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Role  o f  lysine side chains in metal lothionein  

by M. Vagllk 1'3, Ch. E. McClelland 2, H.A.O. HilF and J. H. R. K/igi ~ 
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Summa~T. pK~-Values of lysine residues of mammalian metallothionein were determined by chemical titration 
measurements of a-CH2 lysine resonances in the ~H-NMR spectra. They are about 0.5 pH-unit higher than the 
average pKa-value of a metal-free derivative, suggesting interaction of the positively charged residues with the two 
three-fold negatively charged metal-thiolate clusters of the metal-containing form. Deprotonation of the lysines 
leads to circular dichroism changes attributable to an electrostatically induced structural transition of the protein. 
Key words. Metallothionein; ~H-NMR, circular dichroism; electrostatic interactions; lysine residues; pH-titration. 

Introduction 

Metallothionein is an ubiquitously occurring, extremely 
sulfur- and metal-rich protein (tool. wt 6000-7000) 
which plays a role in the metabolism and the detox- 
ification of several essential and nonessential trace met- 
alsO9, 21, 29. 38. This protein was first isolated from equine 
renal cortex by Margoshes and Vallee 23 in their search 
for a tissue constituent responsible for the accumulation 
of cadmium in animals. Subsequently, proteins with 
similar characteristics were also obtained from kidney, 
liver and intestines of a wide variety of mammals and 
recently also from birds, fishes, invertebrate organisms, 
plants 28, and from some eukaryotic microorganisms 2~" 25. 
An interesting feature of the metallothioneins is that 
their biosynthesis can be induced both by exposure to 
metals such as zinc, cadmium, mercury, and others 2s' 30 
and by the administration of glucocorticoid hormones ~4. 
All mammalian forms characterized to date contain a 
single polypeptide chain with a total of 61 amino acid 
residues out of which 20 are cysteines 22. There are seven 
g-atoms of Zn and/or Cd bound per chain weight of 
6100. Another unusual feature of metallothionein is the 
lack of aromatic amino acids 22. Spectroscopic measure- 
ments ~s and studies by x-ray photoelectron spectros- 
copy ~9 have shown that all 20 cysteine residues parti- 
cipate in metal binding via mercaptide linkages and that 
there are no disulphide bridges in the molecule. Recent 
mCd NMR measurements on 113Cd metallothionein 2~ 
and electron spin resonance and magnetic susceptibility 
measurements on Co(II)-metallothionein 32 have clearly 
established the presence of thiolate cluster structures in 
this protein. 
We have demonstrated that a wide variety of metal ions 
can be reproducibly incorporated into metallothio- 
nein 31,32'34,36. It is conceivable that amino acids other 
than those which act as ligands to the metal may be 
important in stabilizing the structure of the negatively 
charged metal-thiolate complexes. Based on sequence 
data, the involvement of basic amino acids in the stabi- 
lization of the metal-binding sites via outer-sphere com- 
plexes has been suggested 22. The present paper describes 
~H-NMR and CD 4 studies which provide some evidence 
that the lysines are involved in this way. 

Materials and methods 

Rabbit liver metallothionein-2 was isolated from rabbits 
injected with cadmium chloride (by 20 s.c. injections of 

