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Pyruvate kinase inhibited by L-cysteine as a marker of tumorigenic human urothelial cell lines 
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Summary. It was found that a decrease in electrophoretic mobility of pyruvate kinase (PK) isoenzyme, and an increase 
of the sensitivity of this enzyme to L-cysteine, were markers of immortalization and tumorigenic properties, respec- 
tively, in human urothelial cell lines characterized by different grades of transformation (TGr) in vitro. 
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Our previous metabolic studies i demonstrated that the 
high rate of aerobic glycolysis in Ehrlich ascites tumor 
cells might be diminished stereospecifically by L-cysteine. 
The cross-over in the ATP and 2-phosphoenolpyruvate 
levels pointed to tumor pyruvate kinase (PK) 
(EC.2.7.1.40) as an enzyme sensitive to L-cysteine. Since 
this L-cysteine-sensitive PK variant has been found in a 
broad spectrum of mouse transplanted tumors but not in 
normal tissues, we accepted it as a cellular marker of 
neoplastic transformation 2. Among the three PK isoen- 
zymes found in tumor chromatin extracts, only the slow- 
est was sensitive to L-cysteine 3 
The aim of the present study was to determine whether 
the L-cysteine-sensitive PK variant might also be used as 
a marker of tumorigenic properties in vitro in a broad 
spectrum of human urothelial cell lines. 
Urothelial cell lines of normal and transitional cell car- 
cinoma origin 4 can be divided into three groups accord- 
ing to their TGr. The TGr I cell cultures show a very slow 
growth rate and have a prolonged but finite life-span 
(4-75 passages). They are flbroblast-independent, non- 
invasive in vitro and non-tumorigenic in nude mice. The 
TGr II cultures show an infinite growth potential ( > 75 
passages) but are also neither tumorigenic nor invasive. 
Only the TGr III cultures, which also have an infinite 
growth potential ( > 75 passages), produce progressively 
growing tumors and destroy fragments of the embryonic 
heart in vitro 5.6. A more detailed characterization of 
these cultures has been given by Kieler et al. s,7 and 
Christensen et al. 6, 8 

Material and methods 

Cell lines were established at the Fibiger Institute 4'6, 
with the exception of HCV 29, obtained from J. Frogh 
(Memorial Sloan-Kettering Institute, New York) and 
T 24, obtained from J. Bubenik 9. Cells were grown in the 
Fib 41B medium supplemented with 7 non-essential ami- 
no acids (Flow Laboratories, Glasgow, Scotland) and 
10% heat-inactivated fetal bovine serum (Gibco, Grand 
Island, New York) without antibiotics. For the TGr I cell 
line tissue culture flasks were coated with collagen IV 
from the human placenta (Sigma Chemicals Co., St. 
Louis, USA), as described previously 8. Cell cultures were 

