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PREFACE

The elucidation of regulatory mechanisms in higher organisms represents 
a front line problem in biochemical genetics. In Man the only material avail
able for experimental studies of regulatory mechanisms is cells cultured 
in vitro. Enzymes which are differentiated into isozymes may have a complex 
genetic background involving the action of more than one gene locus. The 
study of isozyme systems in cultured cells has developed into a valuable 
tool of increasing importance for the understanding of the genetic regulatory 
mechanisms in normal cells as well as in cancer cells.

The purposes of this investigation were:
1. to elucidate the isozyme differentiation of amino acid naphthylamidase 
in cultured human cancer cells and normal cells.
2. to study the regulatory effects of steroid hormones especially hydro
cortisone on the levels of the different isozymes.

INTRODUCTION
The isozyme concept
The term isozymes was originally used by Markert and Mdller^ 'to describe 
the different molecular forms in which proteins may exist with the same 
enzymatic specificity1. Other definitions have been proposed, none of which 
is universally accepted. Some authors tend to include all kinds of distinguish
able components with activity towards the same substrate, while others reserve2the term isozymes for enzyme .molecules controlled by different gene loci.

2A classification into primary and secondary isozymes has also been proposed.
As primary isozymes are considered genetically distinct enzyme molecules, 
while secondary isozymes are enzyme components which are due to secondary 
changes of the enzyme molecule e.g. polymerization or conformational change.

In practical research work it may be convenient to use an operational defini
tion of isozymes until the molecular and genetic basis has been revealed.
Thus in the present investigation all electrophoretically distinct zones 
acting on the same substrate have been called isozymes.
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Genetic control of isozymes
Isozymes may be products of one and the same gene locus (allelic products} or
by several gene loci? The activity of phosphoglucomutase in human red cells

• 4is e.g. due to isozymes controlled by three different loci. Information as 
to whether isozymes are allelic products or not may be obtained by genetic 
analysis, which requires the occurrence of individual genetic variation, or 
by inference from comparisons of the biochemical properties of the isozymes. 
Isozyme molecules which differ distinctly in their molecular weights without 
forming a polymeric series are e.g. unlikely to be allelic products. The mecha
nism behind the evolution of multiple isozyme gene loci is thought to be gene 
duplication; As a consequence of the occurrence of multiple isozyme loci the 
interpretation of experimental results on enzyme induction must rely on a firm 
knowledge of the isozyme differentiation.

Isozymes and gene expression
Foetal and tissue specific isozymes have been described in man as well as in 
several other organisms. The mechanism behind this variable gene expression 
is thought to be the varying metabolic requirements of different somatic cells. 
Research in recent years has demonstrated that isozyme studies provide a new 
approach to the cancer problem allowing the demonstration of aberrant gene 
expression in cancer? Thus transplantable hepatomas have frequently been 
shown to have high activities of isozymes that are normally absent or low 
in the normal, fully differentiated hepatocyte, while other isozymes, 
especially those which respond to regulatory hormones are low or absent.

Amino acid naphthylamidase
Amino acid naphthylamidases are a group of enzymes which hydrolyze peptide 
bonds of oligopeptides starting at the N-terminal end? Amino acid naphthyl -
amidases have been subclassified according to substrate specificity^ different

8 9susceptibility to activators and inhibitors, electrophoretic and chromato
graphic^ behaviour etc. Their pH-optimum is near neutrality, they are Co++- 
activated and inhibited by puromycin, and hence they can be separated from 
leucine aminopeptidase^ (EC 3.4.1.1.). Human liver naphthylamidase has been
purified more than 2.000-fold, and six subunits of the same molecular weight 12were suggested.

Amino acid naphthylamidases have been found in a series of different 
species!^ ^ Individual genetic variants have been found in insects^ and



plants16 but so far not in Man. In Man a series of organ specific isozymes
are known? Some of them may be secondary isozymes17 A subunit structure has

18been proposed for human placental amino acid naphthyl amidase. A tetramer
structure with different proportions of two subunits has been demonstrated

19for organ specific isozymes.

The function of the amino acid naphthylamidases is not clear, but a number
of suqqestive results will be mentioned below. They have a complex subcellular

20-22distribution, which has been difficult to interpret. Lysosomal and micro
somal isozymes have attracted a special interest, and recently naphthylamidase23activity has been found in the plasma membrane of rat liver cells and in24the brush border of hamster intestinal epithelial cells. The lysosomal local-25ization has been taken as a sign of a general degradative function. Several 
authors have shown that naphthylamidases have activity on small polypeptides 
with regulative functions, which occur in the circulation (cf. V). Human serum 
amino acid naphthyl amidase is inhibited by atopic allergens?6 In the sera of 
cancer patients several extra isozymes have been found, and a special role
for amino acid naphthylamidase has been proposed in the invasive behaviour of 

20cancer.
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MATERIALS AND METHODS

Materials and methods have been described in publications I-VII. Some comple
mentary information is given below.