1 mg Cd/kg b.wt at intervals of 2-3 days) 2~ and was 
purified by a modification of the procedure of Bfihler 
and K/igi 8. Equine kidney metallothionein-lA was iso- 
lated by the method of K/igi et al. ~9. The puritiy of each 
preparation was checked by determining the amino acid 
composition (Durrum D-500 analyzer) 2~ and by metal 
analysis using atomic absorption spectroscopy (64% 
Cd, 36% Zn for rabbit metallothionein-2 and 59% Cd, 
41% Zn for equine kidney metallothionein-lA) (Instru- 
mentation Laboratory model IL 157). Protein concen- 
tration was determined spectrophotometrically by 
measuring the absorption of thionein at 220 nm in 0.1 
M HC1 using an absorption coefficient Az20 = 7.9 mg 
cm -~ ml -~. All chemicals were of reagent grade or bet- 
ter. Buffer solutions were extracted with dithizone in 
CC14 or passed over a Chelex-100 (Bio-Rad Corpora- 
tion) to remove trace metal contaminants. Absorption 
spectra were recorded on Perkin-Elmer model 340 spec- 
trometers using 1.0 cm pathlength quartz cells. Molar 
absorptivities, a, are based on the protein concentration 
and are expressed in units of M -~ cm -1. CD spectra were 
recorded at room temperature (23~ on a Cary 61 
spectropolarimeter using 0.02 and 0.1 cm pathlength 
quartz cells. All CD measurements were performed us- 
ing the 0.05 M Trizma base buffer, the required pH was 
adjusted either by 0.1 M HC1 or by 0.1 NaOH. CD is 
expressed in terms of molecular ellipticity [0] and is re- 
ferred to the protein concentration with units of deg 
cm 2 dmol -~. ~H-NMR spectra were recorded at 300 K 
on a Bruker 300 MHz FT spectrometer. In the spectra 
used for pH titration the convolution difference techni- 
que was used to improve spectral resolution H. Protein 
solutions for the NMR experiment were rendered free 
of Trizma base by dialysis against three changes of 
1 mM sodium phosphate buffer, pH 7.5, followed by 
lyophilization. The dialysis tube used had a molecular 
weight cut-off of 3500 (Spectrapor Co). The lyophilized 
solid was dissolved in 20 mM sodium phosphate in 
D20, pH 7.5. The protein solutions were allowed to 
equilibrate with D20 at room temperature for 4 h in 
order to facilitate deuteration of all exchangeable pro- 
tons. 
A Pye Ingold microelectrode attached to a Radiometer 
pHmeter 26 was used for pH measurements. NaOD 
solutions were used for pH adjustments. Since to a 
good approximation the pH values for peptides and 
biomolecules in D20 correspond to those in H20l~ the 
values of direct pH-meter reading were used and quoted 
as pH. The residual water peak in the NMR experiment 
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was suppressed by selective irradiation before applica- 
tion of the measurement pulse. All chemical shifts are 
reported as values downfield of the internal standard 
DSS 4. 

