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laxation delavs, and filtered identically, depends on the ratio of the two 
bandwidths.20 If the audio filter cutoffs are set at the Nyquist frequency, 
that ratio becomes the ratio of the acquisition times (J2"

1"). The relative 
sensitivity is approximately proportional to the ratio of the acquisition 
times divided by the ratio of the delays between pulses.20 When the 
sweep width is reduced while acquiring the same number of sample 
points, the acquisition time increases from 102.4 to 256 ms; however, the 
delay between pulses, ~2.5 s, does not change significantly. Conse­
quently, the sensitivity is improved by the square root of the ratio of 
acquisition times, (256/102.4)1/2 ~ 60%. Intuitively, the signal/noise 
ratio improves because the noise bandwidth is reduced; the sensitivity 
increases because a larger portion of the spectrometer time is spent 

Introduction 
The metallothioneins (MTs) are small, cysteine-rich poly­

peptides that bind both essential heavy metals (e.g., Cu and Zn), 
and nonessential metals (e.g., Cd and Hg). MT gene transcription 
is inducible by the same heavy metals that are subsequently found 
bound to the MT protein, thereby providing a mechanism for cells 
to protect themselves against metal stress/overload. This metal 
response occurs in all eukaryotic organisms and tissues that 
synthesize MT and is operative for the several different isoform 
genes that are frequently present in a single organism. 

The yeast Saccharomyces cerevisiae contains a metallothionein 
encoded by the CUPl locus.1-3 In most strains of this yeast, the 
CUPl gene is transcriptionally regulated by only Cu(I) and Ag(I) 
ions.4 One strain of S. cerevisiae has been shown to regulate the 
CUPl gene expression by Cd(II) as well as Cu(I).5 The CUPl 
locus functions in copper detoxification by regulating the free 
Cu(I) ion concentration within the cells. Disruption of the CUPl 
MT gene results in hypersensitivity to copper-mediated cytotox­
icity.6 Detoxification is achieved by sequestration of copper ions 
in a stable complex with MT. 

The 12 cysteine residues in yeast MT are all believed to serve 
as ligands for the eight bound copper ions.7,8 Luminescence 
studies revealed that the copper ions are in the Cu(I) valence state 
and are bound in a solvent-inaccessible environment.8 The Cu(I) 
state was confirmed by X-ray absorption edge spectroscopy 
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acquiring data rather than waiting for the spins to relax. 
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(EXAFS).9 The X-ray absorption edge features were similar 
to those observed for three coordinate Cu(I) model complexes.9'10 

These observations led to a proposed structure of a distorted cubic 
Cu8S12 polynuclear cluster in which each Cu(I) ion is trigonally 
coordinated and each cysteinyl thiolate bridges two Cu(I) ions.9 

No folding intermediates were observed in the Cu(I) reconstitution 
studies analogous to the domains of mammalian MT. Recon­
stitution studies confirmed that Cu(I) ions bind to MT in a co­
operative, all-or-none manner but were not able to confirm the 
existence of a single polynuclear cluster.8 

Although the primary sequence of yeast MT is only distantly 
related to mammalian MTs, its metal coordination properties are 
similar. Both classes of MTs bind copper as Cu(I) in clusters with 
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Abstract: To elucidate the three-dimensional solution structure of yeast copper-metallothionein (MT) from Saccharomyces 
cerevisiae, silver-substituted yeast metallothionein has been prepared as an isomorphic, NMR active, metal ion derivative. 
Using Ag-MT, 1H-109Ag heteronuclear multiple quantum coherence transfer (HMQC) experiments have been performed 
to identify the individual 109Ag resonances and their associated cysteine ligands, respectively. Specific factors associated with 
the optimized execution of the 1H-109Ag HMQC experiments are identified and discussed. Analysis of the HMQC data has 
established the specific connectivities between 10 of the 12 cysteine residues and seven bound 109Ag(I) metal ions. The data 
confirm the exclusive involvement of cysteine thiolates in metal coordination and indicate that a minimum of eight cysteines 
are involved as bridging, shared ligands. Additionally, the present data suggest the existence of a mixed coordination number 
(2 and 3) for the seven bound Ag(I) ions. 
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a proposed trigonal metal ion coordination geometry." The 
solution structure of mammalian Cd7-MT has been elucidated 
from 113Cd and 1H NMR data;12"14 however, similar structural 
information on yeast Cu-MT is not yet available. The deter­
mination of the 3-D solution structure of Cu-MT from Neu-
rospora crassa by 2D NMR methods has been hampered by the 
scarcity of long range 1H-1H NOEs.15 The deficiency of these 
structural constraints can be partially circumvented by establishing 
specific metal-to-cysteine connectivities through scalar coupling. 
However, Cu-MT is unsuitable for such a study due to the 
quadrupole moment of Cu (/ = 5/2) and its insensitivity to NMR 
detection. This limitation can be overcome by the use of the 
Ag(I)-substituted form of MT as both of the abundant Ag isotopes 
(107 and 109) are NMR active and have a nuclear spin / = '/2. 
More importantly, Ag(I) and Cu(I) exhibit similar coordination 
chemistry,16,17 and Ag(I) appears to be an isomorphic replacement 
for Cu(I) in MTs as evidenced by their identical binding stoi­
chiometrics." 

