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I. GENERAL DEFINITIONS OF INTRACELLULAR THIOLS AND SHORT DESCRIPTIONS OF THEIR 
BIOCHEMICAL AND BIOLOGICAL FUNCTIONS 

In the following review we will distinguish between 
non-protein thiols NPSH and protein thiols PSH. 
" S H  include low molecular SH-compounds such as 
glutathione, cysteine, SH containing coenzymes (such 
as coenzyme A, dihydrolipoic acid and glutathione). 
It cannot be the goal of this review to deal with the 
biochemical functions of CySH or the coenzymes 
which belong to elementary biochemistry. 

the main constituent of NPSH as for example, 
Schindler' could show in rat kidney liver jejunum 
and Ehrlich ascites tumor cells (EATC). 

Glutathione (GSH) represents, in most cell types, 

One of the most important properties of GSH lies 
in its participation in redox equilibrium with GSSG 
wherefrom probably can be derived its role as an 
important activator for SH-functional enzymes and 
for mitosis. The latter effect has been ascribed by 
Mazia3 to a reduction of S-S-bridges of proteins of 
the mitotic apparatus to SH-groups which stimulate 
mitotic activity: 

S SH 
Prot<i + 2 GSH + GSSG 

TABLE I 
NPSH and GSH cantents of rat organs and of EATC, 

determined with DTNB and o-phthalaldahyde, according to 
Schindler' 

GSH also acts as an acceptor for a$-unsaturated 
carbonyl compounds and is added by means of 
specific alkene-transferases of the liver to the a,P- 
double bond of such substances, which is the first 
step in detoxification and renal excretion mechanism." 

As it will be shown later, NPSH-primarily GSH- 
can act as a protector of PSH against the attack of 

Rat Organ GSH NPSH (pM/g w.w.) 

Kidney 1.31f 0.21 1.11 f 0.15 

Liver 4.68 f 0.62 6.07 f 0.22 SH-reactive substances and also against radiation 
Jejunum 2.14 f 0.33 2.09 t 0.36 Calcutt et a1.l injury .' 

Let us mention that the hydrogen of GSH can be 
enzymatically transferred to different substrates and 

EATC 2.69 f 0.46 2.27 f 0.43 
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Intracellular SH-Levels as Related to Tumor Problems 199 

that GSH plays an important role as a cofactor for 
enzymes (isomerases, glyoxalase) and as a prosthetic 
group, e.g., in triosephosphate dehydrogenase.6 For 
further information excellent surveys, citations 3, 5, 
6 ,  and 7, are recommended. 

A.0 tein-bound SH-groups (PSH) 
The majority of intracellular PSH is associated with 

soluble proteins (symbol: PSHL), the minor part with 
insoluble structural proteins (symbol: PSHs). PSHL 
belong to proteins of rather general importance and 
functions such as albumins and globulins of the a- 
and 0-types as well as to proteins of highly specific 
functions, particularly enzymes (most of the dehydro- 
genases, phosphokinases, decarboxylases, protein- 
synthetase-, DNA-synthetase- and fatty acid syn- 
thetase-system etc.). 

tumors exist in the following views: 

ing cells-the activity of the DNA-synthetase system 
is increased.8 This system having itself SH-groups of 
functional importancesa probably may be stimulated 
by GSH synthetized specially favoured by an active 
glycolysis (cf., p. 203). 

The stimulating effect of GSH to proteins of the 
mitotic apparatus has already been mentioned, 
as well as the possibility of transfer of H from SH to 
S-S-groups of mitotic proteins. It should be men- 
tioned here that also SH-groups of low molecular 
TCA-soluble nuclear proteins can enter SH z S-S- 
exchange equilibria and thus may be a cause for the 
well-known observation that before mitosis decrease 
of low molecular thiols occurs synchronously with 
increase of high molecular thiols and corresponding 
decrease of high molecular disulfide groups.’ 

In a more recent review, Sakaiga points to the 
existence of SH s S-S-exchange equilibria also 
between macromolecular cellular proteins, especially 
a contractile protein (CP) of the cortex of sea urchin 
egg cells and a protein of the mitotic apparatus (CIP) 
which can be precipitated by Ca”. A maximum of 
SH-content of CP accompanied by a minimum of 
SH-level of CIP is the prerequisite for the onset of 
cell kinesis. Such a mechanism has not been estab- 
lished for all known animal cells but seems to be 
likely. 

Some detailed observations may be mentioned 
here in order to indicate the kind of nuclear proteins 
involved and the different stages of cell life at which 
they act (cfi Fig. I): 

Nuclear thiol groups were found in one of the five 
histone fractions, but are mainly located in non-histone 
proteins, the so-called acidic residual  protein^.'^ 

Special correlations to the problems of malignant 

In malignant tumdrs-as generally in actively divid- 

According to Hilton” there exist SH-containing 
fractions of nucleohistones having a derepressing 
effect on nucleic acid synthesis before mitosis starts. 
Wang” reported that DNAdirected RNA-synthesis 
occurs at binding sites between DNA and nuclear 
SH-proteins where that DNA is in an active state. 
Sandritter12 found that in synchronized cells of 
human cancer (HeLa) protein-SH levels increase 
before pro-phase and decrease in telo-phase whereas 
GSH remains constant. Mazia13 observed the appear- 
ance of protein-SH in the spindles in pro-phase and 
in spindles, asters and chromosomes in meta-phase. 
During mitosis SH-containing histones rise, as Ordi4 
has found in sea-urchin eggs. 

Summarizing, we can say that in the nucleus of 
many cell types, including marnrnal~,’~ there exist 
SH-rich macromolecular proteins. Till now we still have 
poor information about the chemical nature of the cell- 
ular thiols involved in cell growth, division and differenti- 
ation. For example, the nuclear thiols appearing period- 
ically in division of synchronous sea urchin eggs13 have 
never been identified, as Gronow etal.  9b stated recently 
These authors make successful progress in elucidating 
this fascinating problem. One group of proteins 
is soluble in water or low ionic strength base, another 
soluble in KC1.16 These proteins are at least partly 
associated with arginine-rich histones. According to 
Ord and Stocken,” the thiol groups of nucleohistones 
are important both for the structural alterations of 
chromatin during mitosis and for initiation of nucleic 
acid synthesis. They are also bound to DNA being 
not only of indispensable importance for structural 
integrity of DNA and chromosomes1a but also being 
a stimulator for DNA duplication and DNA-directed 
RNA-synthesis and thus for cell division. 