Results 

Since aromatic amino acids and histidine are absent in 
mammalian metallothioneins ~8' 22, only the high-field re- 
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Figure 1. 300-MHz IH-NMR spectra in the high-field region of 2 mM 
rabbit (Cd, Zn)-metallothionein-2 in 2H20 containing 20 mM sodium 
phosphate buffer, a Amino acid mixture having the same composition 
as rabbit metallothionein-2, pH 7.9. b Metallothionein at pH 7.9. 
c Metallothionein at pH 11.0. d Metallothionein in 4 M sodium per- 
chlorate at pH 7.9. The labeled peaks are: DSS (2,2-dimethyl-2-sitapen- 
tane-5-sulphonate) internal standard; HOD, residual water peak; A, 
lysine e-CH2 resonances; B, lysine !3- and 8-CH2 resonances; C, lysine 
y-CH 2 resonances. The remaining labels in the spectrum of amino acid 
mixtnre refer to main amino acid residues contributing to the reso- 
nances marked in common one-letter code. The signal marked 13-K in- 
cludes both the j3- and ~-CH 2 resonances of lysine. 
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gions (0-5 ppm) of the 1H-NMR spectra are shown. 
Figure 1 shows the ~H-NMR spectrum of rabbit metal- 
lothionein-2 (fig. lb) and a random coil spectrum using 
an amino acid mixture having the same composition as 
rabbit metallothionein-2 (fig. la). The two spectra are 
comparable, indicating that the majority of the individ- 
ual resonances are unperturbed by protein folding3% 
When the pH of solutions of either rabbit or equine 
metallothioneins is raised from 7.5 to 11.2, changes oc- 
cur at about 3.0 and 1.7 ppm (fig. lc, peaks A and B), 
implying perturbation of the s- and of the overlapping 
13- and 5-CHz resonances, respectively, of lysine residues 
which are located in these regions ~2' 40. The peaks at 3.0 
and 1.7 ppm are shifted upfield as expected on the loss 
of positive charge by deprotonation - in this case from 
the lysine NH3 +. Because of the potential overlapping 
with the cysteine [3-CH2 resonances in the spectrum of 
the amino acid mixture (fig. la), the identification of 
the signals due to the lysine s-CH2 protons may seem 
ambiguous. However, as revealed by a recent 2D 1H- 
NMR study, the cysteine ~-CH2 resonances of metal- 
lothionein have an extremely wide spread ( >  1 ppm) 
and, hence, they are not causing any major overlap with 
the 3.0 ppm signal of lysine 24. This is also in agreement 
with quantitative measurements. Thus, integration of 
the pH-shifted 3.0 ppm signal gives a total of 16 4-2 
protons in rabbit metallothionein-2 consistent with the 
eight lysine residues present in the protein. Further sup- 
port for the assignment of the pH-shifted 3.0 ppm reso- 
nances to lysine protons comes from decoupling experi- 
ments. Saturation of the resonances in the 3.0 ppm re- 
gion resulted in changes in the broad resonance at 
about 1.7 ppm assigned to the overlapping 13- and 
5-1ysine CHz protons. 
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Figure 2. Effect of pH on the IH chemical shift cff -CH 2 lysine reso- 
nances of equine metallothionein-lA. The symbols Q, �9 I ,  [3, A 
refer to different resolved resonances. Also plotted is the pH-dependent 
change in molecular ellipticity at 226 nm (T).  
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As mentioned above, the high-field shift of  the lysine 
resonances is due to deprotonat ion of  the lysine ammo-  
nium group. A plot of  the position of the ~-CH2 signals 
against p H  (fig. 2) indicates that the major  change oc- 
curs between p H  10 and 11, consistent with the range of  
pK-values of  lysine residues in proteins 13. Another  sig- 
nificant feature is that the spread of  the chemical shifts 
of  the s-CH2 lysine resonances increases as the p H  is 
raised (fig. lc). While at neutral p H  only two peaks are 
resolved, at pH 11 a total of  five unresolved triplets are 
observed for equine metal lothionein-lA, extending over 
a range of  0.1 ppm. This spread is most  likely due to the 
various lysine residues having slightly different pKa's. 
Plots of  the various chemical shifts in function of  p H  
are given in figure 2, yielding a family of  tentative titra- 
tion curves. However,  due to the occurrence of irrever- 
sible changes in the structure above p H  11.5 (indicated 
by changes in the absorpt ion spectrum), the deprotona-  
tion of  the pr imary ammonium group of  the lysine resi- 
dues could not be followed to completion. Since metal- 
lothionein does not possess any other titratable 
group(s) above p H  5, the N M R  titration curves both of 
interacting and of  noninteracting lysine side chains 
should be symmetricaP though. Accordingly, the indi- 
vidual pKa's were derived from the first derivatives of  
the partial titration curves resulting in values ranging 
f rom 10.6 to 10.9. 

Because of  the lack of aromatic  amino acids and, hence, 
of  ring-current effects, the high-field region of the tH- 
N M R  spectrum of  metallothionein is relatively insensi- 
tive to conformational  transitions 37 and, hence, any 
structural changes accompanying deprotonat ion of  the 
lysine residues are difficult to detect by the 1H-NMR 
method employed in this study. However,  evidence for 
the occurence of  conformational  changes in metal- 
lothionein on deprotonat ion of the lysine residues 
comes f rom CD measurements.  The CD spectrum of 
native rabbit  (Cd, Zn)-metallothionein-2 at different 
pH ' s  is shown in figure 3a. The spectra are dominated 
by contributions f rom the metal-thiolate clusters which 
are also prominent  in the absorpt ion spectra of  metal- 
lothioneins (fig. 3C) 34. The absorption spectra of  (Cd, 
Zn)-metallothionein include at least six metal-thiolate 
transitions (fig. 3c) of  which at least three are overlap- 
ping with the intrinsic absorpt ion bands of the polypep- 
tide chain. The same overlapping occurs in some of  the 
CD bands (fig. 3a, 3b). Thus, the extrema at 203 nm 
([0] = -688,000) and at 226 nm ([01 = +48,000) are the 
resultant of  ellipticity contributions f rom protein and 
f rom metal-thiolate chromophores.  The extrema at 239 
nm ([0] = - 9 1 , 0 0 0 )  and 259 nm ([0] = +159,000) arise 
solely f rom the metal-thiolate chromophores  36 