grown at 37 ~ in an atmosphere enriched with 5 % CO2. 
Cell monolayers washed twice with PBS were harvested 
with a rubber policeman. The washed cells were then 
centrifuged at 800 g for 10 rain. 
Cell pellets were homogenized in a partly frozen state in 
a Potter-Elvehjem glass homogenizer in 0.25 M sucrose 
containing 1.5 mM MgCI2, 10 mM Tris-HC1, pH 7.4, 
and were centrifuged at 1000 g for 15 min as described by 
Rickwood lo to obtain cytosolic and nuclear fractions. 
Cytosolic fractions after recentrifugation at 100,000 g for 
60 min were dialyzed overnight at 4 ~ against 20 mM 
Tris-HC1 buffer pH 7.4, containing 115 mM KC1, 10 mM 
MgC1 z and 2 mM EDTA, and were used for enzymatic 
determinations. 
Chromatin was obtained from the nuclear fraction ac- 
cording to Bloom and Anderson 11, as described previ- 
ouslya. The chromatin pellets were rehomogenized in 
75 mM Tris-HC1 buffer, pH 7.4, containing 250 mM 
KC1, 25 mM MgClz, 2 mM EDTA, and were centrifuged 
at 6000 g for l0 min. The chromatin extracts were used 
for PK determinations. 
The PK activity was determined spectrophotometrically 
at 340 nm according to Bficher and Pfleiderer lz, as de- 
scribed previously 13, under conditions of pseudo-zero- 
order kinetics. 2-Phosphoenolpyruvate (x 2Na, x 7H20) 
from Calbiochem (Switzerland), ADP, NADH and LDH 
from Boehringer (Mannheim, FRG) and L-cysteine from 
Serva Feinbiochemica (Heidelberg, FRG) were used. 
Protein was determined according to Lowry et al. 14 
Disc electrophoresis, according to Davis15, was per- 
formed in 7.5 % polyacrylamide gel as described previ- 
ously 3. Each tube contained 30 60 lag of protein. For 
enzymatic studies the gel from each tube of 5 mm in 
diameter was cut up into slices 1.5 mm thick. Each slice 
was transferred to a separate test tube, extracted for 24 h 
at 4~ with 0.2 ml of the buffer for PK determination 
(75 mM Tris-HC1 buffer, 100 mM KC1, 25 mM MgC12, 
2 mM EDTA, pH 7.4). 

Results and discussion 

The tumor growth rate is positively correlated with the 
overall rate of aerobic glycolysis and PK activity 16, 17, 
since PK, as one of the key glycolytic enzymes 18, is di- 
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rectly involved in ATP formation in both cytosolic and 
nuclear compartments.  The total cytosolic PK activity 
was generally higher in TGr  I I I  human  urothelial cell 
cultures than in TGr  II or TGr  I (table 1). These results 
support the concept of an altered enzymatic strategy in 
rapidly growing cells 16'17, as was found in rat hep- 

atomas 19. The nuclear PK activities were lower than the 
cytosolic ones and they were of similar magnitude in all 
the cell lines studied (table 1). 
Both the cytosolic and the nuclear PK showed a similar 
pattern of sensitivity to L-cysteine (table 1). The L-cys- 
teine-sensitive PK variant appeared only in the TGr  III 
cell lines. The maximum inhibition of PK at the given 
L-cysteine Concentration, or at higher ones, was always 
stabilized at about  50% of the control activity. This 
indicated that in addition to the L-cysteine-sensitive vari- 
ant  of PK, the TGr  III cell lines also contain L-cysteine- 
insensitive PK fractions. 
Usually the amount  of tissue culture material is not  suf- 
ficient for PK purification. However, in polyacrylamide 
gel electrophoresis the tissue culture chromatin extracts 
showed an equivalent numbers of PK isoenzymes and 
protein bands, which stained with Amido Black 10 B 3. 
This indicated that the extracts were suitable for further 
comparative studies of PK. 
In all the chromatin extracts three PK isoenzymes (alpha, 
beta, gamma) were found in polyacrylamide gel elec- 
trophoresis (fig. 1). As in the liver 3, the mobility ofisoen- 
zymes in the TGr  I culture was greater than in the TG r  
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II or TGr  III one. Only the slow-migrating gamma isoen- 
zyme of TGr  III cells was sensitive to L-cysteine. A sim- 
ilar result has recently been found in the Ehrlich ascites 
tumor and in Morris hepatoma 7777 3. 
Although the commonly-known PK types are related to 
their tissue origin, i.e. the liver (L), the mfiscles (M) and 
the kidneys (K or M2), they are also present in many fetal 
and adult tissues including tumors2~ therefore the 
names alpha, beta, gamma (used in our paper in the 
sequence of their decreasing electrophoretic mobility) 
seem to be better suited to various cultured cells. Imamu- 
ra and Tanaka 21 found that at pH 8.2 the L-type moves 
fastest in polyacrytamide gel, the M-type has an interme- 
diate mobility and the M 2 one moves slowest towards the 
anode. Our gamma isoenzyme corresponds to the M z 
type, but  the difference found between gamma 1 (faster) 
from the TG r  I culture and gamma2 (slower) from the 
TGr  II and III cells is in accordance with the observation 
that tumor PK isoenzymes with the highest pI are more 
cathodic than M 2 (K) isoenzymes z0. 
The main difference between the slow-migrating gamma z 
isoenzyme of PK from the TG r  II and TGr  III cells is the 
presence of sensitivity to L-cysteine in the TGr  III isoen- 
zyme (fig. 1, table 2). Table 2 demonstrates a dose-depen- 
dent inhibition, which at a given L-cysteine concentra- 
tion of 0.1 m M  is more pronounced in the gamma 
isoenzyme than in the whole cytosolic fraction or chro- 
m a t i n  extracts, but  at higher L-cysteine concentrations 
even approached zero. 

