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ABSTRACT: The isolation and chemical characterization of the copper metallothionein from the common 
mushroom Agaricus bisporus are  presented together with the complete amino acid sequence of the protein. 
I t  consists of 25 amino acids with a characteristically high cysteine content (28%) and binds 6 mol of copper 
per molecule. The protein reveals a high degree of sequence homology to both vertebrate metallothioneins 
(38.4% identity with the amino-terminal part of human metallothionein 2) and Neurospora crama copper 
metallothionein (76.9% identity). The spectroscopic properties of Agaricus copper metallothionein are 
compared to those reported for N .  crassa copper metallothionein [Beltramini, M., &, Lerch, K. (1983) 
Biochemistry 22, 2043-20481 and suggest a very similar structure of the metal thiolate chromophore. 

M e t a l l o t  hioneins (MTS)~  are an ubiquitous class of low 
molecular weight proteins sequestering high amounts of heavy 
metals such as Zn, Cd, Hg, and Cu (Kagi & Nordberg, 1979). 
They were first isolated from equine kidney (Kagi & Vallee, 
1960) and were shown to be responsible for the natural ac- 
cumulation of Cd in this organ (Margoshes & Vallee, 1957). 

‘This work was supported by Swiss National Science Foundation 

* Author to whom correspondence should be addressed. 
Grant 3.285-0.82 and by the Kanton of Zurich. 

By now the amino acid sequences of MTs from a wide variety 
of sources including mammals, lower vertebrates, and inver- 
tebrates have been elucidated (Kagi et al., 1984). 

Mammalian MTs have a typical chain length of 61 amino 
acid residues with the sequence positions of the 20 cysteinyl 

I Abbreviations: MT(s), metallothionein(s); PTH, phenylthio- 
hydantoin; HPLC, high-pressure liquid chromatography; CD, circular 
dichrosism; T, trypsin; Quadrol, N,N,N’,Nf-tetrakis(2-hydroxypropyl)- 
ethylenediamine; R, regeneration of PTH derivative; Tris-HCI, .tris(hy- 
droxymethy1)aminomethane hydrochloride. 
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In a typical preparation, 20 g of lyophilized mycelium was 
pulverized in a Waring blender and extracted with 200 mL 
of 0.1 M sodium phosphate, p H  7.2. The suspension was 
centrifuged for 15 min a t  48000g a t  4 OC. The supernatant 
was applied on a Sephadex G-50 column (5  X 160 cm) in 10 
m M  Tris-HC1, p H  8.0. The low molecular weight copper- 
containing protein fraction was immediately applied on a 
DE-32 cellulose column (2 X 6 cm) in 10 m M  Tris-HC1, pH 
8.0. The column was developed with a linear gradient by using 
250 mL each of 10 m M  Tris-HC1, p H  8.0, and 10 m M  
Tris-HC1, pH 8.0, plus 0.1 M NaCl. Further purification was 
achieved by passage over Sephadex G-25 (2 X 80 cm) in 2 
m M  potassium phosphate, pH 7.5. The purified protein was 
either used immediately or kept a t  -80 O C  under argon. 

Modification of M T .  M T  was rendered metal free by 
exposure to 0.1 M HC1 for 4 h at room temperature, followed 
by gel filtration on Sephadex G-25 (2 X 45 cm) in 7% formic 
acid. Thionein was reacted either with 4-vinylpyridine (re- 
distilled) a t  p H  7.5 (Friedman et al., 1970) or with ethylen- 
imine a t  p H  8.0 (Cole, 1976). The modified proteins were 
recovered by gel filtration on Sephadex G-25 (1 X 45 cm) in 
7% formic acid. The S-aminoethylated thionein was submitted 
to tryptic digestion essentially as described elsewhere (Lerch 
et al., 1982). 

Purification of Peptides. Tryptic peptides of S-amino- 
ethylated thionein were fractionated on Beckman M-72 resin 
(0.9 X 20 cm) in 0.05 M pyridine/acetate, pH 2.5 at 55 "C. 
The column was developed with a four-chamber gradient 
containing 200 mL each of 0.05 M pyridine/acetate, pH 2.5, 
0.2 M pyridine/acetate, pH 3.1, 0.5 M pyridine/acetate, pH 
3.75, and 2.0 M pyridine/acetate, pH 5.0. The separation of 
the peptides was monitored with a Technicon autoanalyzer 
(Hill & Delaney, 1967). The resulting peptides were desalted 
with Sephadex G-25 (1 X 140 cm) in 50% acetic acid. 