Experimental Procedures 
Materials. S. cerevisiae strain 2186 was grown in synthetic complete 

medium in the presence of 1 mM CuSO4. The cells were collected by 
centrifugation from the stationary cultures, and the cell extract was 
prepared with an X-Press. The soluble protein fraction was initially 
chromatographed on Sephadex G-75 (5 x 100 cm), equilibrated with 10 
mM Tris-HCl (pH 7.4) containing 0.1% /3-mercaptoethanol. MT-con-
taining fractions were identified by copper analysis with atomic absorp­
tion spectroscopy. These fractions were pooled and applied directly to 
a column of Whatman DE-52 (2.5 X 5 cm) equilibrated with the same 
buffer. The resin was washed with two column volumes of the starting 
buffer, and elution was accomplished with a linear gradient of 0 to 0.2 
M KCl in the starting buffer. MT eluted in fractions with a conductivity 
near 3 mfi"1 under these elution conditions. Fractions from ion exchange 
chromatography were pooled and lyophilized. The concentrated sample 
was chromatographed on Sephadex G-50 (2.5 X 100 cm), equilibrated 
with 10 mM potassium phosphate, pH 6. The Kiv of MT elution on 
Sephadex G-50 is 0.47. The MT fractions were concentrated by lyo-
philization and incubated with 0.2 M KCN in 10 mM Tris-HCl (pH 7.4) 
for 1-2 h. Copper cyanide was separated from apoprotein on Sephadex 
G-25 (1.5 X 25 cm) equilibrated in the abovementioned Tris buffer. The 
apo-MT was identified by monitoring fractions for absorbance at 214 nm. 
These fractions were lyophilized and subsequently incubated in the Tris 
buffer containing 6 M guanidinium chloride and 0.1 M DTT. After an 
overnight incubation, the reduced sample was desalted on Sephadex G-25 
equilibrated with 0.1% trifluoroacetic acid. The concentration of apo-MT 
was verified by quantitative amino acid analysis following overnight 
hydrolysis in 5.7 N HCl at 110 0C. The extent of cysteine reduction was 
determined by thiol titrations with dithiodipyridine.18 

Apometallothionein was reconstituted with Ag(I) by the addition of 
7.5 mol equiv of silver acetate in 0.1% trifluoroacetic acid. The solution 
pH was neutralized with potassium phosphate to a final pH of 6.5. The 
protein solution was exchanged with 99.8% 2H2O using YM2 ultrafil­
tration under argon pressure. The final protein NMR concentration was 
6 mM in 18 mM phosphate buffer (p2H 6.5). The solution was changed 
to 90% H2O and 10% 2H2O for the experiments in which H„-to-NH 
connectivities were sought. 
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NMR Methods. The pulse sequence and experimental setup for the 
heteronuclear correlation through the indirect detection of X-nuclei has 
been previously described.""22 These experiments have been successfully 
applied to the indirect detection of nuclei such as 31P, 15N, and 113Cd.23"25 

