C)CCH-TOCSY**** as well as 120 ms *C-** and *N-
resolved NOESY*® experiments.

Cd-Cys coordination was established with the help of a
3Cd—'"H HMQC-TOCSY experiment utilizing the °J
coupling between Cd and the J-protons of cysteine
residues.’®*” The ] coupling evolution time in the HMQC
experiment was set to 12.5 ms, and the TOSCY mixing time to
60 ms. A “N-labeled protein loaded with '*Cd was used for
this experiment.

Structure Calculation. NOE assignment and structure
calculations were performed with CYANA 3.98.°%*7 NOESY
peaks were automatically picked in CcpNMR,* followed by a
manual check to eliminate artifacts and to add additional low-
intensity peaks. Unassigned, integrated peak lists and chemical
shift lists served as input for automatic NOESY peak
assignment using the noeassign macro of CYANA.”

For the Cd-loaded variant, a total of 614 *N and 1353 3C
NOESY cross peaks and for the Zn-loaded form 818 N and
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1084 *C NOESY cross peaks were used to generate distance
restraints (Table 1). The first round of structure calculations
was performed solely on the basis of NOE-derived distance
restraints. In further runs, ambiguous metal restraints were
introduced consisting of lower distance bounds between the
metal ions in each cluster (3.6 A for Cd and 3.0 A and Zn) and
0.1 A upper distance bounds between cysteine S" and dummy
ligand atoms of pseudoresidues. For that purpose, an extra
CYANA library entry was created consisting of a metal center
with four ligand pseudoatoms in a tetrahedral geometry with
no van der Waals radius spaced by 2.6 or 2.4 A from the Cd or
Zn ions, respectively (Figure S1). The input for the final
structure calculation of the Cd-loaded variant contained 992
NOE-derived upper distance limits, including 226 long-range
restraints. For the Zn variant, 962 restraints were used, of
which 210 were long-range restraints (Figure S2). We noticed
that while the precision strongly improved upon incorporation
of the ambiguous restraints, the overall fold remained the same
(Figure S3). Interestingly, calculations based on ambiguous
metal restraints yielded almost unique metal—ligand con-
nectivities among the lowest-energy conformers, and these
connectivities agreed with the correlations observed in the
'3Cd—'H HMQC spectra of the Cd-loaded variant. However,
the root-mean-square deviation (RMSD) in the bundle was
unreasonably low, and hence, 20 consensus runs starting from
different initial structures were performed."' While the same
metal—Cys connectivities existed in these independent runs,

DOI: 10.1021/acs.biochem.9b00830
Biochemistry 2019, 58, 4570—4581


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00830/suppl_file/bi9b00830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00830/suppl_file/bi9b00830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00830/suppl_file/bi9b00830_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.9b00830

Biochemistry

A A —I B .21
m 44 A ] 41
0 ° — P .44 . e
4 27 7] - 2
110 —| 9.4 S s 35 o 110 — ¢ 4 61 56 53
6 52 %25 ] T 25 10 2
< 7 ° ° 10 4 N 42 & o
15N 42 55 62 0o °19 EN - ° 555 62 35519 o19
- . w3 39 - ceqs 39
[ppm] . ° | [ppm] us 3 ¥
P 15 pp 8 ol5
37 - 51" 37
— s 65 — s
50 28 5 e . 50 5
120 —| o7 16,3 120 — 28 o 43
47 ° o, A9 | 7. 34 3]
a ° 34 3118 4 9..30 | 65 <31 24
38, ¢ °13 47 38 S 12 3
26 (Y .12 63 — 49287 < °13
i P 5 57 - 23 36 57
- I T TR ] 6 40 19 Tee 7
- Y 45 o 56 - *39 53. - 45 =64 =66
2 ° Py N
— 20
130 —| R 130 —| 25 32
| oS58 3 . 58 33
1 "
N Iy L ) B O R B IS A L AL A
10 9 8 7 10 9 8 7
'H [ppm] 'H [ppm]

Figure 1. Assignment of Cdg- and Zng-HpCdMT. Assigned "N—"H HSQC spectra of (A) Cde-HpCAMT and (B) Zng-HpCdMT recorded at 600

MHz, pH 7.0, and 298 K.

the RMSDs were now reasonable, indicating adequate searches
of conformational space and removal of any bias in the NOE
assignment. To improve the precision further, in the final
consensus runs the metal-Cys connectivities determined
above were included as explicit restraints.