Amino Acid Analysis. Peptides were hydrolyzed for 22 h 
a t  110 "C in vacuo in 6 M HC1 and applied on a Durrum 
D-500 amino acid analyzer. The values given in the tables 
are corrected for the partial loss of serine and threonine during 
the hydrolytic procedure. For the determination of cysteine, 
samples were oxidized with performic acid (Hirs, 1967) before 
acid hydrolysis. 

Metal Analysis. Metal analyses were performed on an IL 
157 atomic absorption spectrophotometer (Instrumentation 
Laboratory). Triply distilled water and acid-washed glassware 
were used. 

HPLC Analysis. Samples containing 2 pg of copper were 
subjected to HPLC analysis on a Lichrosorb RP- 18 column 
(0.46 X 25 cm). The buffer system used was buffer A, 0.01 
M sodium perchlorate in 0.1 % phosphoric acid, pH 2.1, and 
buffer B, as in (A) except 60% (v/v) in acetonitrile. Chro- 
matography was carried out with a linear gradient of buffer 
B (0.4%/min) a t  room temperature with a flow rate of 1.0 
mL/min. Absorbance was recorded a t  220 nm. 

Amino Acid Sequence Analysis. Peptides were sequenced 
by the manual Edman degradation method previously de- 
scribed (Lerch & Fischer, 1975). Automated Edman deg- 
radation of the S-pyridylethylated thionein was performed on 
a Beckman 890 B (updated) sequenator with the Beckman 
Quadrol program 060275 by using the Edman & Begg (1 967) 
procedure as modified by Hermodson et al. (1972). The 
protein (0.5 pmol) was dissolved in 50% acetic acid and the 
solvent removed by using the Beckman application program 
03 1872. Thiazolinone derivatives were converted to phenyl- 
thiohydantoins (PTH) by treatment with 1 M HC1 at 80 O C  

for 10 min. The PTH derivatives were identified by HPLC 

residues strongly conserved (Kagi et al., 1984). All the cys- 
teines are involved in metal binding, and recent spectroscopic 
investigations have given strong evidence for the metals being 
bound in distinct metal thiolate clusters (Otvos & Armitage, 
1980; VaSBk & Kagi, 1981). 

In  contrast to vertebrate MTs, which bind different metal 
ions, the fungal MTs are reported to contain copper exclusively 
(Lerch, 1981). From the ascomycete Neurospora crassa a 
copper M T  has been isolated and sequenced (Lerch, 1980). 
It consists of 25 amino acid residues and binds 6 mol of copper. 
Despite its rudimentary amino acid composition, sequence 
analysis revealed complete agreement in the positions of the 
seven cysteinyl residues with the amino-terminal part of the 
mammalian Cd/Zn MTs. 

From the yeast Saccharomyces cerevisiae a low molecular 
weight copper-binding protein has been isolated (Weser et al., 
1977). It shares with other MTs some spectroscopic properties 
(Bordas et al., 1983). The gene coding for this protein has 
recently been cloned and sequenced (Butt et al., 1984a,b; Karin 
et al., 1984). It codes for a polypeptide of 61 amino acid 
residues in length and exhibits only a remote sequence hom- 
ology to vertebrate MTs. 

The biological functions of copper MTs are still not fully 
understood, but they are assumed to play an  important role 
in both metal storage and detoxification (Lerch, 1981; Lerch 
& Beltramini, 1983). In vitro experiments moreover suggest 
this protein acts as a metal donor during the biosynthesis of 
a number of metalloproteins (Beltramini & Lerch, 1982). 

In the ascomycete N .  crassa, M T  occurs only in vegetatively 
growing cultures and is degraded during fructification (Lerch, 
1980). We therefore studied the accumulation of Cu and Cd 
in the liquid-cultured mycelium of Agaricus bisporus. Here 
we report the isolation and chemical characterization as well 
as the amino acid sequence of a low molecular weight cop- 
per-binding protein from the liquid-cultured, copper-supple- 
mented mycelium of the common mushroom A.  bisporus. The 
data presented unequivocally demonstrate that this protein is 
a member of the superfamily of M T  (Kagi & Nordberg, 
1979). 