The successful application of these heteronuclear multiple quantum co­
herence methods (HMQC) to Ag-MT critically depended on the fol­
lowing factors:26 (a) A knowledge of the magnitude of the 1H-109Ag 
coupling constant. Cysteine H^H^ cross-peaks in the 2D 1H-1H double 
quantum filtered correlation spectrum (DQF-COSY) of yeast Ag-MT 
do not show the characteristic splitting arising from X-nuclei coupling, 
but they do exhibit additional broadening. A peak-to-peak separation 
of 17-32 Hz is measured, which is the sum of all of the active and passive 
couplings. The observed ranges of proton coupling constants for 1J^ and 
2Jp-P are 3-9 and 12-15 Hz, respectively, which suggest that the addi­
tional separation arises from couplings to one or more Ag(I) ions. The 
small value of this coupling (<10 Hz), therefore, requires a longer time 
(>50 ms) for the preparation and refocussing intervals for maximum 
sensitivity in the HMQC experiments, and, unfortunately, the inherently 
short T2 values result in significant signal decay during these long in­
tervals with the consequent reduction in the sensitivity of the experiment. 

(b) Owing to the large Ag chemical shift range, > 1300 ppm,27 the 
effective bandwidth of the transmitter pulse may present a limitation in 
the absence of a priori knowledge of the Ag resonance frequency. Un­
fortunately, due to the very low sensitivity for direct 109Ag (or 107Ag) 
detection,28 this information could not be obtained from a normal 1D 
109Ag NMR spectrum on a 6 mM Ag-MT sample. 

Even though both isotopes of silver, 107Ag and 109Ag, have a spin 
quantum number of ' / 2 and almost the same natural abundance, 109Ag 
was used for detection in our studies. HMQC experiments were carried 
out on a Bruker AM500 NMR spectrometer where the resonance fre­
quency for 109Ag is 23.276 MHz. A reverse probe was used for these 
experiments which had a 90° pulse length for 109Ag of 30 MS. HMQC 
experiments were acquired in the following three different forms: (i) 
half-HMQC, acquiring the 1H free induction decay (FID) without any 
refocussing delay where the signals are antiphase; (ii) full-HMQC, ac­
quiring the 1H FID after a refocussing interval equal to the preparation 
interval which results in in-phase signals; and (iii) relay-HMQC, ac­
quiring the 1H FID after applying a 90° 1H pulse at the end of the 
refocussing delay. This experiment enables the correlation of cysteine 
H„'s to specific Ag chemical shifts. 

Experiments with different preparation intervals were acquired to 
optimize for the range of couplings present in Ag-MT. Quadrature 
detection was used in both dimensions, and between 44 and 128 I1 values 
were acquired. Depending on the type of HMQC experiment, 256 to 
2000 scans were acquired for each tx value. Each FID consisted of 1024 
complex data points with an acquisition time of 0.2 s. The time domain 
signals were multiplied by a shifted sine bell of ir/4 in both the W1 and 
O)2 domains before Fourier transformation. For the half-HMQC data 
sets, the time domain signals along W1 and w2 were multiplied by a shifted 
sine bell of jr/4 and zero degrees, respectively. The 2D 1H-1H DQF-
COSY experiment was recorded with 800 t\ values from 1 MS to 44 ms 
with 96 scans for each T1 value. Each FID consisted of 2048 complex 
data points, with an acquisition time of 0.45 s. Water saturation was used 
only during the relaxation delay. Shifted sine bells of *•/12 and 0 degrees 
were used along the W1 and o>2 domains, respectively. Clean TOCSY 
(HOHAHA) (total correlation spectroscopy) was recorded with 512 J1 

values with 96 scans each, and a spin lock interval of 62 ms using the 
MLEV-17 sequence and Z-filters.29 Shifted sine bells of jr/8 and ir/32 
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Figure 1. Heteronuclear 1H-109Ag multiple quantum coherence spectrum 
of yeast Ag-MT acquired antiphase on a Bruker AM500 NMR instru­
ment. The preparation period (1/2/) of 50 ms (J = 10 Hz) was used, 
and 44 (, data points were acquired. Both positive and negative levels 
are plotted without distinction. Many 105Ag resonances are folded along 
w, in this particular data set. The concentration of the protein was 6 mM 
in 18 mM phosphate buffer in 99.8% 2H2O (p2H 6.5), and the data were 
acquired at 298 K. At the top is shown a one-dimensional 1H NMR 
spectrum. Cross-peaks are seen only in the cysteine H13 chemical shift 
region. 

degrees were used along u, and «2, respectively, before Fourier trans­
formation. 

