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ABSTRACT: Human neuronal growth inhibitory factor, a metalloprotein classified as metallothionein-3
(MT-3), impairs the survival and the neurite formation of cultured neurons. In these studies the double
P7S/P9A mutant (mutMT-3) and single mutants P7S and P9A of human Zn7-MT-3 were generated, and
their effects on the biological activity and the structure of the protein were examined. The biological
results clearly established the necessity of both proline residues for the inhibitory activity, as even single
mutants were found to be inactive. Using electronic absorption, circular dichroism (CD), magnetic CD
(MCD), and113Cd NMR spectroscopy, the structural features of the metal-thiolate clusters in the double
mutant Cd7-mutMT-3 were investigated and compared with those of wild-type Cd7-MT-3 [Faller, P.,
Hasler, D. W., Zerbe, O., Klauser, S., Winge, D. R., and Vasˇák, M. (1999)Biochemistry 38, 10158] and
the well characterized Cd7-MT-2a from rabbit liver. Similarly to113Cd7-MT-3 the 113Cd NMR spectrum
of 113Cd7-mutMT-3 at 298 K revealed four major and three minor resonances (approximately 20% of the
major ones) between 590 and 680 ppm, originating from a Cd4S11 cluster in theR-domain and a Cd3S9

cluster in theâ-domain, respectively. Due to the presence of dynamic processes in the structure of MT-3
and mutMT-3, all resonances showed the absence of resolved homonuclear [113Cd-113Cd] couplings and
large apparent line widths (between 140 and 350 Hz). However, whereas in113Cd7-mutMT-3 the temperature
rise to 323 K resulted in a major recovery of the originally NMR nondetectable population of the Cd3S9

cluster resonances, no such temperature effect was observed in113Cd7-MT-3. To account for the observed
NMR features, a dynamic structural model for theâ-domain is proposed, which involves a folded and a
partially unfolded state. It is suggested that in the partially unfolded state a slowcis/transisomerization
of Cys-Pro(7) or Cys-Pro(9) amide bonds in113Cd7-MT-3 takes place and that this process represents a
rate-limiting step in a correct domain refolding. In addition, closely similar apparent stability constants of
human MT-3, mutMT-3, and rabbit MT-2a with Cd(II) and Zn(II) ions were found. These results suggest
that specific structural features dictated by the repetitive (Cys-Pro)2 sequence in theâ-domain of MT-3
and not its altered metal binding affinity compared to MT-1/MT-2 isoforms are responsible for the biological
activity of this protein.

The pathological pattern of Alzheimer’s disease (AD)1 is
characterized by the progressive loss of neurons accompanied
by the formation of intraneural neurofibrillary tangles and
extracellular amyloid plaques (1). One hypothesis postulated
that these alterations are caused by an imbalance of neu-
rotrophic factors (2). Performing in vitro cell culture studies,
Uchida et al. (1988) discovered that protein extract from AD
brain increased rat cortical neuron survival more effectively
than extract from normal human brain, suggesting that AD
brain possesses elevated neurotrophic activity (3). This

apparent increase in neurotrophic activity in AD brain was
found to be due to the loss of a growth inhibitory factor
which was subsequently purified from healthy human brains
(4). Its characterization revealed a metalloprotein of 68 amino
acids containing 4 copper and 3 zinc ions with its primary
structure exhibiting approximately 70% sequence identity
with those of mammalian metallothioneins (MT-1/MT-2
isoforms: 61 or 62 amino acids), including the preserved
array of 20 cysteine residues (4). These features together
with molecular biological studies led to its classification as

† This work was supported in part by Swiss National Science
Foundation Grant 31-58858.99, Stipendienfonds der Basler Chemischen
Industrie (D.W.H.), and NIH Grant 03817 to D.R.W.

* To whom correspondence should be addressed. Tel: (+41)-1-635
5552. Fax: (+41)-1-635 6805.

‡ University of Zürich.
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MT-3 (5, 6). Compared to the amino acid sequences of
mammalian MT-1/MT-2, the consensus sequence of MT-3
contains two inserts: a single Thr in the N-terminal region
and a Glu-rich hexapeptide in the C-terminal region. Ad-
ditionally, all known MT-3 sequences contain the conserved
C(6)-P-C-P(9) motif, which is absent in all other members
of the MT family (4, 5, 7-10).

Despite the high similarities between the primary structures
of MT-3 and mammalian MT-1/MT-2, the biological proper-
ties of these two proteins differ. In neuronal cell culture
studies only MT-3 but not MT-1/MT-2 exhibits a growth
inhibitory activity (4, 11, 12). A comparative study inves-
tigated the growth inhibitory activity of recombinant Zn7-
MT-3 and its individual protein domains reconstituted with
Zn(II) ions, i.e., the N-terminalâ-domain (residues 1-32)
and the C-terminalR-domain (residues 32-68). In these
studies Zn7-MT-3 and the Zn3-â-domain were found to
possess the same level of growth inhibitory activity, whereas
the Zn4-R-domain was found to be inactive (13). Most
interestingly, the growth inhibitory activity of the isolated
Zn3-â-domain was abolished by mutating the two proline
residues in MT-3 either to the C(6)-S-C-A(9) sequence found
in human MT-2 or to the C(6)-T-C-T(9) sequence (13). The
observed differences in biological activity point to particu-
larities of the MT-3 structure caused by the presence of these
proline residues. Proline residues are often found at important
positions in proteins and greatly affect the protein secondary
structure (14). Recently, it has been demonstrated that the
spectroscopic properties of a MII

3S9 cluster formed with Zn-
(II) and Cd(II) ions in the individualâ-domain of human
MT-3 widely differ from those found for a cyclohexane-
like MII

3S9 cluster in the corresponding part of mammalian
MII

7-MT-2, suggesting that substantial differences between
these structures exist (15).