EXPERIMENTAL PROCEDURES 
Materials. Trypsin treated with ~-l-(tosylamido)-2- 

phenylethyl chloromethyl ketone was purchased from 
Worthington. Carboxypeptidase Y was a generous gift from 
J .  T. Johansen, Carlsberg Laboratories, Copenhagen. Seph- 
adex G-50 and Sephadex G-25 were purchased from Phar- 
macia. DE-32 cellulose (Whatman) was treated according 
to the direction of the manufacturer. The cation exchanger 
M-72 was obtained from Beckman. Chemicals employed for 
manual or automated Edman degradation were from Pierce 
or Fluka. HPLC-grade acetonitrile was purchased from Baker. 
All other chemicals were of the highest grade of purity com- 
mercially available and where not otherwise stated were used 
without further purification. 

Isolation of the Protein. Mycelium of A .  bisporus strain 
A-32 (Hauser Champignonkulturen, CH-8625 Gossau, 
Switzerland) was grown on a chemically defined medium 
(Hanseler et al., 1983) in liquid shaking cultures supplemented 
with CuSO, (final concentration, 250 pM). Cultures were 
harvested 72 h after inoculation by suction through G-4 glass 
filters (Schott), washed with distilled H,O extensively, and 
lyophilized immediately. M T  was purified by a combination 
of gel filtration and ion-exchange chromatography a t  4 "C. 
Special care was taken to avoid air oxidation during the pu- 
rification procedure (Minkel et al., 1980). Therefore all 
buffers were kept under a constant stream of nitrogen or argon. 
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FIGURE 1 :  Isolation of A .  bisporus copper M T  by Sephadex G-50 
gel filtration (a) and DE-32 cellulose ion-exchange chromatography 
(b). Fractions indicated by bars were pooled and subjected to further 
purification. Experimental details are given under Experimental 
Procedures. 
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FIGURE 2: HPLC profiles of MT-containing fractions at  different 
stages of the purification procedure: after Sephadex G-50 gel filtration 
(a), DE-32 cellulose ion-exchange chromatography (b) and Sephadex 
G-25 gel filtration (c). Samples containing 2 rg of capper were applied 
as described under Experimental Procedures. MT-containing peaks 
(identified by comparison with a sample of purified MT) are denoted 
by bars. 
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Table I: Amino Acid Composition of Agaricus Copper MT 
residue analysis sequence 

CYS 6.8 I 

ASP 1 

Ser 5.0 5 
Glx 1.1 

Asx 1.1 

Asn - 

Glu 
Gln 1 

GlY 6.0 6 
Ala 2.0 2 
LYS 1 .o 1 
Thr 2.0 2 

total residues 25 
chain weight 2230 
copper content (mol) 5.8 
M, including comer 2600 

- 

(Frank & Strubert, 1973) combined with back-conversion with 
6 M HCl containing 0.1% SnCl, (Mendez & Lai, 1975) 
followed by amino acid analysis. Carboxypeptidase Y digests 
were performed according to the method of Hayashi (1977a,b). 

Spectroscopic Measurements. Absorption spectra were 
recorded with a Hitachi Perkin-Elmer Model 340 recording 
spectrophotometer. Circular dichroism measurements were 
performed in a Cary 61 spectropolarimeter. The c and [ e ]  
values were calculated on a per mole MT basis. For 
fluorescence measurements a Perkin-Elmer MPF-2A spec- 
trofluorimeter was used, operating in the “ratio” mode. 
Fluorescence spectra are given in arbitrary units (a.u.). 
Spectra were corrected for the inner filter effect according to 
the method of Chignell (1972). The excitation spectrum was 
corrected for the photon output of the lamp (Parker & Rees, 
1960) by using a concentrated alcoholic solution of Rhodamine 
6G. The quantum yield was calculated by comparing the areas 
under the emission spectra of the protein sample and a solution 
of Rhodamine 6G in ethanol excited at the same wavelength 
and normalized for the same absorbance (Kuiper et al., 1980). 
All spectroscopic measurements were carried out at 10 OC. 

RESULTS 
Figure 1 shows the elution profiles of the 

Sephadex G-SO and DE-32 cellulose columns. The low mo- 
lecular weight copper-containing protein fraction is separated 
in two peaks on DE-32 cellulose. The first major fraction 
yielded a copper-binding protein essentially homogeneous as 
judged by HPLC analysis (Figure 2) and was used throughout 
this study. The minor peak eluting at higher ionic strength 
was inhomogeneous; however, when further purified by HPLC, 
the fraction showed the same amino acid composition as the 
protein in the first DE-32 peak (data not shown). 