The topology of cluster formation was investigated by
analyzing the Cys-S’—metal distances in the 20 independent
computations as well as in the final structure of the consensus
run. For each metal ion, the four shortest distances were
selected and used to define the four closest Cys residues as the
directly coordinated ones. Statistics of topologies sorted by
target function were compiled for the 400 different lowest-
energy conformers from 20 runs using different initial starting
structures (Tables SI and S2). One coordination topology was
clearly dominant and used for the final consensus calculation
by introducing explicit Cys-S"—metal distance restraints
according to that topology while still allowing both chiralities.
For the Cd-loaded variant, the precision of the structure was
improved by introducing Cys-S'—metal distance restraints
corresponding to observed correlations in the '“Cd—'H
HSQC-TOCSY spectra already in the 20 independent
consensus runs.

Structural refinement of the final consensus bundle in
explicit water was performed with Xplor-NTH 2.38*** using
its all-hydrogen force field and fixing the positions of all Cd
and § atoms in the MD run. Structures were analyzed with
Procheck* and visualized using PYMOL."

Dynamics. Standard SN relaxation measurements with
modified HSQC experiments*® were performed to describe
protein dynamics: "*N longitudinal relaxation times (T;) using
inversion—recovery,47 5N spin—lattice relaxation times (T,)
with CPMG,*® and ""N{'H} NOE by steady-state NOE."” For
the determination of T; and T, a series of spectra were
recorded with delays set to 0, 10, 20, 30, 60 (2x), 120, 260,
510, 1210, and 2010 ms for T, data and 0, 17 (2X), 34, 51, 68,
102 (2x%), 119, 204, and 305 ms for T, data. The recycle delay
was set to 2 s, and for each t; increment, eight scans were
recorded. All relaxation data were measured at 600 and 700
MHz on 0.5—1 mM solutions of the corresponding proteins at
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298 K. Peaks were integrated, and the resulting peak volumes
fitted to monoexponential functions of the type V = V,
exp(—A/T,) using the Levenberg—Marquardt algorithm.50
The “N{'H} NOE values were obtained as peak volume ratios
from a pair of spectra with and without proton saturation
during the S s interscan delay.

Primary and Tertiary Structure Comparisons. Protein
sequences of separate N- and C-terminal domains of animal
MTs, for which tertiary structures are available, were aligned
together with other N- and C-terminal MT sequences of
species from the same animal clade for Vertebrata (verte-
brates), Echinodermata (sea urchins), Arthropoda (crusta-
ceans), and Mollusca (gastropods) (Table S3). Each alignment
contained 10 unique N- or C-terminal sequences, except for
Echinodermata (sea urchins), where only five primary
sequences are available. N- and C-terminal domain borders
were chosen to coincide with the first and last Cys residues of
the respective chain. Sequence alignments were obtained with
the “muscle” option using the freely accessible program
platform SeaView (version 4.7) of PRABI-Doua.’’ For
assessment of the normalized global similarity score (S)
between clades, the same numbers of aligned sequences (S or
10) of N- or C-terminal domains were pairwise compared
between clades. S values were calculated with the openly
accessible program package SIAS (Sequence Identity and
Similarity) of the Immunomedicine group of the Universidad
Complutense Madrid (http://imed.med.ucm.es/Tools/sias.
html) with default settings. Structural alignments were
performed using the “align” and “cealign” routines within
PYMOL.*

B RESULTS

The Cd- and Zn-containing isotopically labeled variants of
HpCdMT were obtained by recombinant protein expression in
E. coli using minimal media containing [*N]NH,CI and, if
applicable, ["*C]glucose as the sole nitrogen and carbon
sources, respectively. HpCdMT was expressed as a fusion with
glutathione S-transferase (GST) and liberated from its fusion
partner via thrombin cleavage. The Zn-loaded species was
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Cd