Thiols of nucleoproteins increase during normal 
growth and especially in tumors.” Lea et al. 
found that acidic nucleoproteins increase in correlation 
with the growth rate of rat hepatoma Gronow et al. 15’ 
communicate that SH-containing acidic nucleoproteins 
increase during development of diethylnitrosamine 
induced rat hepatoma. According to Stein et al. Is‘, 
chromatine from rapidly growing hepatoma has increased 
contents of non-histone proteins. Thus it is under- 
standable that these SH-containing “residual” nucleo- 
proteins are the target of the attacks of tumor thera- 
peutics, such as antimetabolites, SH-inhibitors and 
also of X-rays’’ and that correlations have been 
found between the ratio protein-SHlsoluble SH of 
animal tumors and their sensitivity to an alkylating 
reagent.u)> 

SH-containing non-histone proteins attached to the 
chromosomal DNA stimulate the cell division. There- 
fore, division can be inhibited by blocking of these 

recently 
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200 E. Schauenstein 

Protein-SH decrease Prot ein-SH appear 
(Sandrittcr) 

spindles' spindles 

SH-histones increasin u 
FIGURE I A  

The cycle of the cell life. I = Inter- or resting phase 
(GI + S + G2); S = synthesis phase at the end of which 

DNA-reduplication starts. M = Mitosis [p (pro-) + m 
(meta-) + t (telo-) + a (ana-)-phase]. Duplicated line from 

the end of S to GI symbolizes reduplication of DNA. 

SH-groups. This can be achieved as well by exogenic 
attacks (administration of SH-reagents or X-rays etc.) 
as endogenically by a-ketoaldehydes which possess 
high reactivity to SH-groups and function according 
to a hypothesis of Szent-Gyorgyi2" and Egyiid2Ib as 
a biogenic brake for cell division. The action of those 
biogenic growth inhibitors is controlled by the 
glyoxalase system which converts a-ketoaldehydes 
into the biologically much less reactive a-hydroxy- 
carboxylic acids. 

ml eluate 

FIGURE 18 

Separation of the watersoluble constituents of animal tumor 
cells (NK-lymphosarcoma, mice) into protein-(A) and non- 

protein-(B)-thiols by sephadex G25, fine.22 Curve 1: 
SH-concentration; curve 2: Protein concentration, in the 

eluate. 

Finally let us mention the SH-groups of insoluble 
structural proteins (PSHs). They belong to sclero- 
proteins which make up the membranes, e.g., of the 
outer cell wall, ergastoplasm, mitochondria and 
nucleus. They control the binding of substances to 
the membranes and their permeation through them 
as well as the activity of membrane-bound ATP-ases 
or of other membrane-bound enzymes such as of 
succinate dehydrogenase or the efficiency of the 
respiratory chain in the mitochondria. Also the pro- 
teins of the mitotic apparatus (spindles, asters) may 
consist of insoluble fibrous proteins showing the 
characteristic appearance and disappearance during 
the different phases of mitosis (cf:, Fig. I). 

11. METHODS FOR PREPARATIONS AND SH-DETERMINATIONS 

As this article should not and cannot be a general 
survey on SH-compounds, in the following only those 
methods of quantitative determination will be briefly 
described which have been employed for our work 
specifically dealt with here. 

A. NPSH and PSHL (1)22 
To avoid uncontrolled effects of day time on SH- 

levels, for all preparations of organs and cells, animals 
were killed at 10.00 am. Slices of the organs or single 
tumor cells were investigated either without pre- 
incubation or after 30 min incubation at 37°C aero- 
bically in Krebs-Ringer-P04-buffer at pH 7.4, con- 
taining 5 x 
reagents) and 0.9% NaC1, respectively, for controls. 
Thereafter, slices or cells were homogenized 2 min 

M hydroxypentenal (or other 

with an ultra-turrax at 0°C under N2 in isotonic 
NaCl solution containing M EDTA and 10 
volume % 0.1 5 M P04-buffer of pH 8. After 30 min 
centrifuging at 1000 g and O°C, the slightly opalescent 
supernate was removed and recentrifuged again for 
30 min at 20,000 g. The now clear solution ( 5  ml) 
was applied to the top of a sephadex column (G 25 
fine) which was flushed before fractionation with the 
same N2-saturated medium as used in homogenization. 
The same medium also was used for fractionation 
under N2. This procedure allowed the separation of 
NPSH from PSHL as Figure IA shows. The complete 
operation was tested before with mixtures of bovine 
serum albumin and CySH, and it was shown that 
practically 10% of protein- and non-protein thiols 
could be found in the eluate. In contrast to SH- 
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Intracellular SH-Levels as Related to Tumor Problems 20 1 

determinations of other authors, this procedure allows 
the direct and separate determination of NPSH and 
PSHL. The eluate fractions containing the PSHL and 
NPSH, respectively, were collected and SH were 
determined with dithionitrobenzenoic acid (DTNB) 
according to Ellman, protein with biuret. 

B. Total SH (= NPSH + PSHL + P S H S ) ~ ~  

50 x lo6 native EATC (6th-8th day post implant) 
were suspended in 5 ml Krebs-Ringer-P04-buffer pH 8 
and 0.5 ml DTNB solution 5 x loe3 M, were added 
and made up to 10 ml with P04-buffer. The mixture 
was homogenized for 2 min, allowed to stand for 30 
min and centrifuged 20 min with 10,000 rpm. The 
extinction of the supernatant was measured com- 
pared with a corresponding blank. 

C. Cytospectrometric Determinations 

Quantitative information on PSH of single cells is 
undoubtedly an urgent need in cytochemistry which 
could not be fulfilled until now because n o  methods 
were known for direct quantitative determination. 
E ~ t e r b a u e r ~ ~ ~  *’ is credited with having studied very 
carefully and exactly the reaction between thiols and 
dihydroxydinaphthyldisulfide (DDD) and the follow- 
ing coupling with different azo-compounds. The DDD- 
method had been developed by Barrnett and Selig- 
manz6 and still it was assumed that it would be suit- 
able only for qualitative recognition or relative 
determinations of cellular SH-groups. However, Ester- 
bauer found that DDD reacts stoichiometrically with 
ethylthioglycolate and isolated and purified the formed 
azodyes and measured their absorption spectra. After 
adsorption on a model protein, the absorption changes 
slightly giving a maximum of 560 nm with a molar 
extinction coefficient c of 19,000. With this value, 
Esterbauer determined directly the PSH of different 
biological samples in macroscopic scale and found 
excellent agreement with the results of determina- 
tion with Ellman’s reagent. Thereupon, the attempt 
was made to apply the c-value also for microspectro- 
metric investigations. With EATC we first found 
excellent coincidence between macroscopical deter- 
minations with Ellman’s and Barrnett’s reagent, res- 
pectively.” Later, Esterbauer, et al. ,28 found that 
the originally recommended 24 hr incubat ion in DDD 
should not be employed generally, because a second- 
ary reaction between DDD and, probably, protein- 
disulfide groups contributes to a measurable extent 
when the primary reaction between DDD and protein- 
SH-groups is coming to end. Because in different cells 

both reactions run with different rates and extent, it 
is necessary to prepare with each cell type investigated 
a special kinetic diagram. With EATC, for example, it 
was found that after 7 hr incubation in DDD reagent, 
practically all of the available SH-groups have reacted 
with DDD and the second reaction still does not make 
important contributions. After 24 hr incubation, 
however, contributions due to the secondary re- 
action can already amount to 25%. 

Figure I1 shows the kinetic diagram with EATC 
incubated different times in DDD and stained with 
fast blue B, and the two-step reaction is clearly 
seen. 

5 10 15 20 hrs 

FIGURE II 

Mean values Etot at  550 nrn with confidential ranges at 95% 
niveau of EATC after different times of incubation in DDD 
and stained with fast blue 6 (curve A). EATC stained with 

fast blue B, for controls (curve B).28 

Another problem arises from the correct blank for 
which the following possibilities are to be envisaged: 

a) unspecific adsorption of the DDD 
b) reaction of DDD with other groups than SH 

c) reaction of azo coupler with other groups than 
and -S-S- 

The relevant experiments of Nohammer have shown 
that possibilities a) and b) can be neglected, but that 
the azo coupler alone is bound to the cells to a certain 
extent. Therefore the sufficiently correct blank can 
be determined by treating the cells preincubated with 
50% ethanol-Verona1 15 min with fast blue B and 
measuring the extinction at 560 nm. 
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202 E. Schauenstein 

111. NPSH IN DEVELOPING DENA-HEPATOMA 

As an example for the relationship between NPSH 
and malignancy, the NPSH content of rat liver was 
determined during the development of a carcinogen- 
induced hepatoma in Sprague-Dawley rats. The car- 
cinogen diethylnitrosamine (DENA) was administered 
with daily drinking water.29 The following stages 
were investigated: 

Stage 0: Livers of the healthy animals; 
Stage 1: 63-68 days after first administration: 

the livers showed a somewhat pale surface interspersed 
with numerous minute nodes; 

Stage 2: 112-122 days after first administration: 
the whole liver was filled with massive tumor nodes 
ranging in size from that of pin heads to that of small 
cherries. 

In each stage, NPSH and PSHL were determined 
and the results are illustrated in Figure 111. The values 
for NPSH contents are distributed normally in agree- 
ment with the results of Cal~ut t .~ '  The mean value 
found in the normallivers (5.07 f 0.22 pmoles/g w.w.) 
corresponds well to previous data.22 

1 
n 

FIGURE Ill 

Statistical distributions of NPSH EEEZZZA and PSH 1.. :-:I in 
normal rat liver (0)  and two stages (1 and 2 )  of development of 

D E N A - h e p a t ~ n m . ' ~ ~ ~  n = number of single determinations. 
Tu - values, with standard deviations of pure tumor tissue; 

left: PSHL, right: NPSH. 

days - 
FIGURE IV 

Increase of NPSH (curve 1),29 anaerobic (curve 2a) and 
aerobic (curve 2b) g lyco ly~ is ,~~  during development of the 

DENA-hepatoma. 

During the development of the hepatoma, NPSH 
increase significantly (6.99 f 0.33 Stage I, 9.82 +- 0.41 
Stage 2). Similar effects were observed already with 
hepatoma induced by other carcinogens, such as 
aminoazo compounds319 32 and with skin tumors of 
mice induced with polycyclic  hydrocarbon^.^^ Thus, 
increase in NPSH may be, according to Harington," a 
more general symptom of tumorigenesis. Yanari35 and 
M ~ I l v a i n ~ ~  pointed out an interesting correlation 
between the synthesis of glutathione (GSH), the main 
component of NPSH, and glycolysis stating that only 
an active glycolysis provides the optimal conditions 
for a stimulated GSH synthesis. A correlation like 
this can be observed also with the DENA-hepatoma 
when comparing the increase in NPSH with glycolytic 
activities measured by Heise and Gorli~h;~'  Figure IV 
demonstrates the close temporal connection, especially 
to anaerobic glycolytic activity. 

At Stage 2, samples of each liver lobe were taken, 
in case of greater nodes, when possible one half of 
the node t adjacent liver tissue, avoiding most care- 
fully necrotic parts. Thus, the values obtained could 
not be ascribed to 100% tumor tissue. In more pro- 
gressed stages, it was possible to take also pure tumor 
tissue, avoiding of course, necrotic parts. The NPSH 
of such tumor tissue was definitively lower than those 
of Stage 2: 6.43 f 3.18 pmoles/g W.W. 

Another function of NPSH, observed in EATC, 
will be mentioned later (p. 206): The protection of 
PSH (and therewith metabolic activities) against the 
attack of an SH-reactive substance. 
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IV. PSHL IN DIFFERENT ANIMAL TUMORS 

203 

Figure 111 shows that the PSHL of normal rat liver 
follow a two-headed distribution corresponding well 
to the results of Cal~ut t .~ '  At Stages 1 and 2 in 
development of DENA hepatoma the values are 
normally distributed. 

At Stage 1, the PSHL are reaching a significant 
minimum: 5.76 f 0.45 pmoleslg W.W. compared with 
6.94 f 0.23 (Stage 0) and 7.17 f 0.31 (Stage 2). On 
the basis of the protein determinations in the eluate 
fractions containing the PSHL the PSHLlmg soluble 
protein are evaluated. It was found that the content 
of the soluble proteins in Stage 1 and 2 (0.119 It 0.007 
and 0.1 14 * 0.005 pmoles/mg protein, respectively) 
lay about 11 to 16% significantly above the value of 
normal liver (0.103 f 0.002). This increase is, how- 
ever, still very small, and possibly stands in connection 
with increased proliferative activities of the develop- 
ing hepatoma. A connection like this could be found 
much more evidently in faster growing tumors. 

For this purpose the NPSH, PSHL and doubling 
times (td) of the tumors shown in Table I1 were deter- 
mined. 

These data suggest that tumors with a some.what 
higher growth rate possess in general higher SH-contents 
of their soluble proteins. This assumption is confirmed 
by plotting the PSHL values against log td  as illustrated 
in Figure V, pointing to a linear regression if, however, 
with considerable deviations. 

The sensitivity of PSHL to a specific SH-reagent, 
4-hydroxy-2,3-transpentenal (HPE) 

H H  
I I H0 

H3C-C-C=C-C > 
I 1 'H 
OH Ii 

provides more information on the relationship be- 
tween PSHL and tumor malignancy. HPE is the 5-C- 
homologue of 4-hydroxy-2,3-transalkenals7 a hitherto 
unknown group of aldehydes, the first member of 
which, 4-hydroxoctenal (HOE) was isolated by 
Schaunstein et al. from autoxydized linoleic acid ethyl- 
ester.38 The outstanding biochemical and biological 
properties of this substance-potent and highly 
selective inhibitions of certain SHcontrolled meta- 
bolic steps and of growth of some animal tumors3'- 
made it desirable to have it available in larger amounts. 
This could be achieved by developing syntheses for 
hydroxyalkenals as done successfully by Esterbauer , 
et aL4' Thus gram quantities not only of HOE but 
also of homologous hydroxyalkenals with chain length 
between 4 and 14 C were available. However, most of 
the further investigations were carried out with HPE 
because the relatively good solubility in water of this 
substance is a considerable advantage for biological 
work. An information survey on the biochemical 
effects of HPE will be given later. 

All the effects named above are caused by the re- 
action of HPE with functional SH-groups. At an 
equimolar ratio or with a surplus of HPE, the mech- 

TABLE II 

PSHL and doubling time of different animal tumors. The PSHL were determined afWr 30 min 
preincubation of single cells and solid tumor slices, respectively, in 0.9% NaCl 

Days P 

implant. 

6-8 

50-57 

11-1 5 

14-1 5 

14-15 

ca. 120 

PSHL (IrM/mg 

Tumor Prot.) td (days) 

Ehrlich, Heidelberg-Lettrd, Arcites, mice 2.0 * ca. 0.3 

Ehrlich, London, I ,  ,, 0.150f 0.004 1.9 f ca. 0.3 

(x i  26 * 0.002 

NK-Lymphosarcoma, I ,  *, 

Sarcoma 180, ,, I,  

HP-Melanoma, =lid. ,, 
Ehrlich H.-L., ,* I ,  

Sarcoma 180, ,I , I  

Yorhida Sarcoma, ,, rat 

Rhabdomyorarcoma, I .  ,, 

*, ,, N K-Lymphorarcoma, 

DENA Hepatoma (pure tumor) ,, ,, 

0.121 f 0.003 

0.127 f 0.006 

0.062 f 0.003 

0.072 f 0.009 

0.090 f 0.005 

0.118t 0.012 

0.1 16 f 0.005 

0.072 f 0.008 

0.084 f 0.004 

2.5 f ca. 0.3 

2.0 f ca. 0.3 

7-8 

5.0 f ca. 1 

5.2 f ca. 1 

4.0 f ca. 1 

6.6 

7 

ca. 100 
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E -  u c 3  
t 

PSHlmg Prot.-ROG 0.08 030 0.12 0.14 PM 

FIGURE V 

SH-content of soluble cell proteins of animal tumors with 
different growth rate as a function of the doubling time td. 

Tumor 

E Ehrlich, Heidelberg-Lettrd 

EL Ehrlich, London 

S Sarcoma 180 

N K  Nemeth-Keller, iymphosarcoma 

R h  Rhabdomyorcarwma 

Me1 Melanoma, Herding-Parrey 

H DENA-hepatoma 

Asciter Sol id 
Mice 0 0 

Mice 0 

Mice 0 
Mice A A 

Rat  0 

Mice I 

I Rat 

anism of this most important reaction consists of an 
addition of one mole SH to the 

H 
I 

-C3=Cz - 
I 
H 

group of HPE under formation of a stable thio- 
ether adduct followed by a subsequent cyclization of 
the formed saturated aldehyde to  a furanoid ring: 

CH 

II 
HC 

I 
Hy-OH 

H 

s-x 
+ I  e 

I 
1 -  
I 
I 

HCH 

HC-SX - 
HC-OH 

HC-SX 

HC 
I 

This reaction mechanism has been elucidated with 
glutathione as model substance by Schauenstein et al 41 

and later by Esterbauer4'' On the basis of these facts, it 
is understandable that after incubation of living cells with 
HPE, drastic decreases of PSHL and NPSH can be found. 

In Figure VI the percentual losses of PSHL (in 
terms of pmoles SH/mg soluble protein) are plotted 
against log td. As before with SH/mg protein, a 

I - 
10 20 30 40 50 

-%APSHL 

FIGURE VI 

Percental IOU of SHgroups in soluble proteins of animal 
tumors after incubation in 5 x M HPE (controls: in 

0.9% NaCI), as a function of doubling t imetd (1). Symbols 
corresponding to  Figure V. 

linear relationship can be seen, the deviation of the 
single points being already considerably smaller. 
Almost the ideal linear function is observed if the 
absolute SH losses of the soluble proteins (-ASH 
@m)/mg protein) are plotted against the log td, as 
Figure VII clearly demonstrates. This suggests that 

+- -lo 
td54 Qbs 

- 
a02 

- A PSHL in ?M/mg Prot. 

FIGURE VII 

Absolute loss of SHgroups in soluble proteins of animal 
tumors and chicken fibroblasts (+Fi) after incubation in 

5 x M HPE (controls: in 0.9% NaCI), as a function of 
the doubling time fd. (1). 9: PSHL increments calculated 
on the basis of the straight line in Figure V, other symbols 

corresponding to  Figure V. 
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Controls 

! a R N A  
I ' \  

\\ ' ! \ \  

\\ \ 
\ \ 
\ \ 

I 

I \ \ 
!.- Prot. \ \ 

FIGURE Vlll 
Dosis-responsecurves for HPE with EATC. Abscissa: Upper scale: Ratio moles HPE in the incubation medium/moles of 

Ordinate. Relative decreases of NPSH (moles/106 cells), PSHL (moledmg protein), PSH, (lO-wmoledsingle cell), and some 
total SH of cells (= NPSH + PSHL + PSH). Lower scale: Molar concentration of HPE in the incubation medium. 

SH-controlled cell functions. 

x :  N P S H ; ~  

0: PSHL;' 
63 : Protein 

Q : R N A - s y n t h e r i ~ ; ~ ~  

0 : D N A - s y n t h e ~ i s ; ~ ~  

0 : O p p t a k e ; '  

among the bulk of SH-groups of the soluble cell pro- 
teins there must exist certain thiols with which HPE 
reacts selectively. The number of these HPE sensitive 
protein thiols stands apparently in a distinct relation 
with the doubling time according to 

td .I ,A - B(SH), 

where (SH) is the number of HPE sensitive SH-groups/ 
mg prot., A and B are constants just being evaluated 
together with J. Golles*. 

Hence, we can see that the investigated cells with 
fd shorter than ca. 9 days contain the more SH-groups 
in their soluble proteins the faster they divide (Figure 
V). Trying to fit something like an ideal straight line 
through the single points of Figure V, we can see that 
the tumors with fd 7-8 days will have an average of 
0.07 pmoles SH/mg protein, whereas cells with 
approximately 5, 3 and 2 days of fd have 0.09,0.12, 
and 0.14 pmoles SH/mg protein, respectively. 

Thus the differences to the SH-content of 0.07 
amount to ca. 0.02 for cells with fd of ca. 5 days, 

* Prof. Dr. J. Golles, Rechenzentrum Graz. 

0 : anaerobical glycolysir;' 

0 : microscopically determined PSH,;27,28 

A : succinate-dehydrogenase-activity.43 

0.05 for cells with td of ca. 3 days, 0.07 for cells with 
fd of ca. 2 days. 

The points with symbol 9 in Figure VII show that 
these differences, that means the respective increases 
of SH-content of the soluble proteins, correspond 
surprisingly well to the losses of PSHL brought about 
by incubation in 5 x M HPE. Thus we can con- 
clude that HPE reacts with high selectivity with the 
respective increment of PSHL which is apparently of 
functional importance for cell division. The point with 
the symbol (tFi) in Figure VII indicates that this 
principle seems to be of some universality and not 
restricted to malignant cells. 

The question arises: to what kind of protein do 
these SH-groups belong? Figure VIII gives first infor- 
mation for the example of EATC. The diagram shows 
dosis-effect-curves for HPE concerning different para- 
meters. On the ordinate, relative inhibitions are plotted, 
100% corresponding to controls. 

The abscissa shows two different scales: The lower 
gives 3 different molar concentrations of HPE in the 
incubation medium; as the volume of the incubation 
medium is known, the moles of HPE acting on the 
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206 E. Schauenstein 

given cell number is equally known, of course. Further- 
more, as the average amount of total SH (NPSH + all 
of PSH) are known for the EATC, each HPE concentra- 
tion in the medium corresponds to a certain ratio 

HPE and these ratios are scaled logarithmically 
moles SH 
on the upper abcissa axis. 

of different parameters to HPE: one of them is the 
biosynthesis of DNA as measured by Bickis et ul. 42 
It can be seen from the diagram that DNA-biosynthesis 
is already inhibited to 96% when the loss of  PSHL comes 
to cu. 10% at 4 ,  M HPE. Hence we can say that 
at 5 . M W E ,  where the loss of PSHL reaches its 
final amount, a part of the HPE-blocked PSH belongs 
to the proteins of the DNA synthetase system which 
is in fact known to be well soluble and to  contain 
functional SH-groups.& 

SH-groups of RNA and protein biosynthetases are 
involved. 

Summarizing we can assume that approximately 
one fifth to one-fourth of the blocked PSHL probably 
belong to the proteins of nucleic acids and protein 
synthetase systems. As at 5 x M HPE 02-uptake 
and anaerobic glycolysis have been inhibited to prac- 
tically loo%, another part of the HPE-blocked SH- 
groups belong to soluble enzymes of energy meta- 
bolism as could be experimentally proved with 
glyceraldehydephosphate-, lactate-, isocitrate and 
malate d e h y d r o g e n a s e ~ ~ ~ ~ ~ ~  and parts of the 
respiratory chain4. However, an essential part of 
the blocked PSHL must belong to soluble proteins 
being of direct importance for tumor growth as 
stated above. It seems very likely that these are the 
acidic residual proteins being important stimulators 
for DNA polymerase activity and rich in SH-groups!-’8*45 

The diagram demonstrates the different sensitivity 

As the points “RNA” and “Prot” indicate also the 

It was shown (p. 205, Fig. VII) that Ehrlich ascites 
tumor cells after 30 min. pretreatment with 5 x M 
HPE lose about 0.06 pmol SH per mg of soluble proteins. 
In this connection it appears noteworthy that Modig4’“ 
found that DNO-bound proteins from these cells contain 
0.059 pmol SH per mg protein. 

Figure VIII demonstrates furthermore that already 
at 4 x 1 0-4 M HPE the NPSH have decreased down 
to 7% and are completely consumed at 5 and 
6 x lo4 M HPE, whereas the PSHL do not show 
any significant decrease at 4 x 1 Om4 M HPE. This 
indicates that in EATC the PSHL do not show any 
significant decrease at 4 x M HPE. This indi- 
cates that in EATC the PSHL begin to react with HPE 
only after the bulk of the NPSH has already been 
consumed. The narrow range between the NPSH- 
and PSHL-decrease suggests a stepwise reaction of 
SH systems with HPE pointing to a protecting effect 
of the NPSH for the greater part of the HPE sen- 
sitive PSHL against the attack of the reagent. An 
effect like this seems to be explainable considering 
that NPSH-predominantly GSH-are homogeneously 
dispersed in the cytoplasm and much more readily 
accessible to HPE than the complicated folded pro- 
tein molecules. 

The observation that after incubation with 5 x 
M HPE the NPSH disappear completely whereas PSHL 
only in part was made with all the tumors named in 
Table I1 and also with normal rat kidney, jejunum, 
diaphragm; in liver, with the highest NPSH content 
no PSHL decrease was found and the NF’SH decrease 
only by 45%.22 

These observations demonstrate apparently the 
general protecting effect of the NPSH for PSH not 
only against the attack of SH reactive agents but 
probably also against X-rays which, as is well known, 
also attack the SH group. 

V. MICROSPECTROMETRICALLY DETERMINABLE PROTEIN-SH 

Several staining methods exist for making protein 
SH-groups visible for qualitative or at the most rela- 
tively comparing cyto- and histochemical studies. As 
stated above (p. 202), the direct and absolute quantita- 
tive information only has been attainable on the 
basis of the work together with E s t e r b a ~ e r ~ ~ ~ ~ ~ ~ ~ ’  
and Noharnmer2’ with the DDD-fast blue B method 
of Barrnett and Seligman.26 

Thus, quantitative information about the content 
of single cells of SH-groups as well in the cytoplasm 
as in the nucleus are now available. Let us take the 
EATC for an example. 

The cells had been taken immediately from the 
freshly killed animal 6 to 8 days post implant. After 
fvtation in alcohol they were treated following the 
prescriptions worked out by Esterbauer and Nohammer 
7 hr with DDD and stained with fast blue B. After 
adequate washing they were prepared for cytospectro- 
metric measurement. 

Each single cell was scanned and the total ex- 
tinction at 560 nm was read from the digital output. 
Another aliquot of cells was directly stained with 
fast blue B (without DDD pretreatment) and their 
extinction was measured at 560 nm (Table 111). 
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TABLE I l l  

eOt-values at 560 nm of EATC, treated with DDD and fast 
blue according to Barrnett and Seligman,26 Esterbauer,2'.28 

N O h a m ~ n e r ~ ~  and W e b ~ . ~ 6  n = number of measured cells; 
Ftot = mean value of total extinction; S =standard deviation; 

Cf 95 = confidential range at 95% level. 

Treatment 

of the cells n G o t  S Cf 95 

DDD-fast blue 50 23.73 f 6.87 f 1.91 

Fast blue only 50 3.45 f 1.34 f 0.37 
- - 
20.28 i: 1.95 

Applying the correct molar extinction coefficient 
determined by EsterbauerZ7 of 19,000, we obtain 
for the single an average of 

This result was established by measurements of a 
total of 400 single cells46 and by measurements on a 
preparative scale indicating a number of 1.5 x 
moles SH/single cell.46 

The fust question we shall consider now, is what 
types of substances these microscopically determined 
SH-groups may belong to and where are they mainly 
located? 

The fact that several thorough washings are 
involved in the preparation suggests that the NPSH 
were removed almost quantitatively and therefore 
should not be included in the microspectrometric 
value. As far as the PSHL are concerned, it can be 
assumed that the major part of the soluble proteins 
are getting insoluble by a fixation process and thus 
the major part of PSHL may be registered micro- 
spectrometrically . 

Finally, there exist several proteins in the cell which 
are the essential components of structural elements such 
as outer cell wall, membranes of the mitochondria, 
the ergastoplasm, ribosomes, nucleus, etc. These 
proteins are insoluble and their SH-groups (PSHs) 
are certainly registered totally by the microspectro- 
meter. If we call the microscopically measurable SH- 
groups PSH, , we can take the following relation as 
probably correct in first approximation: 

1.07 -r: 0.10 x moles SH. 

PSH, * f . PSHL + PSHs 

In view of the factor f and the value of PSHs the 
following considerations can be made: HoferZ3 
determined macroscopically the total SHcontent of 
EATC to -1.9 x 1 0-14 moleslcell. According to 
Schindler' the NPSH of non-preincubated EATC 
amount to 0.27 f 0.05 x 
1.11 -1: 0.17 x 
a difference of 0.52 x 

moles, the PSHL to 

moles/single cell. This 
moles; hence for the PSHs result 

is in good accordance with the statement of Jocelyn47 
that in general the PSHL make the bulk of the PSH. 

comprising certainly all of the PSHs, it follows for 
the microscopically determinable PSHL an amount 
of 0.55 x 

As the PSH, were determined to 1.07 x 

moles that is ca. 50% of the total 
PSHL . 

Let us now consider what special advantages and 
information may be derived from PSH,-measurements: 

1) The often very valuable possibility of obtaining 
quantitative information already from minimal 
quantities of biological material. Statistical evalua- 
tions of our measurements show unequivocally that 
mean Etot-values obtained only from at least 50 single 
cells are already in good approximation to mean 
values obtained from greater cell numbers, and they 
will not change significantly if we compare 100, 
200 and several hundred cells. Therefore, it is not 
necessary to investigate 100,000 cells as postulated 
now and then. 

2) The fascinating possibility to reveal the main 
sites of PSH within the cell. As an example can serve 
the micrographs of EATC and normal rat liver cells 
in Figure IX after staining with DDD-fast blue photo- 
graphed at 560 nm. EATC, as rapidly dividing cells, 
have extremely great nuclei filling out nearly the 
total volume of the cell and it can be seen from the 
photo that the 1.07 x 
the EATC stem practically entirely from nuclear 
proteins pointing to their belonging to NA synthetase 
systems and DNA bound residual proteins. On the 
contrary, the normal liver cell shows a considerably 
reduced proportion of the cell occupied by the 
nucleus. The photo demonstrates that the major 
parts of PSH, [5.07 k 0.30 x 
located in the cytoplasm indicating their predominant 
association with cytoplasmic proteins, above all enzyme 
proteins, being of high activities in the liver cytoplasm 
as it is widely known. 

3) The statistical evaluation of the single values 
enables insights into the properties and behavior 
of the single cells of a given collective, detection of 
sub-groups, interpretation of obtained mean values, 
etc. This shall be illustrated again with EATC. 
Figure X shows statistical distribution diagrams of 
EtOt-values of DDD-fast blue stained EATC as well 
after incubation in 0.9% NaCl as in 5 x 
The Etot-values of NaCl incubated cells are slightly 
right-handed asymmetrically distributed suggesting 
the presence of sub-groups of cells with higher PSH, 
contents. After incubation in HPE, a general loss also 
of PSH,, was to be expected on the basis of the fore- 
going considerations and experimental results (cf: pp. 204- 
5). The decrease of PSH, could actually be registered 

moles PSH, found in 

moles46] are 

M HPE. 
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208 E. Schauenstein 

FIGURE X 

Statistical distributions of EtOt-values taken at 560 nm from 
EATC stained with DDD-fast blue B. 

191 cells 
mearured.28, 46 I - - - - - - - : After 3 0  min. incubation in 

After 3 0  min. incubation in 
0.9% NaCl at 37'C; 

5 x  l O - 3 M  HPE at 37'C 
-. . 

reacted with HPE but to widely varying extents. This 
still unsolved problem is being investigated; preliminar 
results suggest that the PSH, of each cell react with 
HPE but that extremely strong reaction occurs with- 
out exception in cells with high PSH,-den~ities.~' 
Statistical evaluation of PSH,-values of single cells 
furthermore provides the possibility of differentiating 
between tumor and normal cells, at a microscopic 

FIGURE I X  

Micrographs taken at 560 nrn of DDD-fast blue B-stained cells 
from: a) normal rat liver; b) Ehrlich ascites tumor of mice.46 

asgtot for NaC1-incubated cells lies at 30.15 f 9.9 (s), 
for HPE-incubated cells at 21.48 f 11.18 (s). The 
difference of 8.67 corresponds to a loss of 0.46 x 
moles PSH, per single cell; the loss occurs with 99% 
probability within a range of confidence of +O. 12 and 
thus is highly ~ignificant.~' Only the statistical distri- 
bution diagram reveals how the shift of the mean 
Et,t-values is realized. After HPE incubation the 
distribution diagram loses ca. 40% of its area corres- 
ponding to cells with Etot values I EtOt and a corres- 
ponding new peak appears at very low Etot-values 
(around -8). Thus the shift of the Etot from 30.2 to 
21.5 is brought about by a clearly different reaction 
of the PSH, or the different cell types being present 
in the investigated collective. However, it cannot be 
decided whether 60% of the cells have HPE-resistant 
PSH,, or whether the PSH, of each single cell have 

scale. Such investigations were undertaken by 
Tolmashev4& who found that cells from normal epitht 
lium of human cervix uteri give extinction values 
normally distributed around a sharp maximum corre- 
sponding to a relative absorption unit of unity. Cells 
from carcinoma of the cervix uteri gave a righthanded 
asymmetrical distribution diagram with a broad maxi- 
mum at 3 relative absorption units indicating the 
presence of single cells with PS content many times 
greater. Our own investigations'b confirmed these res 
in an absolute scale but extended them additionally 
in a fascinating way. It was found that not only the 
true tumor cells have increased PSHc(-values but that 
also the cells of the upper layers of the cervix epitheliu 
which appear to be morphologically intact have signifi. 
cantly increased PSH,-values if taken from cases 
suffering from carcinoma of the cervix uteri. Apparent 
also some diagnostic aspects seem to be given herewith 

VI. ACTION OF DIFFERENT SH-REAGENTS ON 3H-THYMIDINE INPUT IN EATC AND ON GENERAL 
TOXICITY TO MICE 

In the foregoing we dealt with the different types The action of a given SH-reagent on a given thiol 
is induced by the chemical reactivities of both com- of SH-compounds of the living cell and with the 
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of the reaction between both substances. I t  is the 
merit of Esterbauer having elucidated these kinetics 
of the reaction of a$-unsaturated aldehydes with 
model thiols very carefully and e~tensively?~ after 
this problem had been studied before by many authors, 
especially by Friedman et al. 50 and Cavins." According 
to Esterbauer's the actual reactant is the 
sulfhydryl anion which adds to the C3=CZ-group 
being in a mesomeric resonance with the vicinal 
carbonyl group: 

were selected in order to study the influences of the 
following variations to the basic molecule: 

H\ 
H \ ,c1=0 /: =;\H 

a) affixing an aliphatic chain to C3 
b) introducing a hydroxy group 
c) introducing a carbonyl group 
d) substitution of aldehyde H by -CH3. 

vicinal t o  C3 1 

Depending on the pH, the rate controlling step is 
either the addition of XS- or the stabilization of the 
mesomeric intermediate of the adduct by H30' or 
H 2 0 .  Thus, the reaction is catalyzed predominantly 
by OH- but also by acids among which buffer acids 
such as HzP04 or HPOi- are of greatest significance. 

The effect of buffers varies widely for different 
reactions of a given a,P-unsaturated carbonyl with 
different thiols. For example, the reaction with CySH 
is practically not accelerated, with glutathione 
moderately and with thioglycolic acid esters strongly. 

It should be emphasized that the chemical structure 
of the a,P-unsaturated carbonyl compound greatly 
influences its reactivity to a given thiol. As a quantita- 
tive measure the rate constant kl can serve. The 
rate of formation of the addition product between a 
given thiol RSH and an aldehyde is given by 

u = kl [aldehyde] . [RSH t RS-] ; 
ki could be calculated from 

where k ,  and kb are the rate constants for the for- 
mation and redissociation of the mesomeric addition 
intermediate, (YSH the electrolytic dissociation of 
RSH and a parameter for the proton transfer rate 
from proton donors (such as HzO, H30+, buffer 
acids) to the mesomeric intermediate. 

Together with Esterbauer and ZollnerS2 and 
Kollarit~ch?~ a series of a,P-unsaturated carbonyl 
compounds was studied with respect to reactivity to 
GSH in M/15 phosphate buffer pH 7.4 at 20°C, 
general toxicity and inhibition of 3H thymidine in- 

(-) 

TABLE IV 

Reactivity of different SH-reagents to glutathione (column 3). 
inhibition of %-thymidine input into EATC (column 2) and 
general toxicity to mice (column 4): column 2: half-maximal 
dosis (moles/106 cells); column 3: rate constant for formation 
of primary addition product; column 4: LD50 (moleslkg body 

weight) 24 hours after single intraperitoneal injection. 

Inhibition 

thymidine- 

Substance input 

2-Propenal 0.25 x 1 0-8 

2-Butenal 5.6 x 

2-Pentenal 17.5 x 

2-Hexenal 8.75 x 1 0-8 

4-OH-5C-enal 4.8 x 

4-OH-GC-enal 8.1 x 

4-OH-7C-enal 5.6 x 

4-0 H-8C-enal 4.6 x 

4-OH-9Cenal 2.5 x 

4-OH-1 1 C-enal 1.2 x 10-8 

4-OH-1 4C-enal 1 . 7 5 ~  

4-keto-5C-enal 0.66 x 1 0-8 
Methylvinyl-ketone 0.5 x 1 0-8 

k l  

121 

0.78 

0.47 

0.33 

2.1 9 

1.56 

1.83 

1.74 

1.9 

1.47 

3.1 6 

31.9 

LD50 

1.03 10-4 

23.0 

29.0 

23.8 

9.9 

9.8 10-4 

12.2 10-4 

14.6 

4.4 

4.6 10-4 

1.56 

10.8 

The results indicate: 
1 )  The 3H-thymidine-input--a widely known 

SH controlled system-is inhibited most strongly 
by acroleine; variation a) lowers the inhibitory effect 
by the 20-, 30- and 70-fold. Variation b) also lowers 
the inhibitory effect but not so strongly and depending 
on the length of the adjacent chain: with 4-, 7- and 
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210 E. Schauenstein 

the 6-membered chain 30-fold lower compared with 
acroleine; with longer side-chains (9- to 14C-homo- 
l o p e  hydroxyalkenals) the inhibition is only 4- to 
10-fold lower. 4-hydroxypentenal is nearly 4 times 
more active than pentenal; with the corresponding 
hexenals practically no difference occurs because 
Qhydroxy hexenal shows the lowest inhibitory effect 
among all investigated hydroxyalkenals. 

Variations c) and d) cause inhibitions approximately 
equal to that of acroleine. 

2) The reactivity to GSH runs approximately 
parallel with inhibitory effects. 

3) The same holds for the general toxicity. Thus 
the results concerning the inhibitory effect confirm 
and emphasize well that 3H-thymidine-input in general 
involves SH-groups of functional importance. It is 
known that 3H-thymidine-input is a rather ambiguous 
phenomenon involving several processes but especially 
with HPE it could be proven that in fact the bio- 
synthesis of DNA is concerned.42954 

the first time that also this effect is apparently medi- 
ated by attack to vitally functional SH-groups. This 
surprising result is convincingly confirmed by plotting 
kl-values against toxicities in double logarithmic 
scale (Figure XI). Here again, the question arises as 
to what substances these SH-groups may belong and 
where they may be situated in the body. 

The results concerning the general toxicity show for 

- 3  -2 -1 0 t l  +2 kg k, 

FIGURE XI 

General toxicity (mice, single doses, intraperitoneally) as a 
function of SH-reactivity of some a,p-unsaturated carbonyl- 

compounds.52, 53 Abscissa: k l  = rate constant for the 
formation of intermediate addition product from glutathione 

and the carbonyls. 

Mo : Merithyioxide; Arrows symbolize LD50 probably 
E. Cr. : Ethylcrotonal 1 greater than indicated here! 

4-KPA: 4-ketopentenoic acid ) (cf' Table I v )  
MVK : Methylvinylketone. 

@ : 2-alkenals. 
0 :  4-hydroxy-2-alkenals; 

However embarrassing this question may appear, 
some first indications can be given. The first points 
to the erythrocytes which in their membrane and in 
the hemoglobin contain a lot of functionally important 
PSH and are attacked strongly by SH-reagents. Thus 
damage to the erythrocytes necessarily will cause 
damage to their vital function as oxygen carriers. 

seen before (p. 206)22J 
fall in the NPSH, predominantly GSH, which is con- 
sumed for transforming a,P-unsaturated carbonyl 
compounds into substances which are suitable for 
renal excretion, as already outlined on p. 199. The 
group of enzymes concerned have been studied 
thoroughly by Boyland et al. 55 They are called 
glutathione-S-alkenetransferases catalyzing the 
addition of glutathione-SH to the C=C-group of a 
series of compounds. Also in the special case of the 
4-hydroxy-cr,P-unsaturated carbonyls treated here, 
Esterbauer et al. could elucidate in detail the mech- 
anism of detoxification in the liver and renal excretion. 
He administered to normal rats (250 g.b.w.) 4,5-14C- 
labeled 4-hydroxypentenal diethylacetal(l20 mg/kg 
b.w.). 24 hr later, 62% of the activity appeared in the 
urine as 4-keto-3-S-N-acetylcysteine revealing thus the 
following metabolic steps: 

1)  Oxidation of the 4-hydroxy group making the 
C3=C2-group CQ. 7 times more reactive to the addition 
of glutathione-SH-group as we have seen from Table IV. 

2) Addition of GSH on to CS=Cz-group. 
3) Splitting off both of the glycine and glutaminic 

acid residues from GSH and 
4) acetylation of a-NH2 of the added CySH 

residue. The steps certainly occur in the liver, the 
first catalyzed probably by a NADP-dependent 
oxydoreductase,% the second by Boyland's GSH-S- 
alkenetransferase, the third by glutathionase and the 
N-acetylation mediated by acetyl-CoA. According to 
initial results obtained by Esterbauer (still unpublished), 
a similar mechanism of metabolism is true also for 
4hydroxypentenal. It seems to be very plausible that 
these reactions cause a severe interference in GSH- 
metabolism of the liver, quite apart from possible 
attacks to other SH-functional enzymes. 

Hence, fifst indications could be given for an 
explanation of the toxicity of SH-reagents on living 
organism. Let us finally point to the top position 
of acroleine as to toxicity and SH-reactivity and 
remember that from this substance arise many of the 
most serious environmental and air pollution problems. 

Forderung der wissenschaftlichen Forschung", Vienna, 
for most valuable financial support. 

A second indication points to the liver: As we have 
SH-reagents may cause drastic 

The auther wishes to thank the "Fonds zur 
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