Chemical Properties. The amino acid composition of A .  
bisporus copper M T  is presented in Table I. The protein 
consists of only eight different amino acids. Besides the high 
cysteine content (28%), it contains also high amounts of glycine 
(24%) and serine (20%). The protein is devoid of aromatic 
amino acids as well as histidine. The copper content was 

Isolation. 

15 20 25 
Gly-Asp-Cys-Gly-Cys-Ser-Gly-Ala-Ser-Ser-Cys-Thr-Cys-Ala-Ser-Gly-Gln-Cys-Thr-Cys-ser-Gly-cys-Gly-Lys ~ ~ - - - ~ - - - - - - ~ ~ ~ ~ - - ~ - - - - - -  

c c  
H I  I----* 
- 7 7  --777 7 7 7  7 7  

FIGURE 3: Amino acid sequence of A.  bisporus copper M T  and a schematic outline of the peptides used to establish the primary structure. 
The following symbols were used to indicate the methods of sequential degradation: +, automated Edman degradation; -, manual Edman 
degradation; -, carboxypeptidase Y digestion. 

T4a T1 T4b T2 T4b T3 T5 
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FIGURE 4: Electronic absorption (a) and circular dichroism (b) spectra 
of Agaricus copper MT (-) and apothionein (- - -). 

calculated to be 5.8 mol per molecule. No other metal ions 
were detected by atomic absorption spectroscopy. 

Amino Acid Sequence. The primary structure of A .  bis- 
porus M T  is presented in Figure 3 together with the peptides 
used to establish the amino acid sequence. Automated Edman 
degradation of the S-pyridylethylated thionein allowed the 
unambiguous identification of all 25 amino acids (Table I11 
of the supplementary material). The amino acid sequence was 
further corroborated by amino acid and partial sequence 
analyses of the tryptic peptides of the S-aminoethylated de- 
rivative (Tables IV-VI of the supplementary material). All 
peptides with the exception of the amino-terminal tripeptide 
were obtained in good yields by ion-exchange chromatography 
and gel filtration (Figure 7 of the supplementary material). 
An increased yield was observed for the dipeptide Thr-Cys, 
which occurs twice in the sequence of Agaricus MT. The 
amino acid composition of the performic acid oxidized protein 
is also in good agreement with the composition calculated from 
the sequence data (Table I). 

Spectral Properties. The absorption spectrum of freshly 
isolated Agaricus copper M T  is characterized by a broad band 
with a distinct shoulder at 250 nm (Figure 4a, solid line). N o  
features were detected a t  higher wavelengths. Upon removal 
of the metal ions by lowering the p H  to 0.5 with HCI, nearly 
complete bleaching of this band was observed (Figure 4a, 
dashed line). The CD spectrum of the native protein (Figure 
4b, solid line) displays a number of well-resolved Cotton ex- 
trema located at 230 (+), 245 (-), 275 (+), 300 (-), and 365 
(+) nm. Again these spectral properties disappeared almost 
completely when copper was removed by acid treatment 
(Figure 4b, dashed line). Excitation and emission spectra of 
native A .  bisporus copper M T  are presented in Figure 5. 
Upon excitation a t  310 nm the protein exhibits a broad 
emission band (half-bandwidth, 70 nm) centered at 565 nm. 
The quantum yield was calculated to be 0.014. Again the 
luminescence properties proved to be strictly metal dependent, 
vanishing completely when 1 M HCI was added to the holo- 
protein. 

300 400 500 600 

WAVELENGTH ( n m )  

FIGURE 5 :  Observed excitation (EXC) and emission (EMISS) spectra 
of Agaricus copper MT (-) and corrected excitation spectrum (- - -). 
Fluorescence is given in arbitrary units ( a x ) .  

DISCUSSION 

The accumulation of heavy metals in higher mushrooms is 
a well-known phenomenon and has been the subject of nu- 
merous investigations (Meisch et al., 1977; Seger, 1978; Stijve 
& Besson, 1976; Tyler, 1980). The consumption of mush- 
rooms harvested close to heavy metal polluted areas (e.g., 
motorways, industrial plants, etc.) may be a potential health 
hazard due to their high content of heavy metals. We recently 
studied the uptake of Cu and Cd in commercial cultures of 
A .  bisporus (Miinger et al., 1982). Both metals were accu- 
mulated to about the same extent, but surprisingly no low 
molecular weight metal-binding protein could be detected in 
the fruiting bodies. In this study we have investigated the 
uptake of different metal ions by mycelia using liquid cultures 
of A .  bisporus. Additions of CuS04  to a chemically defined 
growth medium (Hanseler et al., 1983) led to the induction 
of a low molecular weight copper-binding protein. The elution 
properties both on Sephadex G-50 and on DE-32 cellulose 
columns are very similar to those reported for N. crassa copper 
M T  (Lerch, 1980). 