For '09Ag, the resonance from a 1.0 M AgNO3 solution was used as 
an external reference at 0.0 ppm. For 1H, the residual HDO peak was 
used as an internal reference at 4.75 ppm at 303 K and 5.02 ppm at 283 
K. The most upfield resonance, which is assigned to the 7-CH3 of T28, 
is calibrated with respect to the HDO resonance at 303 K and thereafter 
used as the reference for other temperatures. 

Results and Discussion 
The success in the application of the HMQC experiment on 

yeast Ag-MT in spite of the small value of the heteronuclear 
couplings and a limited knowledge of the 109Ag chemical shift 
parameters can be judged from Figure 1. This figure shows the 
results of a 1H-109Ag HMQC experiment, acquired antiphase with 
a preparation period of 50 ms (J = 10 Hz) on yeast Ag-MT at 
298 K. The spectrum shows cross-peaks only for those protons 
that are coupled to 109Ag. AU other proton peaks show very good 
cancellation except the inevitable HDO line. This spectrum also 
indicates that the histidine side chain is not involved in binding 
to the Ag(I) ions, as there are no HMQC cross-peaks at the 
resonance positions of the histidine side chain protons which have 
assigned chemical shifts of 8.79 and 7.36 ppm, respectively. This 
first HMQC spectrum acquired on Ag-MT had many resonances 
folded along the to, axis due to the nonoptimized value of the 
spectral offset for 109Ag. All of the cross-peaks in Figure 1 are 
shown on an expanded scale in Figure 2, which shows six distinct, 
albeit with several foldovers, 109Ag resonances along «,. Due to 
the antiphase nature of these cross-peaks (along «2). the intensity 
of some of these peaks is significantly reduced, and in certain 
situations there is almost complete cancellation. To alleviate this 
problem, full-HMQC data sets were acquired where all of the 
cross-peaks are in-phase, even though the sensitivity is reduced 
in this experiment due to the introduction of a refocussing delay 
(data not shown). 
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Figure 2. Expanded portion of the 1H-109Ag HMQC spectrum shown 
in Figure 1 permitting the identification of six 109Ag resonances along 
the W1 axis. 

A 1H-109Ag relay-HMQC experiment acquired with a prepa­
ration period of 30 ms ( / = 16.6 Hz) is shown in Figure 3. This 
data set was acquired at a different spectral offset for 109Ag to 
eliminate the foldovers observed in Figure 1. Seven well-resolved 
109Ag resonances can now be detected, and these are labelled I 
through VII according to their increasing chemical shifts. The 
foldover of resonance VI was obscured in the half-HMQC 
spectrum shown in Figure 1 because of its coincidental overlap 
with the foldover for resonance I. Also detected in this experiment 
are some of the cysteine H a protons. With an even longer 
preparation period (45 ms), this experiment resulted in a significant 
loss in sensitivity (data not shown); however, a few additional 
peaks, which are marked by blank circles in Figure 3, were ob­
served, indicative of the smaller values of the 1H-Io-109Ag coupling 
constants. 