Cd/Zn

Figure 2. Structures of HpCdMT. (A) Solution structure of Cd¢-HpCdMT. N- and C-terminal domains are colored gray and black, respectively.
Cd?* ions are depicted as spheres. The diameter of the tube indicates the structural variability among the 20 lowest-energy conformers after
superposition of the Ca atoms of residues 9—6S. (B) Single conformer of Cds-HpCdMT highlighting the side chain of Lys36, which is located
between the two domains. (C) N- and C-terminal domains of Cdg- and Zng-HpCdMT, in which backbone atoms of individual domains from the
20 lowest-energy structures are superimposed. (D) Superposition of the 20 lowest-energy conformers of individual domains of both the Zn- and

Cd-loaded forms.

Figure 3. Three-metal cluster topology. Coordination mode of the N-terminal (top) and C-terminal (bottom) domains of (A and C) Cds- and (B
and D) Zns-HpCdMT. Sulfur atoms of coordinating Cys residues are annotated with the corresponding residue numbers. For the sake of clarity,
the Cys—Cd connectivities are depicted schematically on the left. Connectivities that cannot be seen in the "> Cd—"H correlation spectra are

indicated by dotted lines.

obtained from the corresponding Cd form through metal
exchange. Their purity and metal ion content were confirmed
by ESI-TOF mass spectrometry.

Resonance Assignments. Chemical shifts were assigned
from 3D triple-resonance NMR experiments using standard
procedures. Sequential connectivities were established on the
basis of HN(CO)CACB/HNCACB®' spectra. The C* and C#
chemical shifts together with H® and H’ shifts from
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HBHA(CO)NH provided anchoring points for side chain
assignment through the use of (H)CCH- and H(C)CH-
TOCSY experiments®>>> supported by '*C- and N-resolved
NOESY experiments.””>> Due to the excellent signal
dispersion, almost all nonlabile side chain resonances could
be assigned. The C” and C’ chemical shifts indicate that the
Glul6-Prol7 peptide bond is in the cis conformation,” as
observed by us for the corresponding Pro residues in the two
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N-terminal domains of LIMT.” Assignment of the Zn-loaded
variant (Zng-HpCdMT) was largely facilitated by knowledge of
assignments from the Cd species but independently verified
using data from 3D triple-resonance NMR experiments. For
Zn- and Cd-loaded HpCdMT, 97.7% and 95.5% of all
observable resonances were assigned, respectively, and
representative annotated '"N—'H HSQC spectra of both
metal forms are depicted in Figure 1.

To establish the metal coordination, distinct correlations
between cysteines and Cd** ions were assigned from
3Cd—'H HMQC and 'H-TOCSY-relayed ''*Cd-'H
HMQC spectra (Figure $5).***” The one-dimensional (1D)
'3Cd spectrum shows the six expected resonances, of which
five are located in the typical chemical shift range for
tetrathiolate coordination, while one resonance occurred
outside that range at 543 ppm (Figure S6).

Chemical shifts of Cd and Zn species differ slightly with
more notable alterations at and in the vicinity of cysteine
residues, as observed in other metallothioneins®® or '*Cd-
loaded variants of zinc binding proteins.”* The carbon shift
differences for C* and C” have been added to Figure 5. One
significant exception was observed for GluS0, for which carbon
differences are remarkably higher than for the other non-
cysteine residues. The special behavior of this residue will be
further discussed in the context of the relaxation data.

Structure Calculations of Cd- and Zn-Loaded
HpCdMT. A central aspect of this work was the question of
whether the two variants, despite the different ionic radii of
Cd** and Zn**, have the same structure and metal coordination
mode. While in the case of Cd*" the coordination can be
determined experimentally using ''*Cd—"H correlations, this is
not possible for the NMR-silent Zn>*. Therefore, we used the
following strategy to determine the structures of the Zn- and
Cd-loaded variants of HpCdMT in the absence of an exact
knowledge of the coordinating Cys residues. (i) The individual
domains are assumed to form three-metal clusters of an
architecture that is similar to that of the mammalian p-
domains. (ii) Residue library entries for the structure
calculation program CYANA were created with dummy
atoms at the positions of ligand atoms that place the metal
ion in the center of a perfect tetrahedron (see Methods). (iii)
Ambiguous distance restraints were applied between these
dummy atoms and all Cys-S’ atoms. The metal cluster
topology for Cdg-HpCdAMT resulting from this procedure
agreed with correlations in the 'H—'3Cd HMQC-TOCSY
spectrum. To refine the structure of Cds-HpCdMT, the
ambiguous distance restraints were replaced by the specific
distance restraints from the Cd correlation spectra. During the
first structure calculations, solely NOE-derived upper distance
limits were used for the Cd-loaded species. In a second round,
ambiguous distance restraints were introduced between ligand
dummy atoms and Cys-S” atoms and explicit metal—metal
lower distance bounds were applied. The resulting bundles for
both species have low residual restraint violations and low
CYANA target function values (Table 1).