Table 1. Pyruvate kinase (PK) activity in cytosolic fractions and chromatin extracts of human urothelial cell lines (TGr I-III), and the effects of 
L-cysteine (as % of control activity without L-cysteine) 

TGr Cell line Cytosolic fractions 
PK (mU/mg protein) 

X + SD (n) 

Chromatin extracts 
Effect of L-cysteine PK (mU/mg protein) Effect of L-cysteine 
percent of control PK percent of control PK 
0.05mM 0.1 mM X +SD (n) 0.05mM 0.1 mM 

TGr I Hu 1125 980 - (2) 

TGr II Hu 609 932 159 (3) 

Hu 1734 1246 349 (3) 

HCV 29 1513 269 (4) 

TGrIII Hu 609 TLL n 5729 1130 (3) 

HU 609 TMV 4765 1045 (3) 

HCV 29 T 3839 985 (4) 

Hu 456 6084 21i5 (5) 

Hu 549 5666 784 (3) 

Hu 961 a 5280 (2) 
Hu 1703He 5647 781 (4) 

T 24 3238 135 (4) 

100 100 829 (2) 100 100 

100 100 861 149 (3) 100 100 
100 100 

100 100 923 239 (3) 100 100 
100 100 

100 100 1124 143 (4) 100 100 
100 100 100 100 

62 45 1070 182 (3) 90 70 
57 62 

78 65 718 187 (3) 81 62 
55 47 

79 61 1428 478 (4) 83 68 
76 43 87 55 
61 39 1357 184 (4) 73 44 
57 43 48 

42 55 
61 54 959 75 (3) 80 43 

49 51 
73 54 1717 (2) 85 71 
56 39 1202 289 (4) 87 67 
60 38 58 
72 46 1400 356 (3) 87 69 
48 36 50 
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Figure 1. An isoenzyme pattern of pyruvate kinase from chromatin ex- 
tracts of various urothelial cell lines (TGr I~ Ill) after polyacrylamide gel 
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electrophoresis in Tris-glycine buffer, pH 8.4. Plots of AE/min vs No. of 
fractions. Hatched areas: isoenzymes sensitive to L-cysteine. 

Two subl ines  were  i so la ted  f rom the T 24 cell line: a 

n o n - t u m o r i g e n i c  one  (T 24a) and  a highly tumor igen ic  (T 

24b) one  (Tromhol t ,  in p repa ra t ion ) .  The n o n - t u m o r i -  

genic T 24a subline,  which  con ta ins  four  P K  i soenzymes ,  

(as in the c o m b i n a t i o n  o f  the T G r  1 and  T G r  II isoen-  

zymes)  has  lost its sensit ivi ty to L-cyste ine  (fig. 2). Fu r -  

ther  s tudies  will s h o w  whe the r  the T 24 cell line is he te ro-  

geneous ,  o r  w h e t h e r  some  fea tures  o f  the T G r  III  cell are 

reversible.  