Chemicals and media
Chemicals and media were obtained from the following sources: enzyme substrates, 
thiol reagents and compounds, glycogen (type II), tétrazolium salts, puromycin 
diHCl and cycloheximide (Sigma Chemical Co., St Louis, Missouri), metal saltsR(Merck AG, Darmstadt, Germany), cristalline trypsine (Trypure , Novo, Copen
hagen, Denmark), benzyl-penici 11 in KABI AB, Stockholm, Sweden), streptomycin 
sulphate (Glaxo Laboratories Ltd., Greenford, England), kanamycin sulphateR(Kanamycin , Ferrosan, Malmö, Sweden), Eagle's minimum essential medium (MEM) 
and Medium 199 (in papers I and II from National Swedish Bacteriological Labora
tory, Stockholm, Sweden, and in papers V-VII from Flow Laboratories, Irvine 
Ayrshire, Scotland), human serum from healthy donors, calf serum (Flow Labora-
tories), hydrocortisone (Hydrocortal ) and prednisolone-sodium-succinate, (Pre-R Rcorta!on , Pharmacia AB, Uppsala, Sweden), dexamethasone-21-phosphate (Decadron )
and actinomycin D (Merck, Sharpe & Dome, New York, New York).



8
Cell lines
The cells were cultured as described in paper I and IV. The terminology in
the different publications is not in agreement with the recommendations of28the Committee on Terminology, Tissue Culture Association. The established
cells have been called heteroploid, malignant, epithelial etc. The common 29property of these cells is their loss of density dependent inhibition of 
growth and their potential to be subcultured indefinitely. Such cell lines 
have in this thesis been called cultured cancer cells. Cell lines from other 
sources have been called diploid, normal, fibroblastic, etc. They have a 
finite life span in vitro and are sensitive to density dependent inhibition 
of growth. These cell lines have in this thesis been called cultured normal 
cells. The classification used here is of course disputable since the de
finite assessment of tumourigeni city will have to rely on observations of28 29the behaviour of the cells in animals. * Hence the cancer definition used 
here is operational.

Established cell lines used in this study:
Cell line_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Origin_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ References
HeLa Epitheloid carcinoma of cervix 30, II
KB Epidermoid carcinoma of the mouth 31
Wish Amnion 32
Girardi heart Heart 33
Chang liver Liver 34
HEp 2 Epidermoid carcinoma of larynx 35
Masa Sternal marrow 36
Glioma IV
Osteosarcoma IV
Synovial sarcoma IV
Skin fibroblast Transformed with virus (SV 40} IV

HeLa cells and KB cells have been the principal material used in this study. 
HeLa cells have been cultured without difficulties, while some KB cell cultures 
from time to time failed to achieve confluence. Such cultures were always 
discarded. As addition of kanamycin 25 yg/ml to the culture media had a favour
able effect on the cells, they were tested for mycoplasma infection. Mycoplasma 
could not be detected by microscopy, but by cultivation according to Hayflick. 
Mycoplasma suis was found in the HeLa cells and Mycoplasma hominis in some of 
the KB cell cultures. So far it has not been found that the occurrence of myco-
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plasma has any effect on the results of this investigation.

Quantitative measurements of isozymes
The quantitative estimation of the different isozymes represents a difficult 
methodological problem. Different inhibitors and differences in solubility 
properties have been used in order to measure the activities attributable to the 
major isozymes A, B and D. Initially (II, III) Cu++ was used as an inhibitor 
to estimate the A activity. Later on it was found (V) that the B isozymes 
were inhibited by Cu++ to a higher degree than previously anticipated and 
therefore in publications VI and VII a more efficient inhibitor (Triton X-100) 
of A activity was used.

RESULTS
Seven isozymes of amino acid naphthyl amidase have been distinguished by 
electrophoresis in cultured human cells (I, II, V). They have been designated 
A, B 1-3, C, D and E. Isozymes C and E were weak, and isozyme E had a deviat
ing substrate specificity. They have not been considered in the experimental 
studies. A method for the quantitative estimation of the A, B and D isozymes 
has been developed, which is based on differences in solubility and sensiti
vity to inhibition by Triton X-100 (V). The relative proportions of the A, B 
and D isozymes in some cell lines are shown below.