At present, the coordination number for silver in this protein 
is uncertain; however, Cu EXAFS studies on Cu(I)-MT suggest 
this number to be three.9 Ideally, the number of cysteines co­
ordinating each Ag(I) ion can be obtained from the full analysis 
of the HMQC cross-peak pattern. However, the almost certain 
difference in the magnitude of the 109Ag coupling to the two H^ 
protons suggests caution at this stage of our investigation. It is 
essential, therefore, that all of the cysteine spin systems be 
identified, and for this purpose, 2D 1H DQF-COSY (Figure 4) 
and TOCSY NMR experiments were performed. The analysis 
of this data has been done at two different temperatures to remove 
the coincidental degeneracy in the chemical shifts of some Hp 
protons and shift the water resonance. A portion of the DQF-
COSY spectrum is shown in Figure 4. The objective was to 
identify a cross-peak in the DQF-COSY spectrum which corre­
sponded to the observed cross-peaks in the HMQC experiments. 
The sequential assignment of these cysteine residues has subse­
quently been accomplished through the use of 2D 1H nuclear 
Overhauser spectroscopy using established protocols.30 Of 
particular note in these extended 2D 1H NMR studies was the 
observation of a doubling of the resonances for most of the amino 
acids following N40 in the C-terminus. A descriptive model for 
these conformational substates has not yet been deduced. For 
the study reported herein, it suffices to indicate that this exchange 
phenomenon has precluded the sequential assignment of two 
residues in the protein, C49 and C50 (Table I). Surprisingly, no 
cross-peaks were observed in the HMQC data sets to either of 
the C-terminal cysteine residues (49 and 50), providing the first 
suggestion that they may not participate in metal ligation. In­
terestingly, such a situation would lend support to the observation 
of no differences in the properties/stoichiometry of the metal 
clusters between the wild type and a truncated mutant form of 
the protein lacking the two C-terminal cysteine residues.31 The 
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Figure 3. 1H-109Ag HMQC spectrum of yeast Ag-MT acquired with an additional 90° 1H pulse applied just after the refocussing interval to transfer 
magnetization to the H0 protons. For this data set, 94 tx values were acquired at T = 308 K using a preparation period of 30 ms (J = 16.6 Hz). The 
additional cross-peaks in this spectrum result from both the extra pulse on the proton channel and from the use of a different preparation period. The 
seven 109Ag resonances are marked by Roman numerals according to their increasing chemical shifts. The blank circles indicate the position of observed 
cross peaks in a similar experiment acquired with a preparation period of 45 ms (/ = 11.1 Hz). 

Table I. 1H Chemical Shift Data (ppm) of Cysteine Residues in 
Yeast Ag-MT at pH 6.5 and 303 K 

3.6 
PPM 

Figure 4. 2D 1H-1H DQF-COSY spectrum of yeast Ag-MT at 303 K. 
As a representative example, constructs are drawn for side chain spin 
systems of C20 and C36. The protein concentration for this experiment 
was 6 mM in 90% H2O in 18 mM phosphate buffer (pH 6.5). 

1H and 109Ag chemical shift data are tabulated in Tables I and 
II, respectively, and a schematic representation of the Ag(I)-Cys 
coordination deduced from the HMQC experiments is shown in 
Figure 5. 

The unusually large range of the 109Ag chemical shifts, 460 ppm 
(Table II), for a protein where Ag(I) ligation is exclusively through 
cysteine thiolates is suggestive of the presence of mixed Ag(I) 
coordination numbers.27'32"34 Unfortunately, no 109Ag NMR 

(32) Haberkorn, R. A.; Que, L., Jr.; Gillum, W. O.; Holm, R. H.; Liu, C. 
S.; Lord, R. C. lnorg. Chem. 1976, IS, 2408-2414. 
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NH H„ H„, H ft "ff 
C7 
C9 
CIl 
C14 
C20 
C24 
C26 
C30 
C36 
C38 
C49/C50" 
C49/C50" 

8.55 
8.24 
8.11 
7.14 
7.50 
8.55 
9.29 
7.62 
7.23 
8.20 
7.84 
7.97 

4.28 
4.35 
4.44 
4.36 
5.12 
4.53 
4.32 
4.27 
4.49 
3.95 
4.50 
4.38 

3.31,3.92 
2.73, 4.31 
2.73, 3.73 
3.26,3.51 
2.80, 3.52 
2.73, 3.86 
2.85, 3.24 
3.07,4.12 
3.08, 3.72 
2.64, 2.71 
3.10, 3.26 
2.95, 3.06 

"Two additional cysteine spin systems have been found in the 2D 1H 
NMR data sets which have not yet been identified sequentially. No 
cross-peaks are observed to these resonances in the HMQC experi­
ments and they have been tentatively assigned to the remaining two 
cysteines (49 and 50) in the C-terminus. 

Table II. 109Ag Chemical Shift Data (ppm) for Yeast Ag-MT at 
303 K" 

metal no. 
chemical shift 

(ppm) metal no. 
chemical shift 

(ppm) 
I 
II 
III 
IV 

790 
890 
1000 
1037 

V 
VI 
VII 

1183 
1220 
1250 

"The data are referenced to an external silver nitrate sample (1.0 
M). 

chemical shift data are available for model thiol complexes of 
known geometries with different coordination numbers to correlate 
the dependence of the Ag chemical shift on coordination number, 
bond distance/angle, and number of bridging versus terminal 
thiolates. Mixed coordination number (2 and 3) complexes, 
however, have been reported for both Cu(I) and Ag(I).10'35,36 The 

(34) Lacelle, S.; Stevens, W. C; Kurtz, D. M., Jr.; Richardson, J. W., Jr.; 
Jacobson, R. A. Inorg. Chem. 1984, 23, 930-935. 