The present work was conducted with the aim of gaining
insights into the effect of the conserved C(6)-P-C-P(9) motif
on the entire protein structure and its biological activity. For
this purpose, double and single human MT-3 mutants were
generated in which the proline residues were replaced by
the corresponding amino acid residues of human MT-2. The
inhibitory activity of the zinc-containing double mutant P7S/
P9A of MT-3 (mutMT-3) and the single mutants P7S and
P9A was tested in neuronal cell cultures and compared with
that of Zn7-MT-3. The structural features of the biologically
inactive double mutant mutMT-3 were further investigated
by electronic absorption, circular dichroism (CD), magnetic
CD (MCD), and 113Cd NMR spectroscopy. The results
obtained on Cd7-mutMT-3 were compared with those of
human Cd7-MT-3 (16) and the structurally well-characterized
Cd7-MT-2a from rabbit liver (17). In addition, the apparent
metal-binding constants of MT-3, mutMT-3, and rabbit MT-
2a with Cd(II) and Zn(II) ions were determined. In the
determination of the Cd(II)-binding constants a spectropho-
tometric pH titration method was applied. For the Zn(II)-
binding constants a19F NMR based method, previously
developed for the measurement of free intracellular metal
concentrations, was adapted. In this case a competition
between the Zn(II)-containing protein and the complexing
agent 5F-BAPTA was monitored by19F NMR. The structural
properties of wild-type MT-3 likely to be responsible for its
biological function are discussed.

MATERIALS AND METHODS

Expression and Purification of MT-3.Human MT-3,
mutMT-3, and the single mutants P7S-MT-3 and P9A-MT-3
were cloned, expressed, and purified as described (13, 16).
The molecular masses of the apoproteins were determined
by ESI-MS (SCIEX API III+) revealing masses of 6926 and
6890 Da for MT-3 and mutMT-3, respectively, which
correspond well to the calculated masses of 6927 and 6891
Da. Rabbit MT-2a was isolated from rabbit livers as reported
(18).

The Zn7 and Cd7 forms of MT-3, mutMT-3, and MT-2a
were generated by the method of Vasˇák (19). Metal-to-
protein ratios were determined by measuring the metal
concentration by atomic absorption spectrometry (IL Video
12 or Perkin-Elmer 305) and the protein concentration via
sulfhydryl concentration (20 Cys per protein). In the latter
case the sulfhydryl reaction with 2,2′-dithiopyridine in 0.2
M sodium acetate and 1 mM EDTA (pH 4) was followed
spectroscopically and the concentration determined usingε343

) 7600 M-1 cm-1 (20). For all proteins, i.e., MT-3, mutMT-
3, P7S-MT-3, P9A-MT-3, and MT-2a, a metal-to-protein
ratio of 7 ( 0.15 was obtained.

Spectroscopic Measurements.Absorption spectra were
recorded on a Cary 3 spectrometer. CD and MCD measure-
ments were made using a Jasco (Model J-715) spectropo-
larimeter equipped with a 1.5 T electromagnet for room
temperature MCD measurements. The CD spectra are
expressed as molar ellipticity, [Θ], in units of deg dmol-1

cm2, and the MCD spectra are expressed as [ΘM] in units of
deg dmol-1 cm2 T-1. The113Cd NMR spectra were recorded
on a Bruker AMX-600 spectrometer using an inverse gated
broad-band proton decoupling, a 62500 Hz spectral width,
a 0.13 s aquisition time, and a 0.4 s pulse repetition rate.
Signal saturation could be ruled out as113Cd NMR spectra
obtained with a 2 srepetition rate did not show any intensity
enhancement of the resonances.19F NMR spectra were
recorded on the same NMR spectrometer with a 10 000 Hz
spectral width, a 0.27 s acquisition time, and a 2 spulse
repetition rate. All NMR samples contained 10%2H2O to
provide the field-frequency lock and were measured in 5 mm
NMR tubes. The113Cd resonances are given in parts per
million relative to the external standard 0.1 M Cd(ClO4)2

and those of19F relative to the external standard CFCl3.

Neuron SurViVal Assay.Neonatal rat cortical cell cultures
were prepared and maintained as previously described (11).
The cells were plated into serum-free MEM N2 medium.
Approximately 1 h later the cultures were supplemented with
one of the following: Alzheimer’s disease brain extract (240
µg of protein mL-1), purified Zn7-MT-3 dissolved in sterile
phosphate-buffered saline (PBS), or both AD brain extract
and MT-3. AD brain extract was freshly prepared as
previously described (11) from the frontal cortex of brain
fulfilling all criteria for the diagnosis of AD. The quantity
of Zn7-MT-3 added was restricted to<20 µg/mL to avoid
precipitation in the mixture. The number of surviving neurons
was quantified after 3 days by microscopic examination of
four random fields, using immunocytochemical staining with
anti-MAP2 primary antibodies (11). The biological activity
of Zn7-mutMT-3, Zn7-P7S-MT-3, Zn7-P9A-MT-3, and mouse
Zn7-MT-1 was examined in the same manner.
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Determination of Cd(II)-Binding Constants by Photometric
pH Titration. The apparent Cd(II)-binding constants of Cd7-
MT-2a, Cd7-MT-3, and Cd7-mutMT-3 at pH 7.0 were
calculated as previously described by Ka¨gi et al. (21, 22)
using the adapted expression of Wang et al. (23). In brief,
the release of Cd(II) bound to the proteins was achieved by
stepwise lowering of the pH with HCl. A stock solution of
either Cd7-MT-2a, Cd7-MT-3, or Cd7-mutMT-3 in 10 mM
Tris and 20 mM NaCl, pH 8.0, was diluted about 20 times
with N2-saturated water. Two milliliters of the diluted sample
(approximately 6µM) was placed in a 1 cmcuvette. The
starting protein concentration was determined by measuring
the Cd content by atomic absorption spectrometry, assuming
a metal-to-protein ratio of 7. Prior to the titration the samples
were purged with N2 for several minutes. The pH was
measured directly in the cuvette with a pH microelectrode
(MI-414, Microelectrodes Inc., Bedford). The pH was
lowered by addition of small aliquots of 0.1 M HCl, and the
metal release was followed by recording an absorption
spectrum at approximately each 0.05 pH step. The volume
changes due to the addition of HCl were neglected (less than
1.5%). The degree of Cd(II) release from the proteins is
illustrated by plotting the pH values against the percentage
of metal dissociation described by