On going f rom p H  7.5 to 11.2 the bands at 203 nm and 
226 nm become more  intense while the two low energy 
bands remain unaltered. Since the absorpt ion spectrum 
is also unchanged, it is a reasonable inference that  the 
CD changes reflect alterations in polypeptide conforma- 
tion only. The pH-dependent  changes in the CD spec- 
t rum are fully reversible. A plot of  the ellipticity at 226 
nm vs p H  gives a titration curve with a pK-value close 
to those of  the lysine side chains (fig. 2). The direction 
of the ellipticity change at 226 nm is the same as that  
observed on addition of  high concentrations of  6 M 

guanidine. HC1 m 33 and may thus reflect a loss of  some 
hydrogen-bonded secondary or tertiary structure upon 
deprotonat ion of  the lysine residues 6,16.17 
The structure of  metallothionein is also markedly af- 
fected by changes in ionic strength as indicated by the 
loss in ellipticity at the 203 nm and 226 nm extrema on 
going f rom 0.1 to 3.0 M NaC10 4 or KC1 (fig. 3b). There 
are also discrete changes in the 1H-NMR spectrum. An 
increase in salt concentration f rom 0.1 M to 4.0 M 
NaC104 or KC1 results in a marked sharpening of the 
3.0, 1.7 and 1.5 p p m  signals of  rabbit  metallothionein-2 
(fig. ld, peaks A, B and C). It  suggests that  at high 
ionic strength some of  these residues are becoming 
more freely exposed to the solvent. 

Discussion 

From the high degree of  conservation of the basic 
amino acid residues in all mammal ian  metallothioneins 
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Figure 3. Effect of pH and salt concentration on electronic and CD 
spectra of rabbit (Cd, Zn)-metallothionein-2. a CD spectrum at pH 7.5 
(full line), at pH 9.3 (stippled line) and at pH 11.2 (dashed line). For the 
sake of clarity, the spectra obtained at pH 8.6 and 10.3 were omitted. 
b CD spectrum (in 0.05 M Tris- HC1 buffer, pH 8.0) without added salt 
(full line), with i M NaCIO 4 (dashed line), and with 3 M NaC104 
(stippled line). Identical CD profiles were obtained when KCI was used 
instead of NaCIO 4. c Absorption spectrum of thionein (apoprotein) at 
pH 1 (dashed line) and of metallothionein at pH 7.5 (full line). The 
shaded and full bars indicate the positions of the resolved metal-induced 
transitions of zinc-metallothionein and cadminm-metallothionein, re- 
spectively 34. 



Experientia 41 (1985), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 33 

it has been suggested previously 22 that these residues 
play an important role in charge neutralization at the 
metal-thiolate centers. In the now accepted model of 
two separate metal-thiolate clusters built of tetrahedral 
tetrathiolate units 26,31,32, the cysteine-to-metal stoichiom- 
etry generates a total of six negative charges which must 
be neutralized by appropriate counter ions. The juxta- 
position of all basic amino acid residues to the metal- 
chelating cysteine sequences predisposes them for 
balancing the charges by forming outer-sphere com- 
plexes. Such an electrostatic interaction would be ex- 
pected to stabilize the cluster and to manifest itself by a 
shift of the pKa's of the lysine amino groups towards 
higher values. That this is indeed the case is indicated 
by the ~H-NMR titration profiles of the e-CH2 reso- 
nances which have their midpoints between pH 10.6 
and 10.9, i.e., in a range above that expected for freely 
exposed lysine side chains ~3 (fig. 2). That the formation 
of metal clusters shifts the average pKa of the lysine 
residues from the reference value of 10.3 measured in 
the metal-free S-carboamido derivative of the protein to 
10.9 in metallothionein was also shown independently 
by potentiometric measurements 15. In line with their ab- 
normal titration behavior, the lysine residues of metal- 
lothionein display a lowered chemical reactivity. Thus, 
all eight lysines of the metal-containing protein react 
more slowly with TNBS 4 than those of the metal-free 
S-carboamido derivative 27 
The importance of electrostatic contributions to the 
structure of metallothionein is also emphasized by the 
effects of changes in ionic strength on the magnetic res- 
onance and optical activity properties. The sharpening 
in the region of the lysine e-CH2 and of the lysine 13- 
and 5-CH2 resonances brought about by raising salt 
concentrations (fig. ld) can be attributed to an increase 
in the degree of exposure of the lysine side chains to the 
solvent, thereby rendering them magnetically more 
equivalent. The effect of increasing ionic strength on el- 
lipticity closely parallels the changes observed on pro- 
tonation of the lysine amino group (fig. 3). At high pH, 
a high salt concentration can compensate in part the 
electrostatic repulsion brought about by the loss of the 
salt bridges with lysine. At neutral pH, the salt effect 
may reflect a reinforcement of the local charge compen- 
sation. That such electrostatic interactions are of funda- 
mental significance for the maintenance of the gross 
structure of metallothionein is also evident from the re- 
cent finding that a change in ionic strength from 0.01 to 
0.5 causes as 20 % reduction in Stokes' radius indicating 
a massive change in molecular shape or hydration 35. 
Thus, the present data allow the inference that the posi- 
tive charges of the lysine residues play an important 
role in restraining this structural expansion of the mole- 
cule. 
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Short Communications 