Structure of Cd- and Zn-Loaded HpCdMT. The three-
dimensional structure of Cd-loaded HpCdMT is characterized
by the formation of two distinct nearly spherical domains
joined by a short linker comprising residues Lys36 and Thr37
(Figure 2), thereby creating the well-known dumbbell shape.
The fold of each domain is determined by a three-metal cluster
comprising three Cd** ions coordinated by nine Cys-S’ atoms
(Cd,Cys,). The positions of the cysteines define the length of
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the interconnecting loops. The first nine residues at the N-
terminus form a flexible tail that is devoid of Cys residues.

The metal coordination mode and the topology of the N-
and C-terminal domains are shown for Cdg and Zng-
HpCdMT in Figure 3. In the N-terminal domain, the protein
chain wraps right-handedly around the metal cluster as
observed in some other three-metal clusters of
MTs.5~ 3755758 1n contrast, the handedness changes within
the C-terminal domain.

It starts left-handedly for residues 39—58 and becomes right-
handed for residues 59—67. This results in a deep cleft
containing the cadmium cluster sandwiched between the right-
and left-handed loops. The left-handed loop is mainly formed
by a series of four consecutive residues, Cys40, -45, -47, and
-51, that all coordinate to the same Cd** ion (Cd-V1), followed
by a loop of five non-cysteine amino acids that contains a short
helical segment (Pro54-Asp55-SerS6, 3, helix). The protein
chain continues right-handed around the two remaining Cd
ions of the C-terminal domain. Besides the 3, helix (found in
half of the 20 computed models), only bends and turns are
present as secondary structure elements throughout the
protein. They are common and formally described features
of metallothioneins.>

The interdomain linker comprising Lys36 and Thr37 is in an
extended conformation, and the side chain of Lys36 packs
tightly against both domains (Figure 2B), helping to orient
them relative to each other. The resulting contacts are
supported by a number of interdomain long-range NOEs
(Figure S7), which also help to define the conformation in the
linker region, resulting in an almost linear arrangement of the
two domains and the linker. The two planes spanned by the
three Cd ions within each cluster are approximately orthogonal
to each other.

The structure of the Zn form of HpCdMT is very similar to
that of the Cd-loaded variant. An overlay of the individual
domains of both variants shows a backbone RMSD of 0.60 A
for the N-terminal domain (residues 9—35) and 0.34 A for the
C-terminal domain (residues 38—65) (Figure 2D). The Gly27-
Glu28-Gly29 and Gly60-Ser61-Ser62 loops are less well-
defined in Zn-HpCdMT, and the a-helical stretch in the
segment of residues 54—56 is observed in only eight of the 20
models.

Dynamics. To probe internal dynamics, we measured N
relaxation rates for both metal variants (Figure S8). Due to the
fact that peaks in the ""N—'H HSQC spectrum are very well
separated, spectra could be integrated reliably, and nearly
perfect fits with low residual errors were obtained. Moreover,
the data were measured on two different samples for both
variants, and the values from both measurements are in close
agreement.

In general, high values of the *'N{'H} NOE indicate that the
polypeptide chain is fairly rigid in both variants (Figure 4).
Lower values (<0.64) are observed for only the N-terminal
residues preceding the first Cys9, a longer Pro-containing loop
in the N-terminal domain encompassing residues Argl4—
Prol7, and the linker region. Similar data for R, are observed
for the Cd- and Zn-loaded proteins (Figure S8).