whereA250i is the absorption of the Cd(II)-thiolate complex
at 250 nm at the various pH values andA250,pH)8 andA250,pH)1

represent the corresponding absorption of the Cd7 and the
apoprotein, respectively. However, since in contrast to Cd7-
MT-2a the pH titration profiles of both Cd7-MT-3 and Cd7-
mutMT-3 did not display a pronounced two-step titration
profile, for these MT-3 forms only the overall apparent
binding constants were calculated using an average number
of thiolate ligands bound to Cd(II) (n ) 2.85), which reflects
the CysS-to-Cd(II) stoichiometry in the three proteins. In all
cases, the pKa values of the cysteine side chains were
assumed to be equal to those of rabbit MT isoforms (pKa )
8.9) (21).

Determination of Zn-Binding Constants by 5F-BAPTA19F
NMR.The19F NMR spectra of a mixture of 5F-BAPTA and
either Zn7-MT-2a, Zn7-MT-3, or Zn7-mutMT-3 were mea-
sured. 5F-BAPTA was obtained from Molecular Probes Inc.
(Eugene, OR). The pH of a 100 mM stock solution of 5F-
BAPTA in 10 mM Tris was adjusted to pH 8.0 with HCl/
NaOH. The NMR samples typically contained 2 mM 5F-

BAPTA and 65µM Zn7-MT-2a, Zn7-MT-3, or Zn7-mutMT-3
in 10 mM Tris-HCl, pH 8.0, and 10% D2O. This protein
concentration corresponds to a Zn-binding site concentration
of 455 µM, the binding sites being considered to be
independent and equal. To ensure that thermodynamic
equilibrium was reached, the samples were allowed to
equilibrate for 3 h atroom temperature before the19F NMR
spectra were acquired. Note that in rabbit Cd7-MT-2a the
half-life for metal exchange ranges between 0.5 s and 16
min for theâ- andR-domains, respectively (24). The well-
separated19F signals of free 5F-BAPTA and Zn-5F-BAPTA
were integrated using the Bruker WIN NMR software
package. The apparent binding constant of Zn-5F-BAPTA
was corrected for the conditions applied in this measurement
(pH, salt concentration, buffer, temperature) as described
(25), using the program Chelator (26). In the calculation,
the initial binding constantK for the Zn-5F-BAPTA complex
of 1.3 × 108 M-1 (30 °C, 40 mM HEPES, pH 7.1, ionic
strength 0.138 M) (25) was used and recalculated for the
conditions of the NMR measurements (25°C, 10 mM Tris-
HCl, pH 8.0, ionic strength 4 mM). The resulting value was
K ) 4.3 × 109 M-1. This stability constant was used to
determine the apparent binding constants for Zn7-MT-2a,
Zn7-MT-3, and Zn7-mutMT-3, applying the expression
derived in the Appendix (see paragraph at end of paper
regarding Supporting Information).

RESULTS

BioactiVity of MT-3, Mutant Variants, and Mouse MT-1.
All biological cell culture studies were carried out with the
Zn(II)-containing forms as Cd(II) ions are neurotoxic.
Previously, it has been shown that the syntheticâ-domain
peptide (residues 1-31) of human MT-3 containing three
Zn(II) ions exhibits growth inhibitory activity and that a
mutation of the proline residues in the unique C(6)-P-C-P(9)
motif to the amino acids commonly found in mammalian
MT-1/MT-2 abolishes the inhibitory activity (13). To verify
that the proline residues in MT-3 at positions 7 and 9 are
indeed critical for the growth inhibitory activity, these
residues were mutated in the full-length human Zn7-MT-3
(Table 1). For comparison, the biologically inactive mouse
Zn7-MT-1 was also included in the activity assay. The
relative survival of the cultured neurons as a function of
increasing concentrations of added protein is depicted in
Figure 1. Thus, while wild-type Zn7-MT-3 inhibited the cell
growth in a concentration-dependent manner, no inhibitory
effect was found with the double mutant P7S/P9A-MT-3
(mutMT-3). At higher concentrations of the wild-type protein

Table 1: Amino Acid Sequences of Human MT-3 and Mammalian MT-1 and MT-2

D )
A250i - A250,pH)1

A250,pH)8 - A250,pH)1
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the growth inhibition reaches a plateau at about 50% of
relative neuron survival. In the previous neuronal cell culture
studies, a similar level of inhibitory activity for Zn7-MT-3
has also been found (11). In these studies, both control and
AD brain extracts showed a stimulating effect on neuronal
survival. However, AD extracts enhanced the survival of
neurons approximately 2-fold relative to control extract at
all doses tested. Thus, MT-3 negates the increased neuronal
survival caused by AD extracts. To test whether one or both
of the proline residues are critical for the activity, single
mutants were also generated, and their activity was assessed.
Both single mutants, Zn7-P7S-MT-3 and Zn7-P9A-MT-3, did
not show any growth inhibitory activity, indicating that the
presence of both proline residues is essential for the
biological activity of MT-3 (Figure 1).