A new sterol from the sponge Haliclona chilensis (Thiele) 

A.M. Seldes, J. Rovirosa, A. San Martin and E.G. Gros 

Departamento de Quimica Orggmica and UMYMFOR, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, 
Pab.2, 1428 Buenos Aires (Argentina), and Departamento de Quimica, Faeultad de Ciencias Bdsicas y Farmaceuticas, Universidad 
de Chile, Santiago (Chile), 22 February 1984 

Summary. From the sponge Haliclona chilens& (Thiele) a minor keto-sterol was isolated and characterized as 24-keto-cholesta- 
5, 25-dien-3fl-ol by means of spectroscopic (IH and 13C-FT NMR,  MS) methods. 
Key words. Sponge; Haliclona chilensis; 24-keto-cholesta-5,25-dien-3fl-ol; sterol. 

Research on sterol components of marine invertebrates has 
shown that  several species of lower organisms contain a variety 
of sterols with modified side chains 1'2. Continuing with our 
investigations on sterols from aquatic organisms 3 we studied 
the sterol fraction of the sponge Haliclona chilensis (Thiele) 
which was collected at Chilo6, Chile, in March 1983 and frozen 
immediately. Work up was done as previously described 3. As 
well as sterols that  are already known 4, separated by chroma- 
tography on silver-nitrate-impregnated silica gel, the fraction 
contained a new sterol 1 which was purified as acetate by re- 
verse phase HPLC (Whatman Partisil ODS-2) with RRT 0.35 
(cholesterol acetate = 1 in abs. methanol) and was homoge- 
neous by GC analysis (12 m x 0.02 mm fused silica capillary 
column coated with methylsilicone, Hewlett-Packard, 200- 
280 ~ 8/min) with RRT 1.19 (cholesterol acetate = 1). Its mass 

spectrum (398, M +) displayed the typical pattern of A 5-3~-hy- 
droxy sterols 5 (m/z 213, 231 and 253) and the base peak at m/z 
271 suggested the presence of unsaturat ion in the side chain. 
Its IR spectrum presented a band of c~, fl-unsaturated ketone at 
1680 cm -1 that  should be located at  the side chain. The ~H-FT 
N M R  spectrum (table) showed the presence of a terminal vinyl 

O 

O 
I I  

HO 2 R= 

1H-FT NMR (100 MHz, CDCI3) 13C-FT NMR (25.2 MHz, CDC13, TMS as int.st.) 
H ~ ppm (TMS) C fi ppm C ~ ppm C 5 ppm 

3 4.62 (m) 1 36.95t 11 21.01t 21 18.54q 
6 5.38 (In) 2 27.74t 12 39.67t 22 30.74t 

18 0.68 (s) 3 73.85d 13 42.30s 23 34.36t 
19 1.02 (s) 4 38.08t 14 56.59d 24 202.00s 
21 0.94 (d, J = 6 Hz) 5 139.45s 15 24.23t 25 144.3% 
26a* 5.76 (m) 6 122.41d 16 28.10t 26 123.95t 
26b* 5.96 (m) 7 31.83t 17 55.81d 27 17.70q 
27 1.87 (b.s.) 8 31.83d 18 11.85q CH3CO 21.37q 
CH3CO 2.04 (s) 9 49.95d 19 19.28q 

10 36.54s 20 35.45d 

* Determined by double irradiation. 