While R; values are very similar for the Cd- and Zn-
containing forms and generally very uniform, increased R,
values are observed for some residues of the Zn-containing
species, implying contributions from conformational exchange
(Figure S). Exceptionally high R, values are observed for
residues Lys49 and Glu50 next to CysS1.
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Figure 4. Backbone dynamics of Cd-HpCdMT. *N{'H} NOE of
HpCdMT with the wild-type linker sequence (KT) (light green lines
and spheres) and for HpCAMT with the extended linker from
Megathura crenulata (Mc) (VKTEAKTT) (dark green triangles and
lines), HpMcCdAMT. Coordinating Cys residues are colored yellow.
N- and C-terminal domains are highlighted in gray. Residue
numbering refers to the Mc variant.
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Figure 5. Comparison of transverse relaxation rates. Transverse
relaxation rates (left y-axis) are depicted for Cd-loaded (green circles
and lines) and Zn-loaded (orange squares and lines) forms of
HpCdMT. *C chemical shift differences [AS = I§(Cd) — 8(Zn)I] are
shown as bars (right y-axis). The positions of cysteines are colored
yellow. N- and C-terminal domains are highlighted in gray.

Interestingly, this was also seen for Asn39—Thr41 enclosing
Cys40, which in some of the computed structures served as an
alternative for CysS1 as a bridging residue. Moreover, Cys3S5,
the last Cys residue of the N-terminal domain, and the linker
residue Lys36 display higher R, values, suggesting participation
of the linker region in conformational exchange. As expected,
R, rates are larger at 16.4 T than at 14.1 T, supporting the
presence of exchange (Figure S8).

To determine the influence of the linker length for protein
stability, a modified Cd variant, HpMcCdMT, was created
containing the eight-residue linker of the snail Megathura
crenulata (VKTEAKTT) as compared to the two-residue H.
pomatia KT sequence. The comparison of “N{'H} NOE
values reveals generally lower values in the extended linker
mutant (Figure 4). Within the two individual domains, the
data are asgain fairly uniform. As in the L. littorea metal-
lothionein,” we interpret this observation as a motional
decoupling of the two domains, which now tumble
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independently and therefore faster, resulting in lower
BN{'H} NOE values. The fact that heteronuclear NOEs are
uniform in both domains indicates that the backbone of the
individual domains is not destabilized compared to the wild-
type protein. We therefore conclude that interdomain contacts
are not required for the high conformational stability of this
protein.

A comparison of the structures and dynamics of the Cd and
Zn forms of HpCdAMT reveals recurring extraordinary features
for residues 36—S51 that include linker residues Lys36 and
Thr37 and all four Cys residues that coordinate to Cd-IV. The
latter is characterized by an unusual '*Cd upfield shift of 513
ppm. Moreover, residues in this region display strongly
increased R, rates indicating the presence of exchange in the
Zn form. The C* and C? chemical shift differences between the
Cd and Zn forms of GluS0 are S times the average of all non-
Cys and 2 times the average of Cys residues.