Electronic Absorption, CD, and MCD Studies.To examine
the underlying structural changes leading to the loss of
biological activity, the spectroscopic characterization of the
Cd(II) derivative of mutMT-3 was conducted. The spectro-
scopic properties of Cd7-mutMT-3 were compared with those
of Cd7-MT-3 characterized in our previous studies (16). Since
the three-dimensional structure of MT-3 is not known and
since the two proline residues are missing in the mammalian
MT family, the spectroscopic features were compared with
those of the structurally well-characterized Cd7-MT-2a from
rabbit liver (17). It may be noted that due to the absence of
aromatic amino acids in mammalian MTs, the spectral
features above 230 nm are dominated by metal-induced
transitions.

The electronic absorption, CD, and MCD spectra of Cd7-
mutMT-3, Cd7-MT-3, and Cd7-MT-2a are presented in Figure
2. The electronic absorption and MCD spectra of all three
proteins are closely similar. The former are characterized
by a metal-induced shoulder at about 250 nm due to CysS-
Cd(II) LMCT transitions (27, 28). The molar extinction
coefficient at 250 nm for all three proteins (ε250 ≈ 1 × 105

M-1 cm-1) reveals a value of 5× 103 M-1 cm-1 per cysteine
ligand (20 Cys are present). This value is similar to that found
for the lowest energy CysS-Cd(II) LMCT transition at about
250 nm in a number of Cd-substituted metalloproteins (29),

indicating that all 20 Cys-thiolates are involved in metal
coordination. The MCD spectra of the three proteins show
a similar profile with bands at (-)260 and (+)238 nm. In
rat Cd7-MT this biphasic profile has been assigned to a
positiveA term, originating from Cd(II) sites possessing a
Td type of symmetry (30). In contrast, the corresponding CD
spectra, which are highly sensitive to structural changes,
exhibit pronounced differences in shape, intensity, and
position of the CD bands. Whereas the CD spectrum of rabbit
Cd7-MT-2a shows extrema at (+)261, (-)241, and (+)228
nm, the extrema of Cd7-MT-3 are found at (+)259, (-)238,
and (+)225 nm and those of mutMT-3 at (+)261, (-)238,
and (+)228 nm (Figure 2). The low-energy CysS-Cd(II)
LMCT transition in all three Cd7 proteins is characterized
by a biphasic CD profile with a crossover point around 250
nm. In Cd7-MT from various species this feature has been
assigned to an excitonic coupling between transition dipole
moments of the bridging thiolate ligands within the cluster
structure (31).

113Cd NMR Studies.The 113Cd isotope is often used to
probe Zn(II) sites in proteins by113Cd NMR spectroscopy.
The 113Cd NMR spectrum of113Cd7-mutMT-3 recorded at
298 K is depicted in Figure 3 C. The spectrum reveals four
major resonances at 676, 624, 622, and 595 ppm and three
minor resonances at about 670, 650, and 635 ppm. All
resonances are lacking resolved homonuclear [113Cd-113Cd]
couplings and show a large apparent line width (between
150 and 350 Hz). Similar features have also been observed
in the corresponding113Cd NMR spectrum of113Cd7-MT-3
(Figure 3A) (16). Upon heating the samples to 323 K all
lines of 113Cd7-MT-3 and113Cd7-mutMT-3 became sharper
(Figure 3B,D), due mainly to decreased correlation time. In
the case of113Cd7-mutMT-3 the intensity of three minor113Cd
resonances increased (see below). However, even under these
conditions the signals were still very broad, and the homo-
nuclear [113Cd-113Cd] couplings remained unresolved. On
the contrary, the113Cd NMR spectrum of the well-studied
rabbit liver 113Cd7-MT-2a, remeasured in these studies,
showed seven rather sharp and intense resonances between
610 and 680 ppm at 298 K (Table 2) (32, 33). The signals
possessed an apparent line width between 75 and 180 Hz

FIGURE 1: Effect of proline substitution in MT-3 on the survival
of cortical neurons. Human Zn7-MT-3 (0), human Zn7-mutMT-3
(O), Zn7-P7S-MT-3 (9), Zn7-P9A-MT-3 (4), and mouse Zn7-MT-1
(2) were tested for their ability to inhibit the survival of cortical
neurons supplemented with AD brain extract. Double mutations at
proline residues 7 and 9 resulted in the loss of the growth inhibitory
activity as did mutation of each single proline residue individually.
The inactive mouse Zn7-MT-1 is included for comparison.