Additions of Cd and Zn, which are known to be potent 
inducers of M T  synthesis in vertebrates (Kagi & Nordberg, 
1979), did not show any effect on M T  synthesis in this or- 
ganism as judged by Sephadex G-50 and G-75 gel filtration 
experiments (data not shown). Similar observations were made 
earlier with N .  crassa (Lerch, 1980), where the induction of 
M T  synthesis is also strictly copper-dependent. Other metals 
like Cd, Zn, or Ni, however, led to the formation of chemically 
and spectroscopically well-defined, stable derivatives of the 
protein in vitro (Beltramini et al., 1984). 

A .  bisporus copper M T  consists of 25 amino acids with a 
characteristically high value for cysteine (28%) (Table I). In 
agreement with the fact that A .  bisporus is a highly evolved 
fungus, the amino acid composition of Agaricus copper M T  
is less rudimentary than the one of Neurospora. In particular, 
the serine and glycine contents are lower in A .  bisporus M T  
with the new appearance of glutamic acid and threonine (Table 
I). The overall sequence homology between A .  bisporus and 
N.  crassa copper MTs is close to 80%. A sequence comparison 
of the A .  bisporus copper M T  with the amino-terminal part 
of mammalian MTs reveals almost 40% identity (Figure 6). 
This value clearly allows the classification of this protein as 
a member of the superfamily of MTs. Comparison of the 
primary structures of Agaricus M T  with that of Neurospora 
showed the first 11 residues to be identical (Figure 6). In some 
respects, however, the sequence differs markedly from that 
of Neurospora MT. A threonine residue a t  position 14 and 
an alanine residue a t  position 16 are common to many ver- 
tebrate MTs (Figure 4). The threonine residue at position 20, 
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E q u i n e M T - 1 A  

A g a r i c u s  MT 
Neurospora MT 
Human MT-2 

Plaice MT 

FIGURE 6:  Amino acid sequence comparison of A.  bisporus M T  with N .  crassa M T  (Lerch, 1980) and the amino-terminal parts of human 
MT-2 (Kissling & Kagi, 1977), equine MT-1A (Kojima et al., 1979), and plaice M T  (Overnell et al., 1981). Identical residues are indicated 
by boxes. The different amino acid sequences are aligned so as to obtain maximal sequence homology. The residues enclosed within parentheses 
require further identification. For the one-letter notation for amino acids see IUPAC-IUB Commission on Biochemical Nomenclature: A 
One-Letter Notation for Amino Acid Sequences (1968). 

Table 11: Position of Cotton Extrema in Circular Dichroism Spectra of Different Copper-Containing MTs 
source 

Agaricus MT 365 (+) 300 (-) 215 (+) 245 (-) 230 (+) 
Neurospora MT’ 355 (+) 295 (-) 210 (+) 245 (-) 230 (+) 
bovine fetal liver M T - ~ ~  285 (-) 250 (+) 201 (-) 
bovine fetal liver MT-2* 325 (-) 295 (+) 255 (+) 205 (-) 
yeast MT‘ 360 (+) 330 (+) 300 (-) 280 (-) 250 (+) 215 (-) 

“Beltramini & Lerch (1983). bMiinger et al. (1985). CWeser & Rupp (1979). 

however, was only found in plaice MT (Overnell et al., 1981). 
Moreover, there is an insertion of one amino acid between 
positions 18 and 19. Interestingly enough a deletion was found 
to occur in the same region in the amino acid sequence of crab 
M T  (Lerch et al., 1982). In a three-dimensional model of 
rabbit M T  proposed by Boulanger et al. (1983), this very 
region forms a loose loop in which an insertion or deletion 
would not influence the metal-binding properties of the protein. 
Moreover, the MT from Drosophila melanogaster, which has 
been cloned and sequenced recently (Lastowsky-Perry et al., 
1985), shows an insertion of five amino acids at the same 
position. 

Six of the seven cysteines are arranged in the form of 
-Cys-X-Cys- clusters, a unique feature of all class I MTs 
sequenced so far (Kagi et al., 1984). Because of their strong 
conservation in evolution, they are supposed to be essential as 
primary metal chelating sites and are probably determining 
the formation of metal thiolate clusters in these systems. 