A l t h o u g h  the regu la to ry  role o f  var ious  a m i n o  acids in 

re la t ion  to P K  is well k n o w n  20, no L-cys te ine-sens i t ive  

P K  var ian t  has  been desc r ibed  as yet. The  me tabo l i c  role 

o f  the new P K  i soenzyme  in t u m o r s  is obscure .  A c c o r d -  

ing to ou r  prev ious  studies,  it m a y  inf luence cell 

Table 2. Effect of L-cysteine on pyruvate kinase isoenzymes from chromatin extracts of various urothelial cell lines (TGr I-llI). The results are 
expressed as percent of control activity without L-cysteine. 

TGr Cell line Effect of L-cystcinc (raM) on isoenzymes 
alpha beta gamma 
0.05 0.10 0.05 0.10 0.05 0.10 

TGr 1 

TGr II 

TGr III 

Hu 1125 100 100 100 100 100 100 

Hu 609 100 100 100 100 100 100 
100 100 100 100 100 100 

Hu 1734 100 100 100 100 100 100 
100 100 100 100 100 100 

HCV 29 100 100 100 100 100 100 
100 100 100 100 100 100 

Hu 609 Twj 100 100 100 100 53 29 
609 TMv 100 100 100 100 44 28 

100 100 100 100 61 35 

HCV 29 T 100 100 100 100 47 24 
100 100 100 100 62 33 

Hu 456 100 100 100 100 58 42 
100 100 100 100 46 28 

Hu 549 100 100 100 100 77 69 
100 100 100 100 58 45 

Hu 961 a 100 100 100 100 59 29 

Hu 1703He 100 100 100 100 61 43 
100 100 100 100 46 26 

T 24 100 100 100 100 60 33 
100 100 100 100 48 20 

For details see legends to fig. 1 and table 1. 
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Figure 2. A comparison of pyruvate kinase isoenzymes from chromatin 
extracts of T24 two sublines:the non-tumorigenic T 24a and the tumori- 
genic T 24'0. Hatched area: isoenzyme sensitive to L-cysteine. 

metabolism 1, 2. The sensitivity to L-cysteine also points 
to changes in the primary structure of PK, and thus in the 
cell genotype, which take place during a multistage pro- 
cess of carcinogenesis. 
The altered sensitivity of tumor PK to normal signal 
molecules, such as ATP 3, 22 or fatty acids 23, also brings 
about several metabolic consequences 24. 
It can be concluded that the decrease in electrophoretic 
mobility of the slow-migrating PK gamma isoenzyme 
and the appearance of its sensitivity to L-cysteine could 
be used as cellular markers of immortalization and tu- 
morigenic transformation, respectively, in human 
urothelial cell lines. It seems that the two coupled fea- 
tures, tumorigenicity in nude mice and sensitivity to L- 
cysteine, might be useful in monitoring successive stages 
of carcinogenesis in vitro. 
Since numerous tumor markers present in the body fluids 
can be used for laboratory diagnostics of neoplastic dis- 
eases in living organisms 25, a new attempt has been made 
to evaluate the described PK isoenzyme sensitive to L- 
cysteine for this purpose as well, using in vivo studies. 
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Synthesis of Ol'S-(p-D-galaetopyranosyl) [DMet 2, Hyp s] enkephalin amide, a new highly potent 
analgesic enkephalin-related glycosyl peptide 
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Summary. A new series of O-glycosyl enkephalins has been prepared, following a convergent strategy, with high 
chemical yields. The galactosyl analogue, Ol'5-([3-D-galactopyranosyl) [DMet 2, Hyp 5] enkephalin amide proved to 
be one of the most potent in viva opioid agonists synthesized up to now. 
Key words. Analgesic peptides; enkephalin analogues; galactosylpeptides; glycosylpeptides; peptide synthesis. 

The search for more potent and selective biologically 
active analogues is one of the main goals in pep- 
tide chemistry. This aim has been pursued in our labo- 

ratory b y  producing different modifications of the 
enkephalins 1, a, two pentapeptides originally discovered 
by Hughes et al. 3. The promising results obtained by 