FIGURE 2: Electronic absorption (Abs), circular dichroism (CD),
and magnetic circular dichroism (MCD) spectra of human Cd7-
mutMT-3 (s), human Cd7-MT-3 (- - -), and rabbit liver Cd7-MT-2
(s s) in 25 mM Tris-HCl and 50 mM NaCl, pH 8.0.
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and showed well-resolved homonuclear [113Cd-113Cd] cou-
plings, features which previously enabled the determination
of the cluster topology of113Cd7-MT-2a by [113Cd, 113Cd]
COSY (see Table 2) (32, 33). The chemical shift positions
of the signals of113Cd7-MT-3 and113Cd7-mutMT-3 resemble
those in113Cd7-MT-2a (Table 2), the only exception being
the about 20 ppm high-field shift of signal VII compared to
the range of the so far reported113Cd resonances of
mammalian Cd7-MTs. The increased shielding of this
resonance may suggest an altered coordination environment
of this metal-binding site.

The NMR features of113Cd7-mutMT-3 and113Cd7-MT-3
discussed above made a direct NMR determination of the
cluster topology impossible. However, in113Cd7-MT-3
signals I and V-VII (Figure 3A,B) could be assigned to a

113Cd4CysS11 cluster in theR-domain of MT-3, based on the
comparison with the113Cd NMR spectrum of the isolated
113Cd4-R-domain of MT-3. Consequently, the remaining three
minor signals of113Cd7-MT-3 (signals II-IV in Figure 3A)
have been interpreted to originate from a Cd3S9 cluster in
theâ-domain (16). In 113Cd7-mutMT-3 the four major signals
are found at exactly the same chemical shift position as those
of 113Cd7-MT-3 (Table 2). This correspondence indicates that
the Cd4 cluster structure within theR-domain of both MT-3
forms possesses the same topology and that this structure is
unaffected by the mutation of two proline residues in the
â-domain. In contrast, theâ-domain resonances occur at
different chemical shift positions, due to the replacement of
the two prolines in mutMT-3. The above results suggest that
the partitioning of the seven Cd(II) ions in MT-3 and
mutMT-3 into three- and four-metal clusters located in two
protein domains is similar to that found in mammalian Cd7-
MTs.

Apart from broad and unresolved signals detected in both
113Cd7-mutMT-3 and113Cd7-MT-3 at 298 K, another striking
feature is the very low intensity (∼20%) of theâ-domain
resonances when compared to those of theR-domain (Figure
3A,C, Table 2). It should be noted that neither additional
resonances were detected outside of the chemical shift range
presented nor signal saturation of theâ-domain resonances
due to longT1 relaxation times occurred. The latter could
be ruled out since spectra recorded with a 0.4 and 2 s delay
time showed the same pattern of signal intensity distribution.
In addition, metal loss as the cause for this effect could also
be excluded (see Materials and Methods). Thus, the presence
of dynamic processes has to be responsible for these NMR
features. This fact has been clearly documented in our
detailed113Cd NMR studies of113Cd7-MT-3 (16).

However, a striking temperature effect on theâ-domain
resonances in113Cd7-mutMT-3 occurred compared to113Cd7-
MT-3. Thus, while the signals of113Cd7-MT-3 remained
unaffected upon the temperature rise from 298 to 323 K (16),
those of 113Cd7-mutMT-3 increased in intensity approxi-
mately from 20% to 70%. In both instances the signal
intensity was compared to that of theR-domain resonances
(Figure 3, Table 2). The reversibility of this process could
be demonstrated by remeasuring the113Cd7-mutMT-3 at 298
K after keeping the sample for 20 h at 323 K. The
temperature-treated sample exhibited at 298 K essentially
the same113Cd NMR spectrum and intensity distribution as
the freshly prepared113Cd7-mutMT-3 sample. These results
clearly demonstrate that the two conserved proline residues
in the â-domain of MT-3 have a profound effect on the
dynamics of the three-metal cluster (see below).

Determination of Apparent Binding Constants for Cd(II)-
and Zn(II)-Metalloforms. (A) Cd(II)-Binding Constants De-
termined through pH Titration.In this spectrophotometrical
method, the determination of the apparent binding constants
is based on the competition between protons and metals for
cysteine thiolates (23, 25). The decreasing intensities of the
CysS-Cd(II) LMCT band at 250 nm of Cd7-MT-3, Cd7-
mutMT-3, and Cd7-MT-2a with progressive acidification are
depicted in Figure 4. Rabbit Cd7-MT-2a shows the previously
established two-step titration profile, due to different metal-
binding affinities of the two protein domains (23). However,
in both Cd7-MT-3 and Cd7-mutMT-3 the pH separation
between both domains is much less pronounced. In similar

FIGURE 3: 133 MHz 113Cd NMR spectra of human113Cd7-MT-3
at 298 K (A) and 323 K (B) (16) and of113Cd7-mutMT-3 at 298 K
(C) and 323 K (D). Conditions: 2 mM protein sample in 25 mM
Tris-HCl and 50 mM NaCl at pH 8.0.

Table 2: 113Cd NMR Chemical Shift Position and Relative Intensity
of 113Cd Signals in113Cd7-MT-3 and113Cd7-mutMT-3 at 298 and
323 Ka

signal position [relative intensity (%)]b

rabbit
MT-2a MT-3 mutMT-3

298 K 298 K 323 K 298 K 323 K

R-domain
I 677 676 678 676 678
V 637 624 627 624 626
VI 631 622 626 622 626
VII 618 595 596 595 595