B DISCUSSION

The highly unusual amino acid composition and the unclear
role of metallothioneins in biological systems attracted much
interest in the structures of these small proteins.”” MTs are
known to bind a variety of different, mostly divalent metal ions
such as Zn**, Cd**, and Hg** but also monovalent Cuyt 40162
While the exact role of MTs is still under discussion and likely
dependent on organism and possibly also dependent on tissue
and isoform, one frequently claimed function of MTs is the
involvement in heavy metal detoxification.”® As Blindauer and
Leszczyszyn describe in their review, metallothioneins are
much more than “metal sponges” in that they “play an integral
role in the trafficking and homeostasis of essential metal ions”
by taking them up or leasing them in a controlled fashion.”
Often MTs bind different metals with similar affinities.
Usually, MTs of mixed metal compositions are isolated in vivo,
where they are exposed to a cocktail of different metal
ions.”*® Similar observations are made when expressing
metallothioneins recombinantly, using media containing both
Zn** or Cd** and Cu** ions.” Interestingly, some species have
developed MTs with high metal specificity, e.g., the snail H.
pomatia.'® Three different MT isoforms were discovered in
pulmonate and snails of the helicid family, namely, in H.
pomatia and Cornu aspersum: one being selective for Cd**
(HpCdMT and CaCdMT, respectively), with a high affinity
also for Zn?*, especially after recombinant expression in vitro,
one being specific for Cu* (HpCuMT and CaCuMT,
respectively), and one without metal specificity (HpCd/
CuMT and CaCd/CuMT, respectively).'****"%* We suspect
that these metal-specific MT isoforms developed during
evolution to help adapting to environments with elevated
levels of these metals. Interestingly, these selectivities seem to
partially contradict the chemical rules of the Irving—Williams
series with an established affinity hierarchy of Cu > Cd > Zn.*’
Apparently, the metal binding preferences of snail MTs are
determined by not only their metal ion affinities for the sulfur
atoms of the Cys residues but also the chemical nature of the
nearby non-Cys residues, which are able to overcompensate for
these rules by modifying the accessibility of different metal ions
to the sulfur binding sites.”” The positions of the metal-
coordinating Cys residues are fully conserved between these
isoforms, suggesting that they are derived from a common
ancestral protein. In this work, we set out to determine the
structures of HpCAMT loaded with Cd** and with Zn** to
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Table 2. Structural Comparison of MTs”

cluster topologyb N/C¢
gastropod [1267][2389][45609] N
crustacea [1267][2389][45609] C
[1256][2378][3589] N
sea urchin [1256][2789][3459] C
vertebrate [1267][2348][4579] N

N° RMSD (A) C° RMSD (A)

PDB Cys-§’ Cc* Cys-§” c*
Smll_N1 0.56 1.62 3.78 6.00
Smll_N2 0.28 0.97 4.02 6.56
1dmc 0.34 5.25 3.24 5.92
1551 0.39 5.40 3.24 6.57
1dme 3.10 4.77 2.96 §5.51
1jSm 2.97 4.55 3.15 5.47
1qjl 3.56 4.05 3.19 6.70
1m0j 1.46 3.97 3.64 3.67
2mhu 1.76 2.34 3.10 5.42

“RMSDs are calculated by superimposing C* or S” atoms of N-terminal (columns $ and 6) or C-terminal (columns 7 and 8) domains of the lowest-
energy conformer of HpCdMT w1th corresponding MTs specified in column 1. Only residues between the ﬁrst and last Cys from a domain are

included to exclude flexible parts.
two different metals (bridging).

ca »

- or “C”-terminal domain.

bNumbers refer to the order of Cys residues: 1 means “first Cys in sequence”. Underlined residues coordinate to

Table 3. Comparison of the Gastropod Topology to Four-Metal Clusters

cluster topology”

gastropod (1569][2345][4789]
sea urchin (1347][5678][18910][2410 11]
vertebrate [1267][2348][45611] [89 10 11]

“Numbers refer to the order of Cys residues: 1 means “first Cys in sequence”.
(bridging). Clusters, in which connected Cys are consecutive, are shown in bold. beN.

N/C?

C
N
C

N’ RMSD (A) C” RMSD (A)
PDB Cys-S" ce Cys-S7 c®
Smll_C 391 491 115 113
1qjk 431 7.37 3.13 4.94
1m0g 3.26 7.85 3.46 4.86

Underhned residues are coordinating to two different metals
“C”-terminal domain.

advance our understanding of how metal specificity is obtained
in these proteins.

The solution structure of the cadmium-specific metal-
lothionein of the gastropod H. pomatia, HpCdMT, binding
either Cd** or Zn**, shows two three-metal clusters with a
topology similar to that originally observed in three-metal
domains of vertebrate MTs (Table 2).*”*°7>% For comparison,
see the topologies of four-metal clusters of MT's in Table 3.