Percental distribution of amino acid naphthyl amidase isozymes in four different 
cell lines.

Cell line A
Isozymes

B B-
Cancer cells

HeLa 17 15 68
KB 8 32 60

Normal cells
Foetal skin 0 19 81
Foetal lung 0 28, 72

The A isozyme was found to be a soluble, cytoplasmic enzyme (fig. 1) which 
differed from the B and D isozymes with respect to the sensitivity to some 
inhibitors (I, II, V). Isozyme B and D were similar with respect to their 
biochemical properties, but differed in their solubility and electrophoretic 
properties. The B isozymes were lysosomal, while isozyme D was a microsomal
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membrane bound enzyme (VI). It was proposed that the B and D isozymes repre
sented different structural attachments of the same enzyme protein. On account 
of the differences in a number of biochemical characteristics it was inferred 
that the A isozyme and the B-D isozyme complex were products of different 
gene loci.

Physiological concentrations of hydrocortisone increased the activity of the 
B and D isozymes 2-10 fold and 2-3 fold respectively (VII). The increase 
of the activity could be prevented by the addition of cycloheximide and actino- 
mycin D to the culture media in concentrations known to inhibit RNA and protein 
synthesis. The kinetics of the increase of activity indicated a special re
lationship between the B and D isozymes.

The A isozyme was found in cultured cancer cells while it was weak or usually 
absent in cultured normal cells (I, IV). When a skin fibroblast line was trans
formed by an oncogenic virus (SV 40) the appearance of a distinct A isozyme Qcould be demonstrated. The A isozyme has been found in human tissues in vivo, 
and a shift of the proportions of the A and B isozymes towards an increase of 
the A isozyme in cancer cells was found in an autopsy material (III). In 
cultured cancer cells it was possible to increase the activity of the B and 
D isozymes with glucocorticoids, while in cultured normal cells no such effect 
was found (VII).
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DISCUSSION
The A, B and D isozymes belong to the same class of puromycin inhibitable,.Co++- 
activated naphthyl amidases, but A differs from the B-D isozymp complex with re
spect to its molecular weight, content of sialic acid and sensitivity to a num
ber of inhibitors and activators. The differences between isozyme A and the B-D 
complex are of such magnitude that they exclude the possibility that these iso
zymes are products of the same gene. There is considerable evidence, however, 
that B and D may be secondary isozymes representing different structural locali
zations of the same enzyme protein. The evidence consists of the similarity bet
ween the B and D isozymes with respect to their biochemical properties and a new 
observation that treatment of microsomal membranes containing isozyme D with
papain or trypsin results in the appearance of components which are electrophore-39tically indistinguishable from the B isozymes. Summing up we may conclude that 
the major isozymes in cultured human cells, isozyme A and the B-D isozyme complex, 
represents two different gene products. It should be mentioned here that strong



efforts have been made to identify individual genetic variation in the human
amino acid naphthylamidase isozymes. Several thousand individual samples of
red cells, serum and placenta extracts have been examined in our laboratory,9 18but no individual variation has been found:’

A and B isozymes have been identified in the human placenta, where both these18isozymes show considerable quantitative variation. A negative correlation18was found between the activities of the A and B isozymes and furthermore
twin studies suggest a genetic control of the quantitative variations of the40A and B isozymes in placenta. These observations are in agreement with the re
sults in this investigation, which show that the levels of isozymes A and 
B-D are controlled in different ways. The results of the initial experiments 
(II) showed that steroid hormones decreased the activity of the A isozyme and 
increased that of the B isozymes. In the later experiments (VII) with physio
logical doses of hydrocortisone no consistent decrease of A was found, while 
the B and D isozymes were always found to increase. These variations between 
experiments with respect to the effect on the A activity are probably due to 
the differences in steroid dose. High steroid doses are disadvantageous in
sofar that they may have gross effects on the cell metabolism. Therefore the 
initial results on the decrease of A activity after cultivation in the presence 
of steroids should be taken with some reservation.

The B-D isozymes were found to be inducible only in cancer cell lines like 
HeLa and KB, but not in two normal, fibroblastic cell lines. Further in
vestigations are needed in order to establish whether this difference bet
ween individual cell lines with respect to the reaction to hydrocortisone de
pends on factors other than the neoplastic nature of the cells.