â-domain
II 674 664 (20) 665 (20) 670 (25) 670 (65)
III 664 651 (25) 653 (30) 650 (20) 651 (80)
IV 655 644 (10) 650 (20) 635 (15) 639 (75)

a Since the intensity of the113Cd signals originating from the
R-domain was comparable, only the intensities of signals of the
â-domain are presented. For comparison, the chemical shift position
of 113Cd signals in113Cd7-MT-2a at 298 K, remeasured in this study, is
also given.b The integral of the signal at lowest field (around 676 ppm)
of each spectrum was set to 100%. Although noT1 values for the113Cd
resonances were determined, signal saturation could be ruled out, as
identical signal intensities were obtained using 0.4 and 2 s pulse
repetition rates.
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studies of Cd(II)-containing MT from various species, the
presence of a more or less pronounced two-step titration
profile has also been observed (22, 23). The average apparent
binding constants of Cd7-MT-3, Cd7-mutMT-3, and Cd7-MT-
2a lie in the same range (Table 3). The determined binding
constant for rabbit liver Cd7-MT of 7 × 1014 M-1 is similar
to those previously reported for a number of other Cd7-MTs
from various species using the same method, i.e., 1.25×
1015 M-1 for rabbit liver Cd7-MT (23), or by voltametric
measurements, i.e., (6-10) × 1014 M-1, pH 7.5, for rabbit
liver Cd7-MT (34).

(B) Zn(II)-Binding Constants Determined by19F NMR of
5F-BAPTA.The fluorinated complexing agent 5F-BAPTA
was originally used to determine free metal concentrations
in biological fluids by19F NMR (35, 36). Since the chemical
shift positions of the19F signal for free 5F-BAPTA and its
complexes with various metal ions differ, it is possible to
measure the free concentration of two metals such as Zn(II)
and Ca(II) simultaneously (25, 37). As 5F-BAPTA forms a
1:1 complex with divalent metal ions, the integrals of the
19F signals are directly proportional to the concentrations of
metal-bound and free 5F-BAPTA, respectively.

The 19F NMR spectra of a mixture of 5F-BAPTA with
either Zn7-mutMT-3, Zn7-MT-3, or rabbit liver Zn7-MT-2a
showed in each case two signals at-116 and-121 ppm,
which correspond to the Zn-5F-BAPTA complex and free
5F-BAPTA, respectively (data not shown). They reflect
partitioning of zinc between the protein and the reagent. The
apparent Zn-binding constants of the three proteins Zn7-MT-

3, Zn7-mutMT-3, and Zn7-MT-2a were obtained according
to the expression given in the Appendix (for details, see
Materials and Methods) and are summarized in Table 3.
Similarly to the Cd(II) complexes, the apparent binding
constants of all three Zn(II) proteins lie in the same range.

The value of 3.1× 1011 M-1 obtained for rabbit liver Zn7-
MT-2a is comparable to those obtained for various mam-
malian Zn7-MTs by other methods and under different
conditions, demonstrating the feasibility of this method for
the determination of metal-binding constants. Thus, volta-
metric measurements revealed binding constants for horse
kidney Zn7-MT of (2.5-5.0)× 1011 M-1 and for rabbit liver
Zn7-MT of (8-12) × 1011 M-1 (both at pH 7.5) (34). For
equine liver Zn7-MT a pH titration method revealed a
constant of 2× 1012 M-1 at pH 7.0 (21).

DISCUSSION

The biological studies on the MT-3 mutants clearly
established the necessity of both proline residues for the
inhibitory activity, as even single mutants were found to be
inactive (see Figure 1). The results obtained with the double
mutant Zn7-mutMT-3 are similar to those obtained on the
isolated Zn3-â-domain, where the same mutation of the C(6)-
P-C-P(9) motif to C(6)-S-C-A(9) abolishes the biological
activity (13). However, both Zn7-MT-3 and the isolated Zn3-
â-domain exhibit a similar degree of inhibitory activity,
suggesting that the presence of theR-domain is without an
effect. This observation raises the question regarding the
biological role of this protein domain. With the aim to shed
light into the underlying differences likely responsible for
the biological activity, the double mutant mutMT-3 was
further investigated regarding its structural and metal-binding
properties and compared to wild-type human MT-3 and
rabbit MT-2a.

In earlier biological studies on wild-type MT-3, specific
structural properties of the protein or an altered zinc affinity
for MT-3 compared to that for MTs have been considered
as a possible reason for the observed biological activity (38,
39). The latter may affect the intracellular zinc donation and/
or redistribution. The determined apparent binding constants
of MT-3, mutMT-3, and MT-2a with Zn(II) and Cd(II) ions,
summarized in Table 3, exhibit the same trend for both
metals; i.e., MT-2a shows the highest and MT-3 the lowest
affinity and the binding constants of mutMT-3 are in
between. However, the differences in the apparent binding
constants are rather small, indicating that the metal-thiolate
clusters of MT-3 are thermodynamically comparable to that
of MT-2a. The decreased binding constants for both MT-3
and mutMT-3 are most likely due to an increased electrostatic
repulsion between the substantially larger overall negative
charge of the polypeptide chain (-3 vs+4 in apoMT-2a at
pH 7.0) and the negatively charged metal-thiolate clusters
(-3 each). In recent semiempirical calculations, it has been
shown that within theâ-domain of rat MT-2 all bridging
Cys residues, especially Cys(7), are crucial for metal binding
(40). The corresponding Cys(8) in MT-3 is flanked by the
two Pro residues which may partially destabilize the metal-
thiolate cluster compared to mutMT-3. Taking together the
closely similar apparent binding constants for MT-2a, MT-
3, and mutMT-3 suggests that differences in metal binding
affinities do not play a crucial role in the biological activity
of MT-3.

FIGURE 4: pH titration curves of (A) Cd7-MT-3 (9) and Cd7-
mutMT-3 (b) and (B) rabbit liver Cd7-MT-2 (4). For details, see
Materials and Methods.