The N-terminal domain reveals essentially the same fold as
the a1 and a2 domains of the formerly reported Cdy-LIMT’
(with C* RMSDs of 0.97 and 1.62 A, respectively) and also the
C-terminal domains of Cds-HpCdMT and Cdy-LIMT super-
impose well [with a C* RMSD of 1.13 A (Figure S9)]. A
comparison of the amino acid sequences of the C-terminal
domains of HpCdMT and LIMT reveals that in addition to the
coordinating Cys several segments of the C-terminal domain
are identical. However, the Cys-spacing residues following the
linker differ, and in this region, the backbone is slightly more
flexible in LIMT as reflected in a small but significant decrease
in the "*N{'H}-NOE values by 0.1—-0.2 for residues 74—76.
This part also shows the greatest structural difference (RMSD
of 1.7 A for residues 76—87 vs RMSD of 0.6 A for residues
88—101). In the C-terminal domain of HpCdMT, four
consecutive cysteine residues (Cys40, -45, -47, and -51)
coordinate the same metal, which to the best of our knowledge
is unique in three-metal clusters but common in four-metal
cluster domains, e.g., in sea urchin® and vertebrate
MTs.””>>7>* HpCAMT also features two consecutive bridging
cysteines (47 and S1), which disagrees with rules derived from
formerly known three-metal clusters, where two bridging
cysteine residues are always separated by at least one
nonbridging residue.’ Interestingly, this uncommon topology
involves Cd-VI that is characterized by an unusually upfield-
shifted resonance at 543 ppm (in LIMT, the analogue Cd is
even shifted to 516 ppm). We suspect that at least one of the
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Cys residues is only transiently coordinated to the correspond-
ing Cd*" ion, and therefore, the coordination mode may not be
uniquely defined. When the linker KT is replaced by the
extended VKTEAKTT sequence of M. crenulata, the “N{'H}
NOE drops, likely because the domains lose their mutual
contacts and become motionally decoupled. As in LIMT,
individual domains are still well folded even when contacts
between the domains are no longer formed.

No significant structural differences were observed between
the Zn- and Cd-loaded forms of HpCdMT with the exception
that the two domains seem to be slightly differently oriented
relative to each other. However, °N relaxation data reveal the
presence of conformational exchange contributions to trans-
verse relaxation in the Zn species, indicating that the protein
might have been optimized for binding Cd** and not Zn>'
during evolution (R. Dallinger et al,, manuscript submitted for
publication). We have made similar observations for LIMT, in
which exchange contributions to R, were again detected only
in the Zn form.” The fact that the Cd cluster is 20% larger in
volume increases the size of the individual domains slightly,”
and we suspect that the differences in relative domain
orientations are due to this fact, in particular considering
that interdomain contacts are formed in HpCdMT. It is further
remarkable that GluS0 is the residue that shows the largest '*C
chemical shift difference between the Cd and Zn forms of
HpCdMT. Upon comparison of the C-terminal domains of
LIMT and HpCdMT, this position is one of the few
substituted ones compared to HpCdMT, being replaced by a
Gly residue with quite different side chain requirements.

A summary of the structural similarities in terms of RMSDs
for superposition of C”* atoms of known MT structures is
presented in Figure 6A.

Cadmium binding metallothioneins of closely related
organisms with identical locations of coordinating Cys residues
tend to create clusters with the same topology. The topologies
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Figure 6. Relationships of known MT structures. (A) Structural comparison of known MT domains. Values present RMSDs when superimposing
Ca atoms. Upon comparison with more than one MT structure, ranges instead of single values are presented. The asterisk indicates that the sign of
z-coordinates was inverted to create the mirror image. Thicker lines indicate more similarity (lower RMSDs). (B) Comparison of sequence (left)
and structure (right) similarities of MT N- and C-terminal domains for animal clades within the informal group of coelomata (bilaterian animals
with a main body cavity), which comprises all species for which MT 3D structures have published so far. The thickness of the lines is proportional
to the “global similarity index” (S) (left) or inversely proportional to the RMSD. When ranges of RMSD exist, transparent and solid lines present

higher and lower values, respectively.

of the two Crustacea species, blue crab (C. sapidus)’ and
lobster (H. americanus),” are identical (1.4 A RMSD when
superimposing either the N- or C-terminal domains) as well as
the two cadmium binding metallothioneins from the vertebrate
species black rockcod (Notothenia coriiceps), a fish, and human
MT?2 (Table 2) (RMSDs of 2.0 and 2.4 A for N- and C-
terminal domains, respectively). Surprisingly, the N-terminal
domain of Cdg-HpCdMT has the same cluster topology as the
C-terminal domain from the two Crustacea species, blue crab’
and lobster,” although Cys residues are observed at different
positions. Upon superimposition of the coordinating S”-Cys
atoms, they agree well with RMSDs of 0.34 A for blue crab and