(35) Dance, I. G. J. Chem. Soc, Chem. Commun. 1976, 103-104. 
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Figure 5. A schematic representation of the metal-to-cysteine connec­
tivities. Metals (Ag(I)) are numbered by their increasing 109Ag chemical 
shift and are denoted by Roman numerals (Figure 3). Cysteines are 
labeled by their primary sequence numbers, and in the right lower corner 
of each rectangle, the coordination number of each Ag(I) ion is indicated. 

dependence of the magnitude of the multiple quantum coherence 
in the HMQC experiment on the preparation period, (1/2/), 
nevertheless, cautions against excluding the possibility that the 
two coordinate Ag(I) sites identified in Figure 5 may be missing 
their connectivities to a third cysteine due to a very small (<5 
Hz) heteronuclear coupling constant. This uncertainty is un­
fortunately not resolved by the near-equivalence in the H13 proton 
chemical shifts for four cysteines (C9, Cl 1, C24, C38), Table I, 
which allowed for the unequivocal identification of only three (Cl 1, 
C24, C38) as bridging cysteines on the basis of observed con­
nectivities to both of their Hg protons. Thus, to account for the 
large Ag(I) chemical shift dispersion (460 ppm) in Ag-MT, our 
present model invokes a mixed Ag(I) coordination number (2 and 
3) involving 10 of the 12 cysteine thiols in this protein, with eight 
participating as bridging ligands and two as terminal ligands. 

The observation of only seven Ag(I) resonances for the re­
constituted Ag-MT protein is at odds with the reported metal-

(36) Dance, I. G. Aust. J. Chem. 1978, 31, 2195-2206. 

binding stoichiometry of eight for the Ag(I)- or native Cu(I)-
MT.78 It is unlikely that this results from the fact that slightly 
less (7.5 mol equiv) than the reported 8 mol equiv of required metal 
ion was intentionally added to the apoprotein to purposely avoid 
the possible aggregation which excess metal ions have been shown 
to initiate in the mammalian forms of this protein.37 With the 
reported cooperative nature of metal ion binding,8 93% of the 
sample would still contain its full complement of eight metal ions. 
Other possible explanations such as degeneracy of two Ag(I) 
resonances and limitations in the size of the 109Ag(I) spectral 
window, which covered the range of 545 to 1551 ppm, seem equally 
unlikely. The possibility remains, nevertheless, that the eighth 
resonance is exchange-broadened, and one is reminded of the fact 
that no cross-peaks were observed in the HMQC data sets to the 
H^ protons from the two C-terminal cysteine residues (C49 and 
C50). 

Our current model, therefore, suggests that the factors affecting 
the chemical shifts of the seven Ag(I) thiolate resonances in 
Ag-MT includes both (a) coordination number of the metal 
ions2732,33 and (b) the bond distances, bond angle, and number 
of bridging versus terminal thiolates.34 These metal-to-cysteine 
connectivities (Figure 5) will provide crucial constraints for the 
determination of the three-dimensional solution structure of 
Ag-MT by NMR methods that is currently in progress. Also 
planned are HMQC experiments and the full 3D solution 
structural NMR studies on the mutant MT which lacks the five 
C-terminal residues, which include two cysteines. Together, these 
studies should provide unequivocal determination of the Ag(I) 
and, therefore, presumably the Cu(I) metal ion stoichiometry and 
coordination number in MT from Saccharomyces cerevisiae. 
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/3-Adrenergic blocking agents, or /3-blockers, are important 
drugs used for the treatment of hypertension, arrhythmia, and 
angina pectoris. There is a strong need to apply optically pure 
enantiomers since the stereoisomers express varying pharmaco­
logical activity and, in some cases, can even be used against 
different symptoms.1 Thus, there is intense ongoing research in 
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the preparation of optically pure /3-blockers such as the use of 
asymmetrical synthesis2 (including biocatalysts3), fractionated 
crystallization,4 and indirect5 or direct6 chromatographic separation 
of the enantiomeric forms. In this communication we describe, 
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