Table 3: Apparent Binding Constants of Human MT-3, mutMT-3
and Rabbit Liver MT-2a with Zn(II) and Cd(II) Ions

KCd
a (M-1) KZn

b (M-1)

MT-2 7.0× 1014 3.1× 1011

mutMT-3 3.7× 1014 2.4× 1011

MT-3 2.0× 1014 6.2× 1010

a Cd-binding constants were determined by the competition between
metal ions and protons for the thiolate ligands and extrapolated to pH
7.0. For details, see Materials and Methods.b Zn-binding constants were
determined by the competition between the protein and 5F-BAPTA at
pH 8.0. For details, see Materials and Methods.
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The CD spectra, which are sensitive to the cluster
geometry, revealed marked differences in shape and band
positions. Thus, while the two CD extrema of Cd7-mutMT-3
and Cd7-MT-2a at 238 and 261 nm, originating from CysS-
Cd(II) LMCT bands, are found at the same wavelengths, the
CD profile displayed by Cd7-MT-3 is blue shifted (Figure
2). The latter features point to an altered structure of the
Cd3S9 cluster in theâ-domain of MT-3, which must be
attributed to the presence of the two proline residues in this
protein. This conclusion is supported by the fact that these
changes are largely abolished in the double mutant Cd7-
mutMT-3. In the high-energy CD region (below 240 nm),
there are additional differences discerned between the Cd7-
MT-3/Cd7-mutMT-3 pair and Cd7-MT-2. Thus, while the
latter form exhibits a pronounced positive CD extremum
around 228 nm, both CD profiles of the MT-3 pair show a
negative trough. A possible explanation for the difference
between these CD spectra in the high-energy region could
be the presence of anR-helix in the tertiary structure of Cd7-
MT-3 and Cd7-mutMT-3. A typical negative CD band of
the proteinR-helix is expected near 225 nm. The presence
of such a feature in MT-3/mutMT-3 would result in a
compensatory effect on the original positive CD profiles
resulting in the observed negative CD features. Indeed,
secondary structure predictions on the dodecapeptide loop
connecting Cys(51)-Cys(64) in the primary structure of MT-
3, which includes the conserved hexapeptide insert, show a
high probability for anR-helical structure (90%) (41).

More detailed information regarding the structural influ-
ence of the two prolines can be drawn from the113Cd NMR
studies. Whereas the four major113Cd resonances in both
113Cd7-mutMT-3 and 113Cd7-MT-3, originating from the
Cd4S11 cluster in theR-domain, occur at exactly the same
chemical shift position, chemical shifts of the113Cd3S9 cluster
resonances in113Cd7-mutMT-3 differ (Figure 3A,C). This is
not surprising in view of the sensitivity of113Cd NMR to
minor alterations of the coordination geometry. However,
both MT-3 forms exhibit striking differences upon the
temperature rise. Thus, while113Cd7-MT-3 shows a very low
and temperature-independent intensity of the113Cd reso-
nances of theâ-domain (∼20%), the corresponding reso-
nances of113Cd7-mutMT-3 increase in intensity on going
from 298 to 323 K from approximately 20% to 70%,
respectively (Table 2). Thus the mutation of the two proline
residues not only abolished the biological activity but also
gave rise to a markedly different temperature behavior of
the Cd3S9 cluster resonances.

In our previous113Cd NMR studies of113Cd7-MT-3, the
significant broadening of all NMR signals and the very low
and temperature-independent intensity of the Cd3S9 cluster
resonances have been interpreted in terms of dynamic
processes acting on two different NMR time scales: (i) fast
exchange processes amongconformationalcluster substates
brought about by minor dynamic alterations of the metal
coordination geometry in both clusters and (ii) additional
very slow exchange processes within theâ-domain connected
with the formation ofconfigurationalcluster substates (16).
The latter can be visualized as major structural fluctuations
due to temporarily breaking and re-forming of the metal-
thiolate bonds (42). Since signals from the majority of
configurational substates are exchange-broadened beyond
detection limits, the observed signals of theâ-domain would

reflect only a minor part of the Cd3S9 cluster population (16).
We suggest that similar dynamic processes occur also in
113Cd7-mutMT-3. In this case, however, the mutation of both
prolines recovered about 70% intensity of the Cd3S9 cluster
resonances upon raising the temperature to 323 K. In this
connection the question arose regarding the presence of
similar cluster dynamics in well-studied mammalian MT-1/
MT-2 isoforms. A closer inspection of the reported temper-
ature behavior of rabbit liver Cd7-MT-2a revealed that the
113Cd resonances originating from theâ-domain showed at
298 K about 70% intensity compared to those of the
R-domain. However, upon temperature rise to 323 K the
intensity of theâ-domain resonances increased almost to that
of the R-domain (32). Thus, it would appear that similar
cluster dynamics also exist within theâ-domain of this
protein.

The different folding properties of the polypeptide chain
in the â-domain of MT-3, owing to the presence of the
proline residues, have to be responsible for the marked
differences in its NMR behavior. Prolines are often found
to be key amino acids in the secondary structure formation
of proteins. The probability of finding a particular amide
bond Xaa-Yaa in thecis instead of atransconformation is
in the case of all amino acids Yaa other than Pro in the range
of 10-3 (43). In contrast, Xaa-Pro peptide bonds have a
much higher probability of being in thecis conformation.
From 617 nonredundant protein structures 43% contained
at least onecis peptidyl-prolyl bond (44), or in a similar
quantification 5.7% of the total Xaa-peptide bonds in
globular proteins were found in thecis form (45). During
the folding process some off-pathway folding events, requir-
ing cis/transinterconversion of Xaa-Pro amide bonds, take
much longer time and have therefore often been found to be
the rate-limiting step (44). This is exemplified by relaxation
times for thecis/trans isomerization of proline residues in
proteins ranging between 10 and hundreds of seconds (46,
47). Moreover, the1H NMR spectra of small, nonstructured
peptides usually display a second set of amide resonances
for residues close to prolines, indicating thatcis/trans
interconversion is slow on the1H NMR time scale (47).