0.39 A RMSD for lobster MT, indicating that the ring pucker is
similar while the fold of the protein backbone is quite different
(C* RMSDs of 525 A for blue crab and 5.40 A for lobster
MT). For representative superpositions, see also Figure S10.
Interestingly, the backbone fold of the N-terminal domain of
HpCdMT is more similar to the  domain of vertebrates, in
particular to human MT2 (2.2 A) than to the corresponding
three-metal domains of crustacean (4.4 or 5.3 A) or sea urchin
(6.2 A) MTs. This is in contrast to the otherwise low degree of
similarity of primary MT sequences (for both N- and C-
terminal domains) between the clades of Gastropoda
(representing the Mollusca) and Vertebrata, indicating that
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structural requirements for coordinating the metal ions in a
cluster of given topology result in convergent 3D architectures,
even among phylogenetically highly divergent clades (Figure
6B). Another interesting observation is that sometimes much
better superpositions are obtained when one domain is
superimposed with the mirror image of another domain,
indicating that the overall fold is similar but the polypeptide
chain wraps around the metal cluster in an opposite sense.

We also briefly comment on an important technical aspect of
this study. Most of the presently available structural knowledge
is derived from solution NMR studies because crystallization of
MTs proved to be difficult.”*® However, MTs have a
peculiarity in that they usually have neither regular secondary
structure nor direct contacts between distant parts of the
polypeptide chain. As a consequence, few of the structurally
important long-range NOEs due to such contacts can be
observed. To obtain sufficient restraints for structure
calculations, direct Cys-H’—metal scalar couplings are
measured to establish the metal coordination sphere.*®”"”*
While this worked well in many cases, internal cluster
dynamics may broaden metal resonances beyond detection.
In addition, such H” (Cys)—metal scalar couplings can be
measured for only NMR-active S = 1 , metal nuclei such as
3¢, 1Cd, and 199Hg but not for the biologically relevant
Zn. Therefore, Zn** has mostly been replaced by Cd** in these
studies assuming that the cluster topology is identical.>’
However, the ionic radii of Zn>* (0.74 A) and Cd** (0.92 A)
differ, accounting for a 20% difference in the volumes of the
clusters.”” Moreover, the more polarizable (softer) Cd** forms
stronger bonds to sulfur than Zn?, resulting in lower
dissociation constants. For these reasons, a method that does
not rely on a quasi-isomorphous replacement of Zn by Cd is
preferable.

Herein, we demonstrate that the structure of Cd¢-HpCdMT
can be determined without the inclusion of specific metal—
cysteine NMR restraints by enforcing tetrahedral coordination
geometry and using ambiguous metal—Cys restraints in the
structure calculations. This approach assumes knowledge of
the geometry of the Cys—metal complexes but is independent
of any experimental proton—metal correlations. It combines
the efforts to achieve high-resolution metallothionein struc-
tures without metal restraints for complexes with NMR-
inactive nuclei, e.g., for Cu or Zn,”>"" and the traditional way
of metallothionein distance geometry calculations to fix
tetrahedral symmetry by measured Cd—Cys connectivities.*®”*
Key to success was a nearly complete assignment of backbone
and side chain resonances and high-quality NOESY spectra
that contained a large fraction of the scarce long-range NOEs
characteristic for this family of proteins.

B CONCLUSIONS

Herein, we have demonstrated that structures of metallothions
can be determined without using explicit metal—thiolate
restraints derived from measurements of scalar proton—
cadmium couplings in Cd-loaded species. This indicates an
avenue for determining structures of other MTs where
isostructural replacements of the metal by the NMR-active
cadmium are not possible, e.g, for Cu-loaded forms. Our
studies have also indicated that the CAMT species of H.
pomatia has been optimized for Cd versus Zn binding.
Apparently, evolution has come up with similar coordination
geometries from relatively different amino acid sequences, and
sometimes, the degree of similarity of folds is higher for
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evolutionarily more remotely than for the more closely related
species.
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