Like N .  crassa copper MT, the protein from A .  bisporus 
contains an unusually high amount of copper (5.8 mol/mol, 
Table I). The absorption, chiroptical, and luminescence 
properties of Agaricus copper MT can be attributed to metal 
thiolate complexation as they are absent in the apoprotein 
(Figures 4 and 5). The absorption spectrum is rather fea- 
tureless with a characteristic shoulder at 250 nm, attributable 
to metal sulfur charge-transfer transitions (Beltramini & 
Lerch, 1983). The CD measurements document a high degree 
of asymmetry in the copper thiolate chromophore. Although 
the positions of the Cotton extrema are similar to those of 
Neurospora MT (Beltramini & Lerch, 1983), the rotational 
strengths of corresponding transitions were found to be dif- 
ferent. Vast differences are also observed when the chiroptical 
data are compared to those of bovine fetal liver MT (Munger 
et al., 1985) and the copper binding protein from S. cereuisiae 
(Weser & Rupp, 1979) (Table 11). This may be related to 
the different metal thiolate stoichiometry and in the case of 
the structurally different yeast protein also to a different 
metal-binding mode. All the spectroscopic features taken 
together suggest a structure of A .  bisporus copper M T  very 
similar to that of the Neurospora protein, for which a poly- 
meric copper(1) p-thiolate structure has been proposed (Lerch, 
1980; Beltramini & Lerch, 1983). 

ACKNOWLEDGMENTS 

We thank Dr. H. J. Tschierpe (Hauser Champignonkultu- 
ren, CH-8625 Gossau, Switzerland) for A .  bisporus strains, 
C. Kasper for expert technical assistance, and Dr. D. M. Rast 
and Dr. M. Beltramini for helpful suggestions. 

SUPPLEMENTARY MATERIAL AVAILABLE 

Tables 111-VI containing amino acid composition and amino 
acid sequence data and Figure 7 showing a chromatogram of 
the separation of the tryptic peptides of S-aminoethylated A.  
bisporus MT (5 pages). Ordering information is given on any 
current masthead page. 

Registry No. Metallothionein (Agaricus bisporus protein moiety 
reduced), 98526-74-0. 
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Mechanism of Poly( ethylene glycol) Interaction with Proteins? 
Tsutomu Arakawat and Serge N. Timasheff* 
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ABSTRACT: Poly(ethy1ene glycol) (PEG) is one of the most useful protein salting-out agents. In this study, 
it has been shown that  the salting-out effectiveness of PEG can be explained by the large unfavorable free 
energy of its interaction with proteins. Preferential interaction measurements of @-lactoglobulin with 
poly(ethy1ene glycols) with molecular weights between 200 and 1000 showed preferential hydration of the 
protein for those with M ,  2400, the degree of hydration increasing with the increase in poly(ethy1ene glycol) 
molecular weight. The preferential interaction parameter had a strong cosolvent concentration dependence, 
with poly(ethy1ene glycol) 1000 having the sharpest decrease with an increase in concentration. The 
preferential hydration extrapolated to zero cosolvent concentration increased almost linearly with increasing 
size of the additive, suggesting steric exclusion as the major factor responsible for the preferential hydration. 
The  poly(ethy1ene glycol) concentration dependence of the preferential interactions could be explained in 
terms of the nonideality of poly(ethy1ene glycol) solutions. All the poly(ethy1ene glycols) studied, when 
used a t  levels of 10-30%, decreased the thermal stability of P-lactoglobulin, suggesting that caution must 
be exercised in the use of this additive a t  extreme conditions such as high temperature. 

A large number of compounds with a variety of chemical 
structures are known to be preferentially excluded from the 
immediate domain of proteins in aqueous solution; i.e., when 
they are present at high concentration proteins are preferen- 
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tially hydrated. These include amino acids (Arakawa & 
Timasheff, 1983), sugars (Lee & Timasheff, 1981; Lee et al., 
1975; Arakawa & Timasheff, 1982a), salts (Arakawa & 
Timasheff, 1982b; Aune & Timasheff, 1970; Timasheff et al., 
1976), glycerol (Gekko & Timasheff, 1981a; Na & Timasheff, 
198 l) ,  2-methyl-2,4-pentanediol (MPD)' (Pittz & Timasheff, 

' Abbreviations: PEG, poly(ethy1ene glycol); MPD, 2-methyl-2,4- 
pentanediol; 8-LG, 8-lactoglobulin; Gdn-HCI, guanidine hydrochloride; 
RNase A, ribonuclease A. 
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