The 3D structures of mammalian MT-1/MT-2 are char-
acterized by the lack of longer stretches of well-defined
secondary structure elements. In these proteins coordinative
bonds between cysteine thiolates and metal ions define the
direction of the polypeptide chain. Moreover, the buried
metal-thiolate clusters show a marked kinetic lability
characterized by easy metal exchange confined predomi-
nately to the less structurally constrainedâ-cluster, where a
half-life of 0.5 s was found (24, 32). In view of the high
sequence identity between MT-3 and mammalian MT-1/
MT-2 (approximately 70%), the overall fold of both proteins
may be rather similar.

To account for our NMR results on theâ-domain of MT-3
and mutMT-3, we propose that well-established structural
processes in proteins involving a reversible partial structure
unfolding occur. This dynamic feature may account for the
established kinetic lability of the metal-thiolate clusters. In
view of the high apparent metal-binding constants for MT-3
and mutMT-3 (see above) the metal ions in the partially
unfolded state do not dissociate from the protein, and
therefore, this state may somewhat resemble the molten
globule state, i.e., a conformation which is neither fully
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folded nor unfolded. Concomitantly with this process, solvent
access and its binding would most probably occur. This
would be characterized by a very rapid interconversion of
coordination isomers leading to an extensive exchange
broadening of the113Cd resonances making them nondetect-
able.

In the case of mutMT-3, a major part of the signal intensity
of the â-domain resonances was recovered upon the tem-
perature rise. Two effects might be responsible for this
finding. First, the temperature rise could thermodynamically
favor the closed detectable cluster population. Such a
dramatic effect cannot be due only to a change in the
Boltzman distribution with unchanged free energy of both
states. We therefore infer that the free energy of the opened
and/or closed states would have to change. Assuming that
the fully folded state is thermodynamically more stable, the
recovery of signal intensity with increasing temperature
would imply an increased stability of the protein at higher
temperature. Such a behavior is not unusual, since a so-called
“cold denaturation” was observed with several proteins (48).
Second, a kinetic effect could lead to a faster exchange
between the detectable and nondetectable populations, mak-
ing parts of the undetectable population accessible to NMR
detection.

In contrast to mutMT-3, no recovery of signal intensity
of theâ-domain resonances with increasing temperature was
observed in wild-type MT-3. We suggest that during the
transition from the partially unfolded to the folded state an
additional process occurs, involvingcis/transisomerization
of Cys-Pro(7) or Cys-Pro(9) amide bonds. The slowcis/
trans interconversion, required for correct protein refolding,
would then become a rate-limiting step. Apparently, the
temperature rise to 323 K would be not sufficient to
overcome the activation barrier for this process. This
conclusion is supported by thermodynamic parameters for
the Xaa-Procis/transisomerization. The activation energy
∆Εa of 55 kJ mol-1 is rather high compared to the difference
in free energy between acis and atrans proline (∆G° cis/
trans ∼4-8 kJ mol-1) (49). Consequently, a significant
population of the partially unfoldedâ-domain would be
kinetically trapped in the state in which the metal-thiolate
cluster is nondetectable (see above). In the recent ZnK-edge
EXAFS studies of Zn7-MT-3 and its Zn3-â-domain at 77 K,
a very short Zn-Zn distance of 3.2 Å was found (50). Such
a short distance is incompatible with the crystallographically
determined cyclohexane-like cluster structure in theâ-domain
of rat MT-2, in which a much larger distance exists (3.8 Å)
(51). It is conceivable that the short Zn-Zn distance in Zn7-
MT-3 might represent the NMR nondetectable population(s)
of the MII

3S9 cluster structure. Overall, from the comparison
of the NMR behavior of wild-type MT-3 and mutMT-3, it
can be concluded that a partial unfolding of theâ-domain is
an important structural event and that the kinetics of this
process is mainly determined by thecis/transinterconversion
of Cys-Pro amide bonds.

In summary, the biological and structural studies presented
on MT-3 and MT-3 mutants indicate that specific structural
features dictated by the repetitive (Cys-Pro)2 sequence in the
â-domain of MT-3 and not its altered metal-binding affinity
compared to MT-1/MT-2 are responsible for its biological
activity. It has been shown that repetitive (Xaa-Pro)n

sequences in proteins can function as stiff “sticky arms”,

allowing the rapid and reversible binding to other proteins
(14). At present, it is not known whether the fully folded or
partially unfolded state is important for biological activity
of MT-3. However, as sampling of conformational space is
important for protein-protein interaction, the more flexible
open state would be favored in this process. In contrast to
Pro-rich regions in other proteins involved in protein-protein
interactions, the C(6)-P-C-P(9) recognition sequence in MT-3
would be substantially stabilized by the binding of the
flanking cysteines to metal ion(s). The latter feature would
represent a novel biological role for the metal-thiolate
clusters in MTs.
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19. Vašák, M. (1991)Methods Enzymol. 205, 452-458.
20. Pedersen, A. O., and Jacobsen, J. (1980)Eur. J. Biochem. 106,

291-295.
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