12

Amino acid naphthylamidase as well as alkaline phosphatase can be premature
ly induced to postnatal levels by hydrocortisone in the small intestine of 41mouse foetuses. The effect of glucocorticoids on the B and D isozymes is
one of the few known examples of control of gene expression in Man, which42is available to experimentation. One of the best known previous examples 
is the regulation of alkaline phosphatase by glucocorticoids in cultured 
HeLa cells.^ There are similarities between the results for alkaline phos
phatase induction and the present results on the regulation of amino acid 
naphthylamidase B and D. Thus in both cases there is a considerable lag 
period before the enzyme activity begins to increase.

A distinctly staining A isozyme was found in extracts of HeLa cells and 16
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other cell lines of neoplastic origin (IV), while this isozyme was absent 
or very weak in extracts of normal fibroblasts (mostly skin) from about 30 
different individuals (I). Thus there is no doubt that there is a difference 
between cultured cancer cells and normal cells with respect to the occurr
ence of isozyme A. This difference is probably due to altered gene expression 
in the cancer cells. The effect of transformation with SV 40, after which 
a distinct A isozyme was found to appear, supports this interpretation. The 
isozyme differences between cancer cells and normal cells in vivo as judged, 
by the examination of an autopsy material were only quantitative but in 
principal the same as in cultured cells (III). However, the regulatory 
situation in vivo is far more complicated than in cell culture and further
more the cancer therapy may interfere with the metabolic pattern of the cells.

The role of isozyme A in cancer cells is not known. There is so far no 
evidence for a causal relationship between isozyme A and cancer. The most 
likely explanation is that the finding of the A isozyme in cancer cells is 
part of a more or less consistent pattern of aberrant gene expression in 
human cancer cells. Furthermore it is unlikely that the amino acid naphthyl- 
amidase activity, which has been found in the invasion zone of malignant
tumours is identical with isozyme A, since the naphthylamidase activity of

20the invasion zone has been found in connection with lysosomal enzymes and 
isozyme A is a soluble cytoplasmic enzyme (V).

The general biological role of amino acid naphthylamidase is not known. Recent
ly amino acid naphthylamidase activity has been found at the cell surface,
and the role of the enzyme has been proposed to be contact digestion and 43 25protein catabolism. * In cultured cells a large proportion of the activity 
appears as isozyme D, and the biological significance of the lysosomal locali
zation can therefore be questioned. In paper VI the similarities with membrane 
bound and soluble acid phosphatase were pointed out, and it was proposed that
isozyme D was located in membranes representing lysosomal precursors. It is44 45known that lysosomal enzymes show coordinate induction, 5 but in this in
vestigation two other lysosomal enzymes were not increased by hydrocortisone.
It is possible therefore that the B isozymes represent a product of degradation 46by lysosomal autophagy of the D isozyme.
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GENERAL SUMMARY
1. Seven electrophoretically distinct isozymes of puromycin inhibitable, Co++- 
activated amino acid naphthylamidase were detected in cultured human cells. 
Methods for the quantitative determination of the main isozymes, called A,
B 1 - 3 and D have been deviced.

2. Isozyme A was apparently controlled by one gene locus and isozymes B and D 
by another gene locus.

3. A was a soluble and cytoplasmic isozyme, B 1 - 3 were lysosomal and D was 
microsomal.

4. Physiological concentrations of hydrocortisone increased the activity of the 
B and D isozymes, while isozyme A was not affected. RNA and protein synthesis 
seemed to be necessary for the increase of activity.

5. Isozyme A was weak or usually absent in more than 30 normal cell lines, 
while it was distinct in all (17) established (cancer) cell lines investigated. 
Transformation of a skin fibroblast line with virus (SV 40) was accompanied
by the appearance of isozyme A. Aberrant gene expression in cancer cells was 
proposed as a mechanism.
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ERRATA.

IX text to table I, for "hydrosis", jpead "hydrolysis”. 
p. 599, Summary, line 1, insert "ß" after "L-leucyl-". 
p. 600, line 18, for "transplats", read "transplants".

IV Sub-title, for "transfarroated", read "transformed".
p. 4, References, line 20, for "74:765", read "74:465".

V p. 2, Material and Methods, line 18, for "Peramnonium 
sulphate", read "Ammonium persulphate".
p. 3, line 20, for "Trition X-100", read "Triton X-100". 
p. 8, line 36 for "Sing", read "Singh".

VI p. 4, line 20, insert "emitting EDTA" after "Poole 
(1970)",
line 36, insert "in" after "preincubation", 
p. 5, line 27, for "0,01 nM", read "0,05 M". 
p. 10, line 5, for "equilibrium" read "